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Editorial on the Research Topic 
Neuroinflammatory and oxidative/nitrosative pathways in neuropsychiatric and neurological diseases and their possible neuropharmacological regulation, volume I

There is a crucial necessity to identify new pathophysiological pathways and therapeutic targets for neurological and neuropsychiatric diseases, as they are rising as leading causes of death, disability, and overall disease burden (Murray et al., 2012). Bearing in mind the potential role of neuroinflammation and the subsequent oxidative/nitrosative damage in these illnesses (Caldwell et al., 2020) the development of new drugs based in the modulation of the immune response is a necessary approach for future therapeutic interventions that deserves further consideration from the standpoint of the neuropharmacology. Thus, the goal of this Research Topic is to offer a view of the current developments in the neuroimmune pharmacology realm for the neurological and neuropsychiatric diseases.
This Research Topic offers an overview of the neuroinflammatory and oxidative/nitrosative pathways in neuropsychiatric and neurological diseases through 11 articles written by 80 authors. This assemblage comprises one mini review, one opinion article, one brief research report, and eight original research papers.
Leite et al. reviewed the role of ouabain, a cardiac steroid known to modify certain immune responses, as a modulator of the neutrophilic neuroinflammation. The authors highlight the reduction of the proinflammatory enzymes activation, and the lower levels of the interleukin (IL)-1 caused by ouabain in the CNS. Authors concluded that ouabain and its receptor (NKA) might be of interest for developing new strategies in the fight against diseases with a neuroinflammatory component.
In an opinion article, Coppens et al. bring to mind that microglia- or astrocyte-derived tryptophan catabolites (TRYCAT) have neuromodulatory effects on the NMDA receptor. Hence, this opinion piece hypothesizes that TRYCAT might link immune responses to clinical symptomatology in psychotic and mood disorders. Additionally, authors discuss the impact of sample heterogeneity, methodological consistency, and validity on study data, putting forward conceptual and methodological advices for future research as well as suggestions for appropriate yet to come research possibilities.
Caso et al. aimed to study immune factors and related risk paths in adult female patients with eating disorders (ED) as well as to find psychological factors prompting the inflammatory response. An important feature of this article is the naïve nature of the sample, meaning that none of the patients was taking medication at the time of assessment. Patients shown higher proinflammatory and oxidative/nitrosative stress parameters than healthy controls. Besides, correlations between impulsiveness and depressive symptomatology and some inflammatory parameters were also identified. Overall, the main conclusion reached was that inflammatory factors could be considered as potential therapeutic targets in ED.
Fu et al. looked into valproic acid-resistant epilepsy, a condition in which most patients present an inflammatory response and local hypoxia. This study identified that the hypoxia-inducible factor (HIF)-1α (a critical effector parameter of hypoxia and inflammation) was overexpressed in mice with valproic acid-resistant epilepsy and regulated the expression of some proinflammatory mediators through the induction of the polarization of microglia from the M2 phenotype to M1 phenotype. Authors were also able to conclude that miR-221-3p/HIF-1α is a vital component in pathogenesis of valproic acid-resistant epilepsy, representing a potential therapeutic antiseizure target.
A classical model for the study of neuroinflammation is the injection of bacterial lipopolysaccharide (LPS) (Zhao et al., 2019). Building in this model, Piovan et al. investigated the effect of pre- and post-treatment with an extract of spirulina in an in vitro model of LPS-induced microglia activation, observing a downregulation of important LPS-induced proinflammatory factors and an upregulation of antioxidant mechanisms, showing that the extract of spirulina can be useful in the control of microglia activation and neuroinflammatory processes.
Neuropathic pain (NP) is a chronic condition that can be caused by nervous system damage and studies have shown that inflammation and oxidative stress are important processes in the pathological process of this kind of pain (Costigan et al., 2009). Yang et al. assessed the variations in reactive oxygen species levels, lipid peroxidation, and antioxidant systems in different rodent models of pain and the effects of higenamine (a plant-based alkaloid with anti-inflammatory and antioxidant effects) on these parameters. Higenamine improved the oxidative stress and the inflammation induced by the pain models, warranting further research as a potential drug for the treatment of NP.
Parkinson’s disease (PD) is the second most frequent neurodegenerative disease in the world and the most common movement disorder for which there is presently no cure. For that reason, more tools for its study are required. In this sense, cell replacement therapy is a potential treatment for PD. Nelke et al. characterized and transplanted a line of human neural stem cells in middle-aged Parkinsonian mice. Their cell replacement therapy approach prevented motor and non-motor impairments.
Jin et al. studied the effects of metformin, a drug employed in the treatment of type 2 diabetes with previously described anti-inflammatory effects, in a mouse model of early brain injury after subarachnoid hemorrhage. Metformin was neuroprotective by modulating the production of proinflammatory factors induced by the inflammasome NLRP3 and the activation of microglia.
Deng et al. have studied the roles of pyroptosis-related genes in major depressive disorder, as pyroptosis has been found as an inflammatory form of programmed cell death. Authors were able to split depression cases into two distinct pyroptosis subtypes with dissimilar immune and biological traits. Their results indicate that pyroptosis may perform a valuable part in depression providing new insights into its diagnosis and pathophysiology.
Garcia-Partida et al. investigated the actions of mangiferin (a polyphenolic compound abundant in the leaves of Mangifera indica that has strong antiinflammatory and antioxidant qualities) comparing them with the actions of risperidone (an antipsychotic drug) in a rat model of schizophrenia. Their article included behavioral and neuroimaging studies and the measurement of oxidative/inflammatory and antioxidant mediators. Authors suggest that mangiferin might be a possible therapeutic or preventive add-on strategy to improve the clinical expression of schizophrenia in adulthood.
Finally, Montes et al. employed rats and post-mortem human frontal cortex and cerebellum to study the effects of the combination of chronic alcohol consumption and thiamine deficiency on the innate immune system and their specific contribution to the pathogenesis of Wernicke’s encephalopathy (WE). Their findings offer data, both in the animal model and the human postmortem brain, of the upregulation of the TLR4/MyD88 proinflammatory pathway in WE related to alcohol consumption.
In conclusion, this Research Topic confirms once again the importance of neuroinflammation and oxidative stress as key players in the etiology of neurological and neuropsychiatric diseases. The effects of these players, not only at the biochemical but also at a behavioral level, support the efforts in the search of new modulatory drugs, as they are crucial targets for the development of new pharmacological therapies.
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One-third of patients with epilepsy suffer from drug-resistant epilepsy (DRE). Valproic acid (VPA) is a classic anticonvulsant drug, and its resistance is a crucial predictor of DRE, but the pathogenesis remain unknown. Most patients with VPA-resistant epilepsy appear distinct inflammatory response and local hypoxia. Hypoxia-inducible factor (HIF)-1α is an essential effector molecule of hypoxia and inflammation, and may exert therefore a significant effect on the development of VPA-resistant epilepsy. We systematically assess the significance of HIF-1α on children and mice with VPA-resistant epilepsy, and investigated the micro (mi) RNAs that regulate HIF-1α expression. We established models of VPA-sensitive epilepsy and VPA-resistant epilepsy in mice, and confirmed that they had significant differences in epileptic behavior and electroencephalography data. Through proteomics analysis, we identified that HIF-1α was overexpressed in mice with VPA-resistant epilepsy, and regulated the expression of interleukin-1β and tumor necrosis factor-α. Increased expression of HIF-1α led to the increase of microglia and induced their polarization from the M2 phenotype to M1 phenotype, which triggered the release of proinflammatory mediators. Bioinformatics analysis of public databases demonstrated that miR-221-3p was reduced in VPA-resistant epilepsy, and negatively regulated HIF-1α expression. Intervention using miR-221-3p mimics reduced HIF-1α expression markedly and suppressed the activation of microglia and the release of inflammatory mediators, which relieved epileptic seizures of VPA-resistant epilepsy. These observations reveal miR-221-3p/HIF-1α as essential component in pathogenesis of VPA-resistant epilepsy which represent therapeutic antiseizure targets.
Keywords: valproic acid-resistant epilepsy, microRNA-221-3p, hypoxia-inducible factor-1α, microglia, neuroinflammation
INTRODUCTION
Epilepsy is a chronic brain condition caused by sudden abnormal discharge from brain neurons. Epilepsy affects >70 million people worldwide (Thijs et al., 2019). Treatments of epilepsy include medication, surgery and ketogenic diet, among which medication is the main approach (Kanner et al., 2018). Anti-epileptic drugs (AEDs) could inhibit 60–70% seizures. However, 30–40% of patients with drug-resistant epilepsy (DRE) cannot control seizures effectively through AEDs (Kalilani et al., 2018). Valproic acid (VPA) is a classic AEDs (Chen et al., 2018). Clinical evidence suggests that VPA resistance is a vital predictor of DRE (Gesche et al., 2017), but the mechanism of VPA-resistant epilepsy remained largely elusive. Patients fail to attain a seizure-free lifestyle, which increases the risk of psychosocial dysfunction, injuries, and premature death (Löscher et al., 2020).
Numerous studies have strongly supported the role of inflammation in DRE pathophysiology (Weidner et al., 2018; Fu et al., 2020; Ouédraogo et al., 2021). Multifarious inflammatory molecules and signaling pathways have been shown to influence the outcome of experimental models and patients with DRE (Weidner et al., 2018).
Microglia are the resident immune cells in the brain. Microglia are universally involved in the response to diverse forms of insults and diseases in the central nervous system (CNS) (Patel et al., 2019). Studies have shown that microglia are activated in the brain of patients with DRE (Devinsky et al., 2013). Pioneering studies have indicated that proinflammatory factors such as interleukin (IL)-1β, tumor necrosis factor (TNF)-α, High mobility group box (HMGB)1, cyclooxygenase (COX)-2, and prostaglandin (PG)E2 have increased significantly in the epileptic foci and blood of patients with DRE (Rana and Musto, 2018). Simultaneously, expression of interleukin-1 receptor (ILR)1, and toll-like receptors (TLRs) increase correspondingly, resulting in activation of inflammation-related signaling pathways such as IL-1β/ILR1, HMGB1/TLR4 (Strauss and Elisevich, 2016). Previously, we found that expression of IL-1β, chemokine (C-C motif) ligand (CCL)3, TNF-α, HMGB1 and other inflammatory mediators was increased greatly in the blood samples of children with VPA-resistant epilepsy (Wang and Li, 2019; Fu et al., 2020). These data suggested that neuroinflammation may play a crucial part in the pathologic mechanism of VPA-resistant epilepsy.
Moreover, DRE patients are characterized by local hypoxia in the brain, which is caused by rapid consumption of oxygen and vasoconstriction due to repeated seizures (Bateman et al., 2008). Hypoxia-inducible factor (HIF)-1 is an endogenous transcription factor that contributes to the cellular response to hypoxia. HIF-1 is a heterodimer that consists of constitutively expressed HIF-1β and HIF-1α subunits (Balamurugan, 2016). If oxygen is available, HIF-1α is degraded by oxygen-dependent prolyl hydroxylation. If the oxygen concentration drops, a stable HIF-1 complex is formed, which activates the transcription of several genes encoding proteins involved in angiogenesis, glucose metabolism, and cell proliferation/survival (Semenza, 2003; 2014). Notably, HIF-1α induces the transcription of inflammation-related proteins such as T-cell immunoglobulin and mucin-domain containing-3 and vascular endothelial growth factor in various diseases. Studies have shown that HIF-1α is involved in microglia activation in patients with Alzheimer’s disease (Baik et al., 2019). However, the contribution of HIF-1α in VPA-resistant epilepsy remain unknown.
MicroRNAs (miRNAs) are a class of endogenous noncoding single-stranded RNA molecules of size 22–25 nt (Lu and Rothenberg, 2018). MiRNAs are major players in posttranscriptional gene regulation in diverse biological processes (Fabian and Sonenberg, 2012). Multifarious specific miRNAs exist in different brain regions and different types of brain cells (O'Carroll and Schaefer, 2013). Various reports have suggested miRNAs to be functional regulators of epileptogenesis (Henshall et al., 2016). Different miRNAs, including miR-132 (Korotkov et al., 2020), miR-34a (Organista-Juárez et al., 2019), and miR-146a (Aronica et al., 2010) appear to be actively involved in DRE pathogenesis. As noted above, miRNAs may play crucial roles in the regulation of inflammation in patients with VPA-resistant epilepsy.
In this study, we assess the significance of HIF-1α in VPA-resistant epilepsy. We sought to identify the miRNA that regulates HIF-1α expression in a mouse model and in patients with VPA-resistant epilepsy.
METHODS
Patients Samples
The present study recruited 24 children suffering from epilepsy (0–18 years) from the Children’s Hospital of Fudan University. Sixteen cases were resistant to antiepileptic drugs, including VPA (Supplementary Table S1), and eight cases were sensitive to VPA (Supplementary Table S2). The diagnosis of DRE was based on criteria published by the International League Against Epilepsy (ILAE) criteria (Kwan et al., 2010). Briefly, children with DRE failed to be free of seizures after ≥2 tolerated regimens of antiepileptic drugs, including VPA. For children with drug-sensitive epilepsy, seizures disappeared after using VPA for ≥6 months, and there are no epileptiform discharges in the electroencephalogram (EEG) after treatments. The exclusion criteria were patients with: 1) severe adverse reactions to drugs; 2) poor compliance with use of antiepileptic drugs; 3) unreliable record of seizure frequency; 4) history of pseudo-seizures; 5) drug abuse; 6) malignant diseases (e.g., brain tumors, metastasis); 7) hepatic or renal failure. The study protocol was approved by the Ethics Committee of the Children’s Hospital of Fudan University (Shanghai, China). Written informed consent was obtained from all patients and healthy controls included in our study.
Approximately 2 ml of peripheral blood was collected from each enrolled individual. Then, the plasma samples were obtained by centrifugation and stored at −80°C. Hemolytic plasma samples were excluded.
Animals
C57BL/6 male mice were used for the study (n = 98). All mice were social housed under standardized conditions of light, temperature and humidity, environmental enrichment, and had access to food and water ad libitum. All possible efforts were made to minimize animal suffering and the number of animals used. This study was carried out in accordance with the principles of the Basel Declaration. The protocol was approved by the Institutional Ethics Committee of Children’s Hospital of Fudan University.
Creation of a Kainic Acid-Induced Model of Chronic Epilepsy
A KA-induced temporal lobe epilepsy (TLE) model was created in mice, as described previously. Briefly, all mice were fed for 1 week to adapt to the environment, and then were assigned randomly into an epilepsy group or control group. Seizures were induced by administration of KA (3 mg/ml, 0.2 ml/mouse, i.p.) dissolved in physiologic (0.9%) saline. Mice in the control group were given an equal amount of 0.9% saline. All mice were monitored for 1 h after KA injection to evaluate seizures using the Racine Scale (Racine, 1972). Status epilepticus (SE) was defined as an epileptic seizure of grade three or greater lasting longer than 30 min. Seizures were terminated at 1 h after onset with the use of sodium pentobarbital, if necessary.
Pharmacological Assessment
Four weeks after KA treatment, the epileptic behavior of mice was scored. Twelve epileptic mice were selected as the model group, and the number of seizures was not significantly different from that of other mice. The remaining mice were given VPA (150 mg/kg, p.o.; Sanofi, Paris, France) twice-daily for 4 weeks. Studies have shown that this dose is an efficacious therapeutic dose of VPA for epileptic mice. Mice in the control group and model group was given solvent of VPA. After the final administration, mice were housed individually and their epileptic behavior and EEG data recorded. The latter was carried out according to the stereoelectroencephalography approach in which intracerebral multiple contact electrodes (AP: −2.2 ± 0.1 mm, ML: +0.8 ± 0.1 mm, DV: −1.4 ± 0.1 mm) were employed (Bartolomei et al., 2012). Seizures were characterized by synchronized high-voltage amplitude oscillations. EEG data and behavior data were reviewed by two trained experimenters blinded to the experimental conditions to identify motor seizures. Finally, of the mice given VPA, 12 mice with the best treatment effect were placed in VPA-sensitive group and 12 mice with the worst treatment effect were placed in the VPA-resistant group.
Tissue Preparation
Mice were decapitated with isoflurane for proteomics analysis, western blotting, and real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Brain tissues were removed rapidly and placed in ice-cold phosphate-buffered saline (PBS). The dissected hippocampus was snap-frozen in liquid nitrogen and stored at −80°C. For histology, mice were anesthetized and underwent perfusion with 50 ml of saline, followed by 80 ml of 4% paraformaldehyde. Brains were removed and fixed in 4% paraformaldehyde overnight at 4°C. After sequential dehydration with 20 and 30% sucrose for 48 h, coronal sections of thickness 10 μm were cut using a freezing microtome and then attached to slides. These hippocampal sections were stored at 4°C for Nissl staining and immunofluorescence staining.
Proteomics Analysis
Total protein was extracted from the hippocampus of mice in the VPA-resistant epilepsy group and VPA-sensitive epilepsy group using SDT lysis buffers. The protein concentration was measured by a bicinchoninic acid (BCA) kit (Beyotime Institute of Biotechnology, Shanghai, China). Then, supernatant proteins were digested in trypsin, as described previously. The filter-aided sample preparation method was used for sample purification, chemical derivatization, and enzymatic digestion. After protein digestion, peptides were labeled according to the operation instructions of the Tandem Mass Tag kit (Thermo Fisher Scientific, Waltham, MA, United States ). Labeled peptides from each group were mixed equally and then fractionated using the High pH Reversed-Phase Peptide Fractionation kit (Thermo Fisher Scientific). Each sample was desalted and passed into a trap column for gradient elution. Each eluted peptide sample was dried by vacuum centrifugation for high-performance liquid chromatography (HPLC). Each fractionation sample was separated by the Easy nLC 1,200 system (Thermo Fisher Scientific) at a nanoliter flow rate. Eluent A contained 0.1% (v/v) formic acid in water. Eluent B contained 84% acetonitrile and 0.1% formic acid in water. Mass spectrometry data were acquired with a Q-Exactive mass spectrometer (Thermo Fisher Scientific). With respect to parameters: the scanning range of the precursor ion was mass/charge (m/z) 300–1800; full scans were acquired at a resolution of 70,000 at m/z 200; dynamic exclusion was set at 60.0 s; the target for automatic gain control was 1e6; the maximum IT was 50 ms. Twenty fragment maps were collected after each full scan to obtain the m/z of peptides and peptide fragments; the type of MS2 activation was HCD; the isolation window was m/z 2; tandem mass spectrometry scans were acquired at a resolution of 35,000 at m/z 200; normalized collision energy was 30 eV; underfill was 0.1%.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
Annotation of the proteome was undertaken based on the Gene Ontology (GO) database (http://geneontology.org/) using Blast2GO, which comprises four steps: blast, mapping, annotation, and annotation augmentation. Proteins were classified by GO annotation based on three categories: biological process (BP), cellular component (CC), and molecular function (MF). Enrichment of signaling pathways was identified based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (www.genome.jp/kegg/pathway.html/) using the KEGG Automatic Annotation.
Construction and Analysis Protein-Protein Interaction Network
The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING; http://string-db.org/) database was used to analyze the interaction of hub genes and to construct a PPI network (Szklarczyk et al., 2015). The latter was visualized by Cytoscape (http://cytoscape.org/) (Su et al., 2014) and the MCODE plugin was used to select the hub clustered subnetworks of highly intraconnected nodes with the default parameters (degree cut-off ≥ 2, node score cut-off ≥ 0.2, K-core ≥ 2, and maximum depth = 100).
Western Blotting
Western blotting was employed to verify the results of proteomics analysis. Samples of hippocampal tissues were homogenized and centrifuged. The protein concentration was determined by the BCA protein assay kit (Beyotime Institute of Biotechnology) and adjusted to 2 μg/μl. Proteins (8 μl) were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis using 10% gels, and then transferred to polyvinylidene difluoride (PVDF) membranes. The latter were blocked with 5% nonfat milk in PBS for 1 h. Next, the blocked PVDF membranes were incubated with antibodies (all purchased from Abcam, Cambridge, United Kingdom) against HIF-1α (1:200 dilution), anti-IL-1β (1:1,000), anti-TNF-α (1:1,000), anti-cluster of differentiation (CD)86 (1:1,000), and CD206 (1:1,000) overnight at 4 °C. After washing with Tween-20 and Tris-buffered saline (TBST), PVDF membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (1:1,000; Abcam). β-actin (1:1,000; Abcam) was used as an internal control. Gray values were measured using ImageJ (National Institutes of Health, Bethesda, MD, United States ). The relative expression of samples in different duplications were standardized by a same sample of control group.
Nissl Staining
For observation of hippocampal neurons, Nissl staining was undertaken according to a method described previously. Briefly, the brain sections were washed with deionized water for 2 min, and then immersed in 1% toluidine blue (Yeasen, Beijing, China) at 37°C for 10 min. After rinsed in deionized water, slices were dehydrated in graded ethanol solutions. Slices were cover-slipped with neutral balsam.
Immunofluorescence Staining
We wished to detect the number of neurons (using NeuN) and microglia (using ionized calcium-binding adaptor molecule (Iba)-1) and whether there was co-labeling of microglia and HIF-1α in the hippocampal tissue of mice with VPA-resistant epilepsy. Hence, immunofluorescence was undertaken using previously described methods with slight adjustment (Han et al., 2018). Briefly, frozen sections were permeabilized with 1% Triton X-100 and blocked with PBS containing 5% bovine serum albumin. Without washing, sections were incubated overnight with primary antibodies against NeuN, Iba-1, and HIF-1α. Following further washing, sections were incubated with goat anti-rabbit antibody conjugated with Alexa Fluor 594 (for NeuN or Iba-1) and goat anti-mouse antibody conjugated with Alexa Fluor 488 (for HIF-1α) for 1 h at 37 °C. Then, sections were rinsed in deionized water, and mounted with Vectashield™ with 4’,6-diamidino-2-phenylindole. Fluorescence images were captured using a Virtual/Digital Slice Microscope (Olympus, Tokyo, Japan). Cells with a distinct nucleus were counted by a pathologist who was blinded to the grouping of our study.
Enzyme-Linked Immunosorbent Assay
Expression of IL-1β and TNF-α in plasma from children with VPA-resistant epilepsy or VPA-sensitive epilepsy was quantified by ELISA kits (Shanghai Enzyme-linked Biotechnology, Shanghai, China) according to manufacturer instructions.
Bioinformatics Analysis
Profiling of hippocampal miRNA of two independent datasets was re-analyzed. Profile 1 was the GSE99455 dataset from Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99455). Profile 2 was from the Supplementary Material of as study published by Kan and colleagues (https://link.springer.com/article/10.1007/s00018-012-0992-7) (Kan et al., 2012). Profile 1 included 16 patients with DRE and eight post mortem controls. Profile 2 included 20 DRE patients and 10 post mortem controls. Analyses of differential expression were undertaken using “DESeq2” in R (R Institute of Statistical Computing, Vienna, Austria) and adjusted p < 0.05 and |log2-fold change (FC)| >1.5 were the cutoff thresholds. The overlapping miRNA dataset was obtained by taking the intersection of the differentially expressed miRNA sets of Profile 1 and Profile 2. Subsequently, the miRNAs that regulate HIF-1α expression were searched for through the online database starbase (http://starbase.sysu.edu.cn/), which were verified in samples from children with VPA-resistant epilepsy or VPA-sensitive epilepsy. Simultaneously, the binding sites of miRNA and HIF-1α were detected using a luciferase reporter assay.
Real-Time PCR Analysis
Expression of miRNAs, inducible nitric oxide synthase (iNOS), CD86, arginine (Arg)1 and CD206 in the hippocampus was detected using RT-qPCR. Total RNA extracted from the hippocampus was reverse-transcribed into complimentary-DNA using a FastQuant RT kit (Tiangen, Beijing, China). Primers were synthesized by Sangon Biotechnology (Shanghai, China). RT-qPCR was done in triplicate in a minimum of three independent experiments according to the instructions of the PCR kit (Tiangen). Relative gene expression was calculated by the 2−ΔΔCT method.
Luciferase Reporter Assay
The predicted binding site of the miRNA in the target gene was verified using a luciferase reporter gene assay carried out in human embryonic kidney (HEK)-293T cells. Cells were placed in 24-well plates. The confluence reached 60–70% after 24 h of incubation. HIF-1A-3′-untranslated region (UTR) wild type (wt) and HIF-1A-3′-UTR mutant reporter plasmids were constructed in advance. Then, miRNA mimics and a mimic negative control (NC) were co-transfected with the luciferase reporter vector into HEK-293 T cells. The luciferase activity was analysed by dual luciferase assay system (Promega, Fitchburg, WI, United States ).
Statistical Analyses
Statistical analyses were carried out using SPSS 20.0 (IBM, Armonk, NY, United States ). Data are the mean ± standard deviation (SD). The differences between two or among more groups were assessed via two-sided unpaired Student’s t-test (two groups) or one-way ANOVA followed by Fisher’s least significant difference post hoc test (multiple groups). p < 0.05 was considered significant. Analyses were undertaken in a blinded manner.
RESULTS
Behavior and Electroencephalogram in Mice With VPA-Resistant Epilepsy
Ninety-eight mice were used in this study (Figure 1): 12 mice were in the control group (CON), and 86 mice were given KA to induce TLE. Twelve of 86 mice died after SE; 14 of 86 were excluded because SE did not appear 2 h after KA injection. Thus, we obtained 60 epilepsy mice, of which 12 mice were assigned to the KA-induced epilepsy model (KA) and 48 mice were given VPA. After VPA administration, 12/48 mice with the best treatment effect were assigned to the VPA-sensitive group (DSE), and 12/48 mice with the worst treatment effect were assigned to the VPA-resistant group (DRE).
[image: Figure 1]FIGURE 1 | Schematic showing the creation of a VPA-resistant epilepsy model in mice. Step 1: Sixty mice with temporal lobe epilepsy were established by intraperitoneal administration of KA. Step 2: twenty epilepsy mice were assigned into epilepsy model, and 48 epilepsy mice were treated with VPA for 4 weeks. Step 3: After administration, the mice were divided into VPA-sensitive group and VPA-resistant group according to their epileptic behavior and EEG data.
The number of seizures was counted according to the Racine Scale. After SE and before VPA administration, there is no obvious difference in the number of seizures among the epilepsy model, VPA-sensitive epilepsy, and VPA-resistant epilepsy groups (Figure 2A). 4 weeks after VPA administration, the seizure frequency of mice with VPA-sensitive epilepsy was dramatically lower than that in the VPA-resistant epilepsy group (Figure 2B).
[image: Figure 2]FIGURE 2 | Data of EEGs and behavior in mice with KA-induced epilepsy (n = 12). (A) There is no obvious difference in number of seizures in mice with VPA-sensitive epilepsy and VPA-resistant epilepsy group before VPA administration. (B) After VPA administration, mice with VPA-resistant displayed increased seizure severity when compared to mice with VPA-sensitive epilepsy. (C) Location of EEG electrodes in mouse hippocampus: AP: −2.2 ± 0.1 mm, ML: +0.8 ± 0.1 mm, DV: −1.4 ± 0.1 mm. (D) The field potential signal from mice in control, epilepsy model, VPA-sensitive epilepsy, and VPA-resistant epilepsy groups. (E) Representative EEGs showing typical epileptiform discharges in mice with VPA-resistant epilepsy. (F) The power spectral density of delta band of the VPA-resistant group was higher than that of the VPA-sensitive group. Values are the mean ± S.D. Unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, not significant. CON: control, KA: KA-induced epilepsy, DSE: VPA-sensitive epilepsy, and DRE: VPA-resistant epilepsy.
EEG data confirm that there was a difference in the seizure activity between VPA-resistant epilepsy and VPA-sensitive epilepsy (Figure 2C): EEG data were line with the epileptic behavior. Numerous epileptiform discharges with high-amplitude spikes and sharp waves were present in mice of epilepsy model group, which were ameliorated significantly in the VPA-sensitive epilepsy group. Notably, there were many high-amplitude rhythmic discharges in the VPA-resistant epilepsy group (Figure 2D).
In parallel, the power spectral density was computed for each EEG frequency band in accordance with the Welch method: delta (0–4 Hz), theta (5–8 Hz), alpha (9–12 Hz), beta (13–30 Hz) and gamma (31–100 Hz). The delta band of the model group was higher than that of the control group (Figure 2E). This phenomenon was reduced in the VPA-sensitive epilepsy group but not in the VPA-resistant epilepsy group. Taken together, these data demonstrated difference in seizures severity between the VPA-resistant group and VPA-sensitive group after VPA treatment.
Proteomics Analysis
The abundance of hippocampal proteins was compared between the VPA-resistant epilepsy group and VPA-sensitive epilepsy group using liquid chromatography-tandem mass spectrometry. A total of 30,738 unique peptides were identified, which corresponded to 4,924 unique proteins after searching SwissProt-Rodentia protein database and annotated at a false discovery rate of 1% for peptides. The cutoff for differential abundance of proteins was FC > 1.5 (upregulated) or < 0.67 (downregulated) and p < 0.05. According to these screening criteria, 29 proteins exhibited significant change in abundance between the VPA-resistant epilepsy group and VPA-sensitive epilepsy group, of which 13 were upregulated and 16 were downregulated in the VPA-resistant epilepsy group (Figures 3A,B, Supplementary Table S3).
[image: Figure 3]FIGURE 3 | Quantitative proteomics analysis of the hippocampus in mice. (A) Volcano plot of differentially expressed protein in hippocampus between VPA-resistant epilepsy and VPA-sensitive epilepsy. Red dots are down-regulated proteins. Blue dots are up-regulated proteins. (B) Heatmap of 29 differentially expressed protein in hippocampus between VPA-resistant epilepsy and VPA-sensitive epilepsy. (C) The biological process, molecular function and functional enrichment analysis of the differentially expressed proteins between the VPA-sensitive group and the VPA-resistant group through the GO database. (D) Differentially expressed proteins are enriched in multiple inflammation-related signaling pathways using the KEGG database. (E) The top 1 connectivity module contained HIF-1α, IL-1β, and TNF-α in the PPI network of differentially expressed proteins. DSE: VPA-sensitive epilepsy, DRE: VPA-resistant epilepsy.
To obtain a more comprehensive and in-depth understanding of differentially expressed proteins (DEPs), functional annotation using the GO database and enrichment of signaling pathways using the KEGG database were carried out. These DEPs were particularly enriched in BP involving “localization”, “response to stimulus”, “metabolic process” and “inflammatory response”. With regard to MF, the DEPs were involved in “binding”, “protein binding”, “ion binding” and “cytokine activity”. With respect to CC, DEPs were principally enriched in “cell part”, “intracellular”, “intracellular part” and “organelle” (Figure 3C). Furthermore, the DEPs were then subjected to enrichment analysis of signaling pathways using the KEGG database: DEPs were involved in “necroptosis”, “inflammation” and “cytokine–cytokine receptor interaction” (Figure 3D). Taken together, these results suggested that expression of inflammation-related mediators may change significantly in VPA-resistant epilepsy.
To further determine the hub DEPs between VPA-sensitive epilepsy and VPA-resistant epilepsy, a PPI network were constructed using the STRING database. To determine the module with the best connectivity, the MCODE plug-in of Cytoscape was used. Surprisingly, the top module contained HIF-1α, and IL-1β and TNF-α interacted directly with HIF-1α (Figure 3E). Therefore, HIF-1α, IL-1β, and TNF-α were selected as key proteins for subsequent research.
Validation of Selected Proteins
To further verify the dysregulation of these proteins, expression of IL-1β and TNF-α in blood of children with VPA-resistant epilepsy and VPA-sensitive epilepsy was measured by ELISA. HIF-1α is an unstable macromolecular substance and cannot penetrate the blood–brain barrier, so its accumulation in the brain cannot reach the blood. Therefore, we did not measure HIF-1α expression in blood samples from children. There were no obvious differences in age, sex, course, age of onset, or seizure frequency of first 6 months of diagnosis between VPA-resistant epilepsy and VPA-sensitive epilepsy (Table 1). The level of IL-1β and TNF-α in the VPA-resistant group was substantially higher than that in children with VPA-sensitive epilepsy (Figures 4A,B). Western blotting in mice hippocampal tissue was carried out, and results indicated that expression of HIF-1α, IL-1β, and TNF-α in the hippocampus of mice with VPA-resistant epilepsy was upregulated compared with that in mice with VPA-sensitive epilepsy (Figures 4C–F). These results were consistent with the data of proteomics analysis, and support the notion that HIF-1α, IL-1β, and TNF-α showed aberrant expression in VPA-resistant epilepsy.
TABLE 1 | Comparison of clinical data in patients with VPA-resistant epilepsy and VPA-sensitive epilepsy.
[image: Table 1][image: Figure 4]FIGURE 4 | Validation analysis of selected proteins. The level of IL-1β (Α) and TNF-α (Β) in the blood of children with VPA-resistant epilepsy significantly higher than that in VPA-sensitive epilepsy using ELISA analysis (DSE: n = 8; DRE: n = 16). (C) Representative protein bands of IL-1β, TNF-α and HIF-1α of hippocampus determined by western blotting (n = 6). Protein expression of IL-1β (D), TNF-α (E) and HIF-1α (F) in the hippocampus of mice with VPA-resistant epilepsy greatly higher than that of mice with VPA-sensitive epilepsy (n = 6). Values are the mean ± S.D. Unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. DSE: VPA-sensitive epilepsy and DRE: VPA-resistant epilepsy.
Increased Activation of Microglia in VPA-Resistant Epilepsy
Based on the exacerbated inflammatory response in VPA-resistant epilepsy, we examined the activated status of microglia in the hippocampus of mice brain sections by immunofluorescent staining using Iba-1. The fluorescence intensity of Iba-1-labeled microglia was significantly greater in the hippocampal CA1 and CA3 regions of mice in the VPA-resistant epilepsy group compared with that in the VPA-sensitive epilepsy group (Figure 5A). The number of Iba-1-positive microglia in hippocampal CA1 and CA3 regions was obviously increased in VPA-resistant epilepsy (Figures 5B,C).
[image: Figure 5]FIGURE 5 | Microglia activation in the hippocampus of mice (n = 6). (Α) Representative immunohistochemistry images of Iba-1 in the hippocampus. Quantification of Iba-1-positive cells in the hippocampal CA1 (B) and CA3 (C) regions. The number of Iba-1-positive microglia in hippocampal CA1 and CA3 regions was obviously increased in VPA-resistant epilepsy. The mRNA levels of M1 subtype markers iNOS (D) and CD86 (E) are significantly increased in hippocampus of mice with VPA-resistant epilepsy. The level of M2 subtype markers Arg-1 (F) and CD206 (G) was decreased significantly in VPA-resistant epilepsy compared with VPA-sensitive epilepsy. (H) Representative protein bands of CD86 and CD206 of hippocampus determined by western blotting. The protein level of CD86 (I) was significantly decreased, and the protein level of CD208 (J) was significantly increased in hippocampus of VPA-resistant epilepsy mice. (K) Double-labeling immunofluorescence demonstrated that HIF-1α and Iba-1 co-localized in the hippocampus of mice with VPA-resistant epilepsy. Values are the mean ± S.D. Unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. DSE: VPA-sensitive epilepsy and DRE: VPA-resistant epilepsy.
To ascertain which microglial phenotype was activated, we measured expression of M1/M2-specific markers in the hippocampus of mice using RT-qPCR. mRNA expression of iNOS and CD86 (both markers of the M1 subtype) was increased markedly in VPA-resistant epilepsy (Figures 5D,E), whereas expression of Arg-1 and CD206 (both markers of the M2 subtype) was decreased significantly in VPA-resistant epilepsy compared with VPA-sensitive epilepsy (Figures 5F,G). The trends of protein expression of CD86 and CD206 were consistent with their mRNA expression (Figures 5H–J). Collectively, our data showed polarization of microglia from the M2 phenotype to the M1 phenotype in VPA-resistant epilepsy.
Multiple studies have demonstrated that HIF-1α-related signaling pathways regulate microglia activation. Given our observation, we investigated if increased expression of HIF-1α occurs in microglia by double-labeling immunofluorescence of HIF-1α and Iba-1. HIF-1α and Iba-1 co-localized in the hippocampus of mice with VPA-resistant epilepsy (Figure 5K). This result implied that HIF-1α may regulate inflammation by activating microglia in VPA-resistant epilepsy.
Downregulation of miR-221-3p Expression in VPA-Resistant Epilepsy
Multiple studies have shown that miRNAs are valuable biomarkers for the diagnosis and treatment of epilepsy-related diseases. Therefore, we investigated the miRNAs that regulate HIF-1α expression in patients with VPA-resistant epilepsy. Firstly, we re-analyzed two miRNA profiles of hippocampus tissue from patients with DRE published in public databases. The difference analysis of the above two miRNA profiles between DRE and control was preformed using the “DESeq2” R package. There were 71 differentially expressed miRNAs in Profile 1 (Figure 6A) and 135 differentially expressed miRNAs in Profile 2 (Figure 6B). Profile 1 and Profile 2 had 15 intersected differentially expressed miRNAs screened by a Venn diagram (Figure 6C). The starbase database predict that miR-374a-5p, miR-221-3p, miR-302a-5p, miR-190a-3p, miR-301a-3p, and miR-19a) had potential binding sites on and the 3′-UTR sequences of HIF-1α (Figure 6D).
[image: Figure 6]FIGURE 6 | Identification of the miRNA regulating HIF-1α expression in VAP-resistant epilepsy. (A) Heatmap of the 71 differentially expressed miRNAs of Profile 1. (B) Heatmap of the 135 differentially expressed miRNAs of Profile 2. (C) Profile 1 and Profile 2 had 15 intersected differentially expressed miRNAs screened by a Venn diagram. (D) The starbase database predicted that six differentially expressed miRNAs (miR-374a-5p, miR-221-3p, miR-302a-5p, miR-190a-3p, miR-301a-3p, and miR-19a) potentially regulate the expression of HIF-1α. (E) MiR-221-3p was reduced significantly in the blood of children with VPA-resistant epilepsy compared with that of children with VPA-sensitive epilepsy. There is no significant difference in miR-374a-5p, miR-302a-5p, miR-190a-3p, miR-301a-3p and miR-19a between VPA-sensitive group and VPA-resistant group (DSE: n = 8; DRE: n = 16). (F) MiR-221-3p in hippocampus of VPA-resistant group was significantly lower than that in VPA-sensitive group (n = 6). (G) The predicted binding sites of miR-221-3p in the 3′-UTR of HIF-1α was verified by luciferase reporter gene assay. (H) Dual luciferase reporter gene assay demonstrated that miR-221-3p could negatively regulated the expression of HIF-1α. Values are the mean ± S.D. Unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. DSE: VPA-sensitive epilepsy and DRE: VPA-resistant epilepsy. NC: negative control, Wt: wild type, and Mut: mutant.
Subsequently, expression of these six miRNAs was measured in the plasma of children with VPA-resistant/sensitive epilepsy by RT-qPCR. However, οnly miR-221-3p was reduced significantly in the plasma of children with VPA-resistant epilepsy compared with that in children with VPA-sensitive epilepsy (Figure 6E). This result was confirmed in the hippocampal tissue of VPA-resistant mice (Figure 6F).
The predicted binding site of miR-221-3p and HIF-1α was determined using a luciferase reporter gene assay. The luciferase activity of HIF-1α-Wt in the miR-221-3p mimic group was reduced greatly compared with that in the NC group. In HIF-1α-Mut cells, there was no obvious difference between the miR-221-3p mimic group and NC group (Figures 6G,H). This result illustrated that downregulated expression of miR-221-3p in VPA-resistant epilepsy may cause its negative regulatory target gene, HIF-1α, to accumulate.
MiR-221-3p Mimics/HIF-1α Inhibitor Could Attenuates Seizures and Inflammatory Response in VPA-Resistant Epilepsy
The above results indicate that down-regulated miR-221-3p and up-regulated HIF-1α may be involved in the pathogenesis of VPA-resistant epilepsy. To test this hypothesis, we surveyed the effect of miR-221-3p mimics and 2ME2 (HIF-1α inhibitor) in VPA-resistant epilepsy. First, we demonstrated that miR-221-3p mimics markedly increased miR-221-3p expression and 2ME2 evidently reduced the expression of HIF-1α in the hippocampus of mice with VPA-resistant epilepsy (Figures 7A,B). Subsequently, we confirmed that up-regulated miR-221-3p significantly reduce HIF-1α expression in the hippocampus of mice with VPA-resistant epilepsy, which reduced expression of IL-1β and TNF-α further (Figure 7 B ∼ E). MiR-221-3p mimics or 2ME2 could reduce the number of microglia activated in the CA1 and CA3 regions of the hippocampus in mice with VPA-resistant epilepsy (Figures 7F–H). Meanwhile, miR-221-3p mimics or 2ME2 could decreased the number of increased seizures in VPA-resistant epilepsy (Figures 7I,J). Taken together, these data showed that increasing miR-221-3p expression reduced HIF-1α expression. This action decreased expression of proinflammatory factors and the number of activated microglia and, ultimately, reduced the number of seizures in mice with VPA-resistant epilepsy (Figure 8).
[image: Figure 7]FIGURE 7 | Effect of miR-221-3p mimics and HIF-1α inhibitor in mice with VPA-resistant epilepsy (n = 6). (A) MiR-221-3p mimics effectively up-regulated the level of miR-221-3p in hippocampus by 4 times. (B) Representative protein bands of IL-1β, TNF-α, and HIF-1α as determined by western blotting. MiR-221-3p mimics and HIF-1α inhibitor can significantly reduce the proteins expression of IL-1β (C) TNF-α (D) and HIF-1α (E) in the hippocampus of mice with VPA-resistant epilepsy. (F) Representative immunohistochemistry images of Iba-1 in the CA1 and CA3 region of hippocampus. MiR-221-3p mimics and HIF-1α inhibitor evidently decreased the number of Iba-1-positive cells in the hippocampal CA1 (G) and CA3 (H) regions. (I) Before intervention with miR-221-3p mimics and HIF-1α inhibitor, there were no obvious difference in the number of seizures between the VPA-resistant group with the miR-221-3p mimics or HIF-1α inhibitor group. (J) MiR-221-3p mimics and HIF-1α inhibitor inhibited the seizure of VPA-resistant epilepsy. Values are the mean ± S.D. Unpaired t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. DSE: VPA-sensitive epilepsy and DRE: VPA-resistant epilepsy.
[image: Figure 8]FIGURE 8 | Effect of miR-221-3p/HIF-1α on VPA-resistant epilepsy (schematic). MiR-221-3p is downregulated in VPA-resistant epilepsy, which leads to the increase of its target gene: HIF-1α. Increased expression of HIF-1α activates microglia to release proinflammatory mediators, which exacerbates seizures of VPA-resistant epilepsy.
DISCUSSION
We investigated the effect of HIF-1α in VPA-resistant epilepsy. It is a key regulator of local hypoxia and neuroinflammation, which are important clinical phenomena in VPA-resistant epilepsy. The role of HIF-1α in the mechanism of VPA-resistant epilepsy is still unclear or even controversial. We showed that downregulation of miR-221-3p expression in VPA-resistant epilepsy led to accumulation of its negative regulatory target gene: HIF-1α. These actions led to the activation of mocroglia, accompanied by upregulation of proinflammatory mediator and aggravation epileptic behavior. This is the first study to demonstrate the significance of miR-221-3p/HIF-1α in VPA-resistant epilepsy.
An increasing body of evidences suggests that inflammatory mediators are widely involved in, and sufficient for, generating epileptic seizures. Anti-inflammatory compounds, such as IRL-1 blockers and COX-2 inhibitors (Citraro et al., 2015), can significantly suppress the development of spontaneous recurrent seizures and reduce the extent of CA1 injury and sprouting of mossy fibers (Aronica et al., 2017). Previously, we showed that IL-1β, TNF-α, and other proinflammatory mediators are overexpressed in VPA-resistant epilepsy, but we did not explore the mechanisms that trigger this phenomenon.
To address this question, we established VPA-resistant mice and VPA-sensitive mice. Proteomics analysis revealed that overexpressed HIF-1α interacted with IL-1β and TNF-α in mice with VPA-resistant epilepsy, which was also confirmed by western blotting. The regulatory effect of HIF-1α on IL-1β expression has been studied in the context of sarcoidosis, infections, and cancer. Studies have shown that HIF-1 as a transcription factor be composed of HIF-1α and HIF-1β subunits, which translocate into the nucleus and bind to hypoxia-response elements to regulate the transcriptional expression of IL-1β. Studies have also shown that HIF-1α is responsible for recruiting M1 macrophages that release TNF-α in patients with heart failure (Warbrick and Rabkin, 2019). Above results evidence that upregulation of HIF-1α expression in VPA-resistant epilepsy leads to increased expression of IL-1β and TNF-α.
Prior has indicated that excessive activation of microglia in patients with epilepsy exacerbates the release of proinflammatory mediators (Patel et al., 2019). Activated microglia release proinflammatory cytokines, which can lead to neuronal hyperexcitability. In addition, microglia induced disruptions in neuronal circuits by impairing synaptic pruning, which leads to seizures (Schafer et al., 2016). Boer et al. found that patients with focal cortical dysplasia (a major cause of DRE) have a specific and persistent increase in the number of microglia within the dysplastic region (Boer et al., 2006). Our results indicated that the number of microglia in the CA1 and CA3 regions of the hippocampus of mice with VPA-resistant epilepsy was increased greatly, and was accompanied by microglial polarization from the M2 phenotype to the M1 phenotype. Microglial activation in the CNS is heterogeneous, and is categorized by the M1 phenotype (pro-inflammation) and M2 phenotype (anti-inflammation) (Lan et al., 2017). The dynamic changes of microglia from the M2 subtype to M1 subtype is a hallmark of the inflammatory response of the CNS (Qiu et al., 2020). Studies have shown that HIF-1α related signaling pathways regulate microglia activation in Alzheimer’s disease (Baik et al., 2019). Han et al. indicated that HIF-1α deficient glial reduced neutrophil migration and infarct, which suppressed the release of IL-1β and CXCL1. Therefore, we explored the localization of HIF-1α and microglia. The results are consistent with this point. HIF-1α was co-localized with microglia markers. That is, The accumulation of HIF-1α in VPA-resistant epilepsy caused activation of microglia and aggravated the release of proinflammatory mediators.
Biomarkers for identification and treatment of VPA-resistant epilepsy are crucial for tailored treatment and optimal allocation of healthcare resources for this patient population (Kalilani et al., 2018). As a small molecule, most of miRNAs can penetrate the blood-brain barrier and exist stably in blood and urine. Therefore, we investigated specific miRNAs in VPA-resistant epilepsy, hoping that it can become a valuable biomarker. As we know, it is difficult to collect hippocampal tissue from children with VPA-resistant epilepsy in clinical practice. In order to efficiently find the miRNA that regulates HIF-1α in VPA-resistant epilepsy, this study firstly performed integrated bioinformatics analysis on the hippocampal tissue of patients with drug-resistant epilepsy in public databases referring to the previous method (Xu et al., 2020). Subsequently, the miRNAs that potentially regulate the expression of HIF-1α were selected. Finally, these miRNAs were screened in the blood samples of children with VPA-resistant epilepsy, and were verified in the hippocampus of VPA-resistant epilepsy mice. We identified that miR-221-3p was down-regulated markedly in VPA-resistant epilepsy, and negatively regulated the expression of the target gene: HIF-1α. The regulatory effect of miR-221-3p on the expression of HIF-1α is consistent with a recently published study, which demonstrated that HIF-1α was the target gene of miR-221-3p in patients with heart failure and antagomiR-221-3p increased HIF-1α expression (Li et al., 2021). Subsequently, we demonstrated that miR-221-3p mimics effectively reduce the expression of HIF-1α in the hippocampus of mice with VPA-resistant epilepsy, thereby reducing the number of microglia, inhibiting the release of proinflammatory mediators, and alleviating the number of seizures markedly.
However, our present work still has some limitations. Firstly, in clinical practice, multi-drug combination therapy is the main approach for children with epilepsy. Therefore, the children with VPA-resistant epilepsy enrolled into this study were resistant to multiple AEDs. Since multiple AEDs are involved in the neuroinflammatory process (Itoh et al., 2019; Park et al., 2020), the resistance to other AEDs may be a confounding factor in our study. In future studies, we will further investigate the significance of neuroinflammatory processes in VPA-resistant epilepsy, while considering the effect of other common antiepileptic drugs. Secondly, various inflammatory mediators such as CXCL9, CXCL3, and IL-6 have been shown to be dysregulated in patients with drug-resistant epilepsy. Since this study focused on the role of HIF-1α in VPA-resistant epilepsy, we prioritized IL-1β and TNF-α that directly interact with HIF-1α. In future study, we will pay attention to the effects of chemokines and cytokines released by activated microglia in VPA-resistant epilepsy. Thirdly, this study found the dysregulation of miR-221-3p, IL-1β, and TNF-α in VPA-resistant epilepsy, and confirmed the influence of these mediators on seizure severity. However, due to the small number of patients enrolled, we have not performed further studies on the correlation between these mediators and clinical parameters.
CONCLUSION
We demonstrated that expression of miR-221-3p, as a potential biomarker, is downregulated in VPA-resistant epilepsy, which leads to increase in expression of its target gene: HIF-1α. Increased expression of HIF-1α activates microglia to release proinflammatory mediators, which exacerbates seizures. Our data suggest the effect of miR-221-3p/HIF-1α on VPA-resistant epilepsy. These alterations should be considered when studying the mechanisms of VPA-resistant epilepsy and designing drug treatments.
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Background: Uncontrolled neuroinflammation and microglia activation lead to cellular and tissue damage contributing to neurodegenerative and neurological disorders. Spirulina (Arthrospira platensis (Nordstedt) Gomont, or Spirulina platensis), a blue-green microalga, which belongs to the class of cyanobacteria, has been studied for its numerous health benefits, which include anti-inflammatory properties, among others. Furthermore, in vivo studies have highlighted neuroprotective effects of Spirulina from neuroinflammatory insults in different brain areas. However, the mechanisms underlying the anti-inflammatory effect of the microalga are not completely understood. In this study we examined the effect of pre- and post-treatment with an acetone extract of Spirulina (E1) in an in vitro model of LPS-induced microglia activation.
Methods: The effect of E1 on the release of IL-1β and TNF-α, expression of iNOS, nuclear factor erythroid 2–related factor 2 (Nrf2), and heme oxygenase-1 (HO-1), and the activation of NF-κB was investigated in primary microglia by ELISA, real-time PCR, and immunofluorescence.
Results: Pre- and early post-treatment with non-cytotoxic concentrations of E1 down-regulated the release of IL-1β and TNF-α, and the over-expression of iNOS induced by LPS. E1 also significantly blocked the LPS-induced nuclear translocation of NF-κB p65 subunit, and upregulated gene and protein levels of Nrf2, as well as gene expression of HO-1.
Conclusions: These results indicate that the extract of Spirulina can be useful in the control of microglia activation and neuroinflammatory processes. This evidence can support future in vivo studies to test pre- and post-treatment effects of the acetone extract from Spirulina.
Keywords: neuroinflammation, microglia, spirulina, pre-treatment, post-treatment, pro-inflammatory cytokines
INTRODUCTION
Neuroinflammation is a complex and multifactorial response of the central nervous system (CNS) directed at protecting the brain from endogenous and exogenous noxious stimuli and restoring tissue homeostasis and integrity. Although the protective purpose of the inflammatory response, a minimal unbalance in its components may result harmful and contribute to virtually every neurodegenerative/neurological disorder (Amor et al., 2014; Sochocka et al., 2017; Skaper et al., 2018). Microglia are the immunocompetent cells in the CNS that largely participate in neuroinflammatory processes (Gomez-Nicola and Perry, 2015; Colonna and Butovsky, 2017). Once activated these cells secrete pro-inflammatory cytokines, chemokines, nitric oxide, and oxygen radicals, that contribute to the development of CNS damage (Lucas et al., 2006). Microglia activation mechanisms begin with the recognition of pathogens through a limited number of pattern-recognition receptors, including Toll-like receptors (TLRs), which are involved in the initiation of innate immune response (Bsibsi et al., 2002; Kawai and Akira, 2010). Among TLR family members, TLR2, 4, and 9 are mainly implicated in neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis (Fiebich et al., 2018). TLR activation initiates diverse signal transduction pathways, including the activation of the transcription factor nuclear factor (NF)-κB, which regulates the transcription of many genes involved in immunity and inflammation (Bryant et al., 2010). Therefore, microglia activation and TLRs are regarded as potential targets for therapeutic intervention in brain diseases associated with neuroinflammation (Liu et al., 2019).
In recent years, microalgae are gaining a high interest for their nutritional and therapeutic applications being important sources of food ingredients and bioactive products with numerous health benefits (Gómez-Zorita et al., 2019). Microalgae are prokaryotic or eukaryotic single-cell organisms, found in fresh water and marine systems. They produce half of the atmospheric oxygen and a variety of compounds, such as photosynthetic pigments, polyunsaturated fatty acids, vitamins, minerals, fibers, polysaccharides, enzymes, and peptides (Khan et al., 2018; Galasso et al., 2019). Among the microalgae, Spirulina (Arthrospira platensis (Nordstedt) Gomont, or Spirulina platensis) is a photosynthetic, filamentous, spiral shaped, and blue-green cyanobacterium that has a long history as dietary supplement, based on its high content of proteins (60–70% of the microalga dry weight). It also contains vitamins (in particular vitamin B12), minerals (iron, calcium, magnesium, zinc, manganese, phosphorus, and potassium), essential fatty acids (e.g., γ-linoleic acid, palmitic acid, linoleic acid, oleic acid), polysaccharides, glycolipids and sulfolipids, enzymes (e.g., superoxide dismutase), and various pigments, including phycocyanins, chlorophylls, and carotenoids (Colla et al., 2004; Niccolai et al., 2019). Recently, Spirulina has been widely studied for its numerous health benefits, which include antibacterial, antiviral, antioxidant, and anti-inflammatory properties (Remirez et al., 2002; Kulshreshtha et al., 2008; Mallikarjun Gouda et al., 2015; Wu et al., 2016; Finamore et al., 2017). Furthermore, many studies have evidenced the neuroprotective properties of Spirulina in multiple models of CNS diseases, such as Parkinson’s disease, schizophrenia, ischemic brain damage and in lipopolysaccharide (LPS)-induced neuroinflammation (Strömberg et al., 2005; Chen et al., 2012; Pabon et al., 2012; Lima et al., 2017; Haider et al., 2021). However, the protective properties of Spirulina have been shown mainly after a pre-treatment (i.e., prophylactic effect), whereas its effect after inflammatory stimuli has been only partially investigated.
In the present study we examined the effects of pre- and post-treatment with an acetonic extract of the microalga Spirulina (E1) on LPS-induced microglial activation in vitro. Then, potential mechanisms that regulate the observed effects were also clarified. We found that pre-treatment and early post-treatment with E1 lowered microglia activation by inhibiting the release of pro-inflammatory cytokines and gene expression of inflammatory markers through mechanisms that involve NF-κB and the nuclear factor erythroid 2–related factor 2 (Nrf2).
MATERIAL AND METHODS
Reagents
Unless otherwise specified, all reagents were from Sigma-Aldrich (Milan, Italy). Tissue culture media, antibiotics, and fetal bovine serum (FBS) were obtained from Life Technologies (San Giuliano Milanese, Italy). LPS (Ultra-Pure LPS-EB from Escherichia coli, 0111:B4 strain) was purchased from InvivoGen (InvivoGen Europe, Toulouse, France). Dried Spirulina was purchased from a local health-food store. Primary antibodies included: mouse anti-p65 (NF-κB p65, Santa Cruz Biotechnology, Santa Cruz, CA, United States, Cat. sc-8008), mouse anti-iNOS (NOS2, Santa Cruz Biotechnology, Santa Cruz, CA, United States, Cat. sc-7271), and rabbit anti-Nrf2 (GeneTex Inc., Irvine, CA, United States, Cat. GTX103322). Alexa Fluor 488 and 555 secondary antibodies were from and Invitrogen (Milan, Italy, Cat. A11008 and A21422, respectively). Enzyme-linked immunosorbent assay (ELISA) kits were obtained from Antigenix America (Huntington Station, NY, United States). Falcon tissue culture plasticwares were purchased from BD Biosciences (SACCO srl, Cadorago (CO), Italy).
Preparation and Analysis of Spirulina Extract
Properly hydrated powder of Spirulina was ground in a mortar and extracted with acetone in an ultrasonic bath for 20 min at room temperature and then centrifuged at 4,400 rpm for 10 min at 4°C. The extraction process was repeated three times and the combined extracts were concentrated under reduced pressure in a rotary evaporator. The concentrated solution was then lyophilized. Finally, the extract was stored at 4°C until use.
Chlorophyll a, chlorophyll b, and total carotenoid content was determined as described by Yang et al. (1998). Pheophytin content was measured according to the method of Lichtenthaler (1987). One aliquot of the extract was solubilized with acetone:water (4:1) and, after appropriate dilution, the maximum absorbance was read at 663, 646, 470, 653, and 665 nm for chlorophyll a, chlorophyll b, carotenoids, pheophytin a, and pheophytin b, respectively. The content of pigments was calculated using the following equations:
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Results were expressed as mg/g of dry weight of extract.
The carotenoid analysis was performed using an Agilent 1100 HPLC Series System (Agilent, Santa Clara, CA, United States) equipped with degasser, quaternary gradient pump, column thermostat, and UV-Vis detector. A Gemini 5-µm C6-Phenyl column (250 × 4.6 mm) from Phenomenex (Torrance, CA, United States) was employed, at 40°C. Analyses were done in the isocratic mode, using acetonitrile:methanol (10:90; v/v) at a flow rate of 1 ml min−1, with an injection volume of 10 μl; detection was at 280, 365, and 460 nm. Carotenoid content was expressed as β-carotene equivalents.
Cell Cultures
Animal-related procedures were performed in accordance with EU Directive (2010/63/EU) for animal experiments and those of the Italian Ministry of Health (D.L. 26/2014) and were approved by the Institutional Review Board for Animal Research (Organismo Preposto al Benessere Animale, OPBA) of the University of Padua and by the Italian Ministry of Health (protocol number 41451.N.N8P). Animals were maintained under controlled conditions (22–24°C, 50%–60% humidity), with free access to water and food on a 12 h light/dark cycle (lights on at 7:00 am). One-day-old Sprague-Dawley rat pups (CD strain) of both sexes were rapidly decapitated, minimizing suffering, discomfort, or stress. Primary microglial cells were isolated from mixed glial cell cultures prepared from the cerebral cortex, as previously described (Skaper et al., 2012). When mixed glial cultures reached confluence (typically 7 days after isolation), microglia were separated from the astroglial monolayer by shaking (200 rpm for 1 h at 37°C), re-suspended in high-glucose Dulbecco’s modified eagle medium (DMEM) supplemented with 2 mM L-glutamine, 10% heat-inactivated FBS, 100 units/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml gentamicin (growth medium), and plated on poly-L-lysine-coated (10 μg/ml) plastic wells at a density of 1.50 × 105 cells/cm2. Cells were allowed to adhere for 45 min and then washed to remove non-adhering cells. Cultures obtained using the shaking procedure generated 97% microglia immunopositive to a primary polyclonal antibody against ionized calcium binding adaptor molecule 1 (Iba1, 1:800, Wako Chemicals United States Inc., Richmond, VA, United States, Cat. 019–19741), a marker for microglia cell types. Cells were maintained at 37°C in a humidified atmosphere containing 5% CO2/95% air. LPS was suspended in endotoxin-free water (InvivoGen). E1 was suspended in dimethylsulfoxide (DMSO) just before use and added to the cultures so as not to exceed 0.1% of the total volume. Control cultures contained the same concentration of DMSO.
Cell Treatment
Cells were seeded in poly-L-lysine coated 96-well plates (50,000 cells/well) in growth medium and allowed to adhere overnight. In the pre-treatment experiments, serum-containing medium was replaced with serum-free medium 2 h before pre-treatment with E1 for 1 h, followed by stimulation with 100 ng/ml Ultra-Pure LPS-EB. In the post-treatment experiments, 2 h after serum starvation, microglia were stimulated with 100 ng/ml LPS and 2 or 4 h later cells were treated with E1. In both conditions, microglia were stimulated with LPS for 6 or 16 h for the evaluation of gene expression or cytokine release, respectively.
Cell Viability Assay
Microglial cell viability was evaluated by a colorimetric method utilizing the protein-binding dye sulforhodamine B (SRB) (Skehan et al., 1990; Piovan et al., 2021). Growth medium was replaced with serum-free medium 2 h before treatment with increasing concentrations of E1 for 16 h. After the incubation, the medium was replaced with cold 10% trichloroacetic acid, and plates were incubated for 1 h at 4°C. Following this fixation step, cells were stained with 0.4% SRB and left at room temperature for 30 min. The bound protein stain was solubilized with 10 mM Tris base. The absorbance was then measured at 570 nm in a microplate reader. Absorbance of vehicle-treated cultures was considered as 100% cell viability.
Cytokine Determination
After treatments, culture media were collected and IL-1β and TNF-α assayed using commercially available ELISA kits, according to the manufacturer’s instructions. Cytokine concentrations (pg/ml) in the medium were determined by reference to standard curves obtained with known amounts of IL-1β or TNF-α and the results expressed as percentage relative to corresponding control value.
Real-Time Polymerase Chain Reaction
At the end of 6-h LPS stimulation, total RNA was extracted from cells by QIAzol (Invitrogen), according to the manufacturer’s instructions. RNA integrity and quantity were determined by RNA 6000 Nano assay in an Agilent BioAnalyser (Thermo Scientific, Milan, Italy). Reverse transcription was performed with Superscript III reverse transcriptase (Invitrogen). The real-time PCR reaction was performed as described previously (Barbierato et al., 2017). Primer sequences are listed in Table 1. Amounts of each gene product were calculated using linear regression analysis from standard curves, demonstrating amplification efficiencies ranging from 90 to 100%. Dissociation curves were generated for each primer pair, showing single product amplification. Data are presented as specific ratio between the gene of interest and the reference gene (β-actin).
TABLE 1 | Primers for real-time PCR used in this study.
[image: Table 1]Immunofluorescence and Image Analysis
Microglia were grown on coverslips in 24-well plates, pre-treated for 1 h with E1 before stimulation with 100 ng/ml Ultra-Pure LPS-EB for an additional 90 min for the analysis of NF-κB activation, or 16 h for the analysis of iNOS and Nrf2 expression. Cells were fixed with 4% paraformaldehyde (pH 7.4, for 15 min at room temperature) and subsequently non-specific staining was blocked by incubating with 5% normal goat serum/0.1% Triton X-100 in PBS for 1 h at room temperature. Cells were then incubated sequentially with primary (2 h) and secondary antibody (1 h) in the above blocking solution. The antibodies used were mouse anti-p65 (NF-κB p65, 1:500) primary antibody, mouse anti-iNOS (1:500), and rabbit anti-Nrf2 (1:200) followed by Alexa Fluor 488- or 555-conjugated secondary antibodies (1:1000). Cells were thoroughly washed between steps with PBS. Immunostaining control included omission of the primary antibody. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI; 0.1 μg/ml) and coverslips were mounted on microscope slides with Fluoromount-G mounting medium (Fisher Scientific, Milan, Italy) (Zusso et al., 2017). Fluorescent images were captured with a confocal laser-scanning microscope (Zeiss LSM 800; Carl Zeiss AG, Germany) and microscope settings were kept constant for all images. For each image, three z-stacks (50 μm optical section, 1.5 μm total Z-span) were acquired with a 63x, NA 1.4, oil-immersion objective. All images were taken considering the middle of nuclei as the central plane for z-stack. ImageJ software (National Institutes of Health, Bethesda, MD, United States) was used to flatten each z-stack image into a single image, representing the sum of the contributes from each focal plane. NF-κB p65 fluorescence emission intensity of single cells was profiled using ImageJ software. To quantitatively evaluate subcellular distribution of the p65 subunit, the relative staining intensities in the nucleus and cytoplasm were monitored from five random fields for each condition from three independent experiments. Cytoplasmic and nuclear fluorescence intensities were calculated using ImageJ software and are expressed as a percentage of nuclear and cytoplasmic staining.
Statistical Analysis
All data represent the results of at least three independent experiments. Data were analyzed using GraphPad Prism Software, version 6.0 (GraphPad Software, Inc., San Diego, CA, United States). Results are expressed as mean ± SEM. Statistical analyses to determine group differences were performed either by two-sample equal variance Student’s t test, or by one-way analysis of variance (ANOVA) followed by Sidak’s post hoc test for multiple comparisons. A value of p < 0.05 was considered to indicate statistically significant differences. Additional details are provided in the figure legends, where appropriate.
RESULTS
Analysis of Spirulina Extract
HPLC UV-Vis analysis of E1 led to the identification of β-carotene, several xanthophylls, chlorophylls, and pheophytins (Figure 1A). Figure 1B shows the content of chlorophyll a, chlorophyll b, pheophytin a, pheophytin b, and total carotenoids expressed as mg/g of dry extract. β-carotene represented 53% of total carotenoids present and among xanthophylls, zeaxanthin and diadinoxanthin were the most abundant (Figure 1C).
[image: Figure 1]FIGURE 1 | HPLC profile of the Spirulina acetone extract and its relative composition. (A) Chromatogram was registered at 460 nm. Retention times: myxol 2′-methyl pentoside, 3.45 min (1); diadinoxanthin, 3.72 min (2); zeaxanthin, 3.94 min (3); adonixanthin, 4.5 min (4); unidentified xanthophylls, 3.18, 4.36, and 4.98 min; chlorophyll a, 7.35 min (5); chlorophyll b, 8.01 min (6); β carotene, 10.5 min (7); pheophytin a, 11.76 min (8); pheophytin b, 12.25 min (9). (B) Content of chlorophyll a, chlorophyll b, pheophytin a, pheophytin b, and total carotenoids expressed as mg/g of dry extract. (C) Relative carotenoid content in E1. β-carotene represented 53% of total carotenoids present.
Effect of Pre-treatment With Spirulina Extract on Microglia Inflammatory Response
The effect of E1 on the release of the pro-inflammatory cytokines IL-1β and TNF-α on the initiation of microglia inflammatory response was examined. Cells were serum starved for 2 h, exposed for 1 h to increasing concentrations of the extract (1–100 μg/ml), and then stimulated with 100 ng/ml LPS to induce the inflammatory response. Unstimulated cells released low amounts of IL-1β and TNF-α which remained unchanged after treatment with the highest non-cytotoxic concentration of E1 (Figures 2A,B, white bars). In response to LPS, the release of IL-1β and TNF-α dramatically increased (Figures 2A,B, dark green bars) and E1 lowered it in a concentration-dependent manner. In particular, the extract completely inhibited the cytokine release starting from the concentration of 25 μg/ml (Figures 2A,B, light green bars). Considering that there was no effect on cell viability after treatment with the extract alone at concentrations ranging from 1-100 μg/ml (Figure 2C), these results indicate that the decrease in IL-1β and TNF-α release did not result from any cytotoxic effect.
[image: Figure 2]FIGURE 2 | Effect of pre-treatment with Spirulina extract on cytokine release from LPS-stimulated cortical microglia and cell viability analysis. Microglia were cultured for 24 h in 10% serum-containing medium, which was replaced with serum-free medium before pre-treatment with E1 (1–100 μg/ml) for 1 h and further stimulation with 100 ng/ml LPS for 16 h. Supernatants were collected and analyzed for (A) IL-1β and (B) TNF-α release. Results are expressed as percentage of cytokine release relative to LPS-stimulated microglia (dark green bars). Data are means ± SEM of three independent experiments. *p < 0.05 and ***p < 0.001 versus LPS stimulation. One-way ANOVA followed by Sidak’s multiple comparison test. (C) At the end of 16 h incubation with E1 (1–250 μg/ml), cell viability was determined by SRB assay. Results are expressed as percentage of cell viability relative to control cells (dashed line). Data are presented as means ± SEM (n = 3 in triplicate). *p < 0.05 versus control cells. One-way ANOVA followed by Sidak’s multiple comparison test.
Microglial activation by LPS is also accompanied by the increased expression of iNOS and the consequent nitric oxide production (Förstermann and Sessa, 2012). Therefore, we selected the extract concentration of 100 μg/ml to explore whether E1 pre-treatment could suppress the expression of iNOS upon LPS stimulation. The endotoxin induced gene and protein over-expression of iNOS, that was completely prevented by E1 (Figure 3), confirming the anti-inflammatory effect of E1 pre-treatment.
[image: Figure 3]FIGURE 3 | Effect of pre-treatment with Spirulina extract on iNOS gene and protein expression in LPS-stimulated cortical microglia. Microglia were cultured for 24 h in 10% serum-containing medium, which was replaced with serum-free medium before pre-treatment with 100 μg/mL E1 followed by stimulation with 100 ng/ml LPS. (A) iNOS mRNA levels were quantified by real-time PCR. Data are presented as means ± SEM (n = 3 in triplicate). **p < 0.01 compared to control cells; °°p < 0.01 versus LPS stimulation. One-way ANOVA followed by Sidak’s multiple comparison test. (B) Microglia were stained with anti-iNOS antibody (red) and nuclei with DAPI (blue). Experiments were performed three times and representative immunofluorescence images are shown. Scale bar, 20 μm.
Effect of Post-treatment With Spirulina Extract on Microglia Inflammatory Response
Next, we explored whether E1 could decrease LPS-induced microglia inflammatory response when added after the initiation of inflammation. To test this, treatments with E1 started 2 or 4 h after LPS stimulation. When E1 was added to cells 2 h after LPS, the release of both cytokines decreased only at the concentration of 100 μg/ml (Figures 4A,B). Differently, E1 added 4 h post-LPS stimulation did not alter IL-1β and TNF-α release (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Effect of post-treatment with Spirulina extract on cytokine release and iNOS gene expression in LPS-stimulated cortical microglia. Microglia were cultured for 24 h in 10% serum-containing medium, which was replaced with serum-free medium before stimulation with 100 ng/ml LPS. (A,B) Two, or (C,D) 4 h later cells were treated with E1 (1–100 μg/ml). Supernatants were collected and analyzed for IL-1β and TNF-α release. Results are expressed as percentage of cytokine release relative to LPS-stimulated microglia (dark green bars). Data are means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 versus LPS stimulation (E) One or 4 h after LPS stimulation cells were treated with 100 μg/ml E1 and iNOS mRNA levels were quantified by real-time PCR. Data are presented as means ± SEM (n = 3 in triplicate). ***p < 0.001 compared to control cells; °°p < 0.05 and °p < 0.01 versus LPS stimulation. One-way ANOVA followed by Sidak’s multiple comparison test.
Conversely, a significant down-regulation of iNOS gene expression was found when E1 was added 2 and 4 h after stimulation with LPS. However, although statistically significant, the effect on iNOS mRNA levels tended to diminish when cells were treated with the extract longer after the initiation of inflammation (i.e., 4 h after LPS stimulation) (Figure 4E).
To clarify the observed effect, the kinetic of IL-1β and TNF-α release was studied and, as shown in Table 2 and 3, the amount of both cytokines increased over the time. In particular, 2 h after LPS stimulation, levels of IL-1β and TNF-α released into the medium were 78.7 ± 15.5 pg/ml and 195.1 ± 51.2 pg/ml, respectively. Then, the release kept increasing and 16 h after LPS stimulation the levels of IL-1β and TNF-α were 805.3 ± 99.4 pg/ml and 945.3 ± 104.8 pg/ml, respectively. E1 added to cells 2 h after LPS stimulation significantly reduced the release of both cytokines; indeed, in the period 4–16 h after LPS stimulation, the levels of IL-1β and TNF-α released were in the range between 87.6 ± 21.6 pg/ml and 250.4 ± 61.3 pg/ml and 235.8 ± 32.1 pg/ml and 389.4 ± 91.7 pg/ml, respectively.
TABLE 2 | Time course of IL-1β release (pg/ml) after LPS stimulation and effect of post-treatment with E1.
[image: Table 2]TABLE 3 | Time course of TNF-α release (pg/ml) after LPS stimulation and effect of post-treatment with E1.
[image: Table 3]Effect of Spirulina Extract on NF-κB Signaling in Microglia
In the attempt to define the underlying molecular mechanisms by which the extract of Spirulina modulated microglia inflammatory response, we evaluated the activation of the transcription factor NF-κB, which is required for the induction of several cytokines and inflammatory enzymes in microglia and other immune cells (Zusso et al., 2017; Tedesco et al., 2018). To measure NF-κB activity, we monitored NF-κB p65 subunit movement from the cytoplasm to the nucleus. Under basal conditions and after E1 treatment p65 subunit was mainly distributed in the cytoplasm. As expected, LPS caused a significant translocation of the subunit to the nucleus, which was inhibited by pre-treatment with E1 (Figure 5).
[image: Figure 5]FIGURE 5 | Effect of Spirulina extract on NF-κB activation in unstimulated and LPS-stimulated microglia. Cells were cultured for 24 h in 10% serum-containing medium, which was replaced with serum-free medium before pre-treatment with 100 μg/ml E1 followed by stimulation with 100 ng/ml LPS. Cells were then processed for NF-κB p65 immunostaining (red) and nuclei were counterstained with DAPI (blue). Experiments were performed 3 times and representative confocal images showing subcellular localization of p65 are shown. Scale bars in merged and zoomed images, 10 and 2 μm, respectively. The fluorescence intensity of cytoplasmic and nuclear p65 subunit was calculated using ImageJ software and results are presented as percentage of nuclear and cytoplasmic NF-κB p65 distribution in the fifth column. Data are mean from three independent experiments.
Effect of Spirulina Extract on Nrf2 Signaling in Microglia
Nrf2 signaling is the major regulatory system able to control the expression of antioxidant and detoxification enzymes and has also a role in mitigating inflammation (Kong et al., 2011; Kobayashi et al., 2016). Thus, we next examined the possibility that Nrf2 signaling might participate in the anti-inflammatory activity of E1. Pre-treatment with the extract increased gene expression of Nrf2 (Figure 6A) and its nuclear translocation (Figure 6C), as well as mRNA levels of HO-1 (Figure 6B), a phase II enzyme downstream of Nrf2, both in the absence and presence of LPS, suggesting a possible involvement of this signaling in the anti-inflammatory effect of the studied extract.
[image: Figure 6]FIGURE 6 | Effect of Spirulina extract on Nrf2 signaling in unstimulated and LPS-stimulated microglia. Cells were cultured for 24 h in 10% serum-containing medium, which was replaced with serum-free medium before pre-treatment with 100 μg/ml E1 for 1 h followed by stimulation with 100 ng/ml LPS. (A) Nrf2 and (B) HO-1 mRNA levels were quantified by real-time PCR. Data are presented as means ± SEM (n = 3 in triplicate). **p < 0.01 and ***p < 0.001 compared to control cells. One-way ANOVA followed by Sidak’s multiple comparison test. (C) Microglia were stained with anti-Nrf2 antibody (green) and nuclei with DAPI (blue). Experiments were performed three times and representative immunofluorescence images are shown. Scale bar, 10 μm.
DISCUSSION
The present study investigated the properties of pre- and post-treatments with an acetone extract derived from the microalga Spirulina against inflammatory response in an in vitro model of LPS-induced neuroinflammation. Spirulina besides being an important source of nutrients, has been widely studied for its numerous beneficial effects in in vitro and in vivo models. For instance, Spirulina possesses anti-inflammatory, antioxidant, and neuroprotective properties, that can counteract chronic neurodegenerative disorders (Simpson and Oliver, 2020). The extract used in this study showed the presence of chlorophylls, pheophytins, and carotenoids, where β-carotene and zeaxanthin were the most abundant carotenoids. The present finding is in accordance with previous studies that reported the presence of these pigments in the microalga (Jaime et al., 2005; Hynstova et al., 2018). Chlorophylls and their magnesium-free degradation products, pheophytins, are considered protective agents against many chronic diseases, being endowed with antioxidant and antimutagenic/anticarcinogenic activity (Ferruzzi and Blakeslee, 2007; Wu et al., 2010; Martel et al., 2017). Furthermore, some studies have shown that chlorophylls and pheophytins exhibited promising anti-inflammatory activities (Subramoniam et al., 2012; Li et al., 2019). Carotenoids are lipid-soluble pigments produced by plants and some microorganisms. The consumption of carotenoids has been linked with various health conditions, including the prevention of neurodegenerative diseases, such as Alzheimer’s disease (Obulesu et al., 2011). Indeed, several studies have shown that carotenoids can accumulate in the CNS (Craft et al., 2004) and play a multitude of functions. The neuroprotective properties of carotenoids have been attributed to their action in the neural circuits by increasing neural efficiency or stabilizing membrane structures (Sujak et al., 1999). Furthermore, in the brain carotenoids inhibit lipid peroxidation, reduce oxidative damage by scavenging reactive oxygen species, and are anti-neuroinflammatory agents able to suppress various inflammatory pathways (Hammond, 2015; Cho et al., 2018). These observations support the hypothesis that, due to its composition, E1 could exert anti-neuroinflammatory activities. To test this, herein we studied the effect of E1 on microglia inflammatory response. Non-cytotoxic concentrations of E1 had preventive anti-inflammatory effects on LPS-stimulated microglia. These effects were associated with the suppression of IL-1β and TNF-α release, two of the most important and earliest cytokines produced during inflammation, whose sustained and high levels have been associated with neurodegeneration (Becher et al., 2017). Additionally, pre-treatment with E1 showed a significant effect on the inflammatory signaling also by decreasing the LPS-induced over-expression of iNOS, an important regulator of inflammation. These results confirm previous studies that have suggested the use of Spirulina as a natural product to prevent inflammatory diseases, based on the anti-inflammatory effect of organic or water extracts of the microalga (Chen et al., 2012; Ku et al., 2013; Pham et al., 2017). We recently showed very similar results obtained with the use of an acetone extract from the microalga Euglena gracilis on the same in vitro model of neuroinflammation, despite some differences in the composition of the two extracts. Euglena gracilis extract contained diadinoxanthin as the most abundant xanthophyll, followed by zeaxanthin, whereas β-carotene represented only 8% (Piovan et al., 2021). Conversely, the most abundant carotenoid present in the Spirulina extract was β-carotene, whereas the amount of zeaxanthin resulted comparable in the two extracts. These results suggest that zeaxanthin could play an essential role in the anti-inflammatory effect of Spirulina extract and will orient future studies aimed at the direct evaluation of single isolated components of the extract.
Of particular interest, in the present study, we showed that E1 not only had a preventive anti-neuroinflammatory effect, but it was also able to reduce the release of pro-inflammatory cytokines and the expression of inflammatory markers when administered to cells early after the initiation of the inflammatory response. However, this effect was restricted to the initial stages of neuroinflammation (i.e., 2 h after LPS stimulation), when pro-inflammatory cytokines were released into the medium but their amount did not reach maximal levels (Hide et al., 2000; Sanz and Di Virgilio, 2000). Furthermore, the inhibitory effect has been observed only after treatment of microglia with a high concentration of E1 (i.e., 100 μg/ml) and it progressively declined over the time, being lost in the advanced stage of neuroinflammation (i.e., 4 h after LPS stimulation), when the release of pro-inflammatory cytokines increased. These results clearly indicate the existence of a link between the timing of intervention and the entity of E1 effect on microglia activation, suggesting that E1, besides being a valid preventive option, may be of potential application in the early stages of inflammatory CNS diseases.
The expression of many cytokines, chemokines, receptors, and enzymes involved in inflammatory response is dependent on NF-κB pathway activation. In fact, an excessive or inappropriate activation of NF-κB has been associated with the development of inflammatory diseases and its inhibition can decrease the disease progression (Tak and Firestein, 2001; Lawrence, 2009; Liu et al., 2017). In the inactive form, NF-κB exists in the cytoplasm associated with the inhibitory proteins IκB. Inflammation leads to IκB phosphorylation and release of the heterodimer p50/p65, that, after translocation to the nucleus, binds to κB enhancer elements of target genes and induces the transcription of pro-inflammatory genes (Liu et al., 2017). Thus, monitoring NF-κB movement from the cytoplasm to the nucleus is a common method to measure NF-κB activity. In microglia cells, NF-κB p65 nuclear translocation induced by LPS was significantly attenuated by pre-treatment with E1, suggesting that the inhibition of NF-κB activation could be one of the potential anti-inflammatory mechanisms of the studied extract. In previous studies the anti-inflammatory effect of carotenoids has been ascribed to the inhibition of NF-κB activity, through a mechanism that involved the inhibition of DNA-binding activity of p65 (Palozza et al., 2003; Linnewiel-Hermoni et al., 2014; Li et al., 2019). Therefore, we cannot exclude the possibility that E1 components can act by directly interacting with NF-κB.
Oxidative stress, associated with increased levels of reactive species and a decrease in the antioxidant systems, has been implicated in the development and maintenance of inflammation and progression of neurodegenerative diseases. In this context, Nrf2 signaling, in addition to control intracellular redox homeostasis, has anti-inflammatory properties and has emerged as a therapeutic target in neurodegenerative conditions (Brandes and Gray, 2020). This signaling acts as an environmental sensor that allows cells to monitor for the presence of insults. Once activated, Nrf2 signaling leads the subsequent transcription of genes that are involved in antioxidant and anti-inflammatory responses. Thus, stimulation of Nrf2 appears a promising method for reducing the level of neuroinflammation and neurodegeneration. In our experimental conditions, E1 alone increased the expression of Nrf2 and that of its downstream gene HO-1, a potent anti-inflammatory target, suggesting that the induction of an antioxidant response might contribute, at least in part, to the anti-inflammatory properties of the extract components. However, more studies are necessary to verify a possible direct interaction of the extract components with Nrf2, as already showed for some carotenoids and their derivatives that can interact with Keap1, the negative regulator of Nrf2, by changing its physical properties (Kaulmann and Bohn, 2014). However, in this regard, it should be noted that, despite Nrf2 is considered a key regulator of inflammatory processes (Ahmed et al., 2017), based on the existence of a complex interaction between oxidative stress and inflammation, we recently showed that the anti-inflammatory effect of the acetone extract of Euglena gracilis is Nrf2 independent (Piovan et al., 2021). Similarly, the anti-inflammatory effect of E1 could be independent of the activation of Nrf2.
Taken together, our data indicate that the acetone extract from Spirulina can suppress the activation of NF-κB and induce the activation of Nrf2/HO-1, two intracellular signaling pathways that could act independently or in complementary manner. Clearly, additional studies using pathway specific inhibitors must be considered to elucidate the precise anti-inflammatory mechanism and explore other potential mechanisms. However, the results of this study represent promising evidence to support future in vivo studies to test the effect of pre-treatment (i.e., prophylactic effect) and post-treatment with the acetone extract from Spirulina.
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Oxidative stress damage is known as one of the important factors that induce neuropathic pain (NP). Using antioxidant therapy usually achieves an obvious curative effect and alleviates NP. Previous pharmacological studies have shown that higenamine (Hig) performs to be antioxidant and anti-inflammatory. However, the protective effect and mechanism of Hig on NP are still unclear. This study mainly evaluated the changes in reactive oxygen species (ROS) level, lipid peroxidation, and antioxidant system composed of superoxide dismutase (SOD) and glutathione (GSH) through chronic constrict injury (CCI) model rats and t-BHP-induced Schwann cell (SC) oxidative stress model. The expressions of two inflammatory factors, tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), were also assessed. The possible molecular mechanism of Hig in the treatment of NP was explored in conjunction with the expression of mitochondrial apoptosis pathway and NOX2/ROS/TRP/P38 mitogen-activated protein kinase (MAPK)/NF-ĸB pathway-related indicators. Hig showed substantial antioxidant and anti-inflammatory properties both in vivo and in vitro. Hig significantly reduced the upregulated levels of ROS, malondialdehyde (MDA), TNF-α, and IL-6 and increased the levels of SOD and GSH, which rebalanced the redox system and improved the survival rate of cells. In the animal behavioral test, it was also observed that Hig relieved the CCI-induced pain, indicating that Hig had a pain relief effect. Our research results suggested that Hig improved NP-induced oxidative stress injury, inflammation, and apoptosis, and this neuroprotective effect may be related to the NOX2/ROS/TRP/P38 MAPK/NF-ĸB signaling pathway.
Keywords: higenamine, neuropathic pain, oxidative stress, neuroinflammation, transient receptor potential, NOX2
INTRODUCTION
Neuropathic pain (NP) is a chronic pain condition caused by nervous system damage or disease leading to abnormal signals in the somatosensory system (Finnerup et al., 2021). NP is usually accompanied by hyperalgesia and/or allodynia manifested as burning and tingling sensations (Campbell and Meyer, 2006). At present, a variety of clinical diseases give rise to NP, mainly including metabolic or nutritional nerve changes, viral infections, and accompanying nerve damage. With the increasing incidence of metabolic diseases and the application of cancer chemotherapy, the rate of NP has risen year by year, which not only brings a great impact on patients but also seriously increases the social and economic burden (Colloca et al., 2017). It is widely accepted that the pathophysiology of evoked pain involves peripheral and central sensitization. Alterations in ion channels and interactions between cells and molecular signaling transmission are based on the sensitization of nociceptive pathways (Campbell and Meyer, 2006; Zhang et al., 2017). Previous researches showed that oxidative stress and inflammation are also important mechanisms in inducing and maintaining NP and they are in the pathological process of NP throughout (Costigan et al., 2009; Areti et al., 2014). The products of oxidative stress and inflammation, such as reactive oxygen species (ROS), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6), promote each other via specific signaling pathways, aggravate the release of these factors, cause irreversible damage to cells, and even lead to cell apoptosis. The clinical treatment of NP includes drug therapy and interventional therapy, of which drug therapy is the main one. As the common treatment drugs, antidepressants and anticonvulsants (gabapentin and pregabalin, for example) have shown only partial pain relief effect, always followed by side effects to patients (Baron et al., 2010). Therefore, the development of new therapeutic drugs is still a hot topic at present.
Higenamine (Hig) is a plant-based alkaloid with antioxidation (Guler et al., 2020), anti-inflammatory (Yang et al., 2020a), and antiapoptosis (Yang et al., 2020b) effects. Hig is mainly used to scavenge oxygen free radicals to achieve antioxidant effects (Romeo et al., 2020). Our previous study showed that Hig inhibited the production of ROS in hypothermia-induced oxidative stress and also prevented the transport of α2C-AR from the cytoplasm to the membrane in hypothermic HDMECs, which indicated that Hig may reduce the cold-induced vasoconstriction (Guan et al., 2019). Besides, Hig is one of the tetrahydroisoquinolinic derivatives and there is a report speculating that it may be provided with neuroprotective effects (Peana et al., 2019). Indeed, existing studies have shown that Hig protected brain/reimplantation (I/R) damage by inhibiting Akt and Nrf2/HO-1 signaling pathways against oxygen-glucose deprivation/reperfusion-induced injury (Zhang et al., 2019). And Hig showed the neuroprotective effect on Alzheimer’s disease model rats by improving the cognitive impairment, regulating enzyme activity, and reducing cytotoxicity to inhibit oxidative stress damage (Yang et al., 2020b). Although more and more researches in recent year have proved that Hig has a good effect on many diseases, its effect and mechanism of how to act on NP are still unclear; thus, further research is needed by far.
This present study mainly explored the biological effects and potential molecular mechanisms of Hig on NP and demonstrated that Hig may regulate NP via NOX2/ROS/TRP/P38 mitogen-activated protein kinase (MAPK)/NF-ĸB signaling pathway, providing an experimental basis for the research and development of novel drugs.
MATERIALS AND METHODS
Chemical Reagent
Demethylcoclaurine hydrochloride (≥98%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Tert-butyl hydroperoxide (t-BHP) was from Energy Chemical (Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM), Penicillin-Streptomycin solution, and 0.25% trypsin were obtained from Gibco (Grand Island, NY, United States). Fetal bovine serum (FBS) was from Double-Helix (Beijing, China). Cell Counting Kit-8 (CCK-8) was purchase from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). ROS assay kit, microreduced glutathione (GSH) assay kit, and mitochondrial membrane potential (MMP) assay kit with JC-1 were from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Annexin V-FITC/PI apoptosis kit was obtained from Shanghai Yishan Biotechnology Co., Ltd. (Shanghai, China). Hoechst 33258/PI Apoptosis Assay Kit was from Beyotime Biotechnology (Shanghai, China). Malondialdehyde (MDA) assay kit and superoxide dismutase (SOD) assay kit were from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). IL-6, IL-1β, TNF-α, and ROS ELISA kit were obtained from Wuhan Meimian Biotechnology Co., Ltd. (Wuhan, Hubei, China). RNAiso Plus (Trizol) was purchased from TaKaRa (Tokyo, Japan). Evo M-MLV RT Kit with gDNA Clean for qPCR and SYBR® Green Premix Pro Taq HS qPCR Kit were from Accurate Biology (Changsha, Hunan, China). FGSuper Sensitive ECL Luminescence Reagent was purchased from Meilunbio® (Dalian, Liaoning, China). All of the primary antibodies were obtained from Cell Signaling Technology unless otherwise stated (Danvers, MA, United States).
Cell Culture
The immortal rat Schwann cell 96 (RSC96) was purchased from iCell Bioscience Inc. (Shanghai, China). RSC96 is cultivated in a complete medium made up of 90% DMEM, 10% FBS, and 1% Penicillin-Streptomycin solution in a sterile environment with 5% CO2 and 37°C.
Cell Viability Assay
CCK-8 was used to evaluate cell viability. RSC96 was plated in a 96-well plate with a density of 5 × 103 cells/well and treated with a different drug concentration. Then 100 µL of cell culture complete medium containing 10% CCK-8 solution was added to 96-well plate and incubated for 1 h at 37°C. The absorbance values (450 nm) were detected by a microplate reader (BioTek, United States).
Cell Treatment
Hig was dissolved in dimethyl sulfoxide (DMSO). As previous research reported, t-BHP was performed to establish an oxidase stress injury model on cells (Zhao et al., 2017). RSC96 was pretreated with different concentration of Hig for 12 h and then t-BHP with a complete medium was added to each well for 2 h to assess the effect of Hig on t-BHP-exposed RSC96.
Analysis of ROS
The intracellular ROS levels were measured by fluorometry and flow cytometry using 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) dye. The DCFH-DA probe was mixed with FBS-free medium at 1:2,000 (1:5,000 for flow cytometry). The volume of mixed medium to cell cultural plate was added appropriately to cover the cells and incubated for 20 min at 37°C. After that, RSC96 was washed by an FBS-free medium three times to completely remove fluorescent probes. The ROS level was observed under a fluorescence microscope (Carl Zeiss AG, Germany) and analyzed by flow cytometer (Beckman Coulter, Inc., United States).
Determinations of GSH, SOD, and MDA
The intracellular levels of GSH, SOD, and MDA contents were measured according to the manufacturer’s instructions. In brief, RSC96 was washed and resuspended with PBS after administration. The same RSC96 volume of GSH extract was added three times to resuspend the cells, frozen and thawed twice in liquid nitrogen, and centrifuged to aspirate the supernatant for testing. Samples and reagents were mixed following the instructions, which were reacted at room temperature for 2 min, and the absorbance was measured at a wavelength of 412 nm. As for the extraction of SOD and MDA, ultrasonication was applied to gain cellular SOD and MDA. The absorbance of SOD and MDA was detected, respectively, at 550 and 532 nm with the microplate reader (BioTek, United States).
Hoechst 33258/PI Staining
The Hoechst 33258/PI staining of RSC96 was performed to observe the state of cell apoptosis and necrosis directly. A suitable cover glass was put into the cell plate in advance and the glass was washed gently with PBS after administration. 95% ethanol was used to fix cell for 15 min at room temperature. Then, the surface liquid was dried, and 10 μL Hoechst 33258/PI solution was added on it and mounted. The changes of the apoptotic and necrotic nucleus were observed and photographed by fluorescence microscopy (Olympus, Japan).
Flow Cytometry
Flow cytometry was used to account for the apoptosis rate of RSC96 and detect the functional condition of the mitochondrion, which were measured through Annexin V-FITC/PI staining and JC-1 staining, respectively. In brief, after administration, the cell culture medium was drawn into a prelabeled 15 ml centrifuge tube, RSC96 was washed twice with cold PBS, and PBS was drawn again into the corresponding centrifuge tube. 0.25% trypsin without EDTA digested cell for 1 min and was centrifuged at 1500 rpm for 5 min. RSC96 were resuspended in 500 µL 1× binding buffer, stained with 5 µL Annexin V-FITC and 10 µL PI solution, incubated at room temperature for 5 min in the dark environment, and immediately examined by flow cytometer (Beckman Coulter, Inc., United States). As for the detection of MMP, RSC96 were resuspended in 0.5 ml cell culture medium, mixed with 0.5 ml JC-1 staining solution, and incubated for 20 min at 37°C, 5% CO2. After the incubation, the cells were centrifuged at 4°C and 600 g for 3 min, washed with prechilled 1 × JC-1 staining buffer solution twice, and 1 ml 1 × JC-1 staining buffer solution was added to resuspend RSC96, followed by analyzing the condition of MMP with a flow cytometer (Beckman Coulter, Inc., United States).
Real-Time Quantitative Polymerase Chain Reaction
RSC96 was washed with cold PBS after treatment. RNAiso Plus was applied to extract total RNA and the detective values of OD260/280 were used to quantify total RNA. Evo M-MLV RT Kit with gDNA Clean for qPCR was used to reverse transcription according to the manufacturer’s protocol. Amplification was performed in the CFX Connect Real-Time PCR Detection System (BIO-RAD, Hercules, CA, United States) following the protocol of SYBR® Green Premix Pro Taq HS qPCR Kit. The reaction procedure was as follows: one cycle at 95°C for 30 s for predenaturation and 40 cycles at 95°C for 5 s and at 60°C for 30 s for reaction. The primer GAPDH (B661204) was purchased from Sangon Biotech. Co., Ltd. (Shanghai, China) and the primers of TNF-α IL-6 and IL-1β were also designed by them which were listed in Table 1. The 2−ΔΔCT method was used to analyze expression levels of TNF-α IL-6 and IL-1β. Each sample was measured three times and averaged.
TABLE 1 | Primer sequences for RT-qPCR.
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Forty-eight specific pathogen-free (SPF) grade adult male Sprague Dawley (SD) rats were provided by Beijing Huafukang Biotechnology Co., Ltd. (Beijing, China, certificate number SCXK (Jing) 2019-0008). The rats were kept in a 12 h light/dark cycle environment with a temperature of 20–25°C and a humidity of 50–70%. Animal test procedures and general handling comply with the ethical guidelines and standards for the care and use of laboratory animals established by the Animal Test Ethics Committee of Jinan University. All efforts were made to minimize animal suffering.
CCI Surgery
The rats were randomly divided into sham-operated group, CCI model group, and low/medium/high concentration of Hig and gabapentin (GBP) treatment group with eight rats in each group. The specific surgical procedures have been introduced in our previous study (Zhang et al., 2020).
Pharmacological Treatment
The rats accepted medical treatment with oral administration after surgery. Rats in low/medium/high concentration of Hig and GBP group were treated with 25/50/100 mg·kg−1·d−1 Hig and 50 mg·kg−1·d−1 GBP, respectively. Those rats in the sham-operated and CCI groups were not treated with drugs but 6 ml·kg−1·d−1 0.9% saline.
Behavioral Tests
von Frey filaments (Ugo Basile Biological Research Apparatus, Varese, Italy) were applied to evaluate mechanical allodynia in CCI surgical rats while a hot-plate test was used to assess heat hyperalgesia. The von Frey test and hot-plate test were detailly described in our previous research (Zhang et al., 2020) and they were performed the day before the surgery and days 3, 5, 7, 10, 14, and 21 after surgery.
Enzyme-Linked Immunosorbent Assay
Ipsilateral L4/5 dorsal root ganglion (DRG) was collected to detect the expression level of ROS while serum was collected for inflammatory factors (TNF-α, IL-6, and IL-1β). DRG was weighted and PBS was added to adjust its concentration to 0.1 g/ml. It was homogenized thoroughly and centrifuged at 4°C and 3000 rpm for 20 min. The supernatant was carefully aspirated for testing. And serum was diluted for detection. The experimental operation was performed according to the ELISA kits’ instructions and the absorbance was measured at 450 nm with a microplate reader (BioTek, United States).
Measurement of GSH in DRGs
The fresh DRGs are washed twice with PBS and then 0.1 g of the tissue is weighted and homogenized. The remaining steps were carried out according to the kit manufacturer’s instructions.
Histopathology
The right sciatic nerve tissues were fixed and washed with water, dehydrated, transparent, and embedded in paraffin. After the slices were processed in 5 µm thick sections, rehydrated, stained with hematoxylin-eosin (HE), washed with ethanol, dehydrated, and made transparent with xylene, they were observed and photographed under the microscope (Olympus, Japan).
Western Blotting Analysis
The obtained RSC96 and ipsilateral L4/5 DRG tissue were used to perform the WB analysis. Cell and tissues were lysed with RIPA lysis buffer (Solarbio Science & Technology Co., Ltd, Beijing, China) and the protein concentration was quantified using BCA Protein Assay Kit (Solarbio Science & Technology Co., Ltd., Beijing, China). 10% SDS-PAGE was carried out to separate obtained protein samples and the proteins were transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, MA, United States). 5% nonfat milk was used to block the membranes for 2 h at room temperature. Primary antibodies, including Bcl-2, Bax, caspase-3, cleaved caspase-3, cytochrome-c, p38 MAPK, phospho-p38 MAPK, phospho-NF-κB p65, GAPDH, TRPA1 (Novus Biologicals, United States), TRPV1 (Novus Biologicals, United States), and anti-NOX2/gp91phox (Abcam Corporation, England), were diluted in 1:1,000. Then, the membranes were put into primary antibodies above at 4°C for incubating overnight. After washing with TBST three times, the diluted secondary primary antibody was applied to incubate the membranes at 4°C for 2 h. TBST was used to wash the obtained protein bands and they were exposed using FGSuper Sensitive ECL Luminescence Reagent.
Molecular Docking
The molecular structure of Hig was downloaded from PubChem database and the three-dimensional structure of Nox2, TRPA1, and TRPV1 protein from the RCSB Protein Data Bank. The AutodockTools 1.5.6 software was used to deal with these structures and determine the coordinates and box size of the Vina molecule docking. In order to increase the accuracy of the calculation, the parameter exhaustiveness was set to 20. Then Autodock Vina 1.1.2 software was performed to do semiflexible docking of molecules and proteins for selecting the best conformation of affinity. The docking binding mode was used to analyze the conformation with the lowest docking score and finally plot it in the Pymol software. Besides, the three-dimensional structures of Nox2 and TRPV1, Nox2, and TRPA1 protein were processed in pymol and protein docking was performed in ZDOCK 3.0.2. As a result, the top ten complexes were selected and scored and the best scores were chosen for mapping.
Statistical Analysis
GraphPad Prism 8 and SPSS 22.0 were used for statistical analyses. All data were expressed as mean ± SEM. All experiments in this study were performed in triplicate. One-way ANOVA was used for comparison between groups, followed by Turkey tests. The behavioral data were analyzed using multivariate analysis of variance in the general linear model to compare data among the groups at each time point, followed by the Student–Newman–Keuls tests. p value less than 0.05 was considered to be statistically significant.
RESULTS
Hig Showed a Protective Effect Against T-BHP-Induced Cell Cytotoxicity
CCK-8 was used to evaluate cell viability with different concentration of Hig (50, 100, 150, 200, 250, 300, 400, and 500 µM). As shown in Figure 1A, Hig treated RSC96 at six concentrations for 12 h with no significant difference compared to the control group but 400 and 500 µM concentrations significantly enhanced cell viability. T-BHP decreased obviously the viability of RSC96 at 2 h with 50, 100, 150, 200, 250, 300, and 400 µM, which meant that different concentration even the lowest concentration (50 µM) would increase the risk of cell death (Figure 1B). Then, we assessed the underlying protective effect of Hig against t-BHP-induced cell cytotoxicity. The pretreated RSC96 at 50, 100, 150, 200, 250, 300, 400, and 500 µM concentration was exposed to t-BHP at the concentration of 100 and 150 µM for 2 h. Compared with the model group (t-BHP treatment), a dose-dependent manner of cell viability which significantly increased was observed in pretreated Hig at different concentration (Figures 1C,D). The final dosing concentration of t-BHP and Hig was determined to be 150 µM and 100/200/400 µM, respectively.
[image: Figure 1]FIGURE 1 | Cell viability of Hig and t-BHP treatment. (A) CCK-8 detected the cell viability of RSC96 treated with 50, 100, 150, 200, 250, 300, 400, and 500 µM Hig for 12 h. A DMSO control group was set up to exclude the potential cell cytotoxicity of DMSO. (B) CCK-8 detected the cell viability of RSC96 treated with 50, 100, 150, 200, 250, 300, and 400 µM t-BHP for 2 h. (C) RSC96 was pretreated with 50, 100, 150, 200, 250, 300, 400, and 500 µM Hig for 12 h and then, respectively, exposed to 100 µM t-BHP for 2 h. (D) RSC96 was pretreated with 50, 100, 150, 200, 250, 300, 400, and 500 µM Hig for 12 h and then, respectively, exposed to 150 µM t-BHP for 2 h. CCK-8 was used to assess cell viability. The results are presented as mean ± SEM, n = 3. *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. the control group.
Hig Attenuated Oxidative Stress Injury In Vivo and In Vitro
To explore the antioxidant properties of Hig, we adopted the model of t-BHP-induced RSC96 oxidative stress in vitro and CCI-induced DRG neuron damage in vivo. From the results shown in Figures 2A–F, t-BHP treated alone for 2 h significantly increased intercellular levels of ROS and MDA but reduced SOD and GSH levels, which indicated that t-BHP imbalanced the redox system and caused the dysfunction of RSC96. However, pretreatment with Hig reversed these changes compared to the model group. Also, ROS and GSH were mainly evaluation indexes in DRG neuron. In Figures 2G,H, the level of ROS in DRG was upregulated by CCI surgery and the content of GSH was reduced. After 21 days of treatment with Hig, the upregulated ROS was significantly decreased by medium and high concentration (50/100 mg/kg) of Hig, and the downregulated GSH was obviously increased by a high concentration of Hig.
[image: Figure 2]FIGURE 2 | Hig prevented RSC96 and DRG neuron from oxidative stress damage. (A) RSC96 intercellular level of ROS stained by DCFH-DA dye was observed under the microscope. Scar bar = 200 µm. (B) RSC96 intercellular level of ROS stained by DCFH-DA dye was observed by flow cytometer. (C) The ratios of RSC96 intercellular ROS level compared with the control group were calculated. (D) Quantification of RSC96 intercellular MDA level in different groups. (E) Quantification of RSC96 intercellular SOD level in different groups. (F) Quantification of RSC96 intercellular GSH level in different groups. (G) The ROS level in rats’ DRG tissue was detected by ELISA kit. (H) Comparison of GSH level in rat DRG tissues among different groups. The results are presented as mean ± SEM, n = 3. #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the model group.
Hig Decreased T-BHP-Induced RSC96 Apoptosis
Morphologically, RSC96 in the control group appeared healthy with rich synapse. Apparent cell shrinkage was observed in RSC96 after 2 h treatment with t-BHP but those cells pretreated with Hig remained in relatively healthy appearance compared to the model group (Figure 3A). Hoechst 33258/PI staining and flow cytometry assay were applied to detect the apoptosis condition of RSC96 exposed to t-BHP. According to Figure 3B, most of the cell nuclei were densely stained with strong blue fluorescence and partly with red fluorescence, indicating that t-BHP could induce the apoptosis and necrosis rate of RSC96. Flow cytometry was usually used to detect the apoptosis ratio by using Annexin V-FITC/PI assay kit. In Figure 3C, the sum of quadrants Q2-UR and Q2-LR was representing the percentage of apoptotic cells, and the value of quadrant Q2-UL was representing the percentage of necrotic cells. Therefore, the same as the result of Hoechst 33258/PI staining, t-BHP treatment increased the apoptotic and necrotic rate of RSC96.
[image: Figure 3]FIGURE 3 | Hig protected RSC96 against t-BHP-induced cell apoptosis. (A) The typical morphological images in different groups. (B) The stained RSC96 by Hoechst 33258/PI dye was observed under the microscope. The nucleus of RSC96 marked with strong blue (the thin black arrows) and red (the thick black arrows) fluorescence represented cell apoptosis and necrosis, respectively. Scar bar = 100 µm. (C) Annexin V-FITC/PI apoptosis kit analyzed the cell apoptosis via flow cytometer and the percentage of RSC96 apoptosis was calculated from the addition of Q2-UL, Q2-UR, and Q2-LR. The results are presented as mean ± SEM, n = 3. ####p < 0.0001 vs. the control group. ****p < 0.0001 vs. the t-BHP group.
Hig Inhibited the Expression Level of Inflammation-Related Mediators
It is known that overproduction of ROS during oxidative stress results in chronic inflammation (Willcox et al., 2004). We had checked whether Hig decreased the expression level of TNF-α, IL-6, and IL-1β after t-BHP treatment and CCI surgery. The results were shown in Figures 4A–E. Indeed, t-BHP treatment and CCI surgery upregulated the expression level of TNF-α, IL-6, and IL-1β (the expression level of IL-1β in cells was not shown in Figure 4). Pretreatment with Hig decreased the high expressive level of TNF-α and IL-6 but did not show the significant difference of reducing IL-1β expression level compared with the control group. The results proved that TNF-α and IL-6 were the potential inflammatory targets attenuated by Hig.
[image: Figure 4]FIGURE 4 | The anti-inflammatory function of Hig was evaluated by its effect on the expression of inflammatory factors. (A, B) The RSC96 intercellular mRNA expression levels of TNF-α and IL-6 were measured by RT-qPCR. (C–E) The expression levels of TNF-α, IL-6, and IL-1β in rats serum were detected by specific ELISA kits. The results are presented as mean ± SEM, n = 6. ###p < 0.001 and ####p < 0.0001 vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the model group.
Hig Alleviated Mechanical Allodynia and Heat Hyperalgesia in CCI Rats
CCI surgery led to obvious mechanical allodynia and heat hyperalgesia and they were detected by von Frey test and hot-plate test, respectively. As shown in Figures 5A,B, mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWI) both decreased significantly at day 3 after CCI surgery and reached the lowest value on day 7 after the operation. On day 7, obviously, a difference was observed between the high-concentration Hig and CCI groups. After 21 days of treatment, all groups but the low-concentration Hig group showed markedly pain relief effect by reducing mechanical allodynia and heat hyperalgesia in CCI rats.
[image: Figure 5]FIGURE 5 | Hig relieved mechanical allodynia and heat hyperalgesia in CCI rats by raising the thresholds of MWT and TWI. (A) The value of MWT in each group was detected by the von Frey test on the day before the surgery and days 3, 5, 7, 10, 14, and 21 after surgery. (B) The value of TWI in each group was detected by the hot-plate test. The results are presented as mean ± SEM, n = 8. ####p < 0.0001 vs. the control group. *p < 0.05, ***p < 0.001, and ****p < 0.0001 vs. the CCI group.
Hig Protected the Injured Sciatic Nerve in CCI Rats
As shown in Figure 6, the sham-operated group had no obvious pathological changes. The sciatic nerve tissue in the CCI group had shown the nerve fiber structural disorder accompanied by neuron loss, degeneration, and nuclear pyknosis. Myelin vacuolation, proliferation of SC, and inflammatory cell infiltration were also observed by a microscope. After Hig treatment, the above pathological changes were improved in a dose-dependent manner and the occurrence of neuron loss, degeneration, and nuclear pyknosis was inhibited. However, the GBP group, as the positive drug control group, only showed a few improvement effects on the above condition.
[image: Figure 6]FIGURE 6 | The typical pathological images of DRG tissue in CCI rats. Thick arrow, thin arrow, bifid arrow, triangle arrow, and star symbols illustrate Schwann cell (SC) nuclei, myelin vacuolation, changes of axoplasm, inflammatory cell infiltration, and wide separation between the nerve fibers, respectively. Scar bar = 200 µm.
Hig Showed the Protective Function in RSC96 and DRG Neuron by Regulating the Mitochondrial Apoptosis Pathway
In vitro JC-1 probe was used to detect MMP (△Ψm), which was generally applied to assess early cell apoptosis. As shown in Figure 7A, compared with the control group, △Ψm depolarized after t-BHP stimulation and pretreatment with Hig reversed the depolarization of △Ψm and inhibited early cell apoptosis. WB analysis was performed to analyze the expression level of Bcl-2, Bax, and cytochrome-c (cyt-c) proteins in RSC96 and DRG tissues (Figures 7B, 8). The results showed that both t-BHP treatment and CCI operation reduced the expression level of the antiapoptotic protein Bcl-2 in RSC96 and DRG neurons and increased the proapoptotic proteins Bax and cyt-c. Pretreatment with Hig increased the ratio of bcl-2/bax and downregulated the expression level of cyt-c, indicating further neuroprotection of Hig on RSC96 and DRG neurons. In addition, Hig also decreased the expression level of cleaved caspase 3/caspase 3 in DRG neurons.
[image: Figure 7]FIGURE 7 | Hig protected RSC96 against oxidative stress-induced apoptosis by regulating mitochondrial pathway. (A) △Ψm was detected by JC-1 probe using flow cytometer. The sum of quadrants H1-LL and H1-LR represented the depolarization extent of △Ψm. (B) Protein bands were detected by WB analysis. The ratios of Bcl-2/Bax protein level and the expression level of cyt-c protein were quantified. GAPDH served as an internal control. The results are presented as mean ± SEM, n = 3. ###p < 0.001 and ####p < 0.0001 vs. the control group. *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. the t-BHP group.
[image: Figure 8]FIGURE 8 | Hig protected DRG neuron against CCI-induced oxidative stress and apoptosis by regulating mitochondrial pathway. WB analysis was used to quantify the ratio of Bcl-2/Bax and cleaved caspase 3/caspase 3 protein level and the expression level of cyt-c protein. GAPDH was considered as an internal control. The results are presented as mean ± SEM, n = 3. ###p < 0.001 and ####p < 0.0001 vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the t-BHP group.
Hig Regulated Nox2/ROS/TRP/P38 MAPK/NF-ĸB Signaling Pathway for Its Therapeutic Effect on Pain Relief, Antioxidation, Anti-Inflammatory
To explore the underlying molecular mechanism of Hig on treating t-BHP-exposed RSC96 and CCI model rats, we detected the expression level of Nox2, TRPA1, TRPV1, p38 MAPK, p-p38 MAPK, and p-NF-ĸB using WB analysis. The results were shown in Figures 9A,B. After t-BHP treatment alone, an obviously upregulating level of Nox2, TRPA1, TRPV1, p-p38 MAPK, and p-NF-ĸB was observed from the protein bands. Pretreated Hig inhibited the rising trend of the above proteins. The same consequence was also observed in vivo. The expression levels of Nox2, TRPA1, TRPV1, p-p38 MAPK, and p-NF-ĸB proteins were increased in CCI rats while there was a declining tendency of these proteins after 21 days of treatment with Hig. The results showed that Hig played an important role in suppressing the protein expression level of Nox2, TRPA1, TRPV1, p-p38 MAPK, and p-NF-ĸB.
[image: Figure 9]FIGURE 9 | Hig regulated the proteins expressed in Nox2/ROS/TRP/P38 MAPK/NF-ĸB signaling pathway. (A) The control and t-BHP-exposed RSC96 were collected and analyzed by WB for expression level of Nox2, TRPA1, TRPV1, p38 MAPK, p-p38 MAPK, and p-NF-ĸB. (B) The DRG tissues from sham-operated and CCI surgery were collected and analyzed by WB for expression level of Nox2, TRPA1, TRPV1, p38 MAPK, p-p38 MAPK, and p-NF-ĸB. GAPGH served as internal control. The results are presented as mean ± SEM, n = 3. #p < 0.05, ##p < 0.01, and ####p < 0.0001 vs. the control group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. the model group.
According to the results of this work and literature reported (Puntambekar et al., 2005; Marone et al., 2018), we assumed that some connection would exist between Nox2 and TRPV1, Nox2, and TRPA1. The molecular docking was used for preliminary verification and model creation to provide further proof for subsequent experiments. The molecular docking maps were shown in Figure 10 and the binding sites of Nox2, TRPV1, and TRPA1 protein were listed in Tables 2, 3. The scores for the Hig-Nox2, Hig-TRPV1, and Hig-TRPA1 molecule-protein docking were −6.0 kcal mol−1, −8.0 kcal mol−1, and −8.8 kcal mol−1, suggesting that Hig was tightly bound to Nox2, TRPV1, and TRPA1. Hig formed a hydrogen bond with a bond length of 2.1, 2.2, and 3.1 Å in Nox2 protein amino acids SER163, LEU152, and GLU184, respectively (Figure 10A), a hydrogen bond with a bond length of 2.3 and 2.4 Å in TRPA1 protein amino acids HIS983 and ARG852, respectively (Figure 10B), and a hydrogen bond with a bond length of 2.6 and 2.7 Å in TRPV1 protein amino acids TYR555 and GLU513, respectively (Figure 10C). The protein-protein docking was performed to detect the probably connective binding sites between Nox2 and TRPV1, Nox2 and TRPA1. The amino acids TYR246, TYR198, and ARG242 in TRPV1 were combined with amino acids TYR127, THR64, THR64, and GLU68 in Nox2 to form stable hydrogen bonds (Figure 10D). The optimal score in the complex was 1617.495. As for Nox2-TRPA1, the amino acids VAL1005, ILE1004, GLN1000, ASP999, VAL998, and LEU995 in TRPA1 were combined with amino acids GLN68, GLY-5, and PRO6 in Nox2 to form stable hydrogen bonds (Figure 10E). The optimal score in the complex was 2055.496.
[image: Figure 10]FIGURE 10 | The molecular docking maps. (A–C) The three-dimensional structure of Hig combined with Nox2, TRPA1, and TRPV1, respectively. (D, E) The schematic diagram of the optimal complex in Nox2-TRPV1 and Nox2-TRPA1 protein docking. The dashed line indicated the hydrogen bond formed between Hig and amino acid residues and the length of the hydrogen bond.
TABLE 2 | The binding sites of Nox2 and TRPV1 protein.
[image: Table 2]TABLE 3 | The binding sites of Nox2 and TRPA1 protein.
[image: Table 3]DISCUSSION
NP seriously affects the quality of life of patients. It is found that the incidence of NP rises to 3–17% in the recent statistical analysis of epidemiology (van Hecke et al., 2014). Most of the therapies have little benefit to patients and are always accompanied by side effects. Therefore, finding an effective drug for treating NP is the key breakthrough point. However, the pathogenesis of NP is very complicated and there is still no exact statement to reveal the specific mechanism. The development and maintenance of NP not only are related to central and peripheral sensitization but also involve the accumulated products of oxidative stress and inflammatory response, as well as the highly interweaving signaling pathway among neurons, Schwann cells (SC), and immune cells. More and more studies support the view that oxidizing substances (including superoxide and hydrogen peroxide) drive the generation of NP and it is believed that inhibiting the production of oxidizing substances is a potential treatment to alleviate NP (Grace et al., 2016). Many studies have verified that Hig possesses a strong antioxidant effect through in vivo and in vitro experiments (Guan et al., 2019; Wang et al., 2019; Wen et al., 2019; Guler et al., 2020). In the current study, Hig protected RSC96 against t-BHP-induced oxidative stress and showed the antinociceptive and neuroprotective activities in the rat with CCI.
SC, the most abundant peripheral glial cells, respond to peripheral nerve injury by the way of changing phenotype and releasing of inflammatory mediators (TNF-α, IL-6, and IL-1β), which leads to the exacerbation of NP (Shamash et al., 2002; Kobayashi et al., 2008). Targeted SC also is regarded as a positive therapy for alleviating NP. Thus, RSC96 was chosen to carry on in vitro experiments to evaluate drug efficacy. In the study, we found that the exogenous ROS donor (t-BHP) imbalanced the redox system, which is manifested in the excessive release of ROS and MDA, the reduction of SOD and GSH, even the decrease of MMP, and the increase of cell apoptosis and necrosis. However, these changes were reversed after Hig medication.
CCI, the typical model-induced NP, was adopted to further evaluate the antioxidant, analgesic, and neuroprotective properties of Hig. CCI caused inflammation and hyperalgesia in rats, which was consistent with our previous research results (Zhang et al., 2020). In addition, a high level of ROS and low expression of GSH in DRG neurons were observed, indicating that CCI surgery triggered oxidative stress injury in local tissue. Histopathological evaluation of the H & E staining of sciatic nerve sections was applied to illustrate the neuroprotective effect of Hig. The results showed that Hig improved the pathological changes of the sciatic nerve in CCI rats, alleviated thermal hyperalgesia and mechanical allodynia caused by CCI, and attenuated inflammation and oxidative stress in rats.
Mammalian nerves are more vulnerable at an oxidative stress condition for the abundant phospholipids and mitochondria-rich axoplasm (Areti et al., 2014). ROS is a product of the normal metabolism of oxygen in human body. ROS acts as a functional messenger molecule to maintain the normal operation of cell activities (Kallenborn-Gerhardt et al., 2013). Under pathological conditions, a large amount of ROS will destroy cell signal transduction pathways, oxidize proteins and lipid cells, fragment DNA, cause tissue damage, and induce irreversible effects. Nicotinamide adenine dinucleotide phosphate oxidase (Nox) is the place that produces ROS and the generation of ROS seems to be its main function. Nox2 is one of the main phenotypes of the enzyme. It is found that NOX2-ROS could cause excessive excitement of DRG neurons in the SNI animal model and promote the plasma membrane translocation of PKCε to induced NP. The use of the specific NOX2 inhibitor gp91-tat could alleviate the above performance (Xu et al., 2021). To well understand the possible potential antioxidant mechanism of Hig in oxidative damage, the experiment also evaluated the protein expression level of Nox2 and discovered that the expression of Nox2 was upregulated in the t-BHP-stimulated RSC96 model. The same result also appeared in DRG neurons. Hig reversed the situation and reduced the generation of ROS, which may be related to its inhibition of Nox2 activity.
Mitochondria are the order place that generates free radicals. Endogenous ROS accumulates in normal respiration or certain dysfunctions. The high potential of △Ψm triggers the opening of mitochondrial pores to discharge ROS for preventing excessive accumulation of ROS in mitochondria (Zorov et al., 2014). However, the emission of ROS in mitochondria is irreversible in certain pathological processes. At this time, mitochondria will lead to a great quantity of release of ROS, reducing cell apoptosis or autophagy. Once the apoptosis program is initiated, cytochrome-c will translocate from mitochondria to cytoplasm, driving the features of subsequent apoptosis, for instance, the activation of caspase 3 and the overexpression level of proapoptotic protein. Our study results suggested Hig reduced the apoptosis rate of RSC96 and DRG neurons by acting on the mitochondrial apoptosis pathway. It meant that Hig blocked the release of cyt-c and improved the expression of antiapoptotic protein Bcl-2. There was a research that reported that cell necrosis will be induced by significantly increasing levels of intracellular ROS levels (Yeh et al., 2020). Interestingly, a significant increase in the necrosis rate of RSC96 was observed after t-BHP treatment for 2 h and pretreatment of Hig protected RSC96 against cell necrosis. Maybe the protective effect is related to its excellent antinecrotic activity but further exploration in subsequent studies should be needed.
The transient receptor potential (TRP) ion channel is one of the abundant ion channels in DRGs. Because of its strong selectivity and wide participation in the process of pain production, it has become a popular target for NP drug screening in recent years. The TRP family represented by TRPV1 and TRPA1 is a nonselective cation channel that could be modulated by harmful stimuli such as ROS (Nishio et al., 2013). TRPV1 is the first TRP ion channel to be discovered. It is widely expressed in tissues and organs (bladder, lungs, blood vessels, and so on) and considered to be closely related to the generation of inflammatory hyperalgesia and thermal hyperalgesia (Sanchez et al., 2001). After peripheral nerve injury, the release of inflammatory substances lowers the thermal and mechanical thresholds of sensory neurons, which will sensitize the exposed neurons (Julius, 2013). TRPA1 is another TRP family member playing an important role in mediating mechanical hyperalgesia and cold hyperalgesia (Obata et al., 2005). In DRG neurons, TRPA1 was observed upon coexpression with TRPV1, both of which induced the activation of sensory nerves and evoked pain and neuroinflammation (Fernandes et al., 2012). All these could result in the persistent pain. TRPA1 and TRPV1 are activated by Nox-dependent ROS release (Ibi et al., 2008; De Logu et al., 2017). Our previous work also revealed an upregulated tendency of TRPA1 and TRPV1 after the stimulus of H2O2 (another ROS donor) (Zhang et al., 2021). In the study, we mainly detected the expression of TRPA1 and TRPV1 in DRG and RSC96. The results showed a high expression level of TRPA1 and TRPV1 in the cells and animal model group. Hig pretreatment reversed these changes, which may be related to its targeting of these ion channels.
The chronic overproduction of ROS is an important substance in the progression of inflammatory diseases (Mittal et al., 2014). It causes the production and secretion of inflammatory mediators (TNF-α; interleukins), which are activating the proinflammatory signal transduction pathway (NF-ĸB signaling pathway) and promoting the expression of other proinflammatory genes (Lawrence, 2009). p38 MAPK also is the potential downstream target of ROS (Kallenborn-Gerhardt et al., 2013). Many growth factors produced by inflammation are transported to the nociceptors in DRG through the intracellular signaling pathway p38 MAPK to increase the expression of TRP ion channels and then they are transported to peripheral nerves resulting in peripheral sensitization (Patapoutian et al., 2009). Our experimental results indicated that excessive ROS production could lead to inflammatory response accompanied by an increased tendency of phosphorylation of P38 MAPK and NF-ĸB in RSC96 and DRG neurons. Hig restrained the phosphorylation level of NF-ĸB and inhibited the release of inflammatory mediators to show its anti-inflammatory activity. However, Hig only showed an inhibitory effect on the two inflammatory factors, TNF-a and IL-6, but no statistical significance in the inhibition of IL-1β.
Hig could be extracted from a variety of botanicals, such as AsariRadix Et Rhizoma, Linderae Radix, and Aconitum carmichaeli Debx. As a tetrahydroisoquinolinic (TIQ) derivative, it is provided with neuroprotective property for its unique structure (Peana et al., 2019). Previous studies reported that TIQ derivatives are the ligands of Nox2, TRPV1, and TRPA1 (O’Dell et al., 2007; Cifuentes-Pagano et al., 2013; Kistner et al., 2016). In particular, the core pharmacophore of the first TRPV1 antagonist, capsazepine 3, is the tetrahydroisoquinoline moiety (O’Dell et al., 2007). Our study demonstrated that Hig had good inhibitory effects on the above proteins. It is reported that endogenous ligands and TRPV1 antagonists act on the vanilloid-pocket of TRPV1 (transmembrane domain structure formed by Ser505–Thr550) (Szolcsányi and Sándor, 2012) and the molecules bound to these pocket areas appeared to inhibit the activity of TRPV1 for reducing pain condition (Zheng et al., 2021). The binding pocket near amino acid residues Trp711, Ile858, Val861, Val967, Met978, and Leu982 could be linked with the TRPA1 antagonist (Terrett et al., 2021), which means that targeting the pocket also showed a pain relief effect (Melo et al., 2017; Lee et al., 2020). However, there is little discussion about the active pocket of Nox2 protein at present, so we predicted the possible binding sites of Nox2 by using the DeepSite of PlayMolecule website. The molecular docking was used to verify the hypothesis that Hig may act as a blocker of Nox2, TRPV1, and TRPA1 proteins. The results showed that Hig interacted with the protein through the formation of bond ranges and binding energy in these specific structural regions, indicating that it had the potential to become the antagonist of Nox2, TRPA1, and TRPV1, but further experimental verification is needed. Although Hig formed strong hydrogen bonds with these proteins, further experimental verification is needed. Based on our existing research results, Hig inhibited the activity of Nox2 while the content of TRPA1 and TRPV1 were also been decreased. We assume that there may be some interaction between Nox2 -TRPA1 and/or Nox2-TRPV1. Recent studies reported that Nox2 and TRPA1 were tightly located in the cell bodies of trigeminal ganglion neurons by using proximity ligation assay and speculated that their interaction could be the underlying cause for the effective release of ROS (Marone et al., 2018). The molecular docking was carried out to analyze Nox2-TRPA1 and Nox2-TRPV1. Both of them form stable complexes, which provides novel ideas for our subsequent research on Nox2-TRP. Besides, we used GBP, the first-line treatment for NP, as the positive control group in CCI rats. GBP functions as pain relief by targeting the α2δ-1 subunit of voltage-dependent calcium channels as well as TRPs, inflammatory cytokines, and N-methyl-D-aspartic acid (NMDA) receptors (Kukkar et al., 2013; Alles and Smith, 2018). The fact is the therapeutic effect of Hig showed similar efficacy profiles as GBP in reducing the expression level of TRPA1/TRPV1/TNF-α/IL-6. But other possible mechanisms of Hig on NP deserve our attention, for example, the potential NMDA receptors antagonist or/and α2δ-1 ligand.
In conclusion, it was the first time to verify the neuroprotective effect of Hig via in vivo and in vitro experiments. Hig acts as a potential candidate drug for NP treatment and probably reacted its function by inhibiting Nox2/ROS/TRP/p38 MAPK/NF-ĸB signaling pathway. However, further experiments are required to expound the complete molecular mechanism.
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Parkinson’s disease (PD) is an age-associated neurodegenerative disorder for which there is currently no cure. Cell replacement therapy is a potential treatment for PD; however, this therapy has more clinically beneficial outcomes in younger patients with less advanced PD. In this study, hVM1 clone 32 cells, a line of human neural stem cells, were characterized and subsequently transplanted in middle-aged Parkinsonian mice in order to examine cell replacement therapy as a treatment for PD. In vitro analyses revealed that these cells express standard dopamine-centered markers as well as others associated with mitochondrial and peroxisome function, as well as glucose and lipid metabolism. Four months after the transplantation of the hVM1 clone 32 cells, striatal expression of tyrosine hydroxylase was minimally reduced in all Parkinsonian mice but that of dopamine transporter was decreased to a greater extent in buffer compared to cell-treated mice. Behavioral tests showed marked differences between experimental groups, and cell transplant improved hyperactivity and gait alterations, while in the striatum, astroglial populations were increased in all groups due to age and a higher amount of microglia were found in Parkinsonian mice. In the motor cortex, nonphosphorylated neurofilament heavy was increased in all Parkinsonian mice. Overall, these findings demonstrate that hVM1 clone 32 cell transplant prevented motor and non-motor impairments and that PD is a complex disorder with many influencing factors, thus reinforcing the idea of novel targets for PD treatment that tend to be focused on dopamine and nigrostriatal damage.
Keywords: aging, behavior, cell replacement therapy, neural stem cell, neuroinflammation, next-generation sequencing, parkinson’s disease, proteomics
INTRODUCTION
Parkinson’s disease is the second most common neurodegenerative disease in the world and the most common movement disorder for which there is presently no cure. It is characterized by the death or impairment of dopaminergic neurons (DAn) in the substantia nigra pars compacta (SNpc) and the depletion of dopamine (DA) in the striatum (Str). It is this pathology that generates the motor symptoms, such as tremors, rigidity, bradykinesia, and postural instability, that are observed in PD patients (Lesage and Brice, 2009; Wirdefeldt et al., 2011; Kalia and Lang, 2015; De Virgilio et al., 2016).
Cell replacement therapy (CRT) is a promising approach to treating PD and is one of the few potential treatments that seek to replace or repair the DAn lost or damaged, respectively, in PD. Various cell sources such as human induced pluripotent stem cells, human mesenchymal stem cells and human neural stem cells (hNSCs), have been and are being used in clinical trials and in experimental PD models with varying degrees of success. Some of the beneficial effects of CRT observed are motor improvement many years post-transplant and surviving tyrosine hydroxylase (TH)+ grafted cells in the PD patients’ brain post-mortem (Hallett et al., 2014; Li et al., 2016; Stoker and Barker, 2016; Yasuhara et al., 2017; Stoker et al., 2018; U.S. National Library of Medicine, 2021).
One hNSC line that has thus far only been used in experimental PD models is the hVM1 clone 32 cell line. Upon differentiation in vitro, these fetal-derived hNSCs generate approximately 10% TH+ cells and around 12.5% β-III tubulin (TUBB3)+ cells. In addition, improvement of behavioral symptoms is observed in Parkinsonian rats when transplanted with hVM1 clone 32 cells (Ramos-Moreno et al., 2012b). When transplanted in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated adult mice, hVM1 clone 32 cell transplant rescued striatal terminals and nigral neurons, reduced hyperactivity in mice, triggered mast cell migration to the superficial cervical lymph nodes, and restored neurogenesis and decreased microglial inflammation in the hippocampus (unpublished data).
Parkinson’s disease is an age-associated disorder, as age is the biggest risk factor for the development of the disease. Very few people are diagnosed with PD before the age of 40 and it is usually diagnosed after the age of 60 (Lesage and Brice, 2009; Wirdefeldt et al., 2011; Kalia and Lang, 2015; De Virgilio et al., 2016). Cell replacement therapy is more successful in younger patients with less advanced PD (Stoker and Barker, 2016; Yasuhara et al., 2017). Moreover, most in vivo PD transplantation studies using rodents and non-human primates use adult animals, omit age specifications, and/or do not correctly categorize the animals’ age group (Chaturvedi et al., 2006; Redmond et al., 2007; Gu et al., 2009; Kriks et al., 2011; Gonzalez et al., 2015; Jackson et al., 2017). By definition, an adult mouse or rat is between two and 3 months old. Considering the average lifespan of a mouse is 2 years and that of a rat is 3 years, the rodents used in many CRT studies extrapolate to a fairly young age in humans, much younger than 60 years old (Sengupta, 2013; Dutta and Sengupta, 2016). Therefore, although there is no doubt that progress has been made and that CRT has shown potential as a treatment for PD, it is important to have more in vivo studies done in older rodents in order to study what mechanisms are different from those in younger animals which lead to unsuccessful CRT results in older PD patients. Mice aged 10–15 months old are considered middle-aged and aged mice must be at least 18 months old (Jin et al., 2003; Luo et al., 2006; Dutta and Sengupta, 2016; Apple et al., 2017).
The aim of this study was to further characterize hVM1 clone 32 cells by means of gene and protein expression analyses, and to increase knowledge of CRT for PD in older rodents. To do so, hVM1 clone 32 cells were transplanted in middle-aged Parkinsonian mice, and 4 months later, the nigrostriatal pathway and behavior were analyzed to see if hNSC grafting would lead to an amelioration of these two important aspects in PD pathology.
MATERIALS AND METHODS
Cell Culture
Use of hNSCs was approved by and adhered to the guidelines of the Research Ethics Committees of the Universidad Autónoma de Madrid and the Comunidad de Madrid (PROEX149/15). Details about the hVM1 clone 32 cells used in this study, including their human fetal origin as well as consent and donors, can be found in previous articles describing these cells (Villa et al., 2009; Ramos-Moreno et al., 2012b). Briefly, it is a clone isolated based on increased TH (DAn marker) generation from the stable, v-myc-immortalized hVM1 cell line. The hVM1 cells were generated from dissociated tissue of the ventral mesencephalon of a 10 week-old aborted human fetus. The hVM1 clone 32 cell line is a unique biological material developed by the Martínez-Serrano laboratory in 2009 and was authenticated by short tandem repeat profiling.
Cells were routinely cultured on plastic plates treated with 10 μg/ml polylysine (Sigma-Aldrich P1274) in proliferation medium. The proliferation medium composition was as follows: The base was Dulbecco’s modified Eagle’s medium/F-12, GlutaMAX supplement medium (Gibco 31331028), 1% AlbuMAX (Gibco 11020021), 50 mM HEPES (Gibco 15630106), and 0.6% D-glucose (Merck 104074). To this, 1X N2 supplement (Gibco 17502048), 1X homemade non-essential amino acids (composed of L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, and L-proline), 100 U/ml penicillin, 0.1 mg/ml streptomycin, 20 ng/ml human recombinant fibroblast growth factor 2 (R&D systems 233-FB), and 20 ng/ml human recombinant epidermal growth factor (R&D systems 236-EG), were added. Cells were grown at 37°C, in a 95% humidity, 5% CO2, and 5% O2 atmosphere. For differentiation experiments, multiwell plates were treated with 30 μg/ml polylysine overnight, and then incubated with laminin at 5 μg/ml (Sigma-Aldrich L2020) for 5 h, before seeding cells into wells. Cells were seeded at 20,000 cells/cm2, in proliferation medium. Twenty-four hours later, this medium was replaced with differentiation medium, which is the same one used for proliferation experiments, but the growth factors are replaced with 2 ng/ml human recombinant glial cell-derived neurotrophic factor (GDNF) (Peprotech 450-10) and 1 mM dibutyryl cAMP (Sigma-Aldrich D0627) (Lotharius et al., 2002). One day later, the differentiation medium was fully changed, and after this, two thirds of the differentiation medium were changed every 2 days. Differentiated cell samples were collected after 7 days of differentiation. Equivalent multiwell plates with proliferation medium were seeded in parallel and these samples were collected at 3 days post-seeding.
Next-Generation Sequencing
An exploratory NGS study was performed using proliferating and differentiated hVM1 clone 32 cells in order to analyze their differential expression in both of these conditions. Cell culture media was removed and cells were rinsed with 1X PBS. In order to isolate RNA from the samples, TRIzol Reagent (Invitrogen 15596026) was added to the cells and RNA extraction was done using the Direct-zol RNA Miniprep Plus kit (Zymo Research R2071). Whole-transcriptome analysis was done on RNA samples with Illumina total RNA-Seq technology using the ScriptSeq Complete kit (Illumina RS-122-2201), which entailed rRNA removal, cDNA synthesis, 3′ terminal tagging, and PCR purification, followed by sequencing using the NextSeq 550 Sequencing kit and system (Illumina). Reads were generated from raw total RNA-Seq data and mapped to the human genome, and the htseq-count tool was used to count the number of reads mapping each gene. Differential expression analysis was then performed on raw total RNA-Seq data using the DESeq2 package, with differences in gene expression between dividing and differentiated cells being expressed as fold change. Negative fold change indicates that the gene is more highly expressed in proliferating cells, and positive fold change indicates that the gene is more highly expressed in differentiated cells. All NGS datasets can be found online at https://doi.org/10.21950/4IXBTX.
Proteomic Analysis
A proteomic study was employed in order to analyze the differential protein expression of the hVM1 clone 32 cells in proliferation and differentiation conditions. Cells were washed with 1X PBS and dissociated with accutase (Merck SCR005). The 2002 base medium without 1% AlbuMAX was then added to the plates and the cells were centrifuged at 2,500 rpm at RT for 10 min. The supernatant was removed, and pellets were collected and stored at −80°C. Pellets were lysed using lysis buffer containing 7 M urea, 2 M thiourea, 100 mM triethylammonium bicarbonate, 5% sodium dodecyl sulfate, and a nuclease. Total protein concentration was quantified using the Pierce 660 nm protein assay (ThermoFisher Scientific). Reduction of disulfide bonds and subsequent alkylation was then carried out using 50 mM tris(2-carboxyethyl)phosphine and 200 mM methyl methanethiosulfonate, respectively. After this, protein digestion was performed using S-Trap columns (Protifi) according to the manufacturer’s instructions. In brief, 20 μg of each sample was digested overnight at 37°C with trypsin at a 20:1 protein to enzyme ratio. The digested samples were then dried in a SpeedVac vacuum concentrator (ThermoFisher), and peptide concentration was quantified using a fluorometer (QuBit). Next, high resolution label free quantitation liquid chromatography-electrospray ionization-tandem mass spectrometry, with the liquid chromatography system and mass spectrometer connected, was performed. To do so, 1 μg of each sample underwent liquid chromatography using a C18 reversed phase column in order to separate the peptides by their polarity, then the eluted peptides were separated using a TripleTOF mass spectrometer (Sciex). Mass spectrometry data was analyzed employing four different database searches, namely Mascot Server version 2.5 (Matrix Science), OMSSA version 2.1.9 (NCBI), X! TANDEM version win-13-02-01-1 (The GPM), and Myrimatch version 2.1 (Vanderbilt University), against the Uniprot Homo sapiens database (78,120 proteins when last updated on 2021/03/07). False discovery rate for peptides was < 1% (q < 0.01) and < 5% (q < 0.05) for proteins. Peptide mass tolerance was set to 0.05 Da and allowed missed cleavages was 2. L-cysteine methyl disulfide was a fixed peptide modification, and the variable modifications were methionine oxidation, pyrogluatmic acid from glutamine, pyroglutamic acid from glutamic acid, and acetylation of protein B-terminus, the latter of which was a post-translational modification. Differential expression of proliferating and differentiated hVM1 clone 32 cells was expressed as fold change. Negative fold change indicates that the gene is more highly expressed in proliferating cells, and positive fold change indicates that the gene is more highly expressed in differentiated cells. The Qiagen Ingenuity Pathway Analysis was then used for functional analysis including canonical pathways, diseases and disorders, biological functions, networks, and top upstream regulators. Because of the large amount of proteins with q < 0.05, log2 (Fold change) threshold was set to 0.58 (q < 0.01) for these functional analyses in order to increase rigor and only include proteins with the biggest fold change. For canonical pathways and top upstream regulators, z-score threshold was set to ≥1. Inflammatory response was considered a biological function, and not a disease or disorder. Chemicals were omitted and only proteins were reported as top upstream regulators. All proteomic datasets, including all information used to identify peptides and proteins, can be found online at https://doi.org/10.21950/06EW6H.
Immunocytochemistry
For immunocytochemistry studies, cells were seeded on cover glasses in multiwall plates. Cells were fixed with cold 4% paraformaldehyde for 15 min and stored in cryoprotectant solution (30% glycerol and 30% ethylene glycol in 1X PBS). Samples were washed in 1X TBS, blocked in 10% serum in 1X TBS/0.5% TritonX-100, and incubated overnight at 4°C with primary antibodies in 2% serum in 1X TBS/0.5% TritonX-100. The following primary antibodies were used: TH (1:250; Sigma-Aldrich T1299), TUBB3 (1:250; Sigma-Aldrich T2200), Ki-67 (1:200; ThermoFisher Scientific RM-9106-S1), vimentin (VIM) (1:500; Santa Cruz sc-6260), microtubule-associated protein 2 (MAP2) (1:250; Sigma-Aldrich M4403), synapsin I (SYN1) (1:250; Merck AB1543), glial fibrillary acidic protein (GFAP) (1:500; DAKO Z0334), and γ-aminobutyric acid (GABA) (1:1,000; Sigma-Aldrich A2052). The samples were then washed and incubated with appropriate secondary antibodies in 2% serum in 1X TBS/0.5% TritonX-100, at RT for 2 h. The following secondary antibodies were used: Biotinylated Horse Anti-Mouse IgG Antibody, rat adsorbed (1:500; Vector Laboratories BA-2001), Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (1:500; Invitrogen A-21245), Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 (1:500; Invitrogen A-11035), and Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 (1:500; Invitrogen A-11030). For TH and MAP2 immunostainings, samples were subsequently washed and incubated with streptavidin (Invitrogen SA1010) in 1X TBS/0.5% TritonX-100 at RT for 45 min. Nuclei were stained with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI; 1:1,000; Santa Cruz sc-3598). All samples were then washed with 1X TBS, air-dried, and mounted with homemade Mowiol mounting medium, composed of 10% MOWIOL 4-88 Reagent (Merck 475904).
Animal Procedures
All animal work was approved by and adhered to the guidelines of the Research Ethics Committees of the Universidad Autónoma de Madrid and the Comunidad de Madrid (PROEX149/15). Animal procedures were performed at the Animal Facility of the Centro de Biología Molecular Severo Ochoa. All animal experiments complied with the ARRIVE guidelines and were carried out in accordance with the EU Directive 2010/63/EU guidelines. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Male C57BL/6JRccHsd mice (Envigo, Netherlands) were used in this study. Animals were 12 months old with an average weight of 40.5 g at the beginning of the experiment, and were housed in a temperature- and humidity-controlled room on a 12-h light/dark cycle, and fed ad libitium with standard food and water. Animals were randomly separated into one of three experimental groups: Control, MPTP + buffer, and MPTP + cell. Control mice were injected i.p., with 0.9% saline once every 2 hours, with a total of three injections, at 10 μl/g. Using the same injection protocol, PD was induced in other mice by injecting MPTP (Sigma-Aldrich M0896) i.p., at 15 mg/kg. The dose of 15 mg/kg was chosen in order to have intermediary nigrostriatal damage before the transplant since it has been shown that when MPTP is administered at 18 mg/kg or 20 mg/kg once every 2 hours, with a total of four injections, there is a major loss of TH+ fibers and cells in the Str and SNpc, respectively (Jackson-Lewis and Przedborski, 2007). During pilot studies, a very high percentage of mice died after the fourth injection and therefore, it was decided that only three injections would be made. Mortality rate was 23% following MPTP injections. One month later, mice injected with MPTP underwent stereotaxic surgery to receive an intracerebral injection in the left Str (Coordinates from Bregma: Anteroposterior 0.25 mm, Mediolateral 2.75 mm, Dorsoventral 3 mm) of either 1.5 μl transplantation medium (MPTP + buffer group) or 100,000 mycoplasm-free, undifferentiated hVM1 clone 32 cells in passage 26 in 1.5 μl transplantation medium (MPTP + cell group). The timepoint of 1 month was used to create a more translational model, transplantation not immediately after the start of PD pathology and later than 1 week post-MPTP injections because the loss of DAn in the SNpc is stable by this time (Jackson-Lewis and Przedborski, 2007). The transplantation medium was composed of the following: 49% Leibovitz’s L-15 Medium (ThermoFisher Scientific 11415064), 49% filtered 0.6% Glucose (Merck 104074) in 1X PBS, and 2% B-27 Serum-Free Supplement (Gibco 17504044). The transplantation medium is different than the proliferation medium and contains Leibovitz’s L-15 Medium so that the hVM1 clone 32 cells are nourished while transitioning from in vitro to in vivo in an unstable environment in terms of temperature as well as O2 and CO2 levels, and to make sure that these hNSCs are not dividing which could cause tumor growth upon transplantation into the mouse brain.
For surgery, animals were anesthetized with a mixture of ketamine at 80 mg/kg (Merial) and xylazine at 10 mg/kg (Calier) injected i.p., When animals were confirmed to be asleep via toe pinching, surgery began. After positioning the animal’s head in the frame of the stereotaxic apparatus, the animal’s skull was revealed and a 23-gauge needle with 0.635 mm outer diameter was used to make a hole in the skull. Through this hole, a 22-gauge needle (Hamilton Company; 22 gauge, Small Hub RN NDL, length 0.75 in, point style 4 cut at an angle of 10–12°) held in the attached syringe (Hamilton Company; 10 μl, Model 701 RN, 26s gauge, 51 mm, point style 2), was lowered into the brain to inject either the transplantation medium or hNSCs in the left Str. The speed of injection was 1 μl/min, and the needle was left in for 2 min after injecting cells before its slow removal. The antibiotic oxytetracycline (0.2 mg/ml; Terramycin®, Zoetis) was delivered ad libitium in drinking water of MPTP-treated animals starting the day of surgery for a total period of 1 week as a preventative measure. In order to avoid graft rejection, 2 days before the transplants and for the first week post-transplant, all animals were given an i.p. injection of cyclosporine A (CSA; Novartis) at 10 mg/kg once daily. For the remainder of the experiment, all animals were treated with daily weekday i.p., injections of CSA at 10 mg/kg, and twice a week, CSA was included in the drinking water, prepared with the following components: 0.25 g/L CSA and sweetener. The immunosuppression protocol was based on previous studies (Courtois et al., 2010; Ramos-Moreno et al., 2012a; Ramos-Moreno et al., 2012b). For the twice weekly inclusion of CSA in drinking water, oral administration has been shown to be effective in combination with injections (Jensen et al., 2012). Preparation of oral CSA was based on the average daily water intake by C57BL mice which is 4 ml (Tordoff et al., 2007) and body weight (approximately 40 g), which amounted to 0.25 g/L CSA in water. Four months post-transplant, all animals were sacrificed.
Behavioral Tests
In order to detect neurological and motor alterations, animals were subjected to the open field test (OFT) and paw print test (PPT) (Prut and Belzung, 2003; Formentini et al., 2014). Animals received three training sessions prior to taking basal measurements for all behavioral tests. All OFTs were performed in the same room, with the same lighting, and at the same time.
Open Field Test
Animals were placed in a 40 cm × 40 cm × 30 cm (L × W × H) four-walled cubic box and their movements were filmed for 10 min. Time spent in the center (20 cm × 20 cm central area), distance traveled, time spent grooming (mouse licks or scratches itself while stationary), time spent rearing (mouse stands on hind legs), urination (number of puddles or streaks of urine), and defecation (number of fecal boli), were measured using the ANY-maze behavioral tracking software.
Paw Print Test
The animals’ paws were painted (forelimbs in green and hindlimbs in orange) and the mice then walked on a 40 cm × 12 cm white piece of paper. Contralateral (CL) and ipsilateral (IL) stride length (the distance between two same-sided forelimbs or two same-sided hindlimbs), and CL-IL and IL-CL stride width (the distance between two opposite-sided forelimbs or two opposite-sided hindlimbs), were measured.
Immunohistochemistry
Transcardial perfusion fixation was carried out using cold 4% paraformaldehyde. After 12-h post-fixing with 4% paraformaldehyde, the tissue was dehydrated in 30% sucrose until the tissue sank. Free-floating 15 μm-thick coronal sections of the brain were sliced using a freezing microtome and then stored in cryoprotectant solution at −20°C.
Brain sections were washed and then blocked in 3–5% serum in 1X PBS/0.3% TritonX-100 and incubated overnight with primary antibody in 1% serum in 1X PBS/0.3% TritonX-100 at 4°C. The following primary antibodies were used: STEM121 (1:500; Takara Bio Y40410), GFAP (1:1,000; DAKO Z0334), TH (1:400; Pel-Freez P40101-150), dopamine transporter (DAT) (1:400; Chemicon MAB369), Iba1 (1:1,500; Wako 019-19741), and nonphosphorylated neurofilament heavy (NFH) (1:500; Biolegend 801701).
For the TH immunostaining, sections were incubated with a mix of 1% of 30% hydrogen peroxide, 3% methanol, and 6% 1X PBS for 15 min, prior to blocking. After primary antibody incubation, TH-stained sections were incubated with biotinylated secondary antibody (Biotinylated Goat Anti-Rabbit IgG Antibody; 1:500; Vector Laboratories BA-1000) in 1% serum in 1X PBS/0.3% TritonX-100, washed, incubated in ABC solution (VECTASTAIN Elite ABC HRP Kit, Vector Laboratories PK-6100), washed, and developed with the Vector VIP Peroxidase (HRP) Substrate kit (Vector Laboratories SK-4600). Samples were mounted onto glass slides (Menzel-Gläser), air-dried, dehydrated with xylene, and coverslipped with distyrene, plasticiser, and xylene mounting medium.
For fluorescent immunohistochemistry samples, after primary antibody incubation, sections were washed and incubated with adequate secondary antibodies in 1% serum in 1X PBS/0.3% TritonX-100 at RT for 2 h. The following secondary antibodies were used: Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 (1:1,000; Invitrogen A-11030), Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (1:1,000; Invitrogen A-21245), Goat anti-Rat IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 (1:500; Invitrogen A-21434), Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (1:1,000; Invitrogen A-11034), and Biotinylated Horse Anti-Mouse IgG Antibody, rat adsorbed (1:500; Vector Laboratories BA-2001). Nonphosphorylated NFH sections were subsequently washed and incubated with streptavidin (Invitrogen SA1010) in 1X PBS/0.3% TritonX-100 at RT for 1 h. All fluorescent samples’ nuclei were stained with DAPI (1:1,000; Santa Cruz sc-3598). Sections were washed, mounted onto glass slides (Menzel-Gläser), air-dried, and coverslipped with homemade Mowiol mounting medium, composed of 10% MOWIOL 4-88 Reagent (Merck 475904).
Histological Quantifications
Microscope images were obtained for all immunostainings. Anteroposterior coordinate ranges from Bregma for the quantified brain sections were 0.98–0.38 mm for the Str and motor cortex, and −2.80 to −3.64 mm for the SNpc (Paxinos and Franklin, 2001). For TH, DAT, GFAP, and NFH, immunostainings, region of interest was drawn by selecting anatomical borders, threshold was set to be the same for all animals for each immunohistochemistry, and area fraction was measured using a custom macro to analyze the images semi-automatically. The TH area fraction in the Str was made up of fibers and that of the SNpc was made up of cells and their prolongations. ImageJ was used to do all quantifications.
Statistical Analysis
For NGS, three proliferation and three differentiation individual samples were obtained from three independent experiments, however one sample from each group had to be excluded upon analysis because they were identified as outliers likely due to distinct DNA extraction method. Five samples of each experimental condition from at least three individual experiments were analyzed in the proteomic study. The animal experiments and immunostainings were done once, with a total of 30 animals used. A minimum of three animals were used per experimental group. Exact n used for each experiment is indicated in the figure legends. All figures were made and all statistical analyses were done using GraphPad Prism 7. The MA plots in Figure 1 show the log2 fold changes between two conditions over the mean of normalized counts for all samples. Figure 1A, right is a pie chart with slices representing differentially expressed genes in proliferation (blue), differentiation (red), and those that were not statistically significant (black). The volcano plots in Figures 2A,B illustrate the fold change on the x-axis and the q value on the y-axis. Figure 2C is a heat map showing proteins with the largest fold changes in proliferation (blue) and differentiation (red) conditions, Figure 2D is a bar graph with bars indicating the z-score for each canonical pathway, and Figure 2E is an image produced by the QIAGEN Ingenuity Pathway Analysis of one of the top networks. In Figure 2G, bars indicate the q value of each top upstream regulator, which are in black, except for those that are activated in dividing and differentiated hNSCs, which are blue and red, respectively. In Figures 4–6, graph columns represent mean values and error bars indicate standard error of the mean. For comparisons between more than two groups, the Brown-Forsythe test was used to test the homogeneity of variances. Standard deviations were significantly different only in the case of nonphosphorylated NFH expression in the motor cortex, but the result was not affected as changes between groups were not significant in all cases. Furthermore, the Shapiro-Wilk normality test was used to test the normality of populations. When this normality test was passed or when this normality test was not passed but the Kolmogorov-Smirnov normality test was passed, a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons post-hoc test were performed in order to compare the mean of each column with the mean of every other column. When neither normality test was passed, the Kruskal-Wallis test followed by Dunn’s multiple comparisons post-hoc test were performed in order to compare the mean of each column with the mean of every other column. For NGS and proteomic experiments, a q value of less than 0.05 was considered statistically significant, except for proteomic functional analyses where a q value of less than 0.01 was considered significant. For immunohistochemistry and behavior experiments, a p value of less than 0.05 was considered statistically significant.
[image: Figure 1]FIGURE 1 | Differential expression of genes by dividing and differentiated hVM1 clone 32 cells indicated upregulation of NSC-associated genes in proliferation and of DAn-associated genes when differentiated. (A) MA plot (left) and pie chart (right) showing genes differentially expressed by hVM1 clone 32 cells in proliferation (blue dots and slice) and differentiation (red dots and slice) conditions. Black dots and slice indicate genes that had a non-significant q value (0.05 < q < 1). (B) MA plots representing NSC- (left; green dots) and DAn-related (right; yellow dots) differential gene expression. Black dots indicate differentially expressed genes not associated with either NSCs or DAn. NSC-related genes were increased in proliferation, while those related with DAn were increased in differentiation. All MA plots show the mean of normalized counts on the x-axis and log2 fold changes on the y-axis. All significantly differentially expressed genes had q < 0.05. Proliferation n = 2, Differentiation n = 2. Data were obtained from two independent experiments.
[image: Figure 2]FIGURE 2 | Proteomic study revealed that proliferating and differentiated hVM1 clone 32 cells are influenced by a wide variety of proteins and pathways. (A) Volcano plot, with fold change on the x-axis and the q value on the y-axis, showing differentially expressed proteins in dividing (blue dots) and differentiated (red dots) hNSCs with q < 0.05. Black dots indicate proteins that had a non-significant q value. (B) Volcano plot, with fold change on the x-axis and the q value on the y-axis, demonstrating differentially expressed proteins in proliferating (blue dots) and differentiated (red dots) hNSCs with q < 0.01. Black dots indicate proteins that had q > 0.01. (C) Heat map illustrating the proteins with the biggest fold change increased in dividing (blue) and differentiated (red) hVM1 clone 32 cells. (D) Bar graph showing the top canonical pathways of proliferating and differentiated hNSCs, with bars indicating the z-score of each pathway. (E) One of the top networks relevant to hVM1 clone 32 cells. Image from QIAGEN Ingenuity Pathway Analysis. (F) List of top diseases and disorders (top), and list of top biological functions (bottom) of hVM1 clone 32 cells. (G) Bar graph illustrating the top upstream regulators of dividing (top) and differentiated (bottom) hNSCs, with bars indicating the q value. Blue and red bars indicate proteins that were activated in proliferating and differentiated cells, respectively. Black bars represent proteins that were top upstream regulators, but not activated. For panels (D–G), the q value was set to 0.01. Proliferation n = 5, Differentiation n = 5. All data were obtained from at least three independent experiments.
RESULTS
Dividing hVM1 Clone 32 Cells Expressed Neural Stem Cell-Associated Genes and When Differentiated, These Cells Expressed Genes Essential for Dopaminergic Neurons
A NGS study was performed on RNA extracted from the hVM1 clone 32 cells in order to do a differential gene expression analysis between proliferating and differentiated hNSCs, allowing us to identify what genes were expressed in both groups and if there was an increase or decrease in the expression of genes found in both groups. Around 34,000 genes were matched to the human genome in proliferating cells and more than 37,000 genes in differentiated cells were mapped to this genome. A total of 28,642 differentially expressed genes with a q value <1 were identified, of which 15,212 were statistically significant. Among these, 6,090 genes had a positive fold change, thus being more highly expressed in differentiated cells, and 9,122 gene had a negative fold change, indicating that they were more highly expressed in dividing cells (Figure 1A). The genes of higher interest were those related to NSCs and DAn. The majority of NSC-associated genes were upregulated in dividing cells and downregulated in differentiated cells, while the majority of DAn-associated genes were upregulated in differentiated cells and downregulated in proliferating cells (Figure 1B).
Hallmark NSC markers nestin (NES) and VIM were upregulated in proliferation conditions compared to differentiation, while surprisingly SRY-box transcription factor 2 (SOX2) was not detected in the whole-transcriptome analysis. Other NSC-associated genes with higher expression levels in proliferation compared to differentiation, were brain lipid-binding protein (BLBP), hes family bHLH transcription factor 1 (HES1), marker of proliferation Ki-67 (MKI67), notch receptor 1 (NOTCH1), noggin (NOG), and NUMB endocytic adaptor protein (NUMB). Immature neuron marker stathmin 1 (STMN1) had higher expression in division while neuroblast marker doublecortin (DCX) had higher expression in differentiation. Many genes important in the maintenance of mature neurons were upregulated in differentiated cells, most notably calbindin 2 (CALB2), neural cell adhesion molecule 2 (NCAM2), RNA binding protein fox-1 homolog 3 (NEUN), neuregulins, neurexins, synapsins including SYN1 and synapsin II (SYN2), synaptotagmins, synaptopodins, synaptoporins, and microtubule associated protein Tau (MAPT) (Supplementary Tables S1, S2).
As for genes involved in DAn generation and maintenance, DAT, potassium inwardly rectifying channel subfamily J member 6 (GIRK2), LIM homeobox transcription factor 1 alpha and 1 beta (LMX1A and LMX1B), paired like homeodomain 3 (PITX3), and TH, among others, were highly expressed by hVM1 clone 32 cells after 7 days of differentiation. Three genes expressed by DAn, engrailed homeobox 1 and 2 (EN1 and EN2), and orthodenticle homeobox 2 (OTX2), had increased expression in dividing hNSCs. Signaling by Wnt family member 2 and 3a (WNT2 and WNT3A), as well as bone morphogenetic protein 2 and 5 (BMP2 and BMP5), have been shown to be important in DAn differentiation (Sousa et al., 2010; Andersson et al., 2013; Liu et al., 2013; Jovanovic et al., 2018), and all of these genes were also positively differentially expressed by the differentiated hNSCs (Supplementary Table S1). Furthermore, expression of fibroblast growth factor 1, 2, 8, 9, and 20 (FGF-1, FGF-2, FGF-8, FGF-9, and FGF-20), all of which play a role in the survival, differentiation, and protection of DAn (Xia et al., 2016; Tome et al., 2017), were present in the differentiated hNSCs’ transcriptome (data not shown). Several neurotrophic factor (NTF) receptors involved in DAn survival were upregulated in differentiated cultures, namely genes coding for GDNF, artemin, and neurturin receptors GDNF family receptor alpha 1 and 2 (GFRA1 and GFRA2), as well as neurotrophic receptor tyrosine kinase 1 (NTRK1) which binds nerve growth factor and neurotrophin 3, neurotrophic receptor tyrosine kinase 2 (NTRK2) which binds brain-derived neurotrophic factor (BDNF), in addition to neurotrophin 3 and 4, and neurotrophic receptor tyrosine kinase 3 (NTRK3), which binds neurotrophin 3 (Allen et al., 2013; Tome et al., 2017). Several vascular endothelial growth factor (VEGF) family members, which have been shown to be neuroprotective for DAn both in vitro and in vivo (Yasuhara et al., 2004; Falk et al., 2010; Piltonen et al., 2011), and their receptors were expressed in both proliferating and differentiated hVM1 clone 32 cells, including VEGF A, B, and C (VEGFA, VEGFB, and VEGFC), VEGF receptor 1 and 2 (VEGFR1 and VEGFR2), and neuropilin 1 and 2 (NRP1 and NRP2). Additionally, astrocyte-secreted NTFs mesencephalic astrocyte-derived neurotrophic factor (MANF) and ciliary neurotrophic factor (CNTF) were more highly expressed in proliferating cultures. Both of these NTFs promote DAn survival (Sullivan and Toulouse, 2011; Tome et al., 2017) (Supplementary Table S1).
Genes involved in central nervous system (CNS) immunity were also differentially expressed in proliferating and differentiated hVM1 clone 32 cells. The monocyte chemoattractant protein 1 (MCP1) and stem cell factor (SCF) genes were upregulated in proliferating cells, while their receptors, C-C motif chemokine receptor 2 (CCR2) and KIT proto-oncogene, receptor tyrosine kinase (KIT), respectively, were expressed higher under differentiation conditions. In a PD animal model, SCF was shown to have a protective effect on DAn (Yasuhara et al., 2006). Furthermore, genes encoding pro-inflammatory cytokines interleukin 1 beta and 6 (IL1B and IL6), as well as prostaglandin-endoperoxide synthase 2 (PTGS2) were upregulated in differentiated cells (Supplementary Table S1).
The hVM1 clone 32 cells also expressed astrocyte-related genes. These included HES1, S100 calcium binding protein B (S100B), and solute carrier family 1 member 3 (SLC1A3), which were more upregulated in dividing hNSCs, as well as aldehyde dehydrogenase 1 family member L1 (ALDH1L1) and GFAP, which were more highly expressed in the differentiated state. Moreover, oligodendrocyte-associated genes myelin basic protein (MBP), myelin-associated oligodendrocyte basic protein (MOBP), and oligodendrocytic myelin paranodal and inner loop protein (OPALIN), were expressed higher under differentiation conditions compared to proliferation conditions. Serotonergic neuron-related genes solute carrier family 6 member 4 (SLC6A4) and tryptophan hydroxylase 2 (TPH2), GABAergic neuron-related genes GABA type B receptor subunit 1 and 2 (GABBR1 and GABBR2), and solute carrier family 6 member 1 (SLC6A1), glutamatergic neuron-associated genes glutamate ionotropic receptor NMDA type subunit 2B (GRIN2B) and solute carrier family 17 member 6 (SLC17A6), and cholinergic neuron-associated gene choline O-acetyltransferase (CHAT), all had increased expression in differentiated compared to dividing hNSC cultures (Supplementary Table S1). Other genes of interest found to be expressed higher in differentiated versus proliferating cultures were synuclein alpha (SNCA) and leucine rich repeat kinase 2 (LRRK2), two genes mutated in familial PD (Lesage and Brice, 2009; Chai and Lim, 2013) (Supplementary Table S2). More genes differentially expressed in proliferating and differentiated hVM1 clone 32 cells can be found in Supplementary Table S2.
Proteomic Analyses of hVM1 Clone 32 Cells Demonstrated That Dopaminergic Neurons and Parkinson’s Disease are Multifaceted
A differential protein expression analysis between proliferating and differentiated hVM1 clone 32 cells, was performed in order to identify what proteins are expressed in both groups and if there was an increase or decrease in proteins identified in both groups. A total of 3,948 proteins were identified, of which 2,258 proteins were significantly differentially expressed between the two groups, with 1,151 proteins with increased and 1,107 proteins with decreased expression (Figure 2A). Among them, proteins related to NSCs whose expression was significantly decreased in differentiation included Ki-67, NES, SOX2, and VIM, and proteins significantly increased in differentiation were GFAP, MANF, and mature neuronal marker MAP2, as well as aldehyde dehydrogenase, which metabolizes DA aldehyde metabolites in the brain thus preventing neurodegeneration and is involved in DAn differentiation and survival (Villa et al., 2009; Chiu et al., 2015; Grünblatt and Riederer, 2016). Furthermore, although TH was not identified in all differentiation samples, two enzymes involved in the synthesis of the TH cofactor tetrahydrobiopterin which is required for DA production, dihydropteridine reductase and sepiapterin reductase (Meiser et al., 2013), were increased in the differentiated cell group. Early neuronal marker TUBB3 was non-significantly increased (q > 0.05). The protein encoded by all other genes identified in the NGS analysis were either not found or not significantly differentially expressed in the proteomic study. For functional analysis, the q value was set to < 0.01 in order to increase rigor. Within this range, 1,012 genes were differentially expressed, 496 of them with increased expression and 516 genes with decreased expression (Figure 2B).
The proteins with the biggest fold change in differentiated cells were neuromodulin (GAP43), a protein involved in neuronal and axonal growth and regeneration which is upregulated by BDNF and whose expression has been found to be decreased in PD patient brains (Saal et al., 2017; Chung et al., 2020), doublecortin-like kinase 1 (DCLK1), a protein kinase part of the doublecortin family that participates in neuronal migration and neurogenesis (Shu et al., 2006; Nawabi et al., 2015; Patel et al., 2016), and eukaryotic elongation factor 1 alpha 2 (EEF1A2), a protein implicated in protein translation elongation and autophagy that inhibits apoptotic cell death and may be important for DAn survival (Khwanraj et al., 2016; Prommahom and Dharmasaroja, 2021). These three proteins, along with vesicle amine transport 1 like (VAT1L), were also the only proteins among those with the largest fold change in differentiated cells whose genes also exhibited a significant fold change in the NGS study (data not shown). The proteins with the biggest fold change increase in dividing cells were sentrin-specific protease 3 (SENP3), lysine-specific demethylase 3B (KDM3B), and 7SK snRNA methylphosphate capping enzyme (MEPCE) (Figure 2C). All genes encoding the top 10 proteins with the largest fold change were identified in the NGS with significant fold changes and higher expression in dividing hVM1 clone 32 cells, except for ALB, which was more highly expressed in differentiated hNSCs (data not shown).
The top canonical pathways included fatty acid beta-oxidation I, valine degradation I, ethanol degradation IV, glutaryl-coenzyme A (CoA) degradation, tryptophan degradation III, and ketogenesis, all pathways involving energy metabolism and occurring mostly or entirely in the mitochondria and peroxisomes (MetaCyc, 2021). Mitochondria and peroxisomes are known to be dysfunctional in PD (Exner et al., 2012; Jo et al., 2020), thus emphasizing the importance of their functionality in DAn health. Moreover, fatty acids are neuroprotective (Parga et al., 2018), and aldehyde dehydrogenase, which is involved in DA metabolism and associated with DAn generation, is a key enzyme in the ethanol degradation IV pathway (Villa et al., 2009; Grünblatt and Riederer, 2016; MetaCyc, 2021). Ethanol is known to have an effect on DAn (Melis et al., 2009; Ma and Zhu, 2014). As well, the nuclear factor erythroid 2-related factor 2 (NFE2L2/NRF2)-mediated oxidative stress response and BAG family molecular chaperone regulator 2 (BAG2) signaling pathways have both been implicated in PD (Jazwa et al., 2011; Che et al., 2013; Qin et al., 2016; Todorovic et al., 2016) (Figure 2D).
One of the top networks of the functional analysis involved five of the proteins with the biggest fold change, namely branched-chain alpha-keto acid dehydrogenase E1 component beta (BCKDHB), EEF1A2, MEPCE, prothymosin alpha (PTMA), and SENP3, and the diseases and disorders of cancer, organismal injury and abnormalities, and gastrointestinal disease (Figure 2E). The top diseases and disorders were cancer, endocrine system disorders, organismal injury and abnormalities, gastrointestinal disease, and neurological disease, the last three of which coincide with PD itself and the non-motor symptoms of the disorder affecting the gut (Chaudhuri and Schapira, 2009; Kalia and Lang, 2015) (Figure 2F, top). Cancer and diabetes mellitus, one of the most common endocrine system disorders, have been shown to have pathogenic overlaps with PD, thus the involvement of the same proteins in PD and these two prevalent diseases (Khwanraj et al., 2016; Sergi et al., 2019). Notably, the proteins which had the biggest fold change in differentiated hVM1 clone 32 cells, GAP43, DCLK1, and EEF1A2, are implicated in several cancers (Patel et al., 2016; Giudici et al., 2019; Zheng et al., 2019).
Among the top 20 biological functions were cellular compromise, energy production, cell death and survival, nervous system development and function, cell morphology, and cellular function and maintenance, all important functions in the maintenance and survival of DAn (Figure 2F, bottom).
The top upstream regulators identified in proliferating and differentiated cells were involved in all of the aforementioned diseases, canonical pathways, and functions, such as cancer, diabetes mellitus, energy metabolism, glucose metabolism, lipid metabolism, and cell survival. In proliferating cells specifically, top upstream regulators also included oncogenes, hormones, as well as insulin and proteins associated with insulin regulation. Of particular interest were Myc proto-oncogene (MYC), involved in the cell cycle and apoptosis (Fults et al., 2002; Hoffman and Liebermann, 2008), as the hVM1 clone 32 cells are immortalized with MYC. Furthermore, mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4), one of the members of the MAP kinase kinase kinase kinase family, which is involved in the immune response and inflammation (Chuang et al., 2016), and mammalian target of rapamycin (MTOR), which was inhibited, controls cell growth, protein synthesis, and survival (Lan et al., 2017). In differentiated cells specifically, top upstream regulators included tumor suppressors, as well as proteins involved in calcium signaling, cell growth and division, neurite growth, and apoptosis. Several demethylases were also among the top upstream regulators indicating epigenetic regulation. Of particular interest were GDNF, a NTF involved in DAn survival and PD pathology (Allen et al., 2013), platelet-derived growth factor subunit BB (PDGF BB), a PDGF subunit which is implicated in neurogenesis (Mohapel et al., 2005; Yang et al., 2013), as well as amyloid-beta precursor protein (APP), a protein important for neuronal growth and migration, neurogenesis, and synaptogenesis (Coronel et al., 2019). Another top upstream regulator in differentiated cells was NFE2L2/NRF2. This protein, which was activated, has been described as a key protein in the antioxidant response and plays an important role in PD as well as other neurodegenerative diseases (Todorovic et al., 2016). The phosphoinositide 3-kinase (PI3K) family include kinases that are essential to the PI3K/Akt pathway, which has been shown to regulate autophagy, neuronal survival, proliferation, and differentiation, neurogenesis, and synaptic plasticity (Long et al., 2021). Moreover, several peroxisome proliferator-activated receptor (PPAR) proteins, namely PPAR A, D, and G (PPARA, PPARD, and PPARG), were among the top upstream regulators, and PPARA and PPARG were activated. The PPARs are receptors involved in many biological functions such as cell differentiation, DA signaling, energy metabolism, glucose metabolism, lipid metabolism, mitochondrial function, neuroinflammation, and oxidative stress. By providing neuroprotection through these various functions, PPAR agonists are a potential therapeutic target in PD (Chaturvedi and Beal, 2008; Wójtowicz et al., 2020) (Figure 2G).
The proteomic study broadened the scope of factors involved in DAn differentiation and survival as well as PD. Therefore, we decided to reanalyze the NGS data looking for genes involved in the aforementioned functions and pathways, including cancer, glucose, energy, and lipid metabolism, calcium signaling, and other genes of interest, focusing only on genes with a positive fold change in differentiated cells. A list of these genes can be found in Supplementary Table S3.
Visualization of hVM1 Clone 32 Cell Markers In Vitro and In Vivo
In order to look at morphology and verify major NSC and DAn protein markers, immunocytochemistry was performed on hVM1 clone 32 cells after 7 days of differentiation in vitro. In concordance with Ramos-Moreno et al. (2012b), which originally described the hVM1 clone 32 cells, the cells expressed DAn marker TH and immature neuronal marker TUBB3. At this stage of differentiation, the hNSCs still expressed NSC markers Ki-67 and VIM, and began to express mature neuronal markers like MAP2 and SYN1. Although the differentiated hVM1 clone 32 cells tend to generate DAn because of their tissue of origin, the ventral mesencephalon, in addition to their purposeful direction of differentiation toward DAn based on the factors in the differentiation media, namely GDNF and dibutyryl cAMP, the culture was not entirely homogeneous; markers for astrocytes (GFAP) and GABAergic neurons (GABA), were found in the culture after 7 days of differentiation, reflecting NGS and proteomic data (Figure 3A).
[image: Figure 3]FIGURE 3 | In vitro and in vivo images of hVM1 clone 32 cell markers. (A) After 7 days of differentiation in vitro, hVM1 clone 32 cells express a range of proteins including TH, TUBB3, Ki-67, VIM, MAP2, SYN1, GFAP, and GABA (all in white). Nuclei were stained with DAPI (blue). Scale bar = 20 μm. (B) Surviving transplanted hNSCs in the Str 4 months post-transplant as marked by STEM121 in red which stains human-specific cytoplasm (left), and astrocytes as marked by GFAP in grey near the transplanted cells (right). Nuclei were stained with DAPI (blue). Scale bars = 100 μm.
The hVM1 clone 32 cells were subsequently transplanted in the Str of middle-aged Parkinsonian mice. Four months post-transplant, there was little to no surviving hVM1 clone 32 cells found in the Str of transplanted mice. No hNSCs were found in other CNS regions such as the SNpc or Hip either (Figure 3B).
Striatal and Nigral Tyrosine Hydroxylase Expression was Decreased in all Parkinsonian Mice
Four months post-transplant, mouse brains were analyzed for TH immunoreactivity in the Str and SNpc, the two main regions affected in PD. In the Str, the means of the groups in terms of TH expression were statistically different (p < 0.01). Although not statistically significant, all MPTP-lesioned mice had approximately 25% less TH+ fiber density in the Str compared to control animals (Figure 4A). In the SNpc, there was a 46% decrease in TH+ area in buffer-treated mice compared to controls (p < 0.05). By contrast, hNSC-treated animals tended to have a 27% decrease in nigral TH+ area compared to control mice and a 26% increase in TH expression in the SNpc compared to buffer-transplanted mice (Figure 4B). Expression of TH was markedly decreased in both the Str and SNpc and this diminution of TH+ immunostaining was not alleviated by hVM1 clone 32 cell transplant.
[image: Figure 4]FIGURE 4 | Diminution of striatal and nigral TH expression in Parkinsonian mice. (A) In the Str, all MPTP-lesioned mice tended to have around 25% less TH+ fiber density compared to controls. Control n = 5, MPTP + buffer n = 4, MPTP + cell n = 5. Kruskal-Wallis test followed by Dunn´s post-hoc test. (B) Nigral TH+ area decreased by 46% in buffer-treated mice (p < 0.05) and by 27% in hNSC-transplanted mice, compared to control animals. Control n = 5, MPTP + buffer n = 4, MPTP + cell n = 5. One-way ANOVA followed by Tukey´s post-hoc test. (A,B): * = p < 0.05, ** = p < 0.01. * = compared to same brain hemisphere of control. Data are expressed as mean ± standard error of the mean. Scale bars = 200 μm.
Activity and Gait Changes Were Improved in hVM1 Clone 32-Transplanted Mice
Several mouse behaviors were measured to examine the effects of hVM1 clone 32 transplant 4 months post-transplant. In the OFT, there were no significant differences among the three experimental groups in terms of time spent grooming, time spent rearing, urination, and defecation (data not shown). As for time spent in the center of the OFT box, buffer-treated mice tended to spend around 71% more time in the center compared to controls, indicating hyperactivity. This increased time spent in the center was decreased by 85% in hNSC-transplanted animals (p < 0.05). There were no differences among the three experimental groups in terms of distance traveled, suggesting a lack of bradykinesia in the MPTP-lesioned mice (Figure 5A). The PPT was performed to analyze changes in gait between the three groups of animals. All stride lengths were decreased by an average of 24% in buffer-treated mice compared to controls (p < 0.01) and were then increased by 17% in cell-transplanted mice compared to those that received buffer (p < 0.05) (Figure 5B). Forelimb stride width was reduced by approximately 19% in buffer-treated animals compared to controls (p < 0.05), while with hNSC transplant it tended to increase by 13% compared to those that received buffer, but only reached statistical significance (p < 0.05) on one side. By contrast, CL-IL hindlimb stride width was similar in all three experimental groups while IL-CL hindlimb stride width was decreased in buffer-treated mice by 17% (p < 0.01) and in cell-transplanted animals by 10% (p < 0.05), compared to controls (Figure 5C).
[image: Figure 5]FIGURE 5 | Behavioral improvement was observed in hNSC-transplanted mice. (A, left) Buffer-treated animals had a tendency to spend 71% more time in the center of the box compared to controls, while NSC-transplanted mice spent 85% less time in the center compared to those that received buffer (p < 0.05). Control n = 5, MPTP + buffer n = 4, MPTP + cell n = 5. One-way ANOVA followed by Tukey´s post-hoc test. (A, right) All experimental groups had the same distance traveled. Control n = 5, MPTP + buffer n = 4, MPTP + cell n = 5. Kruskal-Wallis test. (B) Forelimb and hindlimb stride lengths decreased by approximately 24% in buffer-treated animals compared to controls (p < 0.01), and hNSC transplant led to a 17% increase in all stride lengths measured compared to the vehicle group (p < 0.05). (C) Forelimb stride width was around 19% shorter in buffer-treated mice compared to control animals (p < 0.05) and NSC transplant tended to increase forelimb stride width by 13% compared to mice that received buffer, although only attaining significance (p < 0.05) on one side measured. CL-IL hindlimb stride width was unchanged among the three experimental groups and when compared to the control group, IL-CL hindlimb stride width was reduced in all MPTP-lesioned mice, although to a greater extent in buffer-treated (17%; p < 0.01) than cell-transplanted animals (10%; p < 0.05). (B,C): Control n = 7, MPTP + buffer n = 3, MPTP + cell n = 5. One-way ANOVA followed by Tukey’s post-hoc test. (A–C): *, # = p < 0.05, **, ## = p < 0.01, *** = p < 0.001, ns, not significant. * = compared to control, # = compared to MPTP + buffer. Data are expressed as mean ± standard error of the mean.
Dopamine Functionality, Neuroinflammation, and Motor Cortex Changes Influenced Transplant Outcome
Because of the surprising discrepancy between TH expression in the Str and behavioral symptoms upon administration of MPTP and hVM1 clone 32 transplant, it was important to explain this occurrence by analyzing several potential contributors to this effect. The functionality of the striatal TH+ fibers, neuroinflammation, and motor cortex changes, were explored. First, another marker for dopaminergic terminals, namely DAT, was tested. Striatal expression of DAT was significantly decreased in buffer-treated animals by around 57% compared to controls (p < 0.01). Moreover, DAT+ area tended to be reduced by approximately 32% in the Str of cell-transplanted mice compared to control animals; however, DAT expression tended to be 36% greater in hNSC-treated animals compared to buffer-treated mice (Figure 6A).
[image: Figure 6]FIGURE 6 | Evaluation of factors that potentially influenced hNSC transplant including DA transport, inflammation, and motor cortex alterations. (A) Compared to controls, DAT immunostaining decreased by approximately 57% in buffer-treated mice (p < 0.01) and non-significantly by around 32% in cell-transplanted animals, although DAT+ area tended to be increased by 36% in hNSC-treated mice compared to those that received buffer. Control n = 3, MPTP + buffer n = 4, MPTP + cell n = 4. (B) Striatal expression of GFAP tended to be higher in buffer-treated animals, reaching statistical significance on the IL side (p < 0.05), and was decreased on the CL side of hNSC-transplanted mice compared to the IL side of buffer-treated animals (p < 0.05). When compared to adult control mice, all middle-aged mice had increased GFAP expression in the Str (p < 0.05). Adult Control n = 3, Control n = 5, MPTP + buffer n = 4, MPTP + cell n = 3. One-way ANOVA followed by Tukey’s post-hoc test. *, # = p < 0.05, ** = p < 0.01, **** = p < 0.0001. * = compared to adult control, # = compared to same brain hemisphere of middle-aged control. Data are expressed as mean ± standard error of the mean. Scale bar = 50 μm. (C) Iba1+ microglial populations were increased in the Str of all Parkinsonian mice (p < 0.05), and age did not affect microglial density. Adult Control n = 5, Control n = 4, MPTP + buffer n = 5, MPTP + cell n = 5. One-way ANOVA followed by Tukey´s post-hoc test. * = p < 0.05, ** = p < 0.01. * = compared to same brain hemisphere of middle-aged control. Data are expressed as mean ± standard error of the mean. Scale bar = 50 μm. (D) In the motor cortex, nonphosphorylated NFH+ area tended to be increased in animals intoxicated with MPTP by 50–69% compared to control mice. Control n = 3, MPTP+buffer n = 3, MPTP + cell n = 3. (A,D): One-way ANOVA followed by Tukey’s post-hoc test. ** = p < 0.01, ns, not significant. * = compared to same brain hemisphere of control. Data are expressed as mean ± standard error of the mean. Scale bars = 200 μm.
Second, neuroinflammation, and more specifically GFAP and Iba1 expression in the Str, was examined in order to see a potential role for astrocytes and activated microglia. Astroglial immunoreactivity in the Str tended to increase in buffer-treated mice compared to controls, although this was only statistically significant on the IL side (p < 0.05). Microglial populations were increased in animals that received buffer and on the IL side of hNSC-transplanted mice compared to control animals (p < 0.05). Furthermore, striatal GFAP expression decreased on the CL side of cell-transplanted mice compared to the IL side of those treated with buffer (p < 0.05). Interestingly, when comparing animals from each of the three experimental groups, which were approximately 16 months old at experiment endpoint, to adult (nine month-old) control mice submitted to the same protocol, there was a significant increase in striatal GFAP (p < 0.05), and not Iba1, expression (Figures 6B,C).
Lastly, nonphosphorylated neurofilament populations were analyzed in the motor cortex, which is connected to the Str, in order to study axonal transport and function. Although not statistically significant, there tended to be higher expression of nonphosphorylated NFH in the motor cortex of MPTP-treated mice compared to controls, with an increase of 50% in buffer-treated and 69% in hNSC-transplanted animals (Figure 6D).
Therefore, further characterization of hVM1 clone 32 cells through gene and protein expression analyses revealed that these are true hNSCs that have the capability of generating DAn. These in vitro findings also supported the notion that multiple factors affect PD and DAn, with this study emphasizing the role of mitochondrial and peroxisome function, as well as glucose and lipid metabolism. Although hVM1 clone 32 cells did not survive when transplanted in middle-aged mice, most behavioral symptoms were alleviated by hNSC transplant, which was reinforced by a tendency for striatal DAT expression to be higher in cell-treated animals compared to those that received buffer. Additionally, nigrostriatal TH expression was notably decreased and cortical nonphosphorylated NFH expression was increased in all Parkinsonian mice.
DISCUSSION
Our data show that hVM1 clone 32 cells are hNSCs that have DAn features upon differentiation in vitro, and when these cells are transplanted in middle-aged Parkinsonian mice, there is an improvement in both motor and non-motor functioning, which is supported by a tendency of restored functional dopaminergic striatal terminals. Moreover, MPTP administration in these mice leads to notable, although minimal, striatal TH degeneration and motor cortical axonal transport alterations, and CRT was not able to be fully effective in middle-aged MPTP-intoxicated mice because of increased neuroinflammation.
Both NGS and proteomic analyses of differentiated hNSCs allowed us to deviate from classic, DA-centered markers and pathways involved in DAn survival and PD pathology, and emphasize the importance of less-studied factors influencing DAn such as calcium signaling, mitochondrial and peroxisome function, glucose and lipid metabolism, and oxidative stress, thus confirming that PD is multifactorial.
With all of the evidence presented that hVM1 clone 32 cells can generate DAn, it is important to note that 7 days of differentiation is still an early stage of differentiation so it is not out of the ordinary that NSC markers were still expressed. The differentiated hNSC culture was also heterogeneous, with the hVM1 clone 32 cells expressing both genes and proteins associated with other CNS populations such as astrocytes, oligodendrocytes, serotonergic neurons, GABAergic neurons, glutamatergic neurons, and cholinergic neurons. In the future, it would be interesting to see the effects of a longer hNSC differentiation.
The amount of surviving transplanted cells in the brain of hNSC-transplanted mice was minimal, yet behavioral improvement was observed, which is in line with other stem cell therapy studies (Fu et al., 2015). Cell survival is a constant problem in CRT, with approximately 95% of transplanted cells dying shortly after grafting in experimental PD animals and PD patients (Emgard et al., 2003; Rafuse et al., 2005; Stoker and Barker, 2016). The CSA protocol was not the cause of transplanted cell death in this study as the equivalent protocol was used in Parkinsonian rats where the hVM1 clone 32 cells survived 2 months post-transplant (Ramos-Moreno et al., 2012b). Furthermore, cell survival has been demonstrated to be negligible in CNS transplants in mice when compared to rats (Roberton et al., 2013). Although the hVM1 clone 32 cells did not survive transplantation in this study, we were still able to explore their effects in middle-aged Parkinsonian mice.
The diminution of TH expression in the Str observed, although notable, was surprising as most studies find that middle-aged and aged Parkinsonian mice exhibit a more substantial decrease in TH expression in the Str and SNpc as well as striatal DA content, and demonstrate more severe behavioral deficits (Date et al., 1990; Ohashi et al., 2006; Guan et al., 2016). However, most of these studies used a larger dose of MPTP. As well, none of the studies used the exact same acute MPTP protocol in C57BL/6 mice of the same vendor, and it has been shown that different MPTP protocols lead to varied nigrostriatal damage, and that mice of the same strain from different providers show diverse susceptibility to MPTP (Jackson-Lewis and Przedborski, 2007). Genetics perhaps plays a role because older mice have higher lethality when given MPTP so the ones that do survive may have a stronger resistance to MPTP and therefore there is less damage to their nigrostriatal pathway.
Spontaneous dopaminergic sprouting has been shown to occur in the Str between 10 days and 5 months post-MPTP administration in mice between the ages of 8 and 10 weeks. However, dopaminergic recovery has not observed in the Str of older (eight month-old) mice, nor in the SNpc of both younger and older MPTP-treated mice (Ho and Blum, 1998; Mitsumoto et al., 1998; Bezard et al., 2000; Jakowec et al., 2004).
In the present study, behavioral deficits were observed in buffer-treated mice in terms of increased hyperactivity and changes in gait; these behavioral aspects tended to be improved by hNSC transplant. Furthermore, parameters measuring anxiety and locomotion were not affected by MPTP treatment or hNSC transplant. Depletion of DA in the prefrontal cortex has been shown to increase hyperactivity and decrease anxiety, and this hyperactivity is due to disinhibition and attention deficit (Rousselet et al., 2003). Attention deficit and impulsivity occur in some PD patients (Nieoullon, 2002; Kehagia et al., 2014; Nombela et al., 2014). Striatal TH fiber abundance did not mimic the behavioral deficits in buffer-treated animals, but the decrease of DAT expression in the Str did follow this trend. This reveals that immunostaining of TH to analyze dopaminergic fiber degeneration is not a functional assessment, and in this case, striatal expression of DAT, stride length, stride width, and time spent in the center, were able to detect differences between buffer-treated and control animals, all of which striatal TH expression studies were not able to do. Also, only behavioral studies, and not immunostaining, were able to uncover statistically significant differences between buffer- and cell-treated groups. Furthermore, in mouse models of PD, behavior does not always reflect disease pathology in the brain (Zhang et al., 2017; Hunn et al., 2019). In this study, improvement of behavioral deficits in cell-transplanted mice with no significant increase in either TH or DAT expression, compared to animals injected with buffer, could be due to a hyperdopaminergic state, where enhanced dopaminergic neurotransmission leads to behavioral improvement while PD pathology remains (Hunn et al., 2019).
Both TH and DAT are used to mark DAn; however, TH marks all catecholaminergic neurons, one of them being DAn, while DAT specifically marks DAn. Tyrosine hydroxylase is the rate-limiting enzyme of DA synthesis, while DAT reuptakes DA at the synapse, thus controlling the availability of DA. In addition, the two proteins differ in expression levels in the Str and SNpc (Miller et al., 1999; Seifert and Wiener, 2013; Vaughan and Foster, 2013; Salvatore et al., 2016). Although TH works in DA synthesis, it does not reveal the activity of DA, which DAT does, as changes in DAT expression levels indicate variations in the transport and release of DA, and can explain the function of these dopaminergic striatal terminals. In addition, it has been hypothesized that abnormal transport of DA can lead to the development of diseases such as PD (Vaughan and Foster, 2013). Both TH and DAT are decreased in the Str of PD patients. However, there is evidence of a compensatory mechanism as a response to striatal DA depletion in PD patients and animals involving augmented synthesis, release and turnover of DA and TH, and increased TH expression and decreased DAT expression in the Str (Miller et al., 1999; Blesa et al., 2017). Interestingly, the visualization of DAT in the Str using positron emission tomography and single photon emission computed tomography imaging such as DATscan is used to help in the diagnosis of PD, thus emphasizing the importance of DAT expression and function, rather than TH expression in PD pathology (Seifert and Wiener, 2013). Most PD and CRT studies quantify nigrostriatal population changes via TH immunostaining (Ang, 2006; Kriks et al., 2011; Stoker and Barker, 2016), but it is clear from this study that TH and DAT expression do not always follow the same pattern. The function of DAT has been associated with the regulation of locomotor activity, which would support the connection between behavioral impairment and expression of DAT, rather than TH (Chotibut et al., 2012). Ultimately, it is important to expand the tests done in experimental PD and CRT as TH, although a good indicator, may not always be the best marker for nigrostriatal degeneration and/or improvement.
Inflammation is known to play an essential role in PD (Sarkar et al., 2016). In this study, buffer-treated animals tended to have higher amounts of striatal astrocytes, while all middle-aged mice had significantly increased striatal inflammation compared to younger controls. This emphasizes just how important the age of the transplant recipient is as CRT is more successful in younger patients (Stoker and Barker, 2016; Yasuhara et al., 2017) perhaps in part due to the fact that higher inflammation levels hamper its effectiveness. Moreover, while microglia were more abundant in the Str of all Parkinsonian mice, the transplant had no effect on microglial activation.
To further support a functionality problem, nonphosphorylated NFH expression in the motor cortex was increased in all MPTP-treated animals compared to control mice. It has been described that PD patients show neuronal loss in the motor cortex (MacDonald and Halliday, 2002). As well, there are structural and functional changes in the motor cortex of PD patients; for example, monoamine deficiencies and both hyperactivity and hypoactivity have been observed (Blesa et al., 2017; Burciu and Vaillancourt, 2018). Furthermore, it has recently been proposed that PD comprises a top-down mechanism meaning that pathological changes in the cortex eventually lead to nigrostriatal neurodegeneration (Foffani and Obeso, 2018). Neurofilament heavy is one of the three subunits of neurofilaments that are present in neurons. Phosphorylation of NFH is key for axonal transport, axonal caliber, axonal diameter, axonal plasticity, and neuronal morphology, and accumulation of neurofilaments as well as variations in modifications to neurofilaments like phosphorylation are present in neurodegenerative diseases such as PD (Nixon and Sihag, 1991; Pant and Veeranna, 1995; Kashiwagi et al., 2003; Liu et al., 2011; Kirkcaldie and Dwyer, 2017). Therefore, an increase in nonphosphorylated NFH suggests a change in axonal function in all MPTP-treated mice in a region of the brain connected to the Str and responsible for movement, although with opposite effects on gait in buffer- and cell-treated animals.
For all immunostaining and behavioral data, the IL and CL sides were affected equally in all three experimental groups, with one exception. Hindlimb stride width was significantly shorter on the IL-CL side in MPTP-treated mice, while no significant changes were seen among the control and MPTP-administered mice on the CL-IL side.
Many experimental CRT for PD studies are done in adult animals, using rodents from 2 to 4 months old (Courtois et al., 2010; Ramos-Moreno et al., 2012a; Ramos-Moreno et al., 2012b; Zuo et al., 2015; Zuo et al., 2017). However, this translates poorly into clinical situations as PD is a pathology that affects the elderly and age-focused studies need to be more thoroughly explored. Hence, this experimental CRT study was done in middle-aged Parkinsonian mice using the hNSC line hVM1 clone 32. Although there is a lack of data on potential treatments in middle-aged or aged Parkinsonian animals, a few studies have demonstrated some success. The injection of GDNF in the SNpc of 18- and 24-month old Parkinsonian rats led to a significant recovery of TH+ cells in the SNpc, and striatal DA and 3,4-dihydroxyphenylacetic acid levels (Fox et al., 2001). As well, Ourednik et al. (2002), treated 20-month old mice with MPTP and transplanted them with murine NSCs above the SN/ventral tegmental area 1 week or 4 weeks later. There were no changes in behavior in any of the groups throughout the experiment, and 3 weeks post-transplant, TH expression was recovered in the Str and SNpc of hNSC-transplanted mice and expression of DAT was restored to almost control-like levels in these two brain regions (Ourednik et al., 2002).
Our results indicate that differentiated hVM1 clone 32 cells have the profile of DAn required for successful transplant. Although these hNSCs could never be used in clinical trials due to their fetal origin, v-myc immortalization, and need for recipient immunosuppression, their characterization helps in understanding and developing NSCs for clinical CRT to treat PD as well as exploring their capability as a source of NTFs in the form of conditioned media (Fričová et al., 2020). When transplanted in their undifferentiated state, although nigrostriatal pathway degeneration was not significantly improved, motor and non-motor impairments were prevented by hNSC transplant in middle-aged Parkinsonian mice, which when translating to human PD cases, is perhaps the most important. Further research is warranted, but these data confirm the efficacy of hNSC transplantation in the treatment of PD and stress the importance of performing experimental CRT studies in aged Parkinsonian mice.
As PD is principally described as a loss of DAn and DA, therapeutic strategies have mostly focused on the preservation or restoration of the nigrostriatal pathway. Our findings, both in vitro and in vivo, demonstrate that the clinical outcome of PD in humans is far more complex than just nigrostriatal degeneration and motor symptoms, and is indeed multifactorial and includes growth factors and NTFs, mitochondrial and peroxisome function, glucose and lipid metabolism, non-motor neurological aspects, DA functionality, neuroinflammation, and motor cortex changes, all of which could lead to new targets and routes for the treatment of PD.
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Cardiotonic steroids are natural compounds that present many physiological and pharmacological functions. They bind Na+/K+-ATPase (NKA) modifying cellular ion concentration and trigger cell signaling mechanisms without altering ion balance. These steroids are known to modulate some immune responses, including cytokine production, neutrophil migration, and inflammation (peripherally and in the nervous system). Inflammation can occur in response to homeostasis perturbations and is related to the development of many diseases, including immune-mediated diseases and neurodegenerative disorders. Considering the neutrophils role in the general neuroinflammatory response and that these cells can be modulated by cardiac steroids, this work aims to review the possible regulation of neutrophilic neuroinflammation by the cardiac steroid ouabain.
Keywords: innate immunity, inflammation, ouabain, neuroimmune interactions, neuropharmacology
OUABAIN AND NA+/K+-ATPASE
Ouabain is a cardiotonic steroid identified by Hamlyn et al. (1991) in mammalian plasma. Studies have shown that ouabain can be produced by the adrenal gland, hypothalamus, and pituitary, being considered a hormone (Pamnani et al., 1981; Hamlyn et al., 1991; Ferrandi et al., 1997). In relation to the adrenal, ouabain synthesis appears to occur in the glomerulosa of the cortex (Laredo et al., 1995), and its release can be stimulated by two different hormones, angiotensin II, or adrenocorticotropic hormone (Laredo et al., 1994). The physiological levels of circulating ouabain in humans are approximately 0.2 nM and, in rodents, this value can reach 0.5 nM (Blaustein and Hamlyn, 2020).
Its receptor is the NKA, being the only established receptor for cardiotonic steroids such as ouabain, which interacts with amino acids located in the extracellular loops of the α subunit of the enzyme (Dvela et al., 2007). NKA is a membrane protein responsible for establishing and maintaining high K+ and low Na+ concentrations in the intracellular environment, in addition to maintaining cellular osmotic balance, the resting potential of most body tissues and the properties of excitable muscle and neural cells (Blanco and Mercer, 1998). The enzyme is composed of the α subunit, responsible for the catalytic activity and ion transport function, and the β subunit, which is necessary for the enzyme activity, regulating the fixation of the α subunit, and modulating the affinity for Na+ and K+ ions. There are four α isoforms, with α1 being ubiquitously expressed, while the α2–α4 isoforms present a more restricted cellular distribution (Markov et al., 2020). The modulating actions of this receptor affect both the cellular ionic balance, changing different cellular functions, such as cell migration (Ward and Becker, 1970), but also as an important signal transducer (Liu and Xie, 2010; Fan et al., 2017). At low concentrations (usually at nanomolar range), ouabain can promote conformational changes in NKA, without inhibiting the transport of sodium and potassium (Liu et al., 2000; Xie, 2003). This process leads to the activation/inhibition of many cell signaling proteins, including Src, MAPKs, and NF-κB (Cui and Xie, 2017).
Therapeutically, cardiotonic steroids are usually recommended for congestive heart failure, but only digoxin remains in use (Alpert, 2021). Despite this, ouabain presents many physiological and pharmacological effects that are more studied in the cardiovascular system, in the renal and brain tissues (reviewed in Blaustein and Hamlyn, 2020 and Bagrov et al., 2009). Other authors also suggest a repurposing of cardiac glycosides, including ouabain, for cancer therapeutics (Schneider et al., 2017; Matozzo et al., 2020; Du et al., 2021). Cardiac glycosides also modulate inflammation and autoimmune diseases (Škubník et al., 2021). Digoxin can inhibit transcriptional factor RORγt, thus inhibiting Th17 cells, a cell type involved in autoimmunity (Huh et al., 2011). Another cardiac glycoside, bufalin, inhibits the allergic inflammation by suppression of nuclear factor-kappa B activity (Zhakeer et al., 2017).
Regarding ouabain, many immune system cells can be modulated (Olej et al., 1994; Rodrigues-Mascarenhas et al., 2009). In thymocytes, precursor cells of T lymphocytes, ouabain inhibits cell proliferation (Szamel et al., 1981), induces the expression of CD69 (Rodrigues Mascarenhas et al., 2003) and the increase of free radicals (Smolyaninova et al., 2013). Also, in thymocytes, ouabain also reduces the activation of the mitogen-activated protein kinase (MAPK) p38 and the levels of the nuclear activating factor of T cells c1 (NFAT1c) (Rodrigues-Mascarenhas et al., 2008). Ouabain also inhibits lymphocyte mitosis. Furthermore, it was also evidenced that ouabain negatively modulates the number of B lymphocytes in the bone marrow, spleen, and peripheral blood (de Paiva et al., 2011), without, however, changing the levels of immunoglobulin G (IgG) and M (IgM). On the other hand, ouabain induces an increase in the number of B lymphocytes in the mesenteric lymph nodes, probably due to the reduction in the expression of the adhesion molecule CD62L and the chemokine receptor CXCR5 (da Silva et al., 2016).
Other immune system cells can also be modulated by ouabain. Nascimento et al. (2014) demonstrated that ouabain regulates the maturation of dendritic cells. In human monocytes, ouabain negatively regulates the expression of mCD14, a cell surface molecule involved in the response against Gram-negative bacteria, through the activation of the epidermal growth factor receptor (EGRF) and MAPK p38 (Valente et al., 2009). In addition, monocytes treated with ouabain have high levels of CD69, HLA DR, CD86, and CD80, molecules related to cell activation, in addition to increasing the phagocytic capacity of these cells (Teixeira and Rumjanek, 2014). Ouabain also inhibits, in vitro, the development of an inflammatory monocyte subtype (mCD14+CD16+) (Valente et al., 2009) and stimulates the production of cytokines such as IL-1α, IL-1β, TNF-α, IL- 6 and IL-10 (Foey et al., 1997; Matsumori et al., 1997; Teixeira and Rumjanek, 2014).
Moreover, ouabain can modulate inflammation and inflammatory cells (reviewed in Cavalcante-Silva et al., 2017). Dysregulated migration or activation of inflammatory cells, such as neutrophils are involved in the immunopathogenesis of many diseases (Leliefeld et al., 2016; Hellebrekers et al., 2018; Cavalcante-Silva et al., 2021b; Bautista-Becerril et al., 2021; Parackova et al., 2021). Thus, modulating these cells can be a therapeutic approach for inflammatory diseases. The ouabain effect on neutrophil during peripheral and neuro inflammation will be discussed below.
NEUROINFLAMMATION AND NEUTROPHILS
For a long time, the central nervous system (CNS) was recognized as a “privileged immune” organ due to the presence of the blood-brain barrier (BBB), which was previously considered to be almost impenetrable. Nevertheless, several studies have pointed out the flexibility in the BBB in response to inflammatory stimuli, which can generate a process known as neuroinflammation (Kanashiro et al., 2020). Neuroinflammation is related to the emergence of neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease (AD) and cerebral ischemia as well as its association with neuropsychiatric disorders. Thus, neuroinflammation has been studied as an important therapeutic target for the treatment of neurodegenerative and neuropsychiatric diseases (Akira et al., 2006).
Inflammation in the CNS is orchestrated by resident immune cells such as astrocytes and microglia (Doty et al., 2015), as well as by the migration of monocytes and lymphocytes through the BBB. (Hawkes and McLaurin, 2009; Lampron et al., 2013). Several studies have pointed out the relevance of neutrophils in chronic neuroinflammatory diseases such as AD, but their role still needs to be better elucidated. Neutrophil recruitment can cause neuronal damage and cognitive decline in AD; however, some granular proteins, such as CAP37, neutrophil elastase and cathepsin G can promote Aβ cleavage, facilitating Aβ clearance, preventing the formation of pathogenic aggregates (reviewed in Stock et al., 2018).
CNS cells, such as astrocytes, release several chemokines dependent on the IL-17 pathway, such as CXCL5, CXCL2, and CXCL1, which promote neutrophil migration to the CNS. Furthermore, IL-17−/− mice have a lower number of neutrophils infiltrating the CNS, but the same was not observed in the spinal cord, as neutrophil migration to the spinal cord appears to be regulated by IFN-γ (Christy et al., 2013; Simmons et al., 2014; Pierson et al., 2018). On the other hand, in chronic neurodegenerative diseases such as AD, neutrophil migration appears to be orchestrated by the chemokines CXCL12 and CCL2 as well as by the LFA-1 integrin (Zenaro et al., 2015). Interestingly, studies in mice have shown that blocking the LFA-1 integrin resulted in the inhibition of neutrophil migration, as well as the activation of microglia, resulting in reduced cognitive deficit in AD (Zenaro et al., 2015).
Neutrophil infiltration in post-ischemic inflammation has been associated with exacerbation of brain injury and neuronal damage due to release of pro-inflammatory cytokines, production of reactive oxygen species and reactive nitrogen species, and (neutrophil extracellular traps) NETs release. Furthermore, these neutrophils have a hypersegmented characteristic and their migration is dependent on the CXCR2 neutrophil-specific chemokine receptor (Herz et al., 2015; Neumann et al., 2015). Additionally, it was observed that blocking through a neutralizing antiserum or selective pharmacological inhibitor for CXCR2 prevented the recruitment of neutrophils to the brain of hyperlipidemic mice ApoE−/− mice (Herz et al., 2015). Furthermore, it was observed that polymorphonuclear cells develop direct neurotoxicity through the secretion of TNF-alpha, matrix metalloproteinase 9, as well as through heterocellular contact, which may thus contribute to secondary damage after brain injury, such as cognitive impairment (Dinkel et al., 2004; Nguyen et al., 2007). Another important point observed in spinal cord injury models is the participation of NF-κB signaling in neutrophil activation and infiltration, since IκB kinase (IKK)-β conditional knockout mice showed lower secretion of CXCL1 and the consequent neutrophil infiltration resulted in less neuronal damage, neuroinflammation and improvement in motor function (Kang et al., 2011). Furthermore, Zenaro et al. showed that neutrophil infiltration plays an important role in microglia activation, accumulation of abnormal Aβ and tau, synaptic dysfunction, and memory decline in the neuroinflammation observed in AD (Zenaro et al., 2015).
On the other hand, the neuroprotective role for neutrophils in post-ischemic inflammation has been observed by different works. In an in vitro study conducted by Hou et al. (2019) it was observed that while N1 neutrophils decreased neuronal viability, N2 polarization promoted an improvement in neuronal viability against oxygen glucosedeprivation/re-oxygenation-induced injury, in cultured cortical neurons (Hou et al., 2019). In addition, using an in vivo model of injury induced by transient occlusion of the middle cerebral artery, Hou et al. (2019) showed that rats spontaneously regenerate over time, and that there is a negative correlation between the proportion of N2 neutrophils and the number of degenerating neurons, in the ipsilateral brain parenchyma (Hou et al., 2019). Furthermore, a study conducted in mice demonstrated that rosiglitazone, a peroxisome proliferator-activated receptor-γ (PPARy) agonist, increased the infiltration of N2-type neutrophils, culminating in a neuroprotective effect after stroke. Interestingly, the neuroprotective effect of the PPARγ agonist was reversed after neutrophil depletion, demonstrating their importance in neuroprotection (Cuartero et al., 2013). In another study, García-Culebras et al. (2019) demonstrated that mice deficient in TLR4 have a greater polarization for the N2 profile, resulting in a smaller infarct volume and neuroprotection, elucidating a role of TLR4 signaling for neutrophil polarization during the cerebral ischemia (García-Culebras et al., 2019). In addition, Sas et al. showed a CD14+ Ly6Glow granulocyte with features of an immature neutrophil with neuroregenerative and neuroprotective properties in models of optic nerve and spinal cord injury, resulting from the secretion of NGF and IGF-1 growth factors by CD14+ Ly6Glow cells (Sas et al., 2020).
The different findings indicate that neutrophils are highly responsive to CNS lesions and may influence the process of neuroinflammation and neurodegeneration, as well as neuroprotection, affecting the development of neurodegenerative processes. Considering the development of neuroinflammation, ouabain emerge as a possible player in the regulation of this process (Figure 1A), as several studies have demonstrated the importance of digitalis and NKA in neuroinflammatory regulation (reviewed in Orellana et al., 2016).
[image: Figure 1]FIGURE 1 | Effect of ouabain on neutrophils in peripheral and neuroinflammation. (A) In neuroinflammation ouabain can reduces NF-κB and iNOS activation and inflammatory cytokines (IL-1), however, the effects of this steroid in neutrophils remains to be elucidated. (B) Impairment of neutrophil migration caused by ouabain may involve reduction of adhesion molecule CD18, P-p38 MAPK, and decrease of inflammatory cytokines. Created with BioRender.com.
Studies have demonstrated an in vivo and in vitro neuroprotective activity of ouabain. Kinoshita et al. (2014) have observed in vivo that ouabain has a protective effect against LPS-induced neuroinflammation in the rat hippocampus, through a reduction in the activation and consequent translocation of nuclear factor kappa B (NF-κB), leading to reduction in the expression of iNOS and IL-1β. Furthermore, it was observed that the administration of ouabain reduced the activation of astrocytes, in the dentate gyrus, through a reduction in the expression of glial fibrillary acidic protein (GFAP) (Kinoshita et al., 2014). In addition, in vitro studies of LPS-stimulated astrocytes found that treatment with ouabain reduced the release of IL-1β (Forshammar et al., 2011). On the other hand, an in vitro study using LPS-stimulated rat microglial cell culture, it was shown that treatment with Ouabain did not alter the release of TNF-α and IL-1β, thus suggesting a lack of modulating effect of ouabain on this cell type (Forshammar et al., 2013). Additionally, in a recently published study, Mázala-de-Oliveira et al. (2021) have shown that nanomolar concentrations of ouabain reduced the expression of inflammatory receptors, such as TNFR1, TLR4 and CD14 of rat retinal ganglion cells culture after optic nerve axotomy, in all tested periods. It was also observed that ouabain produced an increased survival of retinal ganglion cells after 48h, and the mechanism was dependent on autophagy, since the use of 3-methyladenine, an autophagy inhibitor, lead to a complete inhibition of the neuroprotective role of ouabain (Mázala-de-Oliveira et al., 2021).
On the other hand, it was shown that α2-NKA knockdown in superoxide dismutase 1 (SOD1) mutant astrocytes protected motor neurons from degeneration (Gallardo et al., 2014). Furthermore, it was observed that the silencing of α2-NKA in primary culture of glial cells from mice promoted a lower responsiveness to the stimulus with LPS, by reducing the production of TNF-α, as well as the activation of ERK and NF-kB, suggesting the participation of α2-NKA in the modulation of LPS-induced neuroinflammation (Kinoshita et al., 2017). Ouabain, in vitro, protected motor neurons from degeneration induced by mutant SOD1 astrocytes (Gallardo et al., 2014). Heterozygous KI mice, carrying the G301R disease mutation (α2+/G301R mice), exhibited familial hemiplegic migraine type 2 (FHM2)-related phenotypes, including mood depression and obsessive-compulsive disorder (OCD)-like symptoms (Isaksen and Lykke-Hartmann, 2016). Surprisingly, when subjected to spinal cord injury, α2+/G301R mice show better functional recovery and decreased lesion volume compared to littered controls (α2+/+). These phenotypes were associated with alterations in pro and anti-inflammatory cytokines levels, such as IL-6, TNF, and IL-10 (Ellman et al., 2017). Furthermore, it was observed that α2+/G301R mice showed a reduction in the systemic levels of the proinflammatory cytokines TNF-α, IL-6 and IL-1β after LPS administration, as well as a reduction in the hypothermic and neuroinflammatory response in the hippocampus and hypothalamus (Leite et al., 2020).
Additionally, peripheral inflammation can also be modulated by ouabain. This steroid can alter vascular permeability induced by different inflammatory agents. In the sheep skin and pleural cavity, ouabain reduces vascular permeability caused by turpentine, an irritant agent (Lancaster and Vegad, 1967). Additionally, in mice peritoneal cavity this steroid decreases vascular permeability induced by zymosan, a fungal wall component (Leite et al., 2015). Also in mice, ouabain can inhibits paw edema, a cardinal signal resulting of increased vascular permeability, induced by carrageenan, compound 48/80, zymosan, prostaglandin E2, and bradykinin (de Vasconcelos et al., 2011). This effect of ouabain in vascular parameters could be related to its effects on histamine (Okazaki et al., 1976) and/or cytokines release (Leite et al., 2015). Indeed, it has been reported that ouabain decreases levels of cytokines TNF-α, IL-1β (Leite et al., 2015), and IFN-γ (Jacob et al., 2013) in peritoneal inflammation.
It is noteworthy that many studies related that ouabain possesses a proinflammatory effect and facilitates immune cell migration (Kennedy et al., 2013; Gonçalves-de-Albuquerque et al., 2014; Chen et al., 2017). The possible dual effect of ouabain on inflammation may be due to different animal species studied (i.e., BALB/c, Swiss, or C57BL/6 mice; rats; humans) since it could impact NKA sensitivity to ouabain. Moreover, administration route used, presence of a previous inflammatory stimulus, or even different concentrations of this steroid leads to different outcomes. In fact, high levels of ouabain could cause an immune system activation and promote a pathological inflammatory response (Blaustein and Hamlyn, 2020).
NEUTROPHILS: MODULATION BY OUABAIN
During inflammation, endothelial cell activation by cytokines induces vascular permeability and enables migration of immune cells into tissues. Usually, neutrophils are the first immune cell to reach inflamed tissue (Liew and Kubes, 2019). Neutrophils are polymorphonuclear segmented cells with antimicrobial properties (Burn et al., 2021). However, these cells present many other immune functions and participate in the stimulation of adaptive immune responses (Minns et al., 2019), in the resolution of inflammation (Jones et al., 2016) and healing (Phillipson and Kubes, 2019), and have anti or pro-tumor activity (Mishalian et al., 2017; Ocana et al., 2017; Burn et al., 2021). Outside of neutrophils’ essential role in immune system homeostasis, they are also involved in autoimmune and inflammatory diseases, such as arthritis (O’Neil and Kaplan, 2019) and COVID-19 (Cavalcante-Silva et al., 2021b). In these pathological conditions, neutrophils may have a dysregulated migration or activation (Hidalgo et al., 2019).
Neutrophil migration requires the interaction between adhesion molecules present on neutrophils and vascular endothelium (Nourshargh and Alon, 2014). Classic neutrophil recruitment involves different steps such as capture, rolling, adhesion, crawling, and subsequent transmigration towards inflammatory signals (Kolaczkowska and Kubes, 2013). Several works have demonstrated the usually low concentrations of ouabain impairs mice neutrophil migration into different tissues. Leite et al. (2015) showed that ouabain reduces neutrophil migration into the peritoneal cavity induced zymosan. Similar findings were obtained using L. amazonensis as an inflammatory stimulus (Jacob et al., 2013). Other works provide evidence that ouabain also inhibits neutrophil transmigration into lung tissue in mice models of inflammatory allergy (Galvão et al., 2017) and acute pulmonary injury (Wang et al., 2018). In vitro studies also presented the inhibitory effect of ouabain on rabbit (Ward and Becker, 1970), human (Ray and Samanta, 1997), and mice neutrophil chemotaxis (Cavalcante-Silva et al., 2021a). The cardiotonic steroid marinobufagenin also reduces neutrophil migration during inflammation, corroborating the ouabain effect (Carvalho et al., 2019) (Figure 1B).
The exact mechanism of action of ouabain in impairment neutrophil migration remains to be fully elucidated, however, some evidence is emerging. Chemoattractant gradients trigger neutrophils intracellular signaling that guides these cells towards inflammatory tissues. The MAPK signaling mediates neutrophils chemotaxis (Liew and Kubes, 2019). It was observed that ouabain reduces p38 phosphorylation, but not ERK activation in mice neutrophils (Cavalcante-Silva L. H. A. et al., 2021). Neutrophil’s receptors, including adhesion molecules, can be regulated by p38 MAPK-dependent signaling (Kim and Haynes, 2013). Indeed, ouabain can reduce α (Ninsontia and Chanvorachote, 2014) and β (Cavalcante-Silva et al., 2020) integrins in different types of cells, nevertheless the real impact of this effects in neutrophil migration should still be addressed. On the other hand, ouabain does not reduce the chemokine receptor CXCR2 expression in mice neutrophils or modulates the levels of its ligands CXCL1 (Cavalcante-Silva et al., 2020). However, in human neutrophils, ouabain interferes with chemokine receptor (CXCR1/2) recycling, which in turns decreases neutrophil migration (Ray and Samanta, 1997).
Additionally, in models of peritoneal (Leite et al., 2015) and pulmonary (Wang et al., 2018) inflammation, ouabain also inhibits NF-κB pathway. The activation of this transcription factor is associated with release of proinflammatory cytokines, which in turn stimulates endothelial and immune cells (Netea et al., 2017). In fact, ouabain reduces TNF-α and IL-β release (Leite et al., 2015), therefore this may be associated with impaired migration of neutrophils. Moreover, in A549 cells, this steroid decreases the TNF-α-induced expression of ICAM-1, an adhesion molecule that binds integrin (Takada et al., 2009).
The mechanisms used by neutrophils during an immune response include phagocytosis, NETs, formation of reactive oxygen species and release of microbicidal molecules contained in cytoplasmic granules (i.e., myeloperoxidase, neutrophilic elastase, and others) (Yang et al., 2017). Neutrophils also produce different cytokines (eg, IL-1Ra, IL-12, IL-23, TNF-α, G-CSF, among others) and chemokines (eg, CXCL-1, CCL-20, CCL-2, among others) that modulate the immune response (Mantovani et al., 2011; Yang et al., 2017; Burn et al., 2021). In human neutrophils, it has been shown that ouabain at 100 nM induces DNA release, without promote necrosis, suggesting NETs release (Silva et al., 2021). Additionally, in rat neutrophils, ouabain reduces generation of free radical induced by NO donors, this effect could be related to membrane depolarization (Patel et al., 2009).
Although studies have shown that ouabain interferes with neutrophil infiltration induced by different stimuli in the periphery, such as concanavalin A (de Vasconcelos et al., 2011), Zimosan (Leite et al., 2015), ovalbumin (Galvão et al., 2017) and Leishmania amazonensis (Jacob et al., 2013), as well as the activation of these cells, since ouabain modulate the generation of free radicals induced by nitric oxide donors (Patel et al., 2009) and the release of NETs (Silva et al., al, 2021), studies lack data about ouabain modulation on neutrophils in the neuroinflammation; however, a study observed the presence of neutrophils in a model of ouabain-induced injury in zebrafish. Mitchell et al. (2018) observed that the retinal lesion resulting from the administration of ouabain was accompanied by an early leukocyte infiltration, followed by a period in which there was proliferation of immune cells, possibly from the resident microglia and macrophages derived from extra-retinal regions. Furthermore, the presence of neutrophils was observed in the vitreous leukocyte population, identified by the expression of myeloid-specific peroxidase (mpx) +, supporting that retinal injury induced by ouabain is accompanied by an early migration of leukocytes from the bloodstream. After 24, 48 and 72 h of ouabain administration, very few mpx + neutrophils were identified, suggesting that there was no significant increase in the number of neutrophils at these times (Mitchell et al., 2018).
Despite there is no compelling data on the effects of ouabain and its receptor, NKA, on neutrophil dynamics in neuroinflammatory diseases, robust studies point to the importance of ouabain-NKA signaling in neuroinflammation (reviewed in Orellana et al., 2016; Leite et al., 2020). In addition, the immunomodulatory role of ouabain in neutrophil dynamics has been observed in classical models of peripheral inflammation (Leite et al., 2015; Cavalcante-Silva et al., 2020). These data together suggest that ouabain-NKA signaling may be an important marker to be investigated in neutrophil dynamics in neuroinflammatory diseases, thus favoring a better understanding of the pathophysiology involved in the progression of these diseases, as well as aiding in the discovery of new strategies for neurodegenerative diseases.
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INTRODUCTION
Immune dysregulation contributes extensively to the pathophysiology of multiple psychiatric illnesses (Coppens et al., 2019; Morrens et al., 2020a). Overall, 95% of the essential amino acid tryptophan (TRP) is degraded to kynurenine and either to its neurotoxic or neuroprotective immunogenic metabolites (see Figure 1 for a schematic illustration of the kynurenine pathway (KP)). A growing body of evidence testifies the neuromodulatory effects these microglia- or astrocyte-derived tryptophan catabolites (TRYCAT) have on the NMDA receptor. Hence, TRYCAT are hypothesized to link (systemic) immune responses to clinical symptomatology in psychotic and mood disorders.
[image: Figure 1]FIGURE 1 | Schematic representation of the kynurenine pathway.
A series of recent meta-analyses (Morrens et al., 2020b; Hebbrecht et al., 2021; Marx et al., 2021) confirm kynurenine pathway (KP) metabolite aberrances in these psychiatric illnesses in over 100 clinical studies. Unfortunately, the KP research field knows substantial though rarely contemplated pitfalls that warrant caution in the interpretation of findings. The current opinion piece will therefore zoom in on the conceptual validity of peripheral kynurenine metabolite quantification in psychiatric biomarker research. Furthermore, we will discuss the impact of sample heterogeneity, methodological reliability, and validity on study results. To conclude, the authors will put forward conceptual and methodological guidelines for future research into the kynurenine pathway and propositions for relevant future research avenues.
The Bloody Brain Barrier
The bulk of literature on TRYCAT in psychiatry concerns quantifying metabolite levels in peripheral blood as a proxy measure for central inflammatory processes. However, as summarized in a recent systematic review by Skorobogatov et al. (2021), only TRP and KYN and to some extent 3-HK fluently travel over the blood–brain barrier (BBB). It remains undefined whether peripheral production of non-crossing metabolites such as kynurenic acid (KA) and quinolinic acid (QUIN) could indirectly reflect central inflammatory processes, for instance, through induction by BBB-crossing macrophages or macrophage-secreted cytokines. Nonetheless, for the metabolites traveling to the periphery over the BBB, extrapolation of the significance of KYN metabolization remains cumbersome. Illustratively, Skorobogatov et al. (2021) describe a strong correlation between peripheral and central KYN concentrations in two studies (Yuwiler et al., 1977; Haroon et al., 2020), while such interrelations remain absent for TRP itself. According to Yuwiler et al. (Yuwiler et al., 1977) and Curzon et al. (Curzon 1979), the observed CNS-periphery discrepancies in a mixed population of Huntington disease patients and healthy controls might be (partially) explained by the fact that most TRYCAT are known to bind circulating albumin (even with high affinity in case of TRP and KYN) and that only unbound (free) metabolites can enter the brain (Cangiano et al., 1999). This protein binding is advantageous as it provides a compound reserve in case of a temporal lack of supply. However, factors influencing the rate of albumin binding may intervene in a truthful peripheral representation of the central TRP metabolism. For instance, many drugs such as ibuprofen and valproate, pathology-induced non-esterified fatty acids (NEFAs), and other competing amino acids (tyrosine, phenylalanine, leucine, and valine) (Walker et al., 2019) can displace TRP from its binding site and in so doing directly affect central TRYCAT levels (Yang et al., 2014). Undoubtedly, this contributes substantially to TRYCAT aberrations found in medicated vs. unmedicated patients. Moreover, structural modifiers like glycation (Anguizola et al., 2016) or pH (Walser and Hill 1993) may cause conformational changes to the protein and thereby modify affinities. For detailed discussion, we refer to an excellent review by Feng Yang (Yang et al., 2014).
While their value as peripheral biomarkers for central neuroinflammatory processes remains questionable due to fickle BBB crossing and volatile albumin binding, peripheral TRYCAT levels may “retroactively” influence activity in the brain. In exemplum, decreased intracerebral KYN uptake following leucine competition for the active L-type amino acid transporter 1 (LAT1) inhibits depression-like behavior in mice (Walker et al., 2019). Additionally, the essential amino acid TRP inevitably needs to relocate from the periphery to the brain. Again, albumin binding plays a role as only unbound TRP and KYN can bind LAT1 to actively cross the BBB. Whether free or total TRP concentration is the major determinant for in cerebro bioavailability remains unelucidated. While centrally, KA is generated in brain astrocytes, skeletal muscle is its major peripheral source of production (Agudelo et al., 2014). As this metabolite is unable to cross the blood–brain barrier and the level of similarity/synchronicity between peripheral and central inflammatory processes is currently undetermined, its suggested anti-inflammatory neuroactive effects may not be directly extrapolatable from its peripheral concentration. At best, somatic metabolization of KYN to KA by kynurenine aminotransferases (KATs) results in lower levels of peripheral KYN available for import in the brain and subsequent central conversion to neurotoxic QUIN. This is indirectly evidenced by experiments with PGC-1a1 overexpression transgenic mice, which specifically upregulate KATs in skeletal muscle and subsequently show elevated blood concentrations of KA, lower (circulating KYN), and stress resistance (Agudelo et al., 2014). This may contribute to the decrease of symptoms observed in depressed patients following physical exercise training. In reverse, lower baseline KA levels in MDD and SZ patients could originate from decreased muscular production in poorly active patients. Higher levels of non-KA-conversed peripheral KYN increase in cerebro bioavailability and could as such induce depression-like behavior, as demonstrated in rodents (O’Connor et al., 2009).
Living the TRYCAT Lifestyle
As illustrated above, muscle movement plays a major role in KA production. A sedentary lifestyle will therefore unquestionably affect kynurenine metabolization (Alme et al., 2021). Previous work showing that most KYN metabolites correlate with BMI (Zahed et al., 2021) indicates that lifestyle influences tryptophan metabolism also at the level of food intake. The amount and type of alimentation strongly define both the essential amino acid’s bioavailability and its metabolization. Vitamins B2 and B6 are KP cofactors; consequently, vitamin deficiency impacts kynurenine metabolite levels (Yeh and Brown 1977). TDO and IDO are iron porphyrin metalloproteins; hence, their enzymatic activity is dependent on iron supply. Moreover, prolonged inadequate food intake may result in low levels of serum albumin and as such interfere with free/bound metabolite fractions and consequent peripheral quantification (cfr. supra). As psychiatric patients are renowned for their poor eating habits, it is not inconceivable that varying peripheral TRYCAT levels largely reflect dietary insufficiencies. In support, Fellendorf et al. (Fellendorf et al., 2021) recently found TRP-to-KYN conversion in bipolar disorder to be facilitated by overweight and not by psychiatric symptomatology. This in turn raises the question as to whether TRYCAT aberrations in psychiatry are driven by syndrome-specific phenomena vs. being a by-product of other pan-pathological states like chronic stress-induced glucocorticoid resistance or sickness behavior hallmarking major depression and other psychiatric disorders (Zunszain et al., 2011).
According to Zahed et al. (Zahed et al., 2021), most TRYCAT remain relatively unaffected by smoking, which only appears to decrease QUIN, AA, and 3-HAA (Zahed et al., 2021). This may however be consequent to unassessed gender bias as Naz et al. (2019) demonstrate KYN and KA (but not TRP) levels to be lower in male smokers vs. non-smokers but remain unaffected in female smokers. Last, recreational drugs also interfere with homeostatic KP metabolite levels. Alcoholic beverages contain metabolically significant concentrations of KA, which is easily resorbed via the digestive tract and is quantifiable in peripheral blood. Hence, drinking beer and wine will artificially increase plasma [KA] (Turska et al., 2019). Cocaine use, on the other hand, will lower the amount of KA in blood (Araos et al., 2019). As comorbid substance use disorders are highly prevalent (∼30% (Toftdahl et al., 2016)) in mental health disorders, at least part of the variation in KP metabolite concentrations in psychiatry may be attributable to the (mis)use of varying types of recreational drugs.
Consult Gostner et al. (2020) for further elaboration on the interplay between lifestyle factors and TRP metabolization (Gostner et al., 2020).
The Enzyme Enigma
Aberrations in KP metabolite levels have been largely attributed to deviant enzyme activity. However, the processing rate of these enzymes has rarely been directly assessed in psychiatric disorders. Instead, enzyme concentrations have mostly been approximated by gene expression analysis (Favennec et al., 2015) or by ratios of metabolite concentrations. Illustratively, the KYN/TRP ratio is suggested to reflect the TRP-to-KYN metabolizer IDO, and KAT activity is deemed deductible from [KA/KYN]. While peripheral metabolite ratios may reflect enzyme activities in closed systems such as cell cultures, assuming those correlations in blood, let alone in the brain, may stretch things too far. In support, non-correspondence of the KYN/TRP ratio with IDO activity was evidenced in patients with hemodialysis (Kato et al., 2010) and in children (Yarbrough et al., 2018). Again, albumin binding proves problematic as bound fractions do not reflect current production rates. Furthermore, several isoforms exist for most pathway enzymes. Does [KYN/TRP] reflect IDO1, IDO2, or TDO? Which of the two main KAT isozymes is represented by [KA/KYN]? Moreover, aberrations in renal clearance or in functionality of downstream enzymes may lead to upstream metabolite accumulation and will as such influence ratios independently of target enzyme activity. An elaborate critical appraisal of the KYN/TRP ratio as proxy for IDO activity can be found in the review by Abdulla et al. (Badawy and Guillemin 2019). Last, a recent review describes several alternative routes of KA synthesis via non-KATs and even enzyme-free mechanisms (Blanco Ayala et al., 2015; Ramos-Chávez et al., 2018). It is conceivable that similar alternative means of production also exist for other TRYCAT, which strongly dilutes the relevance of using metabolite ratios as a proxy for single (and mostly rather nonspecific) enzymes. As discrepancies between IDO1 mRNA and protein levels have been reported (Théate et al., 2015), this too proves to unreliably reflect KP enzyme activities and underscores the need for alternative quantification strategies.
Tryptophan Catabolization: Not the Model Pathway!
Research on organs/diseases that are not or only hardly accessible/mimicable in humans often relies on animal studies to expand the pathophysiological knowledge. Nonetheless, caution is recommended when interpreting animal experimentation on TRYCAT in psychiatry. Not only are mood and psychotic disorders hard to model in animals, but the KP shows marked discrepancies in humans versus animals (Yeh and Brown 1977). Illustratively, TDO expression in humans is 5 to 10 fold lower than in rodents, and IDO activity suppresses human but not mouse lymphocyte proliferation (Torres Crigna et al., 2020). The latter reveals that these interspecies differences also functionally affect KP immunomodulation. Moreover, the fact that QUIN transport over the BBB occurs in gerbils but not in rats indicates that it even diverges between different species families of the same order (Heyes et al., 1997).
Methodological Mayhem
KP research in the field of psychiatry is typically hallmarked by low sample sizes in heterogeneous study populations. Moreover, patient populations also differ from healthy controls regarding multiple demographic variables (BMI, smoking habits, etc.), which may in themselves impact TRYCAT levels. Specifically, all KYN metabolites increase with BMI and with age (except xanthurenic acid (XA) and 3-hydroxyanthranilic acid (3HAA)), and most are higher in males (Pertovaara et al., 2006; Zahed et al., 2021).
Alternate discrepancies in the literature may arise from the use of distinct analytical technologies. TRYCAT are almost exclusively measured using chromatographic methods such as high-pressure liquid chromatography (HPLC). These quantify total concentrations, while unbound concentrations may be more relevant (cfr. supra). Liquid chromatography–mass spectrometry (LCMS) and HPLC are performed with similar frequencies and show disagreement in concentration ranges, with some publications differing up to a staggering 1,000 times (Hartai et al., 2007; De Picker et al., 2019; Ulvik et al., 2020). Moreover, the concentration of several relevant kynurenine metabolites flirts with or even falls below the technological lower limit of detection of these methodologies (LC-MS quantification of QA, AA; unpublished data), implying caution concerning the scientific conclusiveness on their pathophysiological involvement. Last, sample collection is easily overlooked, though it is a crucial source of variance in TRYCAT quantification literature. Demonstrably, TRP is 15% higher in serum than in plasma (Yu et al., 2011) [with higher reproducibility in plasma, presumably due to coagulation-induced variance in serum (Bi et al., 2020)] and strongly increased in hemolytic samples (Kamlage et al., 2014). Heparin, an anticoagulant routinely used for plasma collection, is to be strictly avoided as it introduces severe chemical noise in LC-MS analyses (Yin et al., 2013) and interferes in albumin-TRP binding (Badawy 2010).
DISCUSSION
What Path(way) to Take Next?
Tryptophan degradation through the kynurenine pathway has been widely implicated in the pathophysiology of a multitude of psychiatric disorders. KP derangement could even be involved causatively as mutations in SLC7A5, the gene coding for LAT1, have been linked to autism spectrum disorders (Tărlungeanu et al., 2016). Nonetheless, the research field is hallmarked by several pitfalls which might at least partially be circumvented by the hereby proposed guidelines.
→When quantifying peripheral metabolites to evaluate in cerebro bioavailability, unbound fractions in addition to total or bound levels need to be described. Thereby, one should take heed in optimizing their study design to account for modulators influencing freely circulating compound concentrations such as meal intake and type of collection tube (preferably collect fasting blood samples in EDTA-coated plasma tubes) (Badawy 2010). Alternatively, interference of albumin binding should be checked statistically by introducing [serum/plasma albumin] as a model covariate (van den Ameele et al., 2018; De Picker et al., 2019).
→When resorting to animal experimentation for fundamental exploration of kynurenine metabolization, larger mammalian species should be opted over rodent strains as KP characteristics in those animals show a higher degree of overlap with humans (Wang et al., 2018). Preferably, however, an in-depth scrutiny of the KP should be done in situ in human populations, for instance, via live imaging techniques (PET tracing of microglia activity) (De Picker et al., 2019), widespread characterization of KP metabolites in a multitude of bodily compartments (blood cells, urine, saliva, etc.), or clinical trials with compounds known to mediate the KP in animal research or other human pathologies such as IDO or KMO inhibitors (O’Connor et al., 2009; Prendergast et al., 2018; Réus et al., 2018).
→Metabolite ratios should be avoided to infer KP enzyme activity. Instead, enzyme concentrations or activities should be directly quantified in the fluidic compartments and/or judicious selections of blood. Successful assaying of KATs (in serum and erythrocytes), kynureninase (in lymphocytes), and IDO enzymes (in peripheral blood mononuclear cells) has been published elsewhere (Carlin et al., 1989; Ubbink et al., 1991; Hartai et al., 2007). Of note, immunogenic stimulation by for instance IFN-γ, is advised as basal enzyme activities may fall below detection limits in homeostatic circumstances (Edelstein et al., 1989). When direct measurement proves unattainable, enzyme activity can be inferred through detection of surrogate markers produced by high-specificity enzymes that respond to the same stimuli. Illustratively, neopterin, a pro-inflammatory marker of immune cell activation, proxies as a marker for IDO activity as IFN-γ also activates the key enzyme of neopterin synthesis (Werner-Felmayer et al., 1990). In parallel, enzyme activity can be deduced from direct measurement of protein levels. In support, in vitro IDO1 activity shows high correlation with protein expression (Wolf et al., 2009).
→In recent years, other pathway metabolites have gained interest as potentially having functional relevance in the pathophysiology of psychiatric disorders. Picolinic and xanthurenic acid, for instance, may act as trait markers for i.a. schizophrenia and therefore deserve to be more elaborately scrutinized in future endeavors (Fazio et al., 2015; Ryan et al., 2020).
→The recent emergence of sensitive commercial ELISA kits allows to demonopolize valuable TRYCAT metabolite and enzyme quantifications away from dedicated fully equipped, time-consuming, and expensive HPLC/LC-MS service labs toward broad-scale implementation to any research group with a basic laboratory infrastructure. As such, high-throughput quantifications on large sample sizes are now within reach.
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Neuroinflammation plays a key role in the pathogenesis of early brain injury (EBI) after subarachnoid hemorrhage (SAH). Previous studies have shown that metformin exerts anti-inflammatory effects and promotes functional recovery in various central nervous system diseases. We designed this study to investigate the effects of metformin on EBI after SAH. Our results indicate that the use of metformin alleviates the brain edema, behavioral disorders, cell apoptosis, and neuronal injury caused by SAH. The SAH-induced NLRP3-associated inflammatory response and the activation of microglia are also suppressed by metformin. However, we found that the blockade of AMPK with compound C weakened the neuroprotective effects of metformin on EBI. Collectively, our findings indicate that metformin exerts its neuroprotective effects by inhibiting neuroinflammation in an AMPK-dependent manner, by modulating the production of NLRP3-associated proinflammatory factors and the activation of microglia.
Keywords: metformin, neuroinflammation, NLRP3 inflammasome, neuron injury, subarachnoid hemorrhage
INTRODUCTION
Subarachnoid hemorrhage (SAH) is a life-threatening subtype of stroke, characterized by high rates of mortality and poor prognoses (Laiwalla et al., 2016; Etminan et al., 2019). A previous study attributed the unfavorable prognoses of SAH patients to angiographic vasospasm (Crowley et al., 2008). However, clinical trials have shown that drugs directed against vasospasm failed to improve the poor prognoses of these patients (Macdonald et al., 2011; Macdonald et al., 2012). Recent studies have identified early brain injury (EBI), which occurs within the first 3 days of SAH, as one of the major causes of the unfavorable prognoses of SAH patients (Chen et al., 2014; Li et al., 2018). The EBI phase after SAH includes multiple pathophysiological processes. The overactivation of the inflammatory responses not only directly damages brain tissue but also contributes to the disruption of the blood–brain barrier and cell apoptosis, which further aggravate the brain injury (Fujii et al., 2013; Liu et al., 2019). A prospective observational study demonstrated that the inflammatory response is an independent predictor of unfavorable outcomes in SAH patients (Badjatia et al., 2015). Therefore, the suppression of neuroinflammation may be an effective strategy to mitigate brain injury after SAH.
The NLR family pyrin domain containing 3 (NLRP3) inflammasome is a multiprotein complex that regulates the innate immune inflammatory response (Zhou et al., 2011). The activation of the NLRP3 inflammasome causes the autocatalytic cleavage of pro-caspase 1, resulting in the processing and secretion of proinflammatory cytokines IL-1β and IL-18, which participate in the inflammatory response in multiple diseases (Mangan et al., 2018; Yang Y. et al., 2019). Recent studies have shown that the NLRP3 inflammasome contributes to the pathogenesis of EBI after SAH, and its suppression protects against brain injury (Dodd et al., 2021; Xu et al., 2021).
Adenosine-monophosphate-activated protein kinase (AMPK) is a sensor of cellular energy and modulates the status of many cellular processes (Meijer and Codogno, 2007). Recent advances in SAH research have demonstrated that the inhibition of NLRP3-inflammasome-associated neuroinflammation by activating AMPK reduces brain injury after SAH (Xu et al., 2019; Peng et al., 2020).
Metformin is widely used to treat patients with type 2 diabetes and metabolic syndrome because it safely and strongly enhances insulin sensitivity (Sanchez-Rangel and Inzucchi, 2017). A randomized controlled trial also reported that the concentrations of blood biomarkers predicting poor outcomes were significantly lower in patients with severe traumatic brain injury (TBI) treated with metformin than in untreated TBI patients (Taheri et al., 2019). Recent studies have shown that metformin exerts anti-inflammatory effects and alleviates ischemia–reperfusion injury by inhibiting the activation of the NLRP3 inflammasome (Jia et al., 2020; Zhang et al., 2020; Xian et al., 2021). In a recent study, we reported that HSP22 relieved SAH-induced EBI by salvaging the mitochondrial function in an AMPK–PGC1α-dependent manner (Fan et al., 2021). Moreover, metformin is be known to be one kind of activator of AMPK (Xie et al., 2011; Grégoire et al., 2018). To our knowledge, there have been no reports of the role of metformin in EBI after SAH. Therefore, in this study, we evaluated the effects of metformin on EBI after SAH and investigated the underlying mechanism.
MATERIALS AND METHODS
Animals
Healthy adult male C57BL/6J mice (weighing 20–25 g) were obtained from the Animal Experiment Center of Southern Medical University (Guangzhou, China). The mice were housed under a 12-h light/dark cycle at a controlled temperature (22 ± 1°C) and humidity (60 ± 5%). The mice had free access to water and food. All experimental procedures involving animals were approved by the Southern Medical University Ethics Committee (Guangzhou, China) and conformed to the Guidelines of the National Institutes of Health on the Care and Use of Animals (China). The Animal Ethics Project Number is LAEC-2020-142.
Experimental Design
This study included four separate experiments, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental design and animal groups. Abbreviation: AMPK, adenosine 5′monophosphate-activated protein kinase; NLRP3, nucleotide-binding domain, leucine-rich containing family, pyrin domain-containing-3; SAH, subarachnoid hemorrhage; WB, western blot; IHC, immunohistochemistry; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; i. p., intraperitoneal injection, i. c. v, intracerebroventricular injection.
Experiment 1
Western blotting was used to determine the expression patterns of phosphorylated AMPK (p-AMPK), AMPK, and NLRP3 after SAH. The mice were randomly allocated into the six groups including the sham group and five SAH subgroups (at 6, 12, 24, 48, 72 h after SAH. n = 6). The left cerebral cortices from each group were collected for western blotting analysis. Double-labeled immunofluorescence was also used for the cellular localization of p-AMPK and NLRP3 in the SAH group (at 24 h after SAH. n = 3).
Experiment 2
To determine the optimal dose of metformin for subsequent experiments, a concentration gradient of metformin was evaluated based on a previous study (Ashabi et al., 2014). Mice were randomly divided into six groups: sham, SAH, SAH + vehicle 1 (normal saline), SAH + metformin (100 mg/kg), SAH + metformin (200 mg/kg), and SAH + metformin (400 mg/kg). Metformin was administered intraperitoneally 30 min after SAH. A neurological test (modified Garcia score) (n = 8) was performed and the brain water content of the mice (n = 8) was analyzed at 24 h after SAH. After the neurological score was determined, the mice were killed and brain samples collected to assay the brain water content. The effects of different doses of metformin on NLRP3 expression in the SAH (24 h) group were evaluated with western blotting (n = 6). The SAH + vehicle 1 group was given the same volume of normal saline intraperitoneally at the same time points as the metformin-treated mice after the induction of SAH. The SAH group was only treated surgically, with no other treatment. The sham group underwent the same surgical procedure without perforation of the blood vessel, with no other treatment.
Experiment 3
The optimal dose of metformin (200 mg/kg) determined in the experiment described above was used in subsequent experiments. Nissl staining (n = 5), terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (n = 5), immunohistochemical staining (n = 5), and western blotting (n = 6) were used to evaluate the effects of metformin on brain injury and the expression of proinflammatory factors at 24 h after SAH. The mice were randomly divided into four groups: sham, SAH, SAH + vehicle 1, and SAH + metformin (200 mg/kg).
Experiment 4
To further investigate the mechanism by which metformin inhibits neuroinflammation after SAH, compound C (6-[4-(2-piperidin-1-ylethoxy) phenyl]-3-pyridin-4-ylpyrazolo [1,5-a] pyrimidine]), a selective inhibitor of AMPK signaling, was administered via the intracerebroventricular route 30 min before SAH, according to a previous study (Peng et al., 2020). The mice were divided into the sham, SAH + vehicle 1, SAH + metformin, SAH + metformin + vehicle 2 (5% dimethyl sulfoxide [DMSO]), and SAH + metformin + compound C groups. The brain water content (n = 8) and modified Garcia score (n = 8) were determined and western blotting (n = 6), immunofluorescent staining (n = 5), immunohistochemical staining (n = 5), and Fluoro-Jade C staining (n = 5) were performed at 24 h after SAH. The SAH + metformin + vehicle 2 and SAH + metformin + compound C groups were given the same volume of vehicle 2 and compound C intracerebroventricularly, respectively, at the same time points before SAH was induced.
Subarachnoid Hemorrhage Mouse Model
A mouse model of SAH was generated with endovascular perforation, as described previously (Peng et al., 2020). Briefly, C57BL/6 J mice were anesthetized with 2% isoflurane in oxygen for 3 min and anesthesia was maintained with 1.0–1.5% isoflurane in 70% N2O and 30% O2 in a small-animal anesthesia system (Vet Equip, Pleasanton, CA, United States). A sharpened nylon suture was then inserted through the left external carotid artery to the common carotid artery and the internal carotid artery (ICA), ultimately perforating the intracranial bifurcation of the ICA. The sham-operated mice underwent the same procedures but the suture was withdrawn without puncture. During the operation, the body temperatures of the experimental animals were maintained at 37 ± 0.5°C with a heating pad.
Drug Administration
Metformin (Sigma, PHR1084) was dissolved in normal saline and given by intraperitoneal injection 30 min after SAH ictus. The time points and method of drug delivery were based on previous reports (Ashabi et al., 2014; Peng et al., 2020). In accordance with a previous report (Peng et al., 2020), the selective AMPK inhibitor compound C (Apexbio, B3252) was dissolved in 5% DMSO, and a working solution (5 μg in 5 μL) was injected into the intracerebroventricular cavity 30 min before the induction of SAH.
Intracerebroventricular Injection
Intracerebroventricular injections were conducted as previously described (Peng et al., 2020). Briefly, a 10 μL microsyringe (Shanghai High Pigeon Industry & Trade Co., Ltd., Shanghai, China) was inserted into the left lateral ventricle through a small cranial burr hole, which was drilled 0.3 mm posterior, 1.0 mm lateral, and 2.5 mm deep relative to the bregma. Compound C or vehicle 2 were administered slowly into the left lateral ventricle 30 min before surgery. The microsyringe was left in situ for an additional 10 min after the administration of the compound C or vehicle 2, and then withdrawn slowly. The burr hole was sealed with bone wax.
Determination of Neurological Scores and Subarachnoid Hemorrhage Grades
The neurological scores (neurobiological deficits) were determined by an independent investigator blinded to the procedural information, using the modified Garcia test (Garcia et al., 1995). The Garcia score consists of six sensorimotor tests: spontaneous activity, spontaneous movement of all limbs, forelimb outstretching, climbing, touching the trunk, and vibrissal touch. Each test was scored from 0 to 3, and the total scores ranged from 0 to 18. A higher score indicated a milder neurological deficit.
The severity of SAH was evaluated blindly at 24 h after SAH, with a previously reported SAH grading system (Sugawara et al., 2008). Briefly, the brain basal cistern was divided into six parts, and each part was scored from 0 to 3 based on the amount of blood clotting present. The total score for the six parts represented the SAH grade. SAH mice with SAH grade ≤7 were excluded from this study.
Brain Water Content
At 24 h after SAH, the mice were killed and their brains quickly removed, and divided into the left hemisphere, right hemisphere, cerebellum, and brain stem. Each segment was weighed immediately to determine their wet weight (WW), and the samples were then dried at 105°C for 72 h to determine their dry weight (DW). The brain water content was calculated as [(WW − DW)/WW] × 100%.
Nissl Staining
Nissl staining was used to evaluate neuronal damage in the ipsilateral cortex, as described previously (Deng et al., 2021). Briefly, at 24 h after SAH, the mice were deeply anesthetized and transcardially perfused with 50 ml of phosphate-buffered saline (PBS; 0.1 M) followed by 50 ml of 4% paraformaldehyde (PFA; pH 7.4). The brain samples were removed quickly and postfixed in 4% PFA for 24 h at 4°C. After the brains were embedded in paraffin, they were cut into serial coronal sections (10 μm thick). The brain slices were deparaffinized and rehydrated. The slices were immersed in methyl violet solution (Nissl Stain Solution, G1432, Solarbio, Beijing). The slices were then dehydrated in 100% alcohol and washed with xylene. Images were obtained and analyzed under a light microscope (Leica-DM2500, Wetzlar, Germany) by a blinded investigator.
Immunofluorescent Staining
Brain coronal slices (4 μm thick) were prepared as described previously (Liu et al., 2019), and deparaffinized in xylene, rehydrated in a graded series of alcohol, and washed with PBS (0.01 M, pH 7.4). After antigen retrieval, the brain slices were blocked with 5% donkey serum for 1 h at room temperature. The sections were incubated overnight at 4°C with the following primary antibodies: rabbit anti-p-AMPK (diluted 1:200; AF3423, Affinity); rabbit anti-NLRP3 (diluted 1:200; NBP1-77080SS, Novus); mouse anti-NEUN (diluted 1:500; ab104224, Abcam); mouse anti-IBA1 (diluted 1:200; GB12105, Servicebio); mouse anti-GFAP (diluted 1:200; GB12096, Servicebio), and mouse anti-GFAP (diluted 1:200; GA5, Cell Signaling Technology). The next day, the sections were washed with PBS and incubated for 1 h at room temperature with secondary antibodies: Alexa-Fluor-555-conjugated donkey anti-rabbit IgG (diluted 1:500; A31572, Invitrogen) and Alexa-Fluor-488-conjugated donkey anti-mouse IgG (diluted 1:500; A21202, Invitrogen). The sections were washed three times with PBS and stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min at room temperature. The sections were observed and images captured under a fluorescence microscope (Nikon, TI2-E, Japan). To evaluate the numbers of IBA1-positive cells, three random fields in the ipsilateral cortex from three sections per brain were examined. Data are expressed as the average numbers of IBA1-positive cells per field in cells/mm2.
Immunohistochemical Staining (IHC)
IHC was used to verify NLRP3 and IBA1 (a microglial marker in the brain) expression in the ipsilateral cortex. The deparaffinized and rehydrated coronal brain slices (4 μm thick) were prepared as described above. The slices were incubated with 3% H2O2 for 10 min at room temperature to quench any endogenous peroxidase activity, and then blocked with 5% goat serum for 20 min at room temperature. The slices were then incubated overnight at 4°C with the following primary antibodies: rabbit anti-NLRP3 (diluted 1:50; NBP1-77080SS, Novus) and mouse anti-IBA1 (diluted 1:100; GB12105, Servicebio). The next day, the brain slices were washed with PBS and incubated for 20 min at room temperature with biotinylated goat anti-rabbit IgG (diluted 1:100; ZSGB-Bio, Beijing, China) or goat anti-mouse IgG (diluted 1:100; ZSGB-Bio). The brain slices were then incubated with horseradish peroxidase (HRP)–streptavidin reagent for 10 min and stained with 3,3′-diaminobenzidine peroxidase substrate. Images were obtained with a light microscope (Leica-DM2500, Wetzlar).
Fluoro-Jade C Staining
Fluoro-Jade C (FJC) staining was used to identify degenerate neurons, as previously described (Xu et al., 2021), but with modification. Briefly, the brain slices were immersed in an alcohol solution (1% sodium hydroxide in 80% ethanol) and then in 70% ethanol, and then immersed in 0.06% potassium permanganate solution for 10 min. The slices were then incubated in a 0.0001% working solution of FJC (Millipore, Darmstadt, Germany) for 30 min. Images were obtained under a fluorescence microscope and analyzed by a blinded observer. FJC-positive cells were counted in three different fields of the ipsilateral cortex in three sections per mouse. Data are expressed as the ratio of FJC-positive cells to DAPI-positive cells.
TUNEL Staining
Cell apoptosis was detected with a TUNEL kit (Beyotime, China) at 24 h after SAH in strict accordance with the manufacturer’s instructions. Briefly, the deparaffinized and rehydrated coronal brain slices were prepared as described above. After the brain slices were washed with PBS, they were incubated with TUNEL mixture for 1 h at room temperature, and then stained with DAPI. The results of TUNEL staining were observed and analyzed in the same way as FJC staining. The data are expressed as the ratio of TUNEL-positive cells to DAPI-positive cells.
Western Blotting
Western blotting was performed as previously described (Luo et al., 2020). Samples of the left cerebral cortices of the mice were collected after SAH. The tissues were lysed with RIPA lysis buffer (Cwbio, Guangzhou, China) to extract the proteins from the brain samples. Equal amounts of protein from different samples were loaded and separated on a 10% SDS-PAGE gel (Cwbio), and then transferred to a polyvinylidene difluoride filter membrane (Millipore, United States). The membranes were blocked with 5% nonfat milk for 3 h at room temperature and incubated overnight at 4°C with the following primary antibodies: anti-p-AMPK (diluted 1:1000; 40H9, Cell Signaling Technology), anti-AMPK antibody (diluted 1:1000; D5A2, Cell Signaling Technology), anti-NLRP3 (diluted 1:1000; 19771-1-AP, Proteintech), anti-cleaved caspase 1 (diluted 1:1000; E2G2I, Cell Signaling Technology), anti-IL-18 (diluted 1:1000; BS6823, Bioworld Technology), anti-IL-1β (diluted 1:1000; BS3506, Bioworld Technology), and anti-β-actin (diluted 1:1000; AP0060, Bioworld Technology). The membranes were washed three times for 10 min each in Tris-buffered saline containing 0.1% Tween 20, and then with HRP-conjugated goat anti-rabbit IgG (1:10000; Cwbio) at room temperature for 1 h. After the blots were washed, the proteins were visualized with an ECL Western blotting detection system (WBKLS0100, Millipore, United States) and analyzed with the ImageJ software (ImageJ 1.5, National Institutes of Health, Bethesda, MD, United States). β-Actin was used as the internal control.
Statistical Analysis
All data are presented as means ± standard deviations (SD) and all statistical analyses were performed with the SPSS 19.0 software (SPSS, IBM, Armonk, NY, United States). Student’s t test was used to determine the statistical significance of differences between two groups and one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used for comparisons of multiple groups. Statistical significance was accepted at p < 0.05. Investigators were blinded to the identity of the groups during the whole experiment.
RESULTS
Subarachnoid Hemorrhage Model and Mortality
The total number of mice used in this study was 304, including those that died or were excluded for each group. The overall mortality rates in the sham-operated and SAH mice were 0 and 19.7%, respectively (Supplementary Figure S1B). Typical images of the brains from mice in the sham and SAH groups are shown in Figures 2A,B. Previous studies indicated that the inferior basal temporal lobe was always stained with blood and shows the most significant molecular biological changes relative to the control animal. Therefore, we mainly evaluated the basal temporal lobe of the left hemisphere adjacent to the clotted blood (Park et al., 2004; Zhang et al., 2021) (Figure 2B). It is noteworthy that the mice treated with metformin (400 mg/kg) after SAH showed an obvious increase in death risk relative to that in the mice treated with other doses of metformin (Supplementary Figures S2A,B). Therefore, 400 mg/kg metformin was not included in subsequent experiments.
[image: Figure 2]FIGURE 2 | Typical images of SAH model and expression alterations of p-AMPK/AMPK and NLRP3 in the ipsilateral hemisphere after SAH. (A,B) Representative photographs of the bottom of mice brains from sham and 24 h after SAH. The area within the white oval was specifically used to observe for immunostaining. (C) Representative western blot images. (D,E) Quantitative analysis of western blot. Data are expressed as the mean ± SD using one-way ANOVA followed by Tukey’s post hoc test (**p < 0.01 vs Sham group, n = 6 per group).
Temporal Pattern of NLRP3 and p-AMPK After Subarachnoid Hemorrhage Induction
The western blotting results indicated that the protein levels of p-AMPK and AMPK increased after SAH, peaked at 24 h, and then gradually decreased until 72 h relative to those in the sham group (Figures 2C,D). Simultaneously, the expression of NLRP3 was similar to that of p-AMPK and AMPK (Figures 2C,E). Double immunostaining for p-AMPK and NEUN, IBA1, or GFAP demonstrated that p-AMPK was expressed in neurons and microglia cells at 24 h after SAH. However, astrocytes did not immunostain for p-AMPK (Figure 3A). NLRP3 was also observed in neurons and microglial cells at 24 h after SAH. Astrocytes did not immunostain for NLRP3 (Figure 3B).
[image: Figure 3]FIGURE 3 | Cellular localization of p-AMPK and NLRP3 in the ipsilateral hemisphere 24 h after SAH. (A) Representative images of co-immunofluorescence staining of p-AMPK (red) with neurons (NEUN, green), astrocytes (GFAP, green), and microglia (IBA1, green) in the ipsilateral cortex at 24 h after SAH. Nuclei are stained with DAPI (blue) (Magnification = ×400, scale bar = 50 um, n = 3 per group). (B) Representative images of co-immunofluorescence staining of NLRP3 (red) with the same aforesaid conditions. Enlarged images come from the areas of a white rectangle within merge images.
Metformin Administration Improved Short-Term Neurological Functions and Attenuated Brain Edema at 24 h After Subarachnoid Hemorrhage
Besides the sham group, no significant differences were detected in the SAH grade scores among the SAH groups (Figure 4A). The mice in the SAH group and SAH + vehicle group showed severe neurological impairment and higher brain water contents than the mice in the sham group at 24 h after SAH. The administration of both 100 mg/kg and 200 mg/kg metformin improved the neurological performance relative to that in the SAH + vehicle group. The modified Garcia test indicated that the SAH-affected mice that received metformin showed a smaller neurological deficit than the mice in the untreated SAH group, but no significant differences were observed in mice treated with different doses of metformin (Figure 4B). The brain water content results indicated that 200 mg/kg metformin significantly mitigated brain edema relative to that in the SAH + vehicle group, whereas 100 mg/kg metformin did not (Figure 4C). The western blotting results showed that metformin treatment significantly downregulated the SAH-enhanced level of NLRP3 protein 24 h after SAH, and that 200 mg/kg metformin was superior to 100 mg/kg metformin in this regard (Figures 4D,E). No significant differences in blood glucose were observed between the mice treated with various doses of metformin and the SAH groups (Supplementary Figure S3). Therefore, based on all these results, 200 mg/kg metformin was selected for the subsequent experiments.
[image: Figure 4]FIGURE 4 | Metformin attenuates short-term neurological deficit and brain edema at 24 h after SAH. (A) The SAH grades for each group. (B) Modified Garcia scores for each group. (C) Quantification of brain water content 24 h after SAH. (D) Representative Western blot images. (E) Quantitative analyses of NLRP3. N = 6 for each group. Bars represent mean ± SD. **p < 0.01 vs. sham group. #p < 0.05, ##p < 0.01 vs. SAH + Vehicle (normal saline) group. &p < 0.05 vs. SAH + Metformin (100 mg/kg).
Metformin Alleviated Cell Apoptosis and Ameliorated Neuronal Injury at 24 h After Subarachnoid Hemorrhage
According to the TUNEL staining results, the sham group showed negligible TUNEL-positive cells. By contrast, the SAH group and SAH + vehicle group showed markedly increased TUNEL-positive cells. Metformin treatment reduced the proportion of apoptotic cells after SAH (Figures 5A,C). Nissl staining was used to further assess the effects of metformin on neuronal injury after SAH. The sham group showed negligible neuronal death. The proportion of surviving neurons was significantly reduced in the SAH and SAH + vehicle groups. However, metformin treatment markedly reduced the neuronal death caused by SAH (Figures 5B,D).
[image: Figure 5]FIGURE 5 | Metformin inhibits cell apoptosis and promotes neuron survival in the cortex after SAH. Abbreviation: Met = metformin. (A) Typical photomicrographs of TUNEL staining (Magnification = ×400, scale bar = 50 um, n = 5 per group). (C) Quantitative analysis of TUNEL staining. (B) Representative photomicrographs of Nissl staining. Compared to normal neurons, impaired neurons show shrunken cell body and staining darker nuclei. The representative form of the impaired neurons was marked with a red arrow (Magnification = ×200, scale bar = 100 um, n = 5 per group). (D) The quantitative analysis of Nissl staining. Data are shown as mean ± SD. **p < 0.01 vs. sham group. ##p < 0.01 vs. SAH + Vehicle (normal saline) group.
Metformin Administration Repressed the Activation of the NLRP3 Inflammasome and the Expression of the Relevant Inflammatory Cytokines at 24 h After Subarachnoid Hemorrhage
Immunohistochemical staining revealed that the expression of NLRP3 was elevated at 24 h after SAH, but this increase was inhibited by metformin (Figure 6A). The western blotting results showed that the expressions of p-AMPK, NLRP3, cleaved caspase 1, cleaved IL-1β, and cleaved IL-18 were clearly increased in the SAH and SAH + vehicle groups relative to that in the sham group. Metformin treatment further enhanced the level of p-AMPK, but reduced the levels of NLRP3, cleaved caspase 1, cleaved IL-1β, and cleaved IL-18 relative to those in the SAH mice not treated with metformin (Figures 6B–G).
[image: Figure 6]FIGURE 6 | Metformin suppresses NLRP3-associated inflammatory response. (A) Representative images of immunohistochemical staining (Magnification = ×400, scale bar = 50 um, n = 5 per group). (B) Representative western blot images. (C–G) Quantitative analysis of western blot. N = 6 for each group. Data are shown as mean ± SD. **p < 0.01 vs. sham group. ##p < 0.01 vs. SAH + Vehicle (normal saline) group.
Inhibition of Adenosine-Monophosphate-Activated Protein Kinase Weakened the Protective Effects and Anti-inflammatory Effects of Metformin at 24 h After Subarachnoid Hemorrhage
To determine whether AMPK is required for the protection against EBI offered by metformin after SAH, compound C was administered by intracerebroventricular injection. The metformin-associated alleviation of neurobehavioral deficits and the reduction in the brain water content were abolished by compound C (Figures 7A,B). FJC staining was used to further clarify the role of AMPK in metformin-ameliorated neuronal death after SAH. The inhibition of AMPK by compound C reversed the protective role of metformin against neuronal injury compared with that in the SAH + metformin group (Figures 7C,D). The western blotting results also indicated that the effects of metformin in increasing AMPK activation and reducing the expression of NLRP3, cleaved caspase 1, cleaved IL-1β, and cleaved IL-18 were suppressed by compound C (Figures 7E–J).
[image: Figure 7]FIGURE 7 | Inhibition of AMPK abolishes the protective effects of metformin after SAH. Abbreviation: Met, metformin, CC, compound C. (A) Modified Garcia scores for each group. (B)The quantification of brain water content 24 h after SAH. N = 8 for each group. (C) Representative images of FJC staining (Magnification = ×400, scale bar = 50 um, n = 5 per group). (D) Quantitative analysis of FJC. (E) Representative western blot images. (F–J) Quantitative analysis of western blot. N = 6 for each group. Data are shown as mean ± SD. **p < 0.01 vs. sham group. ##p < 0.01 vs. SAH + Vehicle (normal saline) group. &&p < 0.01 vs. SAH + Metformin + DMSO group.
The Inhibition of Adenosine-Monophosphate-Activated Protein Kinase Blocked the Inhibitory Effect of Metformin on Microglial Activation at 24 h After Subarachnoid Hemorrhage
Immunofluorescent staining showed that microglia were markedly increased in number and activated (presenting as larger cell bodies with shorter processes) in the SAH + groups compared with those in the sham group, and that the administration of metformin significantly reduced the number of IBA1-positive cells and mitigated the overactivation of microglia. However, compound C blocked these effects of metformin on the regulation of microglia, which was confirmed with immunohistochemical staining (Figures 8A–C).
[image: Figure 8]FIGURE 8 | Suppression of AMPK reverses the inhibitory effects of metformin on microglial activation after SAH. (A,C) Representative images of immunofluorescence staining and quantification of IBA1 activation. (B) Representative images of immunohistochemical staining of IBA1 activation (Magnification = ×400, scale bar = 50 um, n = 5 per group). Data are shown as mean ± SD. **p < 0.01 vs. sham group. ##p < 0.01 vs. SAH + Vehicle (normal saline) group. &p < 0.05 vs. SAH + Metformin + DMSO group. (D) Graphical abstract of how metformin regulates SAH-induced neuroinflammation via AMPK-dependent pathway.
DISCUSSION
In this study, we have demonstrated the beneficial effects of metformin on EBI and neuroinflammation after SAH. The important findings of our experiments are as follows. 1) The levels of p-AMPK and NLRP3 increased markedly and peaked at 24 h after SAH. Both proteins colocalized with neurons and microglia, but no fluorescent signal was detected in astrocytes. 2) The administration of metformin significantly alleviated the neurological deficit and reduced brain edema after SAH. 3) The use of metformin after SAH enhanced AMPK activation and suppressed the expression of NLRP3-relevant inflammatory mediators, thereby mitigating cell apoptosis and neuronal injury. 4) The inhibition of AMPK activation with compound C reversed the favorable effects of metformin on EBI and the inflammatory response. 5) Metformin treatment clearly suppressed microglial activation after SAH, but compound C abolished this effect. Taken together, our findings demonstrate that metformin exerts protective effects against SAH-induced EBI partly by upregulating AMPK activation, thus downregulating the NLRP3 inflammasome-associated inflammatory reaction and inhibits microglial overactivation (Figure 8D).
An increasing number of studies support the notion that the inflammatory response is one of the key causes of EBI and is associated with severe complications after SAH (Fujii et al., 2013; Lucke-Wold et al., 2016; Wang et al., 2021). Recent studies have shown that the inhibition of NLRP3 activation significantly ameliorates SAH-induced brain injury and delays cerebral vasospasm, indicating that NLRP3-inflammasome-associated inflammatory factors play a key role in EBI after SAH (Li et al., 2017; Dodd et al., 2021; Zhang et al., 2021). Consistent with a previous study (Zhang et al., 2017; Hu et al., 2021), our data show that the expression of NLRP3 is elevated and peaks at 24 h after SAH, and that NLRP3 is expressed in microglia.
Metformin has recently been reported to exert its protective effects through an anti-inflammatory mechanism by inhibiting the NLRP3 inflammasome in multiple diseases (Bullón et al., 2016; Yang F. et al., 2019). In the present study, we found that the administration of metformin after SAH ameliorated neurobehavioral deficits, brain edema, cell apoptosis, and neuronal injury, and reduced the expression of NLRP3, cleaved caspase 1, IL-1β, and IL-18.
AMPK acts as an endocellular energy sensor. Metformin is well-recognized as an activator of AMPK (Hawley et al., 2010; Hardie et al., 2012; Jin et al., 2014). In our earlier study, we demonstrated that the activation of AMPK consistently reduces brain injury by ameliorating mitochondrial dysfunction after SAH (Fan et al., 2021). Therefore, we speculated that metformin may improve brain injury after SAH by activating AMPK. In our experiments, NLRP3 and p-AMPK both localized in neurons and microglial cells, and peaked at 24 h after SAH, consistent with the results of other studies (Xu et al., 2020; Fan et al., 2021). The similar expression trends and cellular localization of p-AMPK and NLRP3 suggested that they interact with each other. It has been reported that AMPK inhibits NLRP3 expression by activating autophagy (Yang F. et al., 2019; Youssef et al., 2021). Previous studies demonstrated that AMPK activation alleviates brain injury by suppressing the activation of the endoplasmic-reticulum-stress-associated TXNIP/NLRP3 inflammasome (Li et al., 2015; Xu et al., 2019). Our results indicated that the administration of metformin enhanced the activation of AMPK, which was blocked by compound C. The protective action of metformin treatment against neurological deficit, brain edema, neuronal injury, and NLRP3-relevant inflammatory reactions after SAH were also reversed by compound C. This is consistent with recent studies that have reported that the inhibition of AMPK activation reduces the brain injury after SAH (Xu et al., 2019; Peng et al., 2020).
Microglia, the resident immunocompetent and phagocytic cells of the central nervous system, produce inflammatory mediators and contribute to the neuroinflammation that occurs after SAH (Gris et al., 2019; Zheng et al., 2020). Therefore, the suppression of microglial activation limits the harmful inflammatory response and attenuates inflammation-induced EBI (Xie et al., 2017; Peng et al., 2019; Liu et al., 2020). Recent studies have provided evidence supporting the suppression of microglial activation by metformin through the activation of AMPK, both in vivo and in vitro (Pan et al., 2016; Inyang et al., 2019). Consistent with previous studies, our results indicate that metformin markedly reduces the number of IBA1-positive cells, whereas compound C abolishes this effect.
Although this study demonstrates the value of metformin in attenuating EBI in a mouse model of SAH, several limitations should be noted. First, we only evaluated the anti-inflammatory characteristics of metformin, and did not examine its possible capacity to affect other regulatory mechanisms in our mouse model of SAH. Second, previous study has shown that the prolonged use of metformin after brain injury promotes angiogenesis and long-term functional recovery (Dadwal et al., 2015). Here, only the effects of a single post-SAH intraperitoneal injection of metformin were investigated, so the long-term outcomes of multiple systemic metformin treatments over different time courses should be examined in future studies.
The recent literature has hinted that metformin plays a beneficial role in improving the poor prognoses of patients with brain injury. A multicenter retrospective analysis indicated that stroke patients with diabetes who were treated with metformin showed less-severe stroke on admission and better functional outcomes at 3 months than stroke patients with diabetes who were not treated with metformin (Westphal et al., 2020). Therefore, whether metformin can improve the long-term outcomes of SAH and whether it exerts beneficial clinical effects on SAH patients must also be considered in future studies.
In conclusion, our findings support the notion that metformin exerts a neuroprotective effect by inhibiting the NLRP3-associated neuroinflammatory response and suppressing microglial activation in an AMPK-dependent manner. Therefore, metformin may provide a potential therapeutic intervention for improving EBI after SAH.
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The attempts to clarify the origin of eating disorders (ED) have not been completely successful and their etiopathogenesis remains unknown. Current research shows an activation of the immune response in neuropsychiatric diseases, including ED. We aimed to investigate immune response parameters in patients with ED and to identify psychological factors influencing the inflammatory response. The relationship between inflammation markers and impulsivity and affective symptomatology was explored as well. Thirty-four adult female patients with current diagnosis of ED, none of them under psychopharmacological treatment (excluding benzodiazepines), were included in this study. Patients were compared with a healthy control group of fifteen adult females. The levels of inflammatory markers and indicators of oxidative/nitrosative stress were evaluated in plasma and/or in peripheral blood mononuclear cells (PBMCs). Subjects were assessed by means of different ED evaluation tools. Additionally, the Barratt Impulsiveness Scale, the Montgomery-Asberg Depression Rating Scale and the Hamilton Anxiety Rating Scale were also employed. Patients with ED shown increased plasma levels of the pro-inflammatory nuclear factor kappa B (NFκB) and the cytokine tumor necrosis factor-alpha (TNF-α), among other factors and an increment in the oxidative/nitrosative stress as well as increased glucocorticoid receptor (GR) expression levels in their PBMCs. Moreover, the inflammatory prostaglandin E2 (PGE2) correlated with impulsiveness and the anti-inflammatory prostaglandin J2 (15d-PGJ2) correlated with depressive symptomatology. Our results point towards a relationship between the immune response and impulsiveness and between the immune response and depressive symptomatology in female adult patients with ED.
Keywords: eating disorders, affective disorders, impulsivity, depressive symptomatology, cytokines
INTRODUCTION
Eating disorders (ED) are a group of mental conditions including, among others, Anorexia Nervosa (AN), Bulimia Nervosa (BN), and Unspecified Feeding or Eating Disorder (American Psychiatric Association, 2013). These conditions represent a public health matter not only because of life prevalence of AN (Lindvall Dahlgren et al., 2017) but also for the terrific suffering that they cause in patients and their consequences, in some cases, even death.
Efforts to clarify the origin of ED have not been completely successful to the date. Some psychological factors, sociocultural influences, intergenerational effects, and biological and genetic predispositions have been proposed as risk factors for these disorders (Culbert et al., 2015) but their etiopathogenesis remains unknown.
Among possible biological causes, changes in several neurotransmitters (Grzelak et al., 2017) or genetic components (Scherag et al., 2010; Bulik et al., 2016) have been proposed. Similarly, immuno-endocrine factors have been related with ED (Brambilla et al., 2001). Relationships between hyper-reactivity to stress and raises in cortisol levels have been observed (Monteleone et al., 2014) as well as a linkage between stress response and inflammation (Paszynska et al., 2016). Hypercortisolemia steers to the production and gathering of cytotoxic proinflammatory parameters in the peripheral nervous system (PNS) and in the central nervous system (CNS) (Sorrells et al., 2009).
Attempts on the recognition of potential biomarkers suggest variations in the proinflammatory cytokines expression in patients with ED (Corcos et al., 2003; Dalton et al., 2018). Previous studies have also reported increased levels of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1beta (IL-1β) and IL-6 in patients with ED (Nova et al., 2002; Kahl et al., 2004; Ahren-Moonga et al., 2011; Macdowell et al., 2013).
Inflammation is controlled by inter- and intracellular processes. Analyses have indicated a stimulation of a number of elements of the immune response [i.e., the nuclear factor kappa B (NFκB), the inducible isoform of the nitric oxide synthase (iNOS) and the inducible cyclooxygenase-2 (COX-2)] in rodent models and/or in samples from patients with psychiatric conditions (Dantzer et al., 2008; Garcia-Bueno et al., 2008; Leonard and Maes, 2012). Interestingly, COX-2 and the final markers of lipid peroxidation of the cell membranes have been observed to be augmented in plasma from adult ED patients (Macdowell et al., 2013).
COX-2 also participates in the compensatory anti-inflammatory response. Amongst the most significant anti-inflammatory processes are the cyclopentenone prostaglandins produced from the COX-2 activation by different pathophysiological elements, and the activities of the gamma isoform of the peroxisome proliferator-activated receptor (PPARγ) (Kapadia et al., 2008; Popa-Wagner et al., 2013).
Several stress-related neuropsychiatric diseases, including ED, have been related to the dysfunction of both pro- and anti-inflammatory pathways and to an increase in inflammation (Garcia-Bueno et al., 2008; Dunjic-Kostic et al., 2013). Even more, inflammation has been identified as a differential factor in ED subtypes (Anderson et al., 2018).
Some clinical aspects of psychiatric disorders like impulsiveness are related to an impairment in the inflammatory mechanisms (Sutin et al., 2012) and the relationship between impulsivity and ED has been corroborated (Waxman, 2009), including in BN (Merlotti et al., 2013) and in AN (Lavender et al., 2017).
Affective symptoms are comorbid with ED (Hudson et al., 2007) and higher levels of depression and general anxiety correlate with higher ED symptomatology (Smith et al., 2018); therefore, these aspects can determine the evolution of ED, as well as their prognosis and treatment (Vall and Wade, 2015).
The aim of this study was to examine pro/anti-inflammatory parameters and related risk pathways in patients with ED. Usually, studies focus on adolescent patients. We wanted to study a group of patients that we do believe is underrepresented in the usual studies: adult females and with a long history fighting with the disease. That was the reason for choosing a specific age range and gender. Thus, a group of adult female patients with ED (none of them under psychopharmacological treatment, excluding benzodiazepines) and a healthy control group were compared.
Consequently, several immune parameters implicated in the regulation of inflammation and in the pro/anti-inflammatory balance, including the resulting oxidative/nitrosative factors, were studied in plasma and/or peripheral blood mononuclear cells (PBMCs). The choice of PBMCs is founded in their actions providing selective responses to the immune system and in being major cells in the human body immunity as well as their plausible role as a source of inflammatory biomarkers.
Finally, the relationship between inflammation markers and impulsivity and affective symptomatology was explored as well, aiming to identify psychological factors that might potentially influence the inflammatory response in ED.
MATERIAL AND METHODS
Sample and Clinical/Psychological Tests
The criteria of DSM-IV-TR were used for diagnosis (American Psychiatric Association, 2000). Thirty-four female patients with present diagnosis of ED were included in this study: 11 of them were diagnosed with anorexia nervosa (AN), from which 8 had a diagnosis of AN restricting type -ANr- and three had a diagnosis of AN purging type -ANp-, nine had a diagnosis of bulimia nervosa (BN) and 14 had a diagnosis of Not Otherwise Specified (EDNOS). Patients were recruited at the Eating Disorders Unit of a general hospital (Hospital Clínico San Carlos, Madrid, Spain) and were evaluated by a senior psychiatrist who was responsible for the process of diagnosis. All subjects were outpatients and none of them was under psychopharmacological treatment (excluding benzodiazepines). To depict the psychopathology of the condition, patients were assessed by means of different ED evaluation tools comprising the Eating Disorders Inventory (EDI) (Garner et al., 1983), the Body Shape Questionnaire (BSQ) (Cooper et al., 1987), and the Bulimic Investigatory Test Edinburgh (BITE) (Henderson and Freeman, 1987). In addition, the Barratt Impulsiveness Scale (Patton et al., 1995) was employed to assess impulsiveness. Patients also completed the Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979) and the Hamilton Anxiety Rating Scale (Hamilton, 1960).
Inclusion criteria for patients were: 1) aged 18–45 years; 2) Diagnose of Eating Disorder according to DSM-IV-TR criteria and evaluated by an expert psychiatrist. Exclusion criteria were: 1) severe physical conditions, such as organic brain syndrome or neurological disease that could affect neuropsychological performance; 2) Intelligence Quotient IQ < 85; 3) Major Depression Disorder (MDD) or substance misuse within the last 6 months; and 4) DSM-IV-TR criteria for schizophrenia, severe psychotic disorder or bipolar disorder.
The control group included 15 females which did not present any other current psychiatric medical disorder that could potentially affect inflammatory parameters. Controls were assessed by a psychologist and, in addition to present axis I disorders such as major depression, dysthymia or substance dependence disorders, lifetime history of schizophreniform or bipolar disorder were also counted as exclusion criteria for the research. Inclusion criteria for controls were: 1) aged 18–45 years old; and 2) matched in age, sex, and educational level with patients. Exclusion criteria for controls were the same that for patient, in addition to do not meet full or subthreshold criteria for ED, either restrictive or bulimic types.
No participants had fever or any allergies, ongoing infections, or other serious physical conditions at the time of assessment, and they had not received immunosuppressive drugs or vaccines for at least 6 months or anti-inflammatory drugs for at least 2 days before blood sampling. Ethical approval was obtained from the Hospital Clínico San Carlos Ethics Committee. All participants signed written informed consent after receiving a complete description of the study.
Specimen Collection and Preparation
If not acknowledged, the chemicals and reagents utilized were provided by Sigma-Aldrich (Spain).
Venous blood samples (10 ml) were collected between 8:00 and 10:00 h after overnight fasting. Samples were kept at 4°C until preparation after approximately 1 h. Blood tubes were centrifuged (641 g × 10 min, 4°C). The resultant plasma samples were collected and stored at −80°C. The rest of the sample was 1:2 diluted in culture medium (RPMI 1640, LifeTech) and a gradient with Ficoll-Paque (GE Healthcare) was used to isolate mononuclear cells by centrifugation (800 g × 40 min, room temperature–RT-). The PBMC layer was aspired, re-suspended in RPMI and centrifuged (1,116 g, 10 min, room temperature). The supernatant was removed, and the mononuclear cell-enriched pellet was stored at −80°C.
Determinations in Plasma
Cytokine Levels
Enzyme immunoassays (EIA) kits (Cayman Europe, Estonia) adhering to the manufacturer’s instructions were employed to measure the TNF-α and IL-1β plasma levels.
Prostaglandin Levels
Commercially available EIA kits (Enzo, Switzerland) were used to measure the prostaglandin (PG) E2 and 15-deoxy-∆12,14- PGJ2 (15d-PGJ2) plasma levels.
Lipid Peroxidation
It was assessed by Thiobarbituric Acid Reactive Substances (TBARS) assay (Cayman Europe, Estonia) following the manufacturer’s instructions.
Measurements in PBMCs
Preparation of Nuclear and Cytosolic Extracts From PBMCs
PBMC samples were first fractionated in nuclear and cytosolic extracts using a procedure extensively utilized which delivers a high purity nuclear extract, almost without cytosolic residue (Garcia-Bueno et al., 2014; Caso et al., 2020).
Western Blot Analysis
The protein levels of the nuclear and cytosolic extracts were adjusted and then mixed with Laemmli sample buffer combined with β-mercaptoethanol (Bio-Rad, Hercules, CA). Then, samples were protein-size split in 10% SDS-polyacrylamide gel electrophoresis (90 V). Proteins from the gels were blotted onto a nitrocellulose membrane with a semi-dry transfer system (Bio-Rad). After the gel electrophoresis the membranes were blocked in 30 ml Tris-buffered saline containing 0.1% Tween 20 and 5% skim milk/BSA and were incubated with specific antibodies. The proteins to analyze were chosen based in a previous study, as well as the antibodies and their dilutions (Caso et al., 2020): 1) iNOS (Santa Cruz Biotechnology Cat# sc-650, RRID:AB_631831, diluted 1:750); 2) COX-2 (Santa Cruz Biotechnology Cat# sc-1747, RRID:AB_2084976, diluted 1:1,000); 3) PPARγ (Santa Cruz Biotechnology Cat# sc-7196, RRID:AB_654710, diluted 1:1,000); 4) phospho-p38 (Santa Cruz Biotechnology Cat# sc-17852-R, RRID:AB_2139810, diluted 1:750); 5) p38 (Santa Cruz Biotechnology Cat# sc-7972, RRID:AB_628079, diluted 1:750); 6) phospho-ERK (Cell Signaling Technology Cat# 8544, RRID:AB_11127856, diluted 1:1,000); 7) ERK (Cell Signaling Technology Cat# 4695, RRID:AB_390779, diluted 1:2,000); 8) NFκB p65 (Santa Cruz Biotechnology Cat# sc-372, RRID:AB_632037, diluted 1:1,000); 9) GR (Santa Cruz Biotechnology Cat# sc-1004, RRID:AB_2155786, diluted 1:1,000); 10) β-actin (Sigma-Aldrich Cat# A5441, RRID:AB_476744, diluted 1:10,000); 11) GAPDH (Sigma-Aldrich Cat# G8795, RRID:AB_1078991, diluted 1:5,000).
After washing with a TBS-Tween solution, the membranes were incubated with the respective horseradish peroxidase-conjugated secondary antibodies for 90 min at room temperature and revealed by ECL™-kit (Amersham Ibérica, Spain).
Blots were imaged utilizing an Odyssey® Fc System (Li-COR Biosciences) and quantified by densitometry (NIH ImageJ® software, RRID:SCR_003070). All measures are stated in arbitrary units of optical density (O.D.). Various exposition times were analyzed to guarantee the linearity in the intensity of the bands. The β-actin and the GAPDH were used as loading controls for the cytosolic fraction and the nuclear fraction, respectively.
Protein Levels
Protein levels were determined employing the method of Bradford, founded on the principle of protein-dye binding.
Statistical Studies
Data are expressed as mean ± SEM. Biochemical data were analyzed using the D’Agostino and Pearson normality test to assess Gaussian distribution, followed by an unpaired two-tailed t test. When data did not follow a Gaussian distribution, a Mann-Whitney test was performed. The Grubb’s test/extreme studentized deviate method (ESD) was performed with a significance level set at 0.05 for the detection of outliers. For the study of the clinical characteristics data were analyzed using the D’Agostino and Pearson normality test to assess Gaussian distribution, followed by an unpaired two-tailed t test. When data did not follow a Gaussian distribution, a Mann-Whitney test was performed. When the F-test indicated that variances were significantly different, an unpaired two-samples t-test with Welch’s correction was performed. Data were analyzed with the GraphPad Prism (v 7.00) software. As previously described (Caso et al., 2020) the association among inflammation biomarkers and clinical variables, measured by the psychometric tests, was evaluated by means of the Pearson correlation coefficient for all the variables except factors of ED: drive for thinness, Bulimic Symptomatology, Body dissatisfaction, Ineffectiveness and low self-esteem, perfectionism, interpersonal distrust, interoceptive awareness and maturity fears. This evaluation was made with SPSS (v.21). In all cases, a p value <0.05 was considered statistically significant.
RESULTS
Clinical Characteristics of Patients and Controls
In patients, the mean duration of the illness was 12.23 (±9.8) years. The sample mean age was 28.56 (±8.5) years old. Mean scores for ED and for impulsiveness are displayed in Table 1. The mean value of the body Mass Index (BMI) was 21.15 ± 7.27 kg/m2.
TABLE 1 | Mean tests scores for ED and for anxiety, impulsiveness, and depressive symptomatology.
[image: Table 1]The control group mean age was 22.53 (±2.5) years. Members of this group did not present any other current psychiatric medical disorder that could potentially affect inflammatory parameters. Mean BMI was 21.79 (±3.81) kg/m2.
The clinical characteristics and the comparisons between controls and patients can be seen in Table 1.
ED Affect Plasma Levels of Pro-Inflammatory Cytokines and Oxidative/Nitrosative Components
Plasma levels of TNF-α (Figure 1A) were higher in the group of patients with ED compared with control. The IL-1β levels were not modified in these patients (Figure 1B).
[image: Figure 1]FIGURE 1 | Plasma levels of inflammatory cytokines and oxidative/nitrosative markers (A–C), protein expression levels of inflammatory and oxidative/nitrosative enzymes in the cytosolic fraction of PBMCs (D,E), plasma levels of prostaglandins (F,G), protein expression levels of inflammatory MAPKs in the cytosolic fraction of PBMCs (I,J) and protein expression levels of transcription factors (H,K) involved in inflammation or receptors involved in the stress response (L) in the nuclear fraction of PBMCs. Data are expressed as mean ± SEM on TNFα (A), IL1β (B), TBARS (C), iNOS (D), COX-2 (E), PGE2 (F), 15d-PGJ2 (G), PPARγ (H), p-p38/p38 (I) and p-ERK/ERK ratio (J), NFκBp65 (K) and GR (L) between eating disorders (ED) and control (C) groups (ED n = 34, C n = 15). In the Western blots the densitometric data of the respective band of interest were normalized by β-actin in the cytosolic extract or by GAPDH in the nuclear extract (lower bands). Data were analyzed using the D’Agostino and Pearson normality test to assess Gaussian distribution, followed by an unpaired two-tailed t test. When data did not follow a Gaussian distribution, a Mann-Whitney test was performed; a p < 0.05 was considered statistically significant.
Furthermore, patients with ED shown increased levels of thiobarbituric acid reactive substances (TBARS; a lipid peroxidation marker) (Figure 1C) in the plasma and higher levels of the oxidative/nitrosative enzyme iNOS (Figure 1D) in PBMCs, when compared with control.
ED Appears to Affect the Protein Expression of COX-2 Without Affecting its Downstream Products
Patients with ED shown higher levels of COX-2 in PBMCs (Figure 1E) compared with controls.
Plasma levels of the PGE2 (proinflammatory) and the 15d-PGJ2 (anti-inflammatory) did not change in these patients (Figures 1F,G). The nuclear expression of the anti-inflammatory factor, and receptor of 15d-PGJ2, the peroxisome proliferator-activated receptor gamma (PPARγ) was not altered in PBMCs from patients either (Figure 1H).
ED Alter the MAPK p38, the NFκB p65 and the GR Protein Expression Levels
The ratio between the activated (phosphorylated) MAPK p38 and its total form augmented in PBMCs from patients with ED (Figure 1I). However, the ratio between the phosphorylated extracellular signal-regulated kinases (ERK) and its total form did not change when controls and patients were compared (Figure 1J).
The pro-inflammatory NFκB p65 subunit (Figure 1K) as well as the glucocorticoid receptor (GR) (Figure 1L) levels were augmented in PBMCs from patients with ED compared to controls.
Evaluation of Correlations Among Biological Parameters and Psychological Tests
The possible correlations between all the biochemical parameters analyzed in the study and the clinical/psychological test were investigated. Thus, in patients with ED, significant correlations were observed between PGE2 as well as 15d-PGJ2 and some clinical parameters.
Attending to the Barratt Impulsiveness Scale scores, plasma levels of the inflammatory prostaglandin PGE2 correlated with non-planning impulsiveness score (r = 0.605; p < 0.05) (Figure 2A), and with motor impulsiveness score (r = 0.568; p < 0.05) (Figure 2B).
[image: Figure 2]FIGURE 2 | Assessment of correlations among biological parameters and psychological tests. Plasma levels of the inflammatory prostaglandin PGE2 were correlated with non-planning impulsiveness score (A), and with motor impulsiveness score (r = 0.568; p < 0.05) (B). Levels of the anti-inflammatory 15d-PGJ2 correlated with Barratt questionnaire non-planning impulsiveness score (C) and Montgomery-Asberg Depression Rating Scale (MADRS) score (r = 0.517; p < 0.05) (D). Correlations were assessed by using Pearson correlation coefficient. The significance was considered p < 0.05.
Levels of the anti-inflammatory 15d-PGJ2 correlated with Barratt questionnaire non-planning impulsiveness score (r = 0.679 p < 0.05) (Figure 2C) and Montgomery-Asberg Depression Rating Scale (MADRS) score (r = 0.517; p < 0.05) (Figure 2D).
DISCUSSION
Our results indicate a relationship between the immune response and impulsiveness and between the immune response and depressive symptomatology in female adult patients with ED. To our knowledge, it is the first time that a relationship between impulsiveness and inflammation in ED has been showed.
The present research shows a dysfunction of the inflammatory/oxidative intra- and intercellular paths in PBMCs and its relationship with impulsivity and affective symptoms in patients with ED. Importantly, none of the patients was under psychopharmacological treatment (excluding benzodiazepines) when the study was conducted.
Patients with ED shown increased levels in the PBMCs of NFκB (a pro-inflammatory nuclear factor) and in the plasma levels of the cytokine TNF-α, an increase in the iNOS expression in PBMCs and a subsequent increment in the oxidative/nitrosative stress indicated by an augmented lipid peroxidation (TBARS assay in plasma). Patients also presented a rise in the COX-2 levels and an increment of the mainly pro-inflammatory MAPK p38 as well as increased expression levels of the glucocorticoid receptor (GR) in their PBMCs.
All the biochemical parameters analyzed were examined for possible correlations with the clinical parameters. The statistical studies indicated that there were significant correlations between some immune response elements and some clinical parameters. In particular, the inflammatory PGE2 correlated with motor impulsiveness and with non-planning impulsiveness and the anti-inflammatory 15d-PGJ2 correlated with depressive symptomatology as well as non-planning impulsiveness.
In a previous study carried out in a similar sample, it was found an activated immune response in patients with ED (Macdowell et al., 2013). Our current data confirms an increase in the expression of the pro-inflammatory factor NFκB and in the plasma levels of the pro-inflammatory cytokine TNF-α in these patients as well as an oxidative/nitrosative stress. Agreeing with the previous study, patients with ED present an increased COX-2 expression, without changes in prostaglandins levels.
The potential role of pro-inflammatory cytokines in ED has been previously suggested as data from several studies indicate that they have direct and indirect effects on the CNS involved in eating behavior (Corcos et al., 2003). Actually, TNF-α affects the hypothalamic neurons involved in the control of appetite and eating behavior (Konsman and Dantzer, 2001), modifies the firing rate of glucose-sensitive neurons in the lateral hypothalamus (Plata-Salaman, 1998) and it has an impact on neuropeptide-neurotransmitter interfaces (Brambilla et al., 2001).
It is well established that stress is related with mental disorders, including ED. Therefore, it is plausible to formulate a model based on the biological and clinical correlation between stress, anxiety, and ED (Holden and Pakula, 1999) in which the induction of an immune response, resulting in the release of pro-inflammatory cytokines, could be caused by stress: the biological response common to each of these disorders.
Cytokines can induce a NFκB pathway stimulation that it could be also responsible of the increased COX-2 and iNOS protein expression levels, as these enzymes are induced by this nuclear factor (Perkins, 2000). Furthermore, the increased expression of iNOS would explain, at least in part, the oxidative/nitrosative stress present in patients with ED.
The number of articles reporting increased expression levels of COX-2 in PBMCs from patients with ED is extremely limited (Macdowell et al., 2013). This increase, together with the results already mentioned indicates, once again, an inflammatory and oxidative/nitrosative status in this clinical setting. Our data is also showing no differences between patients and healthy controls in the plasma levels of the PGE2 and 15d-PGJ2 (products of COX-2). A potential explanation could be the moment and the immune scenario at the time of the blood extraction. Another possibility, as it has been described in a previous study employing similar samples, could be the compensatory effect of the cholinergic anti-inflammatory pathway that is being activated in these patients (Macdowell et al., 2013). In any case, more studies are warranted to fully characterize the role of COX-2 in ED.
Regarding the glucocorticoid receptor (GR) our results show an increased expression in PBMCs from patients with ED. Glucocorticoids participate in the modulation of inflammatory processes and an elevation of their levels could translate into a dysregulation of the immune response (Sorrells et al., 2009). Moreover, preceding studies show an anomalous cortisol suppression to dexamethasone test in patients with ED (Diaz-Marsa et al., 2008). Consequently, and although more studies are necessary, it appears like there is an alteration of the hypothalamic-pituitary-adrenal (HPA) axis and a dysfunction in stress management in these patients.
Our work also focused on the psychopathology of ED employing different evaluation tools. In this sense, impulsivity was found to differentiate patients with ED from controls and it has been shown to consistently predict negative outcomes for these patients (Waxman, 2009).
Our data revealed a relationship between impulsiveness and inflammation, as shown by the correlation between the Barratt Scores (motor impulsiveness and non-planning impulsiveness) and the PGE2 plasma levels, as well as between the 15d-PGJ2 levels and the non-planning impulsiveness Barratt scores.
Stress dysregulation and impulsive personality disorders are intimately associated, and patients frequently exhibit neurobiological stress response dysfunctions and aroused plasma levels of glucocorticoids (Grossman et al., 2003; Diaz-Marsa et al., 2008). Hence, it could be possible to contemplate GR as a sign of an endophenotype with aggressive/impulsive features (Yehuda and Seckl, 2011). This assumption would increase the potential impact of our results involving the GR in patients with ED, although further research is necessary to characterize the possible role of GR as a marker in this clinical setting.
Besides impulsiveness, affective symptomatology has been related to ED; severe depressive symptoms have been associated to further development of ED and to worse ED symptomatology (Evans et al., 2017; Smith et al., 2018).
In our study, a correlation between depressive symptomatology and levels of 15d-PGJ2 was found, indicating that there is a relationship between depressive symptoms and the anti-inflammatory pathways. However, no correlation between general anxiety and inflammation was established. Inflammation can be related with depression and anxiety, which often show comorbidity with ED (Hughes et al., 2013). According to our results, depressive symptoms could be mediating between the ED pathology and a dysfunction of inflammatory pathways; this line of research should be pursued in the future to fully comprehend the nature of this correlation.
Our findings need to be weighed in the context of the strengths and limitations of our study. We do believe that a great strength of this work is that none of the patients were taking medication at the time of assessment (for ethics concerns, in emergency cases some of the patients were allowed to take benzodiazepines); this kind of patients, showing great severity of illness and medication-free is quite difficult to recruit. Regarding limitations, this was a study with important ethical issues, as to extract a larger volume of blood from these patients was troublesome. Thus, we were able to study only a limited number of parameters involved in the inflammatory response as the amount of sample was scarce. Another limitation affects the gender of the patients. ED affect people from both genders. However, this is a preliminary observational study, and patients with ED in our population are predominantly females. Thus, we were unable to recruit enough male patients to obtain a sample size with sufficient statistical power and consequently, we decided to focus on female patients. Finally, we lack more information about additional sociodemographic and clinical characteristics of the sample as well as comorbidities with other pathologies, except for the ones included in the exclusion criteria.
In summary, patients with ED without psychopharmacological treatment (excluding benzodiazepines) show an immune activation, displaying increased pro-inflammatory and oxidative/nitrosative stress parameters. From a psychopathological standpoint, plasma levels of the inflammatory prostaglandin PGE2 are correlated with motor impulsiveness and with non-planning impulsiveness scores. Additionally, the depressive symptomatology and the non-planning impulsiveness scores are correlated with the levels in plasma of the anti-inflammatory 15d-PGJ2.
Thus, inflammatory factors could be considered as potential therapeutic targets in ED, at least as factors to consider in a co-adjuvant treatment of these disorders. Supporting this idea, impulsiveness and depressive symptomatology seem to be linked to an inflammatory dysfunction in patients with ED. Additional studies in this same line of research are required as they could clarify the mechanisms underlying the observed processes offering additional therapeutic strategies.
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Pyroptosis is recently identified as an inflammatory form of programmed cell death. However, the roles of pyroptosis-related genes (PS genes) in major depressive disorder (MDD) remain unclear. This study developed a novel diagnostic model for MDD based on PS genes and explored the pathological mechanisms associated with pyroptosis. First, we obtained 23 PS genes that were differentially expressed between healthy controls and MDD cases from GSE98793 dataset. There were obvious variation in immune cell infiltration profiles and immune-related pathway enrichment between healthy controls and MDD cases. Then, a novel diagnostic model consisting of eight PS genes (GPER1, GZMA, HMGB1, IL1RN, NLRC4, NLRP3, UTS2, and CAPN1) for MDD was constructed by random forest (RF) and least absolute shrinkage and selection operator (LASSO) analyses. ROC analysis revealed that our model has good diagnostic performance, AUC = 0.795 (95% CI 0.721–0.868). Subsequently, the consensus clustering method based on 23 differentially expressed PS genes was constructed to divide all MDD cases into two distinct pyroptosis subtypes (cluster A and B) with different immune and biological characteristics. Principal component analysis (PCA) algorithm was performed to calculate the pyroptosis scores (“PS-scores”) for each sample to quantify the pyroptosis regulation subtypes. The MDD patients in cluster B had higher “PS-scores” than those in cluster A. Furthermore, we also found that MDD patients in cluster B showed lower expression levels of 11 interferon (IFN)-α isoforms. In conclusion, pyroptosis may play an important role in MDD and can provide new insights into the diagnosis and underlying mechanisms of MDD.
Keywords: pyroptosis, diagnostic, MDD, immune, gene cluster analysis
INTRODUCTION
Pyroptosis, a programmed cell death mode closely related to the inflammatory response, plays an important role in a variety of physiological processes and disease progression (Broz et al., 2020). The characteristics of pyroptosis include activation of caspase-1, 4, 5, and 11; formation of cell membrane pores mediated by gasdermin protein; cell swelling and rapid rupture; and release of intracellular inflammatory factors (Shi et al., 2017). Therefore, inflammatory vesicles, gasdermin protein, and pro-inflammatory cytokines are key factors involved in pyroptosis. The expressions and functions of these core regulatory components influence pyroptosis progression. Further study of these regulatory components may help to clarify the role of pyroptosis in disease pathogenesis (Ahechu et al., 2018).
Major depressive disorder (MDD) is a serious neuropsychiatric disorder and a leading cause of suicide (Lépine and Briley, 2011). The incidence of depression is increasing annually to rank third among global disease burdens (Malhi and Mann, 2018). The pathogenesis of depression is complex, and inflammation is one of the main pathogenic factors (Troubat et al., 2021). Inflammation results from abnormal immune system activation. The imbalance of immune cells in the body can lead to illness, including mental illness such as MDD. Patients with depression show dysregulation of the innate and adaptive immune systems; for example, monocyte activation, decreased T-cell number and/or activity, and increased production of pro-inflammatory cytokines (Beurel et al., 2020). Excessive inflammation caused by pyroptosis and the release of various inflammatory factors after cell rupture may aggravate the disease development by forming an inflammatory immune microenvironment (Xia et al., 2019).
Comprehensive analysis of pyroptosis characteristics alteration in depression may be a key strategy for diagnosis and physiopathologic mechanism exploration of depression. Due to technical limitations, previous studies were limited to one or two key factors of pyroptosis. However, disease occurrence and progression involve a series of factors that form a highly synergistic network. Nowadays, the developments of high-throughput genomics technology and bioinformatics analysis have helped researchers to study genes expression profiles at the genomic level, generated new ideas for the interpretation of genomic results, and provided an ideal resource for the comprehensive analysis of pyroptosis and immune regulation in MDD (Gururajan et al., 2016; Ferrúa et al., 2019; Takahashi et al., 2019). In this study, we first established a novel diagnostic model by eight pyroptosis-related genes (PS genes) for MDD based on the GSE98793 dataset from the Gene Expression Omnibus (GEO) database. We found that MDD patients could obtain a good clinical benefit based on this model. Secondly, we explored the role of pyroptosis in physiopathologic mechanism of MDD. According to PS genes, data from patients with depression were clustered and two MDD subtypes were identified. We observed different immune properties and biological functions of these two subtypes. In all, our present study indicated that pyroptosis plays an important role in depression occurrence and progression, which may guide depression diagnosis, treatment and intervention plans.
MATERIALS AND METHODS
Data Acquisition and Processing
GSE98793 dataset, the expression profile of whole blood samples, was downloaded from the Gene Expression Omnibus (GEO) database. This dataset totally included 128 MDD cases (64 with anxiety symptoms and 64 without) and 64 healthy controls. 64 MDD cases without anxiety symptoms and 64 healthy controls were included in our analysis. All the participants of GSE98793 were from the GlaxoSmithKline–High-Throughput Disease-specific target Identification Program (GSK-HiTDiP) study. The MDD patients were evaluated by the semi-structured Schedule for Clinical Assessment in Neuropsychiatry (SCAN) (Wing et al., 1990), which was administered by trained staff. Furthermore, patients had a diagnosis of recurrent MDD (at least two episodes of depression satisfying DSM-IV or ICD10 criteria) were included as well. The exclusion criteria were as follows: if they had experienced mood incongruent psychotic symptoms, a lifetime history of intravenous drug use or diagnosis of drug dependency, depression secondary to alcohol or substance abuse or depression as clear consequence of medical illnesses or use of medications. Patients with co-morbid anxiety disorders, with the exception of obsessive compulsive and post traumatic stress disorders, were included. Patients with diagnosis of schizophrenia, schizoaffective disorders and other axis I disorders were excluded from the study (Leday et al., 2018). The detail information of participants included in the present study was showed in Table 1. GPL570 (Affymetrix Human Genome U133 Plus 2.0 Array) was detection platforms for GSE98793. Gene symbols were used to annotate the downloaded gene probes, eliminate probes without matching, and retain any gene probes with multiple matching.
TABLE 1 | Clinical and demographic characteristics of participants (GSE98793) included in the present study.
[image: Table 1]Screening for Pyroptosis-Related Differentially Expressed Genes
“Limma” package (R Foundation for Statistical Computing) was used for gene differential expression analysis with the processed gene expression matrix (Diboun et al., 2006). Before the bioinformatic analysis, all the samples were tested in two batches, and batch information could be extracted from phenotypic data. Thus, removeBatchEffect from the limma package was used to remove the batch effect (Ritchie et al., 2015). We conducted the gene differential expression analysis with set threshold: |log2(FC)|>0.1 and Benjamini–Hochberg-adjusted p < 0.05. Finally, we identified 2,216 DEGs in GSE98793. A total of 184 PS genes were obtained by inputting the keyword “pyroptosis” in the GeneCards database. The overlap of 2,216 DEGs in GSE98793 dataset and 184 PS genes were defined as pyroptosis-related DEGs, totally 23 pyroptosis-related DEGs acquired.
Screening MDD-Specific Genes and Constructing Diagnostic Model for MDD
We applied random forest (RF) and least absolute shrinkage and selection operator (LASSO) to establish a diagnostic model for MDD. First, we used RF to screen candidate MDD-specific genes from pyroptosis-related DEGs. RF is a general technique for the training and prediction of samples based on the classification tree. The number of decision trees (ntree) and the value of MTRY in this study were 300 and 4, respectively. The RF was performed by R package “randomforest” (Kursa, 2014). Subsequently, to reduce the number of genes in the model and to solve the multicollinearity problem in regression analysis, we used LASSO logistic regression to screen feature genes and then construct a diagnostic model for MDD. The “glmnet” package was applied for LASSO algorithm (Friedman et al., 2010). Finally, a receiver operating characteristic (ROC) curve was created to investigate whether the built model could effectively predict MDD.
Internal and External Validation for Diagnostic Model
10-fold cross-validation as internal validation method was performed to confirm the predictive performance of our diagnostic model for MDD (Martinez et al., 2011). We chosed 10-fold cross-validation because 10-fold cross-validation techniques could test all data in the dataset and produce stable predictive accuracy. Therefore, the 10-fold cross-validation method with 2000 iterations of resampling was used for internal validatIon.
GSE76826 was used as an external validation dataset to examine the universality and reliability of the diagnostic model. GSE76826 dataset (expression profiling by array) included 20 MDD patients and 12 healthy controls (Miyata et al., 2016).
In addition to this, we examined the effectiveness of this diagnostic model in other mental illness as well. The GSE38484 dataset was used to analyze the diagnostic model. This dataset, based on the microarray platform of the Illumina HumanHT-12 V3.0 expression beadchip (GPL6947), included 96 healthy controls and 106 schizophrenia patients (Van Eijk et al., 2015).
The same model and the same coefficient were conducted for GSE76826 and GSE38484. The characteristic information of participants in GSE76826 and GSE38484 datasets were exhibited in Tables 2, 3.
TABLE 2 | Clinical and demographic characteristics of participants (GSE76826).
[image: Table 2]TABLE 3 | Clinical and demographic characteristics of participants (GSE38484) included in the present study.
[image: Table 3]Diagnostic Markers Verified by Postmortem Brain Tissue Samples
GSE53987 was based on the platform of the Affymetrix Human Genome U133 Plus 2.0 Array (Lanz et al., 2019). There were 17 subjects with MDD and 18 healthy controls in this dataset, and three brain regions (hippocampus, prefrontal cortex, and striatum) were included. We used the GSE53987 dataset to verify the diagnostic model. The characteristic information of participants in GSE53987 dataset were showed in Table 4.
TABLE 4 | Clinical and demographic characteristics of participants (GSE53987) included in the present study.
[image: Table 4]Consensus Clustering of 23 PS Genes by Partitioning Around Medoids
Consensus clustering is an algorithm used to identify subgroup members and verify subgroups based on resampling. We performed consensus clustering with PAM mehod (Wilkerson and Hayes, 2010) to identify distinct pyroptosis regulation clusters according to the expression profiles of 23 PS genes. PCA was then used to further validate different regulation clusters.
Immune Cell Infiltration Estimation by ssGSEA
Single-sample gene set enrichment analysis (ssGSEA) was used to quantify the relative abundance of 28 immune cell types related to immune response. In ssGSEA, the relative abundance of each immune cell was expressed as an enrichment score that was normalized to a uniform distribution of 0–1. A deconvolution approach CIBERSORT (http://cibersort.stanford.edu/) was used to evaluate the relative abundances of 22 distinct leukocyte subsets with gene expression profiles in the blood samples.
Gene Set Variation Analysis and Gene Ontology Annotation
We utilized GSVA analysis by “GSVA” package (Hänzelmann et al., 2013) to explore the differentiation in biological processes between different pyroptosis regulation clusters. The well-defined biological signatures were derived from the Hallmark geneset (MSigDB database v7.1) (Denny et al., 2018). The GO annotation for different clusters was performed using the R package “clusterProfiler” (Kursa, 2014) with a false discovery rate (FDR) cutoff of <0.01.
Identification of DEGs in Distinct Pyroptosis Regulation Subtypes
The consensus clustering algorithm classified MDD patients into two distinct pyroptosis regulation subtypes. We next identified DEGs between two different clusters using the “limma” package. Specifically, gene expression data were normalized using “voom” function and then inputted to the “lmFit” and “eBayes” functions to calculate the differential expressed statistics. The selection criteria were an adjusted P of <0.01 and |FC| of >1.0.
Construction of the Pyroptosis Score
To quantitatively analyze the pyroptosis subtypes, PCA was used to quantify the pyroptosis level of individual patients. First, PCA was used to distinguish pyroptosis subtypes. Then, the formula was performed to measure the pyroptosis scores (PS) as following: PS score = PC1i, where PC1 represents principal component 1 and i represents DEG expression.
RESULTS
Study Design
The framework and workflow are described as following. First, the characteristic information and gene expression profiles of MDD cases and healthy controls in GSE98793, GSE76826, and GSE53987 were obtained from the GEO database (https://www.st-va.ncbi.nlm.nih.gov/gds/?term=). Using GSE98793 dataset, we developed a novel diagnostic model for MDD based on PS genes by machine learning methods (RF and LASSO). GSE76826 and GSE53987 datasets were used as external validation and postmortem brain tissue samples valiadtion. Furthermore, GSE38484 dataset (96 healthy controls and 106 schizophrenia patients) was used to examine whether this diagnostic model was unique for MDD. Then, immune cell infiltration profiles and immune-related pathway enrichment were compared between healthy controls and MDD cases as well.
To discover the connections between PS genes and MDD subtypes, MDD cases were divided into two subtypes (A and B clusters) by consensus clustering analysis according to the PS genes expression profiles. The particular immune and biological characteristics of these two clusters were observed.
We developed a pyroptosis-related signature score, the “PS-score,” to quantify the pyroptosis phenotype subtype.
Identification of DEGs Between Healthy Controls and MDD Cases
The GSE98793 dataset and Genecard database included 2,216 DEGs and 184 PS genes, respectively, among which 23 PS genes with significant expression differences were distributed on chromosomes as shown in Figure 1A. The upregulated genes included C-type lectin member 5 A (CLEC5A); cathelicidin antimicrobial peptide (CAMP); Toll-like receptor 2 (TLR2); adenosine A3 receptor (ADORA3); NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3); cluster of differentiation 14 (CD14); CD274; NLR family CARD domain containing 4 (NLRC4), NLR family apoptosis inhibitory protein (NAIP); calpain 1 (CAPN1), G-protein coupled estrogen receptor 1 (GPER1); Vitamin D receptor (VDR); fibroblast growth factor 21 (FGF21); interleukin-1 receptor antagonist (IL1RN); forkhead box O3 (FOXO3); serpin family B member 1 (SERPINB1); and activating transcription factor 6 (ATF6). The downregulated genes included high mobility group box 1 (HMGB1), processing of precursor 1 (POP1), immunity-related GTPase family (IRGM), baculoviral IAP repeat-containing protein3 (BIRC3), granzyme A (GZMA), and urotensin-II (UTS2) (Figures 1B,C).
[image: Figure 1]FIGURE 1 | Characterization of pyroptosis-related genes in MDD (A). The location of pyroptosis-related genes on chromosomes by GSE98793 (B–C). The Volcano and heat map of 23 differentially expressed pyrotopsis-related genes (D). Box plot of differential expression of 23 differentially expressed pyrotopsis-related genes in control and depression samples. Adjusted p-values were showed as: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
Interactions among the 23 pyroptosis-related DEGs were observed, and each gene was mapped to the STRING database to show their interaction relationships (interaction minimum>0.9, highest confidence) and visualize in Cytoscape.
There were totally 54 interaction relationships among 23 pyroptosis-related DEGs. Figure 1D indicated the protein-protein interaction (PPI) network diagram.
The correlation analysis showed that CD14 was significantly positively correlated with NLRP3, while CD14 was significantly negatively correlated with HMGB1 in all healthy controls and MDD samples (Figure 2). These results indicated that expression imbalances of PS genes played important roles in the occurrence and development of MDD.
[image: Figure 2]FIGURE 2 | Correlation analysis of 23 differentially expressed pyroptosis-related genes in all samples and MDD samples.
A Diagnostic Model for MDD Constituting of PS Genes
Firstly, the RF was used to screen MDD-specific genes that optimally differentiated MDD cases from healthy controls. When the number of decision trees reached 300, the error changes of the three kinds gradually decrease (Figure 3A). The 23 PS genes identified by MeanDecreaseAccuracy and MeanDecreaseGini were showed in Figure 3B. The top 10 of these—UTS2, NLRC4, GZMA, GPER1, IL1RN, CAPN1, NLRP3, HMGB1, ATF6, and ADORA3—were candidate genes.
[image: Figure 3]FIGURE 3 | The construction of our diagnostic model for MDD (A). Error between the number of decision trees and different groups (B). The MeanDecreaseAccuracy and MeanDecreaseGini of 23 pyroptosis-related genes (C). Screening of the optimal parameter (using lambda.1se as the best lambda) at which the vertical lines were drawn (D). LASSO coefficient profiles of the 23 differentially expressed PS genes plus age and sex (E). The ROC value of our diagnostic model in GSE98793 dataset.
Secondly, to establish an MDD-specific diagnostic model, LASSO regression was conducted based on the above 10 genes and basic phenotype information (age and sex), we contained eight genes (GPER1, GZMA, HMGB1, IL1RN, NLRC4, NLRP3, UTS2, CAPN1) according to lambda.1se (Figures 3C,D).
Furthermore, to improve the diagnostic efficiency of biomarkers, a novel diagnostic risk score was constructed by multiplying the gene expression. The total risk score was imputed as follows: (1.163 × GPER1 expression level) + (−0.474 × GZMA expression level) + (−0.588 × HMGB1 expression level) + (0.003 × IL1RN expression level) + (1.111 × NLRC4 expression level) + (0.479 × NLRP3 expression level) + (−0.294 × UTS2 expression level) + (0.644 × CAPN1 expression level). Receiver operating characteristic (ROC) analysis was used to evaluate the diagnostic ability of eight genes, which showed a favorable diagnostic value, with an AUC of 0.795 (95% CI 0.721–0.868) (Figure 3E). The coefficient of eight genes were showed in Table 5.
TABLE 5 | The coefficient of eight genes.
[image: Table 5]Internal and External Validation of Diagnostic Model Performance
The internal validation of our diagnostic model was performed by 10-fold cross-validation (n = 2000). The model demonstrated good discrimination (bias-corrected AUC = 0.774, 95% CI = 0.679–0.864) (Figure 4A). The external analysis using independent dataset GSE76826 revealed a good performance of our diagnostic model for stratifying MDD patients (AUC = 0.891, 95% CI = 0.657–0.941) (Figure 4B).
[image: Figure 4]FIGURE 4 | The validation of this diagnostic model (A). The ROC value in internal validation of this diagnostic model (B). The ROC value in external validation of this diagnostic model by GSE76826 dataset (C). The ROC value in validation of this diagnostic model by GSE53987 dataset (D). The ROC value in validation of this diagnostic model by GSE38484 dataset.
Furthermore, the accuracy of our diagnostic model was validated using brain tissue GSE53987 dataset. The AUC was 0.86 (95% CI = 0.669–0.933), which also indicated good performance (Figure 4C).
In order to observe the effectiveness of this diagnostic model in other mental illness, the analysis of schizophrenia GSE38484 dataset was performed. The AUC of GSE38484 dataset was 0.593 (95% CI = 0.507–0.686) (Figure 4D), suggesting that this diagnostic model was not effective and accurate for schizophrenia. We speculated that our diagnostic model constituting of eight PS genes was more appropriate for MDD.
Immune Cell Infiltration Profile and Immune-Related Pathway Enrichment Between Healthy Controls and MDD Cases
Many studies have indicated that MDD is accompanied by immune dysregulation, pyroptosis is closely related to immune response as well, thus we want to further explore the relationship between pyroptosis and immune response in MDD. The differences in immune cell infiltration profile and immune-related pathway enrichment between healthy controls and MDD cases were quantified.
Firstly, ssGSEA was used to calculate the relative abundance of immune cells in each sample. Eight of the immune cell types discovered significant changes in depression samples, with activated dendritic cells, immature dendritic cells, monocytes, and neutrophils showing upregulation and activated B cells, activated CD4 T-cells, effector memory CD8 T-cells, and immature B cells showing downregulation (Figure 5A). These results suggested significantly altered immune cell profiles in MDD cases comparing with healthy controls (Figure 5B). BIRC3 exhibited the most obvious positive correlation with activated CD4 cells, with low scores in MDD (Figures 5C–E). Meanwhile, HMGB1 showed a significant negative correlation with monocyte. The score for HMGB1 was lower in MDD, while monocytes showed the opposite phenomenon (Figures 5F–H).
[image: Figure 5]FIGURE 5 | Correlation between pyroptosis-related genes and immune infiltrating cells (A). Differences in the abundance of immune infiltrating cells between healthy control and MDD samples (B). Correlation between pyroptosis-related genes and immune infiltrating cells (C–E). The most positive correlation between immune infiltrating and pyroptosis-related genes (F–H). The most negative correlation between immune infiltrating and pyroptosis-related genes. Adjusted p-values were showed as: ns, not significant; *p < 0.05; **p < 0.01.
Similarly, the enrichment fractions of immune-related pathways were also calculated by ssGSEA (Figure 6A). We observed differences in the antimicrobial pathway, B cell receptor (BCR) signaling pathway, chemokines, cytokines, TCR signaling pathway, and transforming growth factor (TGF)-β family member receptors between healthy controls and MDD cases (Figure 6B). CAPN1 was positively correlated with antimicrobials (Figures 6C–E), while FOXO3 was negatively correlated with the TCR signaling pathway (Figures 6F–H). We speculated that these changes immune cells and immune-related pathways played important roles in occurrence and development of MDD.
[image: Figure 6]FIGURE 6 | Correlation between pyroptosis-related genes and immune response geneset (A). Differences in the abundance of immune response geneset between healthy control and MDD samples (B). Correlation between pyroptosis-related genes and immune response geneset (C–E). The most positive correlation between immune response geneset and pyroptosis-related genes (F–H). The most negative correlation between immune response geneset and pyroptosis-related genes Adjusted p-values were showed as: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
Identification of MDD Subtypes Based on 23 PS Genes
To explore the connections between the expression profiles of 23 PS genes (CLEC5A, CAMP, TLR2, ADORA3, NLRP3, CD14, CD274, NLRC4, NAIP, CAPN1, GPER1, VDR, FGF21, IL1RN, FOX O 3, SERPINB1, ATF6, HMGB1, POP1, IRGM, BIRC3, GZMA, and UTS2) and MDD subtypes, we performed unsupervised clustering using data from 64 MDD cases. By increasing the clustering variable (k) from 2 to 10, we observed the highest intra-group correlation and lowest inter-group correlation for k = 2, suggesting that the 64 MDD cases could be divided into two clusters according to these genes. Cluster A included 30 samples and cluster B contained 34 samples (Figures 7A–C).
[image: Figure 7]FIGURE 7 | The construction of pyroptosis-related MDD subtypes (A). The empirical cumulative distribution function (CDF) plots revealed the consensus distributions for each k (k = 2–10) (B). Area change under CDF curve when K = 2–10. (C). Two pyroptosis-related MDD clusters were generated via unsupervised consensus cluster (D). PCA for the expression profiles of the 23 pyroptosis-related genes (E,F). Expression heat map and boxplot map of the 23 pyroptosis-related genes in cluster A and cluster B. Adjusted p-values were showed as: ns, not significant; **p < 0.01; ***p < 0.001.
PCA analysis indicated these two clusters differentiated significantly (Figure 7D). The heatmap and boxplot showed the expression differences of 23 PS genes between two clusters, in which the expressions of ATF6, BIRC3, CAMP, CAPN1, CD14, CLEC5A, GZMA, NLRP3, POP1, SEPRINB1, and TLR2 were significantly increased in cluster B, while the expressions of FGF21, FOX O 3, HMGB1, IL1RN, and VDR were significantly decreased. ADORA3, CD274, GPER1, IRGM, NAIP, NARC4, and UTS2 did not differ significantly (Figures 7E,F).
Distinct Immune and Biological Characteristics Between Two Clusters
To explore the immune characteristics between these two clusters, we measured the immune cells enrichment fractions, immune pathway activity, and human leukocyte antigen (HLA) gene expression profiles. The two clusters revealed completely different immune characteristics: for example, memory B cells and cytokines were mainly enriched in cluster A, while HLA genes mostly concentrated in cluster B (Figures 8A–C).
[image: Figure 8]FIGURE 8 | The immune and biological landscapes of two pyroptosis-related clusters (A–C). The results of immune infiltrating cells (A), immune response gene set (B), and HLA gene set (C): boxplot map of the enrichment scores among cluster A and cluster B (D,E). The results of Hallmark pathways (D) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (E): heat map of the enrichment scores among cluster A and cluster B Adjusted p-values were showed as: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
In addition to immune characteristics, we further explored the biological functions. We analyzed the enrichment scores of the Hallmark pathways and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the two clusters by GSVA, which revealed enrichment of pathways in cluster A, including fatty acid metabolism and neuroactive receptor interaction (Figures 8D,E).
Generation of “PS-Scores” and Functional Annotation
To further explore the pathological mechanisms of MDD related to pyroptosis, we developed a pyroptosis-related signature score, the “PS-score,” including the phenotype-related genes to quantify the pyroptosis regulation pattern of each MDD sample. The “PS-scores” for two distinct subtypes were calculated. The “PS-scores” of cluster B was significantly higher than that of cluster A (Figure 9A). Figure 9B exhibited that the relationships between gender, pyroptosis clusters, and “PS-scores”.
[image: Figure 9]FIGURE 9 | Differences in PS-scores and IFN-α isoforms between two pyroptosis-related clusters (A). Differences in PS-scores between cluster A and cluster B (B). The relationships between clusters, gender, and “PS-scores” (C). Differential expression levels of IFN-α isoforms between cluster A and cluster B. Adjusted p-values were showed as: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
IFN-α is currently suggested to be an important link in the pathogenesis of MDD. Clinical studies have shown significantly higher serum IFN levels in depression patients than those of normal people. After 12 weeks of antidepressant treatment, IFN levels were significantly lower than those before treatment (Shelton et al., 2011). Thus, we explored the relationship between two subtypes and expression profiles of IFN-α isoforms. Figure 9C indicated that the expression profiles of IFN-α1, IFN-α2, IFN-α4, IFN-α5, IFN-α7, IFN-α8, IFN-α10, IFN-α14, IFN-α16, IFN-α17, and IFN-α21 were all lower in cluster B, although the difference was not significant for IFN-α17.
DISCUSSION
Major depression is a debilitating mental illness and a leading cause of suicide (Ting et al., 2020). Pyroptosis is originally identified as a key mechanism in fighting infection, and a growing number of research suggests its role in the development of several diseases. However, the role of pyroptosis in MDD remains unclear. Our present study first constructed a diagnosis model for depression based on PS genes and then explored the role of pyroptosis in depression.
Currently, there is no clear boundary between normal and depressive behavioral manifestations (Wakefield et al., 2007); thus, the diagnosis of depression is subjective and difficult to implement (Pan et al., 2018). Previous studies have reported several diagnostic biomarkers for depression. Leday, the original author of the GSE98793 dataset, reported an AUC of 0.71 for 165 gene combinations (Leday et al., 2018). In addition, in two independent sample sets of patients with depression, Papakostas et al. (2013) reported high diagnostic performance and sensitivity and specificity >80% for nine biomarkers (alpha1 antitrypsin, apolipoprotein CIII, brain-derived neurotrophic factor, cortisol, epidermal growth factor, myeloperoxidase, prolactin, resistin, and soluble tumor necrosis factor-alpha receptor type II). We previously constructed a diagnostic model with the signature of four autophagy-related genes used GSE98793 dataset and autophagy gene set as well. The AUC of autophagy-related diagnostic model was 0.779 (He et al., 2021). In the present study, we explored a molecular diagnostic model for MDD based on PS genes and observed whether this model had higher efficiency. We firstly identified 23 differentially expressed PS genes between MDD cases and healthy controls. Further analysis using RF in machine learning identified UTS2, NLRC4, GZMA, GPER1, IL1RN, CAPN1, NLRP3, HMGB1, ATF6, and ADORA3 as key PS genes affecting MDD classification. Then, the LASSO logistic regression finally screened feature genes and develop a diagnostic model based on eight genes (GPER1, GZMA, HMGB1, IL1RN, NLRC4, NLRP3, UTS2, CAPN1). Our present diagnostic model showed the AUC was 0.795 (95% CI: 0.721–0.868) for this model, indicating the high performance for differentiating MDD cases from healthy controls.
Of these eight genes (GPER1, GZMA, HMGB1, IL1RN, NLRC4, NLRP3, UTS2, CAPN1), GPER1, IL1RN, NLRP3, and HMGB1 are reported associated with MDD previously. Pattern recognition receptors (PRRs) may play an important role in the interaction between inflammatory response and behavior. Several damage-associated molecular patterns (DAMPs) are associated with stress and depression, especially NLRP3 and HMGB1. The NLRP3 inflammasome is activated and GSDMD cleavage, subsequent IL-1β and IL-18 release, finally pytoptosis occurs. HMGB1 can induce NLRP3 activation, play an important role in pyroptosis as well.
The activation level of NLRP3 inflammasome was increased in multi-pathway induced depressed mouse models. Furthermore, the specific inflammasome inhibitor VX-765 blocked NLRP3 activation in the hippocampus and improved depression-like behavior in chronically unpredictable stressed mice. Clinical investigation reported increased NLRP3 mRNA and protein levels in peripheral blood mononuclear cells of MDD patients compared with healthy controls (Kaufmann et al., 2017). HMGB1 can be highly expressed in the cerebral cortex (Lian et al., 2017) and hippocampus (Liu et al., 2019) of CUMS mice. It is reported that stress can induce depression-like behaviours through the HMGB1/TLR4/NF-κB signalling pathway in the hippocampus (Liu et al., 2019) and PFC (Xu et al., 2020). G protein-coupled receptor 30 (GPR30), also known as G protein-coupled estrogen receptor 1 (GPER1), levels in MDD patients were significantly higher than that in the healthy controls (Findikli et al., 2017). GPER stimulates IL-1β secretion via JNK and p38 MAPK signaling pathways, and then induce pyroptosis (Deng et al., 2020). IL1RN (the gene encoding IL-1RA) encodes a classical signal peptide that secretes cytokines through the endoplasmic reticulum and Golgi apparatus (Lennard, 2017). The NLRP3 and caspase-1 affect the release of IL-1RA, which has a broad effect on the inflammatory response and pyroptosis in bladder epithelial cells (Lindblad et al., 2019). A meta-analysis reported significantly higher levels of cytokine receptor antagonists (IL-1RA) in MDD patients compared to those in normal controls (Goldsmith et al., 2016). However, no associations between the other six candidate genes and depression have been reported. We believe that our present results will provide a direction for future research on early diagnosis of depression based on pyroptosis.
A growing number of studies have reported the associations between pro-inflammatory cytokines and emotional, cognitive and behavioral changes, many of which are associated with depression. For example, higher levels of pro-inflammatory cytokines such as interleukin-6 and C-reactive protein have been discovered in MDD patients (Howren et al., 2009). Poor response to antidepressant treatment is obviously associated with elevated levels of proinflammatory cytokines (Hiles et al., 2012). Traditional antidepressants, such as fluoxetine and imipramine, had no obvious effects on more than 40% of MDD patients. Surprisingly, the use of anti-inflammatory drugs in conjunction with antipsychotics can relieve a range of psychotic symptoms (Berk et al., 2020). Therefore, we next observed the immune status of MDD patients and healthy controls in GSE98793 dataset. We found that activated dendritic cells, immature dendritic cells, monocytes, and neutrophils were higher, and activated B cells, activated CD4 T-cells, effector memory CD8 T-cells, and immature B cells were lower in MDD patients compared with healthy controls, with similar to Pfau’ (Pfau et al., 2018) and Kronfol’s studies (Kronfol, 2002). The up-regulation profiles of dendritic cells, monocytes, and neutrophils illustrate infection and inflammation occur and progress. Our results indicated MDD patients might present immune imbalance and inflammatory status.
Pyroptosis is a type of programmed cell death that is closely related to the inflammatory response. In the process of pyroptosis, cells form various vesicles, with pores 10–20 nm in diameter appearing on the cell membrane after gasdermin shear. It is reported that the release of many inflammatory factors leads to cascade amplification of cellular inflammatory responses (Frank and Vince, 2019), and pyroptosis is closely related to the immune response. We also discovered PS genes were closely associated with the changes of immune cells and immune-related pathway in GSE98793 dataset. Furthermore, our molecular diagnostic model based on pyroptosis showed a good performance. It was attractive for us to explore the immune-related mechanisms and search effective therapy based on pyroptosis can target a specific group of depression patients. So, we divided the MDD patients in GSE98793 into two subtypes according to pyroptosis, and found the immune characteristics and “PS scores” of subtypes were different. The “PS score” of cluster B was significantly higher than that of cluster A, and patients in cluster B presented lower profiles of B cells memory, dendritic cells, eosinophil, cytokines receptor pathway, and IFN-α family, which suggesting higher “PS score” might indicate lower levels of inflammatory condition. In addition, HLA genes play an important role in immune response and immune therapy. Attractively, most HLA genes were up-regulated in cluster B, indicating that patients in cluster B might be more sensitive to immune therapy. Previous studies identified different pyroptosis-related subtypes for gastric cancer and melanoma, providing a new method for the prognosis and survival of tumor patients and promoting the development of personalized therapy (Liu et al., 2021). According to our results, deep exploration of immune regulation in depression could help us understand and develop accurate and effective anti-inflammatory therapy for MDD patients. However, unfortunately, the clinical information of MDD patients is very limited, so we only conducted a partial study to observe the phenomenon, and further study is needed.
Few studies have assessed the role of pyroptosis in depression. This preliminary study explored the diagnostic values of PS genes in depression, and systematically analyzed the relationships between PS genes and the immune response in depression, providing theoretical support for future research. However, our study has some limitations. First, the total sample size was relatively small (MDD: n = 64; Normal: n = 64). Secondly, this study was based on bioinformatics analysis; thus many of the results were theoretical. However, as experiments are the only standard for verifying the results, their accuracy requires verification without experimental methods. Third, due to the lack of abundant clinical data, we cannot determine the specific role of these PS genes in depression, which warrants further study.
In summary, our study provided a molecular model for MDD diagnosis. We additionally revealed the pyroptosis was closely related with immune imbalance in MDD. Comprehensive analysis of the pyroptosis pattern of MDD will improve our understanding of the internal mechanism of the MDD immune regulatory network and inform the development of more effective treatment methods.
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There is evidence that in schizophrenia, imbalances in inflammatory and oxidative processes occur during pregnancy and in the early postnatal period, generating interest in the potential therapeutic efficacy of anti-inflammatory and antioxidant compounds. Mangiferin is a polyphenolic compound abundant in the leaves of Mangifera indica L. that has robust antioxidant and anti-inflammatory properties, making it a potential candidate for preventive or co-adjuvant therapy in schizophrenia. Hence, this study set-out to evaluate the effect of mango leaf extract (MLE) in a model of schizophrenia based on maternal immune activation, in which Poly I:C (4 mg/kg) is administered intravenously to pregnant rats. Young adult (postnatal day 60–70) or adolescent (postnatal day 35–49) male offspring received MLE (50 mg/kg of mangiferin) daily, and the effects of MLE in adolescence were compared to those of risperidone, assessing behavior, brain magnetic resonance imaging (MRI), and oxidative/inflammatory and antioxidant mediators in the adult offspring. MLE treatment in adulthood reversed the deficit in prepulse inhibition (PPI) but it failed to attenuate the sensitivity to amphetamine and the deficit in novel object recognition (NOR) induced. By contrast, adolescent MLE treatment prevented the sensorimotor gating deficit in the PPI test, producing an effect similar to that of risperidone. This MLE treatment also produced a reduction in grooming behavior, but it had no effect on anxiety or novel object recognition memory. MRI studies revealed that adolescent MLE administration partially counteracted the cortical shrinkage, and cerebellum and ventricle enlargement. In addition, MLE administration in adolescence reduced iNOS mediated inflammatory activation and it promoted the expression of biomarkers of compensatory antioxidant activity in the prefrontal cortex and hippocampus, as witnessed through the reduction of Keap1 and the accumulation of NRF2 and HO1. Together, these findings suggest that MLE might be an alternative therapeutic or preventive add-on strategy to improve the clinical expression of schizophrenia in adulthood, while also modifying the time course of this disease at earlier stages in populations at high-risk.
Keywords: mangiferin, schizophrenia, Poly I:C, oxidative/nitrosative stress, neuroinflammation, magnetic resonace imaging (MRI)
INTRODUCTION
Schizophrenia (SZ) is a severe, chronic psychiatric disorder that affects around 24 million people worldwide (GBD 2019 Diseases and Injuries Collaborators, 2020). It is characterized by a set of heterogeneous symptoms that lead to impaired cognitive, social and occupational performance (rev. in Owen et al., 2016), and it is considered one of the leading causes of disability worldwide (GBD 2019 Mental Disorders Collaborators, 2022). Moreover, in addition to the deterioration in quality of life, patients with SZ experience a reduction in life expectancy of about 15 years (rev. in Hjorthøj et al., 2017). Therefore, even though SZ does not have a high prevalence (<1%), its huge impact on patients, their family and society makes it one of the most burdensome illnesses (Chong et al., 2016; Charlson et al., 2018).
Although the aetiology and biological substrates involved in SZ are still not fully understood, it is currently considered a neurodevelopmental disorder triggered by the interaction of a large number of genetic and/or environmental factors that alter normal brain development (rev. in Owen et al., 2016; McCutcheon et al., 2019). Although one of the most relevant risk factors is exposure to stressful events during the perinatal period (Van Os et al., 2010; Millan et al., 2016; Arango et al., 2021), epidemiological studies indicate that exposure to infections during pregnancy increases the risk of developing SZ in adulthood (rev. in Brown and Derkits, 2010). Accordingly, preclinical studies suggest that maternal immune activation is one of the key components in the post-pubertal emergence of SZ-like behavioral and neurobiological alterations (rev. in Gilmore and Jarskog, 1997; Talukdar et al., 2020). Likewise, pharmacological interventions during peri-adolescence can prevent the emergence of the behavioral and brain structural abnormalities produced by a prenatal insult (Zuckerman et al., 2003; Piontkewitz et al., 2009; Casquero-Veiga et al., 2021), while treatment in adulthood might only alleviate the symptomatology presented.
A large number of preclinical and clinical studies suggest that altered immune responses (e.g., increased brain-blood barrier permeability and glial activation), and changes to inflammatory pathways (cytokine imbalances) and in oxidative stress (redox dysregulation) are key aspects of the pathophysiology of SZ (rev. in Leza et al., 2015; Müller, 2018; Upthegrove and Khandaker, 2020). In addition, antioxidant and anti-inflammatory agents have been proposed as alternative or add-on therapeutic strategies to combat SZ. In fact, several studies showed beneficial effects of compounds with these pharmacological actions, such as N-acetylcysteine (Berk et al., 2008), α-lipoic acid (rev. in Salehi et al., 2019), vitamins C (Dakhale et al., 2005) and E (Soares-Weiser et al., 2018), minocycline (Romero-Miguel et al., 2021) or even omega-3 fatty acids (Casquero-Veiga et al., 2021).
Mangiferin (1,3,6,7-tetrahydroxyxanthone-C2-β-D-glucoside) is a bioactive polyphenolic molecule predominantly found in the leaves, bark, fruit skin and root of the mango tree (Mangifera indica L.). This compound has generated growing interest due to its anti-inflammatory and antioxidant properties but also, due to other biological activities that include anti-diabetic, analgesic, anti-microbial, anti-tumour or immunomodulatory effects (rev. in Saha et al., 2016; Du et al., 2018). These pharmacological activities have shown to improve inflammation and oxidative damage induced by stress (Márquez et al., 2012); anxiety- and depressive-like behaviors (Jangra et al., 2014) and cognitive deficit in a model of Alzheimer’s disease (Infante-Garcia et al., 2017b), suggesting a neuroprotective role of mangiferin. Furthermore, mangiferin improved the behavioral and oxidative damage produced by a ketamine model of SZ (Rao et al., 2012).
Therefore, in this study the aim was to evaluate the effect of administering a mango leaf extract (MLE) with a high content of mangiferin, in a model of SZ induced by maternal Poly I:C immune activation. This animal model is a well-establish model of SZ based on neurodevelopmental changes that mimics the clinical course of this disorder and the behavioral and neurobiological alterations observed in SZ patients (rev. in Meyer and Feldon, 2012). In this study, both young adult and adolescent rats were administered MLE, the effects of which were assessed through behavioral evaluations, magnetic resonance imaging (MRI) and biochemical measurement of inflammatory and antioxidant markers. As a result, we hoped to gain support for the testing and use of this extract to manage SZ.
MATERIALS AND METHODS
Animals
Male Wistar rats from the University of Cadiz were used in the experiments, maintained on a 12 h light/dark cycle with ad libitum access to food and water. All procedures were carried out in accordance with the European Communities Council Directive 2010/63/UE and they were approved by the Ethics Committee for Animal Experimentation at the School of Medicine of the University of Cadiz.
Prenatal Poly I:C treatment
Prenatal Poly I:C treatment was performed as described previously (Zuckerman et al., 2003; Zuckerman and Weiner, 2003; Casquero-Veiga et al., 2019). On gestational day (GD) 15, pregnant dams were anesthetized with 4%–2% isoflurane and a single intravenous injection of the synthetic Poly I:C analogue of double-stranded RNA (4 mg/kg dissolved in saline; batch#37M4011V, Sigma Aldrich, Spain) was administered to their tail vein. An equivalent volume of saline alone (vehicle, VH) was injected into the control animals. Dams were weighed 0, 8, 24 and 48 h after Poly I:C or saline administration, and the body weight of their offspring was also evaluated on PND 1 (Lins et al., 2018; Supplementary Figure S1). On postnatal day (PND) 21, male pups were weaned and housed in groups of 2-4 per cage.
Mango leaf extract (MLE)
Supercritical fluid extraction of mango leaves was used to obtain extracts with a high phenolic content and potent antioxidant activity. Briefly, mango (Mangifera indica L.) leaves were extracted by a high-pressure technique in a pilot-plant scale apparatus (model SF 2000; Thar Technology, PA, United States). Subcritical water was used as the extraction solvent at a pressure of 20 MPa and a temperature of 80°C based on our previous work (Fernández-Ponce et al., 2015). The use of solvents at high temperature and high pressure enhances the extraction performance as compared with conventional processes carried out at room temperature and atmospheric pressure (Fernández-Ponce et al., 2015; Casas-Cardoso et al., 2021). Three extraction procedures were carried out in batch mode for 12 h and subsequently, extracts were collected, sterilized and stored at −20°C in the absence of light until they were analyzed (Fernández-Ponce et al., 2015). The extract was characterized in terms of global extraction yield, antioxidant and anti-inflammatory activity, and the quantity of phenolic compounds. For each extraction procedure, the global extraction yield obtained was calculated as the ratio of the dry extract to the dry raw material and they were expressed as g extract/100 g raw material.
The antioxidant activity of the MLE was determined by means of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Brand-Williams et al., 1995) and expressed as the antioxidant activity index (AAI): poor antioxidant activity when the AAI<0.5; moderate antioxidant activity when the AAI is 0.5–1.0; strong antioxidant activity when the AAI is 1.0–2.0; and very strong at an AAI >2.0 (Scherer and Godoy, 2009). Only a MLE obtained with a very strong antioxidant activity was used in this study. To determine the anti-inflammatory activity of the MLE, the capacity of the agent to prevent the denaturation of egg albumin was measured by spectrophotometry at 660 nm (Rahman et al., 2015), expressed as the concentration of 50% efficiency (IC50). The phenolic compounds in the extract were quantified by Ultra High-Performance Liquid Chromatography (UHPLC), as described previously (Fernández-Ponce et al., 2015) and using a Thermo Scientific Dionex Ultimate 3000 model with a Diode Array detector connected to the Chromeleon TM 7 software application for data analysis.
Experimental design, groups and MLE treatment
 To study the effectiveness of MLE in reversing the alterations to Poly I:C offspring, two different treatment approaches were assessed, the therapeutic treatment in young adults and a preventive strategy treating during peri-adolescence.
To assess the effect of MLE in young adults, four experimental groups were evaluated: male offspring derived from dams injected with Poly I:C or VH during pregnancy that were treated in adulthood with MLE (VH-MLE and Poly I:C-MLE groups) or drinking water (VH-H2O and Poly I:C-H2O groups). The MLE was orally administered and diluted in the drinking water based on their daily water consumption. Dosage was adjusted to 50 mg/kg of mangiferin per day on the basis of our experience and the previous data available in the literature using this phenolic compound (Márquez et al., 2012; Rao et al., 2012; Infante-Garcia et al., 2017a; Infante-Garcia et al., 2017b). To guarantee minimal phenolic degradation, MLE solutions was prepared freshly every day. In this treatment approach, the MLE was administered to young adults from PND 60 until the end of experiments and behavioral evaluation were carried out between PND 70-80 (Figure 1A).
[image: Figure 1]FIGURE 1 | The effect of MLE treatment in adulthood on the behavior of the Poly I:C offspring. (A) Experimental timeline showing the design to study the effect of MLE treatment in adults. Maternal immune activation was induced in pregnant dams by administering Poly I:C (4 mg/kg i.v., intravenously) or the vehicle alone (controls) on gestational day (GD) 15. Male offspring were treated orally (p.o.) with MLE at a daily dose of 50 mg/kg of mangiferin in young adults since postnatal day (PND) 60. Then, behavioral evaluation was performed (PND 70-80). (B) In the prepulse inhibition (PPI) test, the effect of MLE treatment in adulthood is represented as the percentage PPI for 74, 80 and 86 dB prepulse intensity. (C,D) The effect of MLE treatment in adulthood on the object discrimination index for the short-term (STM) and long-term memory (LTM) phases of the novel object recognition test (NOR). (E) The effect of MLE treatment in adulthood on amphetamine sensitivity in the Poly I:C offspring. The total distance travelled in the open field is represented in 5 min (min) blocks, before and after amphetamine injection (shaded area, 2.5 mg/kg, i.p.). In addition, the area under the curve (AUC) values of amphetamine-induced activity were represented from 5 min after amphetamine injection. (F) The effect of MLE treatment in adulthood on anxiety-like behavior. The time spent (%) in the center is represented during the baseline period of free exploration in the open field. (G) The effect of MLE treatment in adulthood on grooming behavior. The total time spent grooming and number of grooming events are represented during the last 10 min of the baseline period in the open field. The data are represented as the mean ± SEM of 8–13 animals per group in the PPI test, n = 5-11 animals per group in STM and LTM phases of NOR test, and 9-11 animals per group in amphetamine-induced activity, anxiety-like and grooming behaviors. *p < 0.05, **p < 0.01, ***p < 0.001 vs. VH-H2O; ##p < 0.01 vs. Poly I:C-H2O, as assessed by two-way or two-way RM ANOVA followed by the LSD post-hoc test.
However, in order to evaluate the effect of MLE during the peri-adolescence period, male offspring derived from dams injected with Poly I:C or VH during pregnancy were treated during adolescence (PND 35-49) with MLE (VH-MLE and Poly I:C-MLE groups) or drinking water (VH-H2O and Poly I:C-H2O groups). MLE was also orally administered at the same dose of mangiferin (50 mg/kg) diluted in the drinking water. Preclinical and some clinical studies hint that the use of preventive treatments with atypical antipsychotics (e.g., risperidone) in patients at high risk of psychosis during the prodromal period of SZ could prevent the progression of the disease (Piontkewitz et al., 2011b; Marshall and Rathbone, 2011; Subotnik et al., 2015). In this way, the effects of risperidone during adolescence were evaluated. Thus, a set of offspring received a daily intraperitoneal administration (PND 35-49) of 0.3 mg/kg of risperidone (VH-RIS and Poly-RIS groups; Janssen Cork, Belgium). Behavioral evaluation was performed in adulthood (PND 70-80). Then, MRI studies were carried out (PND 115-120 approximately) and subsequently brain tissue was collected to evaluate the oxidative/inflammatory and antioxidant mediators (Figure 2A).
[image: Figure 2]FIGURE 2 | The effect of MLE or risperidone (RIS) treatment during adolescence on the behavior of the Poly I:C offspring. (A) Experimental timeline showing the design to study the effect of MLE treatment during adolescence. Maternal immune activation was induced in pregnant dams by administering Poly I:C (4 mg/kg i.v., intravenously) or the vehicle alone (controls) on gestational day (GD) 15. Male offspring were treated orally (p.o.) with MLE at a daily dose of 50 mg/kg of mangiferin during adolescence (postnatal day, PND 39-54) or administered intraperitoneally (i.p.) with risperidone (RIS, 0.3 mg/kg) as an adolescence reference treatment. Behavioral evaluation and magnetic resonance imaging (MRI) studies were performed at adulthood (PND 70-80 and PND 115-120, respectively). Finally, brain samples were collected at the end of the experiments. (B) The effect of adolescent MLE or RIS treatment on prepulse inhibition (PPI) test. The percentage PPI is represented for a 74, 80 and 86 dB prepulse intensity. (C,D) The effect of adolescent MLE or RIS treatment on the short-term (STM) and long-term memory (LTM) discrimination index between objects in the novel object recognition test (NOR). (E) The effect of adolescent MLE (left) or RIS (right) treatment on amphetamine sensitivity. The total distance travelled in the open field is represented in 5 min (min) blocks, before and after amphetamine injection (shaded area, 2.5 mg/kg i.p.). In addition, the area under the curve (AUC) values of amphetamine-induced activity were represented from 5 min after amphetamine injection. (F) The effect of adolescent MLE or RIS treatment on anxiety-like behavior. The time spent (%) in the center is represented during the baseline period of free exploration in the open field. (G) The effect of adolescent MLE or RIS treatment on grooming behavior. The total time spent grooming and the number of grooming events are represented during the last 10 min of the baseline period in the open field. The data are represented as the mean ± SEM of 10–13 animals per group in PPI test, 7-11 animals per group in the STM and LTM phases of the NOR test, and 7-12 animals per group for amphetamine induced activity, anxiety-like and grooming behaviors. *p < 0.05, **p < 0.01, ***p < 0.001 vs. VH-H2O; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Poly I:C-H2O as assessed by two-way or two-way RM ANOVA followed by the LSD post-hoc test.
Behavioral studies
Behavioral studies were performed on the adult offspring beginning at PND 70 and they included an assessment of prepulse inhibition of the startle response (PPI), novel object recognition (NOR), amphetamine-induced activity, anxiety-like and grooming behaviors.
Prepulse inhibition (PPI) test
PPI of the acoustic startle response was measured in a sound attenuated chamber using a movement-sensitive piezoelectric measuring platform (Cibertec, Spain). The test session began with a 10 min acclimatization to the startle chamber in the presence of 70 dB background noise, followed by five trials of startle stimulus (pulse, 120 dB). The rats were then subjected to 10 trials of pseudorandomly presented stimuli: pulse (120 dB); prepulse (74, 80 or 86 dB) + pulse (120 dB); or no stimulus (only background noise). Finally, they were subjected to five pulse trials (120 dB). The pulse and prepulse lasted 40 ms, the interval between the prepulse and pulse was set at 100 ms, whereas the inter-trial interval ranged from 10 to 20 s. The % PPI for each prepulse intensity was calculated from the pseudorandom presentations as follows: 100-[(startle response to prepulse + pulse)/startle response to pulse) x100)] (Casquero-Veiga et al., 2021).
Novel object recognition (NOR) test
Rats were tested in a plastic, black, square arena (45 × 45 × 35 cm) located in a room with dim lighting. The NOR memory tests were performed as described previously (Llorca-Torralba et al., 2019). Briefly, two identical objects were placed in the arena during the training phase and subsequently, NOR memory was evaluated in two test sessions 2–3 h (short-term memory, STM) and 24 h (long-term memory, LTM) after the training session: one with a familiar object and one with a novel object. Each session lasted 10 min. The objects used were of different shapes, colors and textures, and they were thoroughly cleaned with 70% ethanol between trials to ensure the absence of any olfactory cues. The time spent exploring each object was recorded and the relative exploration of the novel object was expressed as a discrimination index [DI = (tnovel - tfamiliar)/(tnovel + tfamiliar)](Llorca-Torralba et al., 2019). The criteria for exploration were based strictly on active exploration, and circling or sitting on the object were not considered exploratory behaviors.
Open field test
Locomotor activity was also measured in a plastic, black, square arena (45 × 45 × 35 cm) in dim lit boxes. Rats were placed individually in the arena for 20 min of free exploration and in this period, the baseline motor activity was evaluated, as were anxiety-like and grooming behaviors. The animals then received a single, intraperitoneal (i.p.) injection of amphetamine (2.5 mg/kg; Merck, France) and they were returned to the activity chamber for 60 min to evaluate their amphetamine-induced activity (modified from Yee et al., 2005). The sessions were videotaped and the total distance travelled was then analyzed using the SMART (Spontaneous Motor Activity Recording and Tracking) video 3.0 software (Panlab, Spain). Both spontaneous and amphetamine induced-activity were expressed in arbitrary units (AU), in 5 min blocks, and the area under the curve (AUC) values of the total distance travelled was represented from 5 min after amphetamine administration. The time spent in the central area of the arena (%) was measured in this 20 min free exploration phase, considered as anxiety-like behavior. For grooming behavior, the total time spent grooming and the number of grooming events were evaluated over the last 10 min of the free exploration period, when the explorative behavior was reduced.
MRI studies
Anesthetized animals (sevoflurane, inhaled; Romero-Miguel et al., 2021) treated during adolescence were scanned (∼ PND 115-120) using a 7-T Biospec 70/20 scanner (Bruker, Germany). A coronal T2-weighted spin-echo sequence was acquired: TE = 33 ms, TR = 3732 ms, averages 2 and slice thickness 0.4 mm. The matrix size was 256 × 256 pixels at a FOV of 3.5 × 3.5 cm2.
Data processing and analysis. Two types of analysis were performed: a predefined regions of interest (ROI) analysis of primarily subcortical areas; and a voxel-based morphometry (VBM) approach of the entire brain. For the VBM analysis, MRI processing was performed as reported previously (Casquero-Veiga et al., 2019). T2 images were preprocessed, realigned and resliced to a rat brain template space using SPM12 software (Valdés-Hernández et al., 2011; http://www.fil.ion.ucl.ac.uk/spm/software/spm12). These data were used to create a custom brain template (Avants and Gee, 2004) and all the resliced images were registered to the template. The modulated images for the gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) were then obtained using the probabilistic maps of the brain template (Valdés-Hernández et al., 2011) and the Jacobian determinants from the spatial normalization process. Modulated images were smoothed with a 10 mm FWHM Gaussian filter and then used for statistical analyses with SPM12. A 1500 voxel clustering (spatial extent) threshold was applied to minimize type I error.
To analyze the ROIs, raw T2-images were registered to a common CT reference using the algorithms described in Gasull-Camós et al. (2017). Subsequently, five ROIs were manually segmented onto each MRI image in the whole brain, hippocampus, frontal lobe, all ventricles and fourth ventricle, according to the Paxinos and Watson Rat Brain Atlas (Paxinos and Watson, 2006).
Oxidative/inflammatory and antioxidant evaluations
At the end of the experiments, animals treated during adolescence were anesthetized and their brains were rapidly dissected and frozen at −80°C. For biochemical studies, cytosolic fraction and nuclear extracts from the prefrontal cortex (PFC) and hippocampus tissue samples were prepared according to published protocols (MacDowell et al., 2013).
Western Blot: Inflammatory mediators as the inducible isoforms of nitric oxide synthase (iNOS) and cyclooxygenase (COX2), p38 MAP kinase (p38), lipid peroxidation product 4-hydroxynonenal (4-HNE) and the antioxidant pathway kelch-like ECH-associated protein 1 (Keap1), heme-oxygenase 1 (HO1), NAD(P)H:quinone oxidoreductase 1 (NQO1) were performed in cytosolic extracts (MacDowell et al., 2016). Protein levels were measured using the Bradford method, loaded onto electrophoresis gel and blotted onto a membrane using a semi-dry transfer system. The membranes were blocked with 5% BSA for 1 h at room temperature and probed overnight at 4°C with: rabbit anti-iNOS (sc-650, 1:750, BSA 2%; SCBT, Germany), goat anti-COX2 (sc-1747, 1:750, BSA 2.5%; SCBT, Germany), rabbit anti-phospho-p38 (sc-17852, 1:750 BSA 1%; SCBT, Germany), mouse anti-p38 (sc-7972, 1:750 BSA 1%; SCBT, Germany), mouse anti-4-HNE (MAB3249, 1:1,000 TBSt; R&D, United Kingdom), mouse anti-Keap1 (MAB3024, 1:1,000, TBSt; R&D, United Kingdom), mouse anti-4-HNE (MAB3249, 1:1,000, TBSt; R&D, United Kingdom), rabbit anti-HO1 (ab68477, 1:1,000, TBSt; abcam, United Kingdom), goat anti-NQO1 (sc16464, 1:750, BSA 1%; SCBT, Germany) and mouse anti-β-actin (A5441, 1:10,000, TBSt; Merck, France). These primary antibodies were detected with horseradish peroxidase-linked secondary antibodies by incubating for 1.5 h at room temperature, the binding of which was detected with an Odyssey Fc System (LICOR®, Germany) and ChemiDoc (Biorad, United States). All measurements were obtained at least three times in separate assays and the results were expressed relative to the controls. Supplementary Figures S2,S3 show uncropped blots and 2 replicates of the bands for each biomarker assessed in the PFC and hippocampus, respectively.
Nuclear Factor erythroid-related 2 (NRF2) activity was measured in nuclear extracts using a commercial ELISA-based kit (600590; Cayman Chemical, United State). For antioxidant status and enzyme activity, tissue samples were sonicated in 400 μl PBS (pH 7) containing a protease inhibitor cocktail (Complete®; Merck, France) and the homogenates were then centrifuged at 10,000 g for 15 min at 4°C. Supernatants were used for determinations of the Superoxide Dismutase (SOD, K028-H1; Arbor Assay, United State), Catalase (CAT, K033-H1; Arbor Assay, United State), Glutathione Peroxidase (GPx, 703102; Cayman Chemical, United State), Glutathione (GSH, K006-H1; Arbor Assay, United State) and Total Antioxidant Capacity (TAOC) was measured with a commercial kit based on the ABTS method (E-BC-K219-M; Elabscience, United State). Nitrites levels were measured by using the Griess method (Green et al., 1982). Briefly, in an acidic solution with 1% sulphanilamide and 0.1% NEDA, nitrites convert into a pink compound that is photometrically calculated at 540 nm in a microplate reader (Synergy 2; BioTek, United State).
Statistical analysis
All the data are represented as the means ± S.E.M and the results were analyzed using STATISTICA 10.0 (StatSoft, United State), applying a Student’s t-test (unpaired, two-tailed), or a one-way or two-way analysis of variance (ANOVA), with or without repeated measures (RM), followed by a LSD post-hoc test. The differences were considered significant at p < 0.05 except for the VBM analysis where they were considered significant at p < 0.01 (uncorrected) (Supplementary Tables S1–S4).
RESULTS
Prenatal Poly I:C treatment
Maternal immune activation was confirmed by the effect of administering Poly I:C or the vehicle alone (VH), on the body weight of both pregnant dams and their offspring. This indirect measurement was chosen to avoid extra maternal stress by collecting blood samples for inflammatory mediators’ evaluation. Thus, intravenous Poly I:C injection significantly reduced the dam’s weight relative to the VH dams when assessed 8 h after injection (p < 0.05; Supplementary Figure S1A). Furthermore, Poly I:C offspring also weighed less than VH pups on PND 1 (p < 0.01; Supplementary Figure S1B).
MLE characterization
This extract was characterized in terms of its global extraction yield, its antioxidant and anti-inflammatory activities, as well as the presence of phenolic compounds (Table 1). Thus, subcritical water extraction at 20 MPa and 80°C gave a high global extraction yield (37.1 ± 0.6 g/100 g of dried leaves), producing an extract with an AAI value of 4.5 ± 0.4 μg DPPH/μg dried extract and an IC50 value of 104.5 ± 1.5 μg/ml. Thus, this extract had very strong antioxidant activity and substantial anti-inflammatory activity, in conjunction with a high total polyphenol content, which included major phenolic compounds like mangiferin, iriflophenones and gallic acid (Table 1).
TABLE 1 | Mango leaf extract characteristics.
[image: Table 1]MLE treatment of young adults
In these studies, the effects of administering MLE to young adults that were the offspring of dams that had received Poly I:C or VH during gestation were behaviorally examined (Figure 1A).
Behavioral studies
PPI test
The PPI test we performed to assess whether MLE treatment in young adults would be able to normalize the sensorimotor gating deficit described in the Poly I:C model. Thus, RM ANOVA tests revealed statistically significant differences in this test for the prepulse factor (p < 0.001), and a significant interaction between Poly I:C and MLE (p < 0.05), as well as between the prepulse, MLE and Poly I:C factors (p < 0.05; Supplementary Table S1). Note that the presentation of a prepulse inhibited the acoustic startle response to the pulse in control animals (VH-H2O) in an intensity-dependent manner (Figure 1B). A post-hoc test showed Poly I:C administration provoked a significant reduction in PPI relative to the controls (VH-H2O) for the 80 and 86 dB intensities (p < 0.05 and p < 0.001, respectively; Figure 1B). MLE prevented the reduction in PPI provoked by Poly I:C in the offspring relative to Poly I:C-H2O group both at 80 and 86 dB (p < 0.01; Figure 1B). However, MLE did not significantly modify the PPI values in VH animals (Figure 1B).
NOR test
The effect of MLE treatment in young adults on cognitive function were assessed in the NOR test. During this test, two different concepts were studied: the acquisition of information or learning and the storage of information or memory that were evaluated in the STM and LTM phases of this paradigm, respectively. In this sense, two-way ANOVA revealed Poly I:C produced significant differences in the discrimination index for both the STM (p < 0.01) and LTM (p < 0.05) phases of the paradigm, with no significant interaction between Poly I:C and MLE treatment (p > 0.05; Supplementary Table S1). Thus, there was a significant reduction in the STM discrimination index in Poly I:C animals (Poly I:C-H2O, p < 0.05; Poly I:C-MLE, p < 0.01), as well as in the LTM test session (both p < 0.05) relative to control animals (VH-H2O; Figures 1C,D). MLE treatment did not modify the discrimination index in either Poly I:C or VH offspring (p > 0.05; Figures 1C,D).
Amphetamine-induced activity
Locomotor activity in response to a systemic administration of amphetamine was measured in our model of SZ after MLE treatment in adulthood. The RM ANOVA highlighted the significant differences in total distance travelled following amphetamine administration (Poly I:C, p < 0.05; time, p < 0.001; time and Poly I:C interaction, p < 0.05; Supplementary Table S1). As such, a post-hoc test showed that amphetamine administration provoked an increase in motor activity over time in all the experimental groups, although this was significantly exacerbated in Poly I:C animals (min 50, p < 0.05; min 55–60, p < 0.01; min 65, p < 0.05; min 70–80, p < 0.01; Figure 1E). When the AUC values were analyzed, two-way ANOVA revealed a main effect of Poly I:C (p < 0.05; Supplementary Table S1). Thus, a locomotor hyperactivity was observed in Poly I:C offspring measured as a significant increase in the AUC relative to VH offspring (Poly I:C-H2O, p < 0.01; Poly I:C-MLE, p < 0.05; Figure 1E). However, MLE administration did not significantly affect the motor activity exhibited by Poly I:C or the VH animals (p > 0.05; Figure 1E).
Anxiety-like behavior
To evaluate anxiety-like behavior in this model of SZ and the effect of MLE administration in adulthood on this behavior, the time spent in the central area of the arena (%) was measured during the free exploration phase of the amphetamine-induced activity. However, no significant effects were found on the time spent in the central area of the arena in Poly I:C groups, irrespective of whether they received MLE or not (p > 0.05; Supplementary Table S1, Figure 1F).
Grooming behavior
Psychosis-like animal models often exhibit an excessive self-grooming phenotype (Kalueff et al., 2016). In this sense, to explore the effect of MLE treatment in young adults on this behavior, time spent and number of grooming events were measured in the Poly I:C-induced model of SZ. Thus, two-way ANOVA revealed significant differences in the total time spent grooming for Poly I:C factor (p < 0.05; Supplementary Table S1). The post-hoc test showed that Poly I:C-H2O animals spent more time grooming than the controls (VH-H2O, p < 0.05; Figure 1G). Nevertheless, the total grooming time was not modified by MLE administration in the offspring irrespective of whether the dams had received the VH alone or Poly I:C (p > 0.05; Figure 1G). Likewise, no significant effects were evident in the number of grooming events in the Poly I:C offspring even after MLE treatment (p > 0.05; Supplementary Table S1, Figure 1G).
Adolescent MLE treatment
In these studies, the effects of administering MLE to peri-adolescent rats that were the offspring of dams that had received Poly I:C or VH during gestation were behaviorally examined. Then, MRI studies were conducted and finally, brains were collected to evaluate the oxidative/inflammatory and antioxidant mediators in the PFC and hippocampus (Figure 2A).
Behavioral studies
PPI test
The effect of adolescent MLE treatment on the sensorimotor gating response was assessed in adult Poly I:C offspring. Thus, the RM ANOVA revealed significant differences in the prepulse of the PPI test (p < 0.001), a significant interaction between Poly I:C and adolescent treatment (p < 0.01) and between the prepulse, treatment and Poly I:C (p < 0.05; Supplementary Table S2). The post-hoc test showed that MLE administration prevented the reduction in PPI showed in Poly I:C-H2O group at 80 and 86 dB (p < 0.05, p < 0.001, respectively; Figure 2B). Nevertheless, MLE did not modify the PPI values in control animals. As expected, risperidone treatment also significantly influenced PPI, increasing the PPI in Poly I:C offspring (80 dB, p < 0.05; 86 dB, p < 0.01) relative to Poly I:C-H2O group (Figure 2B). However, risperidone also significantly decreased PPI in the control (VH) offspring at both 80 (p < 0.05) and 86 dB (p < 0.01; Figure 2B).
NOR test
The possible preventing effect of MLE treatment in adolescents on NOR deficit induced by this model of SZ was evaluated at adulthood in this test. Two-way ANOVA revealed a significant interaction between Poly I:C and treatment on the discrimination index in the STM (p < 0.05) but it was not significant in the LTM phase (p > 0.05; Supplementary Table S2). Thus, Poly I:C animals showed a significantly lower discrimination index in the STM than control animals (Poly I:C-H2O relative to VH-H2O animals, p < 0.05; Figures 2C,D). MLE did not significantly modify the discrimination index in either Poly I:C offspring or in the control (VH) rats (p > 0.05; Figures 2C,D). In this paradigm, risperidone treatment did not influence the discrimination index in the STM or LTM phases in Poly I:C animals (p > 0.05; Figures 2C,D), although it did significantly reduce the discrimination index over STM in VH offspring (VH-RIS compared to VH-H2O animals, p < 0.05; Figure 2C) without affecting the performance of LTM (p > 0.05; Figure 2D).
Amphetamine-induced activity
Locomotor activity after amphetamine administration in adult Poly I:C offspring was evaluated in order to investigate whether adolescent MLE treatment was able to reverse the enhanced sensitivity to these compounds at adulthood. The RM ANOVA showed significant differences in the total distance travelled following amphetamine administration (time, p < 0.001; interaction between Poly I:C and treatment, p < 0.05 and interaction between time, treatment and Poly I:C, p < 0.01; Supplementary Table S2). Amphetamine administration increased the motor activity over time in all the experimental groups, although this effect was significantly stronger in Poly I:C-H2O rats than in the control animals (VH-H2O, min 60, p < 0.05; min 65–70, p < 0.01; min 75, p < 0.001; min 80, p < 0.01; Figure 2E). Although MLE administration did not affect motor activity in this paradigm (p > 0.05; Figure 2E), risperidone treatment significantly increased the total distance travelled in VH offspring (VH-RIS compared to VH-H2O animals, min 60, p < 0.05; min 65, p < 0.01; min 70–80, p < 0.001; Figure 2E) and it did reduce the hyperactivity induced by Poly I:C (min 75, p < 0.05; Figure 2E). Furthermore, AUC ANOVA revealed a significant interaction on the motor activity induced (p < 0.05; Supplementary Table S2), with larger AUC values in Poly I:C-H2O relative to the VH-H2O rats (p < 0.05; Figure 2E). However, MLE administration did not alter the AUC in VH or Poly I:C offspring (p > 0.05; Figure 2E). By contrast, control animals treated with risperidone had significantly higher AUC values relative to VH-H2O animals (p < 0.05; Figure 2E), although no significant effect was observed in Poly I:C animals administered risperidone (p > 0.05; Figure 2E).
Anxiety-like behavior
Likewise, in order to assess the effect of adolescent MLE treatment on anxiety-like behavior in Poly I:C offspring, we evaluated in adults the time spent in the central area of the arena during the free exploration phase of the amphetamine-induced activity test. However, two-way ANOVA did not reveal a significant effect of Poly I:C or treatment on anxiety-like behavior (p > 0.05; Supplementary Table S2; Figure 2F).
Grooming behavior
In addition to test the effect of adolescent MLE treatment in the previous behavioral paradigms, this treatment was also assessed on grooming behavior exhibited by the adult Poly I:C offspring. In this way, the ANOVA revealed a significant interaction regarding both the total time spent grooming and the number of grooming events (both p < 0.05; Supplementary Table S2). Thus, the post-hoc test showed that Poly I:C-H2O animals spent significantly more time grooming than the control animals (VH-H2O, p < 0.05; Figure 2G) and that MLE administration impeded this increase in Poly I:C offspring (p < 0.05; Figure 2G) accompanied by a reduction of grooming events (p < 0.01; Figure 2G). By contrast, no significant differences in grooming behavior were evident in VH animals and in Poly I:C offspring that were administered risperidone (p > 0.05; Figure 2G).
MRI studies
MRI studies using this model of SZ have identified volumetric changes in some brain areas that emerges at adulthood as a consequence of the maternal immune activation (Piontkewitz et al., 2011b; Casquero-Veiga et al., 2019). Therefore, adult offspring were scanned to evaluate whether MLE treatment during the peri-adolescence period was able to prevent brain structural abnormalities induced by this model of SZ.
VBM analysis
VBM analysis revealed that Poly I:C animals showed a reduced GM volume in the frontal cortical areas and the retrosplenial cortex area, in addition to an enlargement of the GM in the cerebellum relative to the control animals (VH-H2O; Figure 3A). MLE treatment enlarged the GM in the frontal cortex in the Poly I:C animals, while it decreased it in the retrosplenial area and the ventral hippocampus-cortical area relative to Poly I:C-H2O rats (Figure 3C). In addition, there was a significant enlargement of the GM in the frontal cortex of Poly I:C animals treated with risperidone, coupled to a loss of GM in the ventral hippocampus relative Poly I:C-H2O animals (Figure 3D). Poly I:C immune activation also provoked a loss of WM volume in the inferior cerebellar peduncle, medial forebrain bundle and anterior commissure, along with WM enlargement in the rubrospinal tract compared to VH-H2O rats (Figure 3A). No significant changes in WM were found in Poly I:C animals that were then treated with MLE or risperidone (Figures 3C,D).
[image: Figure 3]FIGURE 3 | The effect of MLE or risperidone (RIS) treatment during adolescence on brain volumetric changes measured by MRI. (A) Voxel-based morphometry (VBM) and (B) regions of interest (ROI) analysis in the Poly I:C model (phenotype). VBM results are represented in T-maps overlaid on a T2-MR template showing the volumetric changes in the gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) in Poly I:C-H2O animals relative to the controls (VH-H2O). The color bars represent the T-values corresponding to volumetric enlargement (warm) and shrinkage (cold). Tables show the phenotype-related effects on brain volumetric changes in the GM, WM and CSF of Poly I:C animals from the VBM analysis. The ROI results are represented in column plots of global and regional volumetric changes in whole brain, hippocampus (Hipp), frontal lobe (FL), all ventricles and the fourth ventricle (4 V) of Poly I:C- H2O animals relative to the controls (VH-H2O). (C) VBM results after adolescent treatment with MLE or (D) RIS. The VBM results are represented in T-maps overlaid on a T2-MR template showing the volumetric changes in the GM, WM and CSF of Poly I:C offspring treated with MLE or RIS relative to Poly I:C-H2O animals. The color bars represent the T-values corresponding to volumetric enlargement (warm) and shrinkage (cold). The tables show treatment-related effects on the brain volumetric changes in the GM, WM and CSF of Poly I:C animals in the VBM analysis. (E) The ROI results after MLE or RIS treatment are represented as column plots of global and regional volumetric changes in whole brain, Hipp, FL, all ventricles and the 4 V compared to Poly I:C-H2O animals. The VBM tables include: side, right (R) and left (L); T, t value; k, cluster size; volume, increase (↑) or decrease (↓); p unc., p value uncorrected; FDR, false discovery rate. The data are represented as the mean ± SEM of 10 animals per group. *p < 0.05, **p < 0.01 vs. VH-H2O; ##p < 0.01 vs. Poly I:C-H2O as assessed with a Student’s t-test (unpaired, two-tailed), or one-way ANOVA followed by the LSD post-hoc test. Abbreviations: AA, amygdaloid area; ac, anterior commissure; C, cortex; Cb, cerebellum; icp, inferior cerebellar peduncle; LR4V, lateral recess of the fourth ventricle; mfb, medial forebrain bundle; rs, rubrospinal tract; RSA, retrosplenial area; vHipp, ventral hippocampus.
Poly I:C-H2O group showed CSF enlargements in the fourth ventricle relative to the control animals (VH-H2O; Figure 3A). However, MLE but not risperidone treatment significantly reduced this increase in the Poly I:C offspring (Figures 3C,D).
Manual ROI analysis
In evaluating the changes on ROIs analysis induced by Poly I:C animal model, a t-test showed significant increase were provoked in ventricular volume (p < 0.01), including the fourth ventricle (p < 0.05; Supplementary Table S3, Figure 3B). In terms of the effect of MLE and risperidone administration to offspring from dams that received Poly I:C, an ANOVA analysis showed a significant effect in ventricular brain regions (ventricles and fourth ventricle, p < 0.01; Supplementary Table S3), and the post-hoc test revealed that both MLE and risperidone prevented an enlargement of the ventricles (ventricles and fourth ventricle, p < 0.01; Figure 3E).
Oxidative/inflammatory and antioxidant mediators
Finally, after MRI studies, brains were collected to study the effect of adolescent MLE treatment on modulation of oxidative/inflammatory and antioxidant mediators in both the PFC and hippocampus of the adult Poly I:C offspring. Thus, iNOS and COX2 were assessed as two pro-inflammatory cytokines often overexpressed in this experimental model. In the PFC, ANOVA revealed an interaction (p < 0.001; Supplementary Table S4) of iNOS and the post-hoc test showed a significant increase in the iNOS protein levels in the Poly I:C animals (p < 0.01; Figure 4A), an effect that was prevented by MLE or risperidone administration (p < 0.01 and p < 0.001, respectively; Figure 4A). In terms of COX2, no significant differences were found (p > 0.05; Supplementary Table S4; Figure 4B). p38 signaling was also evaluated to know if this intracellular pathway contributes to the inflammatory process as well as indicators of oxidative/nitrosative damage (nitrites and 4-HNE, a specific lipid peroxidation marker) due to this damage is often triggered as consequence of that inflammatory response. However, no differences were found in the ratio of the pro-inflammatory mediator MAPK p38, nor in the oxidative/nitrosative damage markers based on nitrite levels or 4-HNE, a derivative of lipid peroxidation (p > 0.05; Figures 4C–E). In this context, adolescent treatment with this antioxidant extract could modify compensatory antioxidant mechanisms, so these mechanisms were assessed in terms of Keap1, NRF2, SOD, CAT, GSH/GSSG, GPx, NQO1, HO1 and TAOC. Similarly, no significant changes were observed in the PFC in some of the NRF2-dependent antioxidant compensatory mechanisms (SOD, CAT, GPx and NQO1; Figures 4H,I,M,N). However, ANOVA revealed an interaction with the Keap1 levels and with the antioxidant enzyme HO1 (both p < 0.05; Supplementary Table S4). In this sense, the post-hoc test revealed a significant increase in Keap1 levels in Poly I:C animals relative to the control group (VH-H2O, p < 0.05; Figure 4F) and an increased expression of HO1 after MLE administration to Poly I:C animals (Poly I:C-MLE compared to Poly I:C-H2O animals, p < 0.05; Figure 4O). A significant reduction in Keap1 levels was induced by risperidone treatment in Poly I:C animals (p < 0.05) whereas it increased these levels in control animals (VH-RIS, p < 0.05; Figure 4F). Regarding the nuclear NRF2 activity, a main effect of Poly I:C was found (p < 0.05; Supplementary Table S4) and the post-hoc test revealed that Poly I:C offspring treated with risperidone had lower levels of NRF2 than control groups (VH-H2O, p < 0.01; VH-RIS, p < 0.05; Figure 4G).
[image: Figure 4]FIGURE 4 | The effect of adolescent MLE or risperidone (RIS) treatment on the expression of oxidative/inflammatory mediators in the PFC. (A–C) The expression of the inflammatory mediators iNOS, COX2 and p38 relative to the controls, represented as the percentage (%) change, except for p38 which is represented as the ratio of phosphorylated relative to total p38 protein. (D,E) The concentrations of the indicators of oxidative/nitrosative damage (nitrites and 4-HNE) are expressed as µM/µg of protein, and as the % of the control expression. (F–P) Evaluation of the biomarkers of compensatory antioxidant mechanisms (Keap1, NRF2, SOD, CAT, GSH/GSSG, GPx, NQO1, HO1, TAOC). Keap1, NQO1 and HO1 expression is represented as the % of the controls; NRF2 activity is expressed in arbitrary units (AU); SOD and CAT enzyme activities are expressed as U/mg of protein; the levels of total (GSHtotal), oxidized (GSSG) and reduced (GSHfree) glutathione are expressed as μM/µg of protein; Glutathione Peroxidase (GPx) is expressed as nmol/min/ml; and the Total Antioxidant Capacity (TAOC) is expressed in nmol/L. The data are represented as the mean ± SEM of 7-8 PFC samples per group. Representative bands of iNOS, COX2, 4-HNE, Keap1, NQO1 and HO1 (upper bands), and of the β-actin loading control (lower bands), are shown above their corresponding bars in the graph. For p38 protein expression, phosphorylated and total p38 representative bands are shown relative to β-actin (lower bands). *p < 0.05, **p < 0.01 vs. VH-H2O; $p < 0.05, $$followed by the LSD post-hoc test.
Similarly, the levels of total (GSHtotal), oxidized (GSSG) and reduced (GSHfree) GSH were studied (Figures 4J–L), and a significant effect of treatment on GSSG was evident (p < 0.05), the post-hoc test revealing a significant decrease of GSSG in Poly I:C animals treated with MLE relative to the Poly I:C-H2O and VH-H2O rats (both p < 0.05; Figure 4K). Finally, two-way ANOVA revealed a significant interaction of the total antioxidant capacity of the samples (p < 0.05; Supplementary Table S4) and post-hoc test showed that risperidone treatment in Poly I:C rats increased this capacity relative to VH-RIS and Poly I:C-H2O groups (p < 0.01 and p < 0.05, respectively; Figure 4P).
In the hippocampus, the ANOVA analysis revealed an interaction for iNOS (p < 0.05; Supplementary Table S4), with the post-hoc tests demonstrating a significant decrease in the expression of iNOS in the Poly I:C offspring treated with MLE relative to the untreated animals (Poly I:C-H2O, p < 0.05; Figure 5A). No alterations to other inflammatory mediators were found, like COX2 or the p38 ratio, nor to nitrite or 4-HNE levels (p > 0.05; Supplementary Table S4; Figures 5B–E). However, ANOVA revealed a main effect for Poly I:C on Keap1 (p < 0.001) and a significant interaction (p < 0.001; Supplementary Table S4). Indeed, the post-hoc test showed that MLE significantly decreased the Keap1 levels in Poly I:C animals relative to the other groups of animals (VH-H2O and VH-MLE, p < 0.001; Poly I:C-H2O, p < 0.01; Figure 5F). The same reduction was induced by risperidone in Poly I:C animals (VH-H2O and Poly I:C-H2O, p < 0.01; VH-RIS, p < 0.001) but in VH offspring it significantly increased Keap1 levels (VH-RIS, p < 0.05; Figure 5F). This reduction in Keap1, an NRF2-inhibitory protein, was translated into an increase in nuclear NRF2 activity relative to the VH offspring (p < 0.05; Figure 5G), and ANOVA showed a significant effect of Poly I:C for NRF2 (p < 0.01). Two-way ANOVA indicated no change in the other antioxidant components (Figures 5H–K,M–P) except for a significant interaction of the free GSH (p < 0.05; Supplementary Table S4). The post-hoc test showed that Poly I:C animals treated with risperidone had higher levels of GSHfree than Poly I:C-H2O (p < 0.05) and VH-RIS animals (p < 0.01; Figure 5L).
[image: Figure 5]FIGURE 5 | The effect of adolescent MLE or risperidone (RIS) treatment on the expression of oxidative/inflammatory mediators in the hippocampus. (A–C) The expression of the inflammatory mediators iNOS, COX2 and p38 represented as the percentage (%) of the control expression, with the exception of p38 which is represented as the ratio of phosphorylated relative to total p38 protein. (D,E) Indicators of oxidative/nitrosative damage (nitrites and 4-HNE) are expressed as their concentration (µM/µg of protein) and the % of the control expression, respectively. (F–P) The evaluation of biomarkers of compensatory antioxidant mechanisms (Keap1, NRF2, SOD, CAT, GSH/GSSG, GPx, NQO1, HO1, TAOC). Keap1, NQO1 and HO1 expression is represented as the % of the control expression; NRF2 activity is expressed in arbitrary units (AU); SOD and CAT enzyme activities are expressed as U/mg of protein; the levels of total (GSHtotal), oxidized (GSSG) and reduced (GSHfree) glutathione are expressed as μM/µg of protein; Glutathione Peroxidase (GPx) is expressed in nmol/min/ml; and the Total Antioxidant Capacity (TAOC) is expressed in nmol/L. The data are represented as the mean ± SEM of 7-8 hippocampal samples per group. Representative bands of iNOS, COX2, 4-HNE, Keap1, NQO1 and HO1 (upper bands) and the β-actin loading control (lower bands) are shown above their corresponding bars in the graph. For p38 protein expression, phosphorylated and total p38 representative bands are shown relative to β-actin (lower bands). *p < 0.05, **p < 0.01, ***p < 0.01 vs. VH-H2O; $p < 0.05, $$p < 0.01, $$$p < 0.001 vs. VH-MLE or VH-RIS; #p < 0.05, ##p < 0.01 vs. Poly I:C-H2O as assessed by two-way ANOVA followed by the LSD post-hoc test.
DISCUSSION
This study demonstrates that the administration of MLE during adolescence or in adulthood exerts a beneficial effect in the maternal immune activation model of SZ, improving behavioral deficits particularly when administered in adolescence. In addition, MRI images and oxidative/inflammatory and antioxidant biomarkers were evaluated after adolescent treatment, with MLE partially counteracting the morphometric brain alterations detected in the SZ model (cortical shrinkage, and cerebellar and ventricles enlargement), and dampening the inflammatory iNOS pathway while enhancing antioxidative mechanisms. This effect was achieved with a MLE characterized by a strong antioxidant and anti-inflammatory activity, in conjunction with a higher content of mangiferin and other polyphenolic compounds, as seen previously (Liu et al., 2021). Moreover, the extraction method was environmentally friendly as it was based on high pressure extraction techniques that allow us to more efficiently recover more phenolic compounds from mango leaves with stronger antioxidant activity than conventional methods (Guamán-Balcázar et al., 2017).
According to previous studies, adult offspring from Poly I:C immune activated dams exhibit a sensorimotor gating deficit, reduced PPI, representing a core symptom of this animal model of SZ (Hadar et al., 2015; Casquero-Veiga et al., 2021). Cognitive impairment has also been observed in learning and memory phases of the NOR test, along with exacerbated amphetamine-induced activity (Zuckerman et al., 2003; Ozawa et al., 2006). Enhanced grooming behavior was also seen in Poly I:C offspring as a repetitive behavior related to maternal immune activation models (Amodeo et al., 2019).
To evaluate the effectiveness of MLE in reversing the alterations to Poly I:C offspring, two different treatment approaches were assessed, the therapeutic treatment in young adults and a preventive strategy during peri-adolescence, considering a prodromal and a critical therapeutic window for this neuropsychiatric disorder (rev. in Meyer et al., 2011; Piontkewitz et al., 2011b; Sommer and Arango, 2017). MLE administration to young adults produced a robust effect in the PPI test, reversing the sensorimotor gating deficit characteristic of this model of SZ. This effect of MLE on PPI was similar to that reported after treatment with an antipsychotic drug, e.g., clozapine (Ribeiro et al., 2013). However, MLE did not affect amphetamine-induced activity, recognition memory or grooming behavior. Previous studies suggest that this symptomatology might already be established by the time the animals received this adult MLE treatment (Ribeiro et al., 2013; Mattei et al., 2017; Talukdar et al., 2020). Chronic mangiferin treatment at the same dose as that used here improved the grooming and stereotyped abnormalities produced by an acute model of SZ induced by ketamine administration, as well as restoring IL-6 levels and lipid peroxidation (Rao et al., 2012). On the other hand, peri-adolescent MLE treatment prevented the emergence of the adult sensorimotor gating deficit and interestingly, the magnitude of this effect was similar to that of preventive treatment with risperidone or other antipsychotic drugs, or even that of anti-inflammatory/antioxidant compounds like polyunsaturated fatty acids (Meyer et al., 2010; Piontkewitz et al., 2011a; Casquero-Veiga et al., 2019; Casquero-Veiga et al., 2021; Romero-Miguel et al., 2021). MLE administration during adolescence also reverses the increased grooming behavior exhibited in Poly I:C offspring. Nevertheless, MLE failed to modify the development of sensitivity to amphetamines and the cognitive alterations seen in Poly I:C model. Therefore, although MLE prevent the hallmark PPI deficit in this model of SZ, unfortunately not all behavioral abnormalities could be halted by MLE administration in adulthood or adolescence.
Regarding the morphometric brain changes in the Poly I:C model, significant cortical shrinkage (frontal and retrosplenial) and ventricle enlargement was observed in this study, consistent with the brain alterations described previously in this model and in patients with SZ (Mitelman et al., 2005; Piontkewitz et al., 2009; Haijma et al., 2013; Casquero-Veiga et al., 2019). In addition, an augmentation on cerebellar areas was also seen in the offspring of Poly I:C dams. Morphometric changes in the cerebellum are not consistently reported in the literature, and while most previous studies have described a shrinkage, some reports have shown an enlargement of this brain area in SZ (Shenton et al., 2001; Lee et al., 2007; Moberget et al., 2018). Moreover, a reduction in WM fibers was observed, including a reduced volume of the anterior commissure/medial forebrain bundle and inferior cerebellar peduncle, along with an increased volume of the rubrospinal tract. Most of these WM alterations are consistent with WM deficits described in patients with SZ (Kubicki et al., 2007; Koch et al., 2010). Preventive MLE therapy during adolescence partially counteracts the morphometric changes observed in the offspring of Poly I:C dams. Thus, MLE increased the volume of the frontal cortex, in addition to reducing the ventricular and retrosplenial area volume. Bearing in mind the effect of risperidone detected by MRI previously (Piontkewitz et al., 2011a; Casquero-Veiga et al., 2019), the ROI analysis indicates that risperidone appears to reverse most brain structural alterations described in this model of SZ. A similar effect to the MRI changes to those achieved by this antipsychotic drug was observed after MLE treatment. The reversion of the PPI deficit found with MLE in Poly I:C offspring suggests that the brain structures involved in PPI processing might be preserved by MLE treatment during adolescence as occurred in the frontal cortex. Thus, although the corticostriatal-pallido-pontine circuit is the main neuroanatomic substrate underlying PPI processing, there is evidence that the PFC plays an important role in its modulation (Swerdlow et al., 2001; Tapias-Espinosa et al., 2019). Indeed, alterations to PFC integrity, activity and volume have been related to a PPI deficit (Koch and Bubser, 1994; Japha and Koch, 1999; Schneider and Koch, 2005; Uehara et al., 2007; Tapias-Espinosa et al., 2019) and conversely, the sensorimotor gating deficit observed in neurodevelopmental models of SZ has been related to abnormalities in the PFC (Day-Wilson et al., 2006; Wischhof et al., 2015; Toriumi et al., 2016). Moreover, frontal cortex preservation by adolescent MLE treatment could be involved in reducing grooming behavior that has been associated with alterations in corticostriatal connectivity (Kalueff et al., 2016; Wu et al., 2019). On the other hand, limited action of MLE on NOR test might be related with the inability to produce a beneficial effect on the hippocampus and the perirhinal cortex (Squire et al., 2007).
The offspring of Poly I:C dams showed an inflammatory process mediated by iNOS in the PFC accompanied by an increased in Keap1 levels as oxidative biomarker. The activation of these inflammatory and oxidative pathways has been described previously in this animal model of SZ (Casquero-Veiga et al., 2019; Romero-Miguel et al., 2021). However, no alterations were observed in other oxidative and antioxidant biomarkers in the adult Poly I:C offspring, at least at this point of the clinical course. MLE treatment during adolescence exerted an anti-inflammatory effect through the dampening of the iNOS pathway in both the PFC and hippocampus, similar to the effects of the antipsychotic risperidone, and those of other anti-inflammatory agents like polyunsaturated fatty acids (Casquero-Veiga et al., 2019; Casquero-Veiga et al., 2021). Indeed, the anti-inflammatory effects of mangiferin were previously proposed to be driven by reducing iNOS and COX2 expression (Bhatia et al., 2008; Márquez et al., 2012). Furthermore, adolescent MLE treatment promoted the expression of biomarkers of compensatory antioxidant mechanisms in the PFC and hippocampus of Poly I:C animals. Thus, a reduction in cytosolic Keap1 and GSSG was seen in Poly I:C offspring treated with MLE, accompanied by enhanced expression of nuclear NRF2 and HO1. These results indicate that the antioxidant effect of MLE was mediated by the NRF2-ARE pathway, contributing to NRF2 translocation to the nucleus, and the ensuing expression of the antioxidant enzyme HO1 (van Muiswinkel and Kuiperij, 2005). It has been widely demonstrated that mangiferin enhances the expression of NRF2 and its nuclear translocation exerts a neuroprotective role against inflammatory and oxidative stress via NRF2-ARE signaling (rev. in Du et al., 2018; Liu et al., 2021). Thus, MLE could improve the inflammatory imbalance evident in this model of SZ and promote antioxidant effects. Risperidone treatment also reduced Keap1 expression in the PFC and hippocampus, albeit with weaker antioxidant activity via the NRF2-ARE pathway. However, risperidone also had an effect on the antioxidant capacity enhancing the TAOC in the PFC. Note that the changes in oxidative, inflammatory and antioxidant biomarkers observed in this study may be the final or last mediators of these pathways, suggesting that the inflammatory mechanisms and oxidative damage occurred early in the time course of this model of SZ, and that MLE partially resolved these events.
Although the mechanisms involved in the beneficial effect of MLE must be further elucidated, as has been argued above, the reversal of the PPI deficit could be mainly due to the recovery of frontal cortex volume in conjunction with the inflammatory and antioxidative mechanisms that enhance in this brain area in the Poly I:C offspring. Furthermore, there is evidence of a correlation between the neuroprotective role of mangiferin, and the promotion of anti-inflammatory and antioxidant events, mainly in cortical brain areas (Márquez et al., 2012; Jangra et al., 2014; Infante-Garcia et al., 2017a; rev. in Liu et al., 2021). Therefore, the frontal cortex could represent the target area where the anti-inflammatory and antioxidant effect of MLE might act and produce its benefits.
This study is subject to some limitations including that we have only evaluated the effects of MLE in male offspring. This is mainly due to the fact that the female response to Poly I:C prenatal insult is lower and more variable than those of male animals (Haida et al., 2019). However, further studies with females must be performed to shed light on possible sex differences in the beneficial effect of MLE. Additionally, to avoid extra maternal stress by collecting blood samples for inflammatory mediators’ evaluation, the maternal immune activation was evaluated through the reduction in body weight of pregnant mothers after the inflammatory insult, which is an indirect measurement previously associated to Poly I:C-induced immune activation (Piontkewitz et al., 2011b; Howland et al., 2012; Missault et al., 2014; Lins et al., 2018). However, it would also be interesting to evaluate the immune response induced by Poly I:C in dams by measuring cytokines levels. Moreover, the peri-adolescent MLE treatment (PND 35-49) exhibited a limited efficacy. This limitation could come from the MLE per se. Despite the analysis of some aspects of the antioxidant and anti-inflammatory activity of MLE, it is a natural and heterogeneous extract which mixture could not be fully characterized. Nonetheless, better results could be achieved through sustained MLE treatment from adolescence until adulthood in this model of SZ. In this sense, it would be interesting to study if longer treatment could increase MLE efficacy and, considering the results found in NRF2, to discern if adolescent MLE treatment acts during this critical period by increasing anti-inflammatory/antioxidant mechanisms or perhaps by promoting neuronal plasticity and synaptogenesis.
In summary, the results presented here indicate that MLE administration in adulthood could reverse the sensorimotor gating deficit that is a hallmark of SZ, whereas its administration during adolescence completely prevents this deficit, while improving grooming behavior. The behavioral improvement produced by adolescent MLE treatment was accompanied by an improvement to both morphological brain alterations, and to the inflammatory and redox imbalance in this maternal immune activation model. Hence, this study demonstrates the efficacy of MLE therapy, not only in adults but also during adolescence, when it seems to be able to disrupt the pathological progression of the SZ-related phenotype induced by a prenatal Poly I:C insult. Consequently, these results suggest that peri-adolescence represents a critical neurodevelopment window where early pharmacological interventions with anti-inflammatory/antioxidant compounds may be relevant in the course of this psychiatric disease.
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Wernicke’s encephalopathy (WE) is a neurologic disease caused by vitamin B1 or thiamine deficiency (TD), being the alcohol use disorder its main risk factor. WE patients present limiting motor, cognitive, and emotional alterations related to a selective cerebral vulnerability. Neuroinflammation has been proposed to be one of the phenomena that contribute to brain damage. Our previous studies provide evidence for the involvement of the innate immune receptor Toll-like (TLR)4 in the inflammatory response induced in the frontal cortex and cerebellum in TD animal models (animals fed with TD diet [TDD] and receiving pyrithiamine). Nevertheless, the effects of the combination of chronic alcohol consumption and TD on TLR4 and their specific contribution to the pathogenesis of WE are currently unknown. In addition, no studies on TLR4 have been conducted on WE patients since brains from these patients are difficult to achieve. Here, we used rat models of chronic alcohol (CA; 9 months of forced consumption of 20% (w/v) alcohol), TD hit (TDD + daily 0.25 mg/kg i.p. pyrithiamine during 12 days), or combined treatment (CA + TDD) to check the activation of the proinflammatory TLR4/MyD88 pathway and related markers in the frontal cortex and the cerebellum. In addition, we characterized for the first time the TLR4 and its coreceptor MyD88 signature, along with other markers of this proinflammatory signaling such as phospo-NFκB p65 and IκBα, in the postmortem human frontal cortex and cerebellum (gray and white matter) of an alcohol-induced WE patient, comparing it with negative (no disease) and positive (aged brain with Alzheimer’s disease) control subjects for neuroinflammation. We found an increase in the cortical TLR4 and its adaptor molecule MyD88, together with an upregulation of the proinflammatory signaling molecules p-NF-ĸB and IĸBα in the CA + TDD animal model. In the patient diagnosed with alcohol-induced WE, we observed cortical and cerebellar upregulation of the TLR4/MyD88 pathway. Hence, our findings provide evidence, both in the animal model and the human postmortem brain, of the upregulation of the TLR4/MyD88 proinflammatory pathway in alcohol consumption–related WE.
Keywords: Wernicke–Korsakoff syndrome, neuroinflammation, frontal cortex, cerebellum, thiamine deficiency, alcohol use disorder (AUD)
INTRODUCTION
Wernicke’s encephalopathy (WE) and Korsakoff’s syndrome are considered different stages of the same disease because of vitamin B1 or thiamine deficiency (TD), where WE represents the acute and reversible (when treated with thiamine) form of the disease and Korsakoff is an advanced and irreversible state characterized by neuronal death. This neurologic disease, also named the Wernicke–Korsakoff syndrome (WKS), is characterized by ocular abnormalities (nystagmus and/or ophthalmoplegia), mental status changes, and gait disturbances (Kohnke and Meek, 2021). Because of limiting motor, cognitive, and emotional alterations, these patients require heavy dependence to complete daily life activities.
Alcohol use disorder (AUD) is the main risk factor for this disease, although other causes with no history of alcohol dependence may also induce the pathology, such as repetitive vomiting, gastric disorder, or after bariatric surgery (Kopelman, 1995; Deb et al., 2001). The nutritional TD in AUD is associated with malnourishment and decreased absorption of thiamine, due to the direct effects of alcohol on its metabolism, besides reduced storage in the liver because of alcoholic liver disease (Arts et al., 2017).
The bioactive form of thiamine (thiamine diphosphate) is necessary for energy metabolism in all cells. Therefore, the brain is the main site of TD-induced damage because of its immense energy requirement in comparison with the rest of the body (Clarke and Sokoloff, 1999). Brain damage has been extensively described in several brain regions in WE, mainly including diencephalic regions such as the thalamus and mammillary bodies (Manzo et al., 2014). However, some authors pointed out the presence of damage in other structures less studied in this pathology, such as the frontal cortex (Jacobson and Lishman, 1990; Jernigan et al., 1991; Paller et al., 1997; Aupée et al., 2001; Gibson et al., 2016) and the cerebellum (Mulholland, 2006; Manzo et al., 2014). In our previous preclinical studies about WE, we selected these less studied frontal cortex and cerebellum (Moya et al., 2021, 2022) as structures of great interest to be investigated, since both participate in motor function control, cognition, and emotional responses (Baillieux et al., 2008; Molinari et al., 2008; Rudebeck et al., 2008; Leggio et al., 2011; Clausi et al., 2017). Indeed, the frontal cortex is particularly important in executive control tasks and behavioral inhibition, including cognitive processes, social behavior, and inhibition of motor responses. Within the cerebellum, the mapping of associative learning with emotional, motor, and cognitive functions follows a medial-to-lateral cerebellar distribution: the sensorimotor functions are distributed more toward the midline, whereas the cognitive functions are located more laterally in the cerebellar hemispheres. Executive functions, including verbal working memory, are related to both cerebellar hemispheres, whereas affective functions are primarily midline in the so-called “limbic cerebellum.” It is of interest that the left cerebellar hemisphere, the region analyzed in the present study, also appears to be involved in visuospatial functions and in linguistic processes (Klein et al., 2016; Amore et al., 2021). Therefore, the cerebellum and the frontal cortex are two brain areas directly involved in the behavioral alterations manifested in the WE, which deserve further investigation.
The exact cause of brain damage in WE is unclear, but neuroinflammation has been proposed as a contributing factor (Neri et al., 2011; Zahr et al., 2014; Toledo Nunes et al., 2019). Proinflammatory cytokines, enzymes, and different constituents of this process have been reported, but how the inflammatory response is activated in the brain tissue remains unknown. At present, our research group reported for the first time the involvement of the innate immune receptor Toll-like (TLR)4 in the pathogenesis of nonalcoholic WE, showing a selective vulnerability of the frontal cortex and cerebellum, the two brain structures understudied in comparison with diencephalic regions, in this pathology over time (Moya et al., 2021).
The activation of the canonical proinflammatory TLR4 pathway induces, via myeloid differentiation factor 88 (MyD88), the recruitment of downstream signaling molecules that triggers the stimulation of transcriptional factors, such as the nuclear factor κB (NF-κB), which lead to the induction of genes encoding inflammation-associated molecules and cytokines. In addition to cytokines, NF-κB transcriptional activity induces the expression of other proinflammatory markers that lead to oxidative and nitrosative stress, such as the inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) enzymes, and different caspases, generating lipid peroxidation and apoptotic cell death, respectively. Some other molecules can be released in response to injured tissue, such as heat shock proteins and the high mobility group box 1 protein (HMGB1), inducing more neuroinflammation in a vicious cycle [reviewed in (Orio et al., 2019)]. The TLR4-induced neuroinflammatory pathway has been extensively studied in the context of AUD (Pascual et al., 2011; Crews et al., 2013; Montesinos et al., 2016; Antón et al., 2017), and we recently reported that the TLR4-induced neuroinflammation in the frontal cortex and cerebellum in TD animals could be related to the cognitive and motor deficits, respectively (Moya et al., 2021). However, the specific contribution of TD and chronic alcohol (CA) use to the impact of TLR4 signaling and their contribution to the pathogenesis of WE are currently unknown.
In the present study, we aimed to further characterize the role of the TLR4 in WE by using combined models with TD and CA exposure, the two main known contributing factors of the pathology, and we also explored the TLR4 activation and signaling in the frontal cortex and cerebellum of a postmortem alcohol-induced WE brain. The presence of postmortem brains of WE-diagnosed patients in biobanks is extremely scarce. Here, we reported a deep analysis (in white and gray matter in the frontal cortex and cerebellum) in a single case, using a matched control subject and a positive control in which TLR4-induced neuroinflammation has been extensively reported, as in an aged brain with Alzheimer’s disease.
MATERIALS AND METHODS
Rodent studies
Animals and housing
Male Wistar rats (Envigo©, Barcelona, Spain) (n = 50), weighing 100–125 g at arrival were used. Animals were housed in groups of 2–3 per cage and maintained at a constant room temperature (21°C ± 1℃) and humidity (60 ± 10%) in a reversed 12 h dark–light cycle (lights on at 8:00 p.m.). Standard food and tap water were available ad libitum during an acclimation period of 12 days prior to experimentation, and then, rats were randomly assigned to the experimental groups.
All procedures followed ARRIVE guidelines and adhered to the guidelines of the Animal Welfare Committee of the Complutense University of Madrid (reference: PROEX 312-19) in compliance with the Spanish Royal Decree 118/2021 and following the European Directive 2010/63/EU on the protection of animals used for research and other scientific purposes.
Experimental groups
The experimental design and all the procedures of this animal study are described in detail and can be viewed in Moya et al. (2022).
In a word, to explore the different conditions that contribute to developing WE, the following experimental groups were used:
CA: animals exposed to forced consumption of 20% (w/v) alcohol for 9 months (n = 9).
TD diet (TDD): TD hit (TDD* + pyrithiamine 0.25 mg/kg dissolved in saline (0.9% NaCl) i.p. daily injections the last 12 days of experimentation; *TDD specific composition is detailed in the Supplementary Material) (n = 9).
Chronic alcohol combined with TDD in the last days of treatment (CA + TDD): both combined treatments (n = 10).
These groups were compared with the corresponding control group (C), animals drinking water with standard chow (n = 8).
During the last 12 days of TDD protocol, the remaining animals (C and CA) received equivalent daily injections of vehicle (saline, i.p.).
The number of animals in the alcohol and TDD groups was slightly higher than in control groups for the possible loss of experimental subjects.
We consider that the group with the combined CA + TDD treatment is the most relevant in this translational study, since is the animal model that most closely approximates the WE related to alcohol use.
Tissue samples collection
On day 12 of TDD protocol, at least 1 h after treatment administration, all animals were killed via rapid decapitation after anesthesia overdose of sodium pentobarbital (320 mg/kg, i.p., Dolethal®, Vétoquinol, Spain). Brains were immediately isolated from the skull, discarding meninges and blood vessels, and the frontal cortex (area between Bregma +4.7 and +1.2 mm approx.) and the left cerebellar hemisphere were dissected on ice and frozen at −80℃ until assayed. The liver was also immediately taken out and kept at −80℃ for other assays.
Western blot analysis
Frontal cortex and cerebellar hemisphere samples were processed and analyzed using western blotting following the methodology previously detailed in Moya et al. (2022).
In a word, the tissue samples were homogenized at a ratio of 1:3 (w/v) in ice-cold lysis buffer with protease inhibitors, followed by centrifugation to obtain the supernatants. Protein levels were measured using Bradford’s method (Bradford, 1976). The samples were adjusted with the loading buffer to a final concentration of 1 mg/ml, and 15–20 µg of total protein were separated using SDS–polyacrylamide gels and transferred to nitrocellulose membranes. Blots were incubated with specific primary and secondary antibodies, using the housekeeping ß-actin protein as a loading control (see Table 1 for a complete list of antibodies and their details). Bands were visualized using an ECL kit and quantified via densitometry using ImageJ software (NIH, United States).
TABLE 1 | Specific antibodies used in western blotting to detect proteins of interest.
[image: Table 1]Liver damage
The status of the liver in the animals was checked by measuring the hepatic nitrites and malondialdehyde (MDA) levels, due to the major role of these processes in the pathogenesis of alcoholic liver disease (ALD) (McKim et al., 2003; Galicia-Moreno and Gutiérrez-Reyes, 2014; Pérez-Hernández et al., 2017; Tan et al., 2020; Yang et al., 2022). For details, see Supplementary Data S1.5.
Postmortem human studies
Cases. Three cases were selected from brains donated to the Biobank of the Hospital Universitario Fundación Alcorcón (HUFA), Madrid, Spain:
Case diagnosed with WE: woman, 62 years old. History of chronic alcohol consumption of at least one bottle of wine per day for 10–15 years. The patient showed classical symptoms of WE: altered mental state such as confusional syndrome, disorientation in space and time, and scarce and incoherent spontaneous language; ocular signs (horizontal nystagmus) and motor disturbances (extrapyramidal symptoms, decreased reflexes). The liver enzyme (transaminase) values and other information are reported in Supplemental Section S1.1. The WE was diagnosed based on the (previous) clinical presentation along with the confirmation via postmortem neuropathological analyses.
Negative control case: woman, 53 years old. Cause of death: a nonneurological disease or psychiatric disorder.
Positive control case: aged brain with Alzheimer’s disease (AD): woman, 76 years old. Primary progressive aphasia, logopenic subtype. Frontotemporal lobar degeneration. Neuropathological diagnosis with changes of AD advanced stage. This was the positive control to observe neuroinflammation, since it had a double hit: aged brain with AD. (It has already been demonstrated that TLR4 neuroinflammation is involved in AD pathology (Zhang et al., 2012; Fiebich et al., 2018; Miron et al., 2018; Calvo-Rodriguez et al., 2020), and an aged brain is also susceptible of having more neuroinflammation).
The extended clinical history of each case can be found in Supplementary Section 1.1.
Sample processing
Postmortem proceedings were carried out in the HUFA, Madrid, Spain. All studies were performed complying with national ethical and legal regulations, being approved by the Drug Research Ethics Committee of the HUFA (ref 62-2018).
According to the brain bank protocol, in conventional donation cases, immediately after extraction, the left half of the brain was fixed via immersion in phosphate-buffered 4% formaldehyde for at least 3 weeks. Then, the brain is processed using coronal slices, except for the cerebellum, which is sectioned sagittally. Brain samples from the dorsolateral frontal cortex (Brodmann area 9) and the left cerebellar hemisphere (corresponding to the area from the superior cerebellum to the dentate nucleus) were selected for this study. The tissue was embedded in paraffin, and 4 μm sections were obtained via microtomy for subsequent immunostaining.
Immunohistochemistry
A detailed description of the immunohistochemistry (IHC) protocol is provided in Supplementary Section S1.2. In a word, slides were incubated with specific primary antibodies against TLR4, MyD88, p-NFκB p65, and IκB-α and were developed using diaminobenzidine (DAB) along with Carazzi’s hematoxylin as counterstaining.
To evaluate the specificity of the staining, several technical controls were run including, on the one hand, the omission of the primary antibody and, on the other hand, the omission of the secondary antibody. These technical controls resulted in the absence of staining, and they were performed in both the frontal cortex and cerebellar tissue from the control, alcohol-induced WE, and AD cases. In addition, the specificity of the TLR4 and MyD88 antibodies selected for this study was previously demonstrated in human brain tissue by using IHC and western blotting (Zurolo et al., 2011; MacDowell et al., 2017; Martín-Hernández et al., 2018).
Imaging and quantification
Slides immunostaining of the frontal cortex and cerebellar hemisphere were observed under light microscopy (Zeiss Axioplan Microscope, Germany). The microscope had a high-resolution camera attached (Zeiss Axioplan 712 color, Germany), which was used for capturing the images that were then processed using Axiovision 40V 4.1 (Carl Zeiss Vision, Germany) and ZEN2 software (Carl Zeiss AG, Oberkochen, Germany). Light, shine, and contrast conditions were kept constant during the capture process. For the study of each tissue section per patient, a total of 16 visual fields, 8 within the gray matter and another 8 within the white matter, were examined. An image of each visual field was taken at 40× magnification for the frontal cortex and at 20× magnification for the cerebellum to capture its three layers.
In addition, manual neuronal counting of each image was performed, in which a total number range for an accurate comparison between the cases was obtained.
Positive signals (in brown color due to DAB) on immunohistochemically stained tissues were semiquantitatively evaluated via visual and automatic scoring, comparing both methods to achieve the most reliable results. Images were always evaluated in a blinded manner without prior knowledge of the clinical information.
Visual/observational analysis: immunopositivity of the images was visually assessed by the investigator using a scoring system adapted to our study. The modified immunoreactivity score (IRS) is a composite score assigned to the distribution and intensity of immunostaining, based on (Wang et al., 2011) and (Meyerholz and Beck, 2018) (see Supplementary Section S2.1 and Figure 1). In a word, the observer must assign subscores for immunoreactive distribution (on a 0–4 scale) and intensity (on a 0–3 scale), multiplying them to calculate the total score for each image (ranging from 0 to 12). The final IRS was obtained by averaging the values in the eight fields for each section.
[image: Figure 1]FIGURE 1 | Effects in the TLR4 signaling pathway in frontal cortex of thiamine deficiency diet (TDD), chronic alcohol (CA), and CA + TDD-treated rats. Graphs indicate protein levels of (A) TLR4, (B) MyD88 (C) p-NF-ĸB, and (D) IĸBα markers via western blotting; data of the respective bands of interest (upper bands) were normalized by β-actin (lower band) and expressed as a percentage of change in comparison with the control group. Some blots were cropped from the original (black lines) for improving the clarity and conciseness of the presentation. Mean ± S.E.M. (n = 8–10). Two-way ANOVA or nonparametric Kruskal–Wallis test. Overall alcohol effect: &&&p < 0.001; different from control group: *p < 0.05, **p < 0.01, ***p < 0.001. Since the combined CA + TDD treatment mimics better the human case of alcohol-induced Wernicke’s encephalopathy (WE), this group was also compared with the C group using an unpaired Student’s t-test or Mann–Whitney (CA + TDD vs. C): a p < 0.05, aa p < 0.01, aaaa p < 0.0001.
Automated analysis: a semiquantitative analysis of images was carried out using the ImageJ Fiji software, following the color deconvolution protocol previously described by Crowe and Yue (2019). In brief, a threshold value was set to remove the background signal after the deconvolution of images, followed by the quantification of the DAB signal within the image. The average intensity of the DAB signal in IHC images was calculated. Last, the mean value of the eight images was taken to represent the specific immunoreactivity of each target protein.
Since valuable information might be neglected by the above-mentioned scoring systems, we included a brief description of the cell types and tissue components positively marked, as well as the intensity and characteristics of the staining (see Supplementary Section S1.3).
Both visual IRS and automatic Fiji methods were employed for the analysis of frontal cortex images. Since both procedures reported comparable and reliable results (see results section), the cerebellar hemisphere was subsequently analyzed only using the Fiji method.
Statistical analysis
Data are expressed as mean ± S.E.M. In the animal study, two-way ANOVAs were used to assess the overall effects or interactions between two factors: CA and TDD. In addition, an unpaired Student’s t-test was used to compare the CA + TDD group with the control group. Regarding immunohistochemistry analyses, automated Fiji measures were analyzed using one-way ANOVA. For manual IRS data, the nonparametric Kruskal–Wallis test followed by paired comparisons with the Mann–Whitney test was used. A comparison between manual and automated IHC measurements was performed using Pearson’s correlation and linear regression analyses. Parametric tests were performed when normality and homoscedasticity were verified (checked by Kolmogorov–Smirnov and Barlett’s tests, respectively). Otherwise, data were transformed, or the alternative nonparametric analysis was applied. In the ANOVAs, the Bonferroni post hoc test was used when appropriate. Outliers were analyzed using Grubbs’ test. A p value of <0.05 was set as the threshold for statistical significance in all statistical analyses. The data were analyzed using GraphPad Prism version 8.0 (GraphPad Software, Inc., La Jolla, CA, United States).
RESULTS
Frontal cortex findings
CA + TDD-treated rats showed an increased expression of TLR4, MyD88, p-NF-ĸB, and IĸBα proteins in the frontal cortex
CA increased TLR4 expression levels (Figure 1A, overall effect F (1, 31) = 13.7, p = 0.0008). Regarding its coreceptor, rats exposed to TDD showed a significant increase in the MyD88 protein levels compared with controls (p = 0.0434), being higher in the CA group (p = 0.0007 compared to C). Likewise, the combined CA + TDD treatment induced MyD88 upregulation respect to control animals (p = 0.0315) (Figure 1B, differences between groups H = 15.82, p = 0.0012).
CA exposure induced an increasing trend in the phosphorylation of NF-ĸB that did not reach significance using ANOVA (Figure 1C, overall effect F (1, 29) = 2.995, p = 0.0941). We report the results of the phosphorylated-NFkB protein normalized by the structural protein β-actin, as done with the rest of the markers, in accordance with other authors (Yang et al., 2021), since the increase of the phosphorylation in the p65 subunit is indicative of NF-κB activation to mediate inflammatory gene transcription. The levels of total NFkB were measured, with no changes (see Supplementary Section S2.3 and Figure 5). We analyzed also the IĸBα protein as a reporter of NF-ĸB activity, finding an increase in its levels by the effect of TDD (p = 0.042) and CA (p = 0.0039) treatments relative to controls (Figure 1D, differences between groups H = 12.75, p = 0.0052). The increased expression of the NF-κB inhibitory protein IκBα can be considered an autoregulatory mechanism switched on by NF-κB to block its stimulation.
Moreover, the COX-2 enzyme was studied in the frontal cortex, showing an interaction between CA and TDD factors (F (1, 25) = 7.407, p = 0.0117). Post hoc analysis revealed no statistical differences among groups (Supplementary Section S2.3 and Figure 4A).
In addition, trying to achieve the best approximation between the animal model and the human case, we consider that the combined CA + TDD treatment is an animal model that mimics better the WE related to alcohol use. According to this, we analyzed separately the CA + TDD group via Student’s t-test or Mann–Whitney test. The CA + TDD group showed higher protein levels of TLR4 and MyD88 compared with controls (Figures 1A, B, U = 13, p = 0.0274; t = 5.208, df = 16, p < 0.0001, respectively). In addition, an elevation in p-NF-ĸB and IĸBα protein expression was observed in this group respect to control (Figures 1C,D, t = 2.260, df = 15, p = 0.0391; t = 3.862, df = 16, p = 0.0014, respectively). No significant changes were observed in COX-2 levels of CA + TDD animals versus control (U = 22, p > 0.05, n. s.) and other markers (see Supplementary Section S2.3 and Figure 4).
Postmortem human frontal cortex of alcohol-induced Wernicke’s encephalopathy showed an increased expression of TLR4, its coreceptor MyD88, and phospo-NFκB p65
Prior to visual and automatic analysis of the images, the results of the manual counting of the total number of neurons (mainly pyramidal) showed that the three cases studied were within the same range; thus, they were comparable (data not shown).
The findings reported below were obtained using the automatic ImageJ Fiji software, which were confirmed via comparison with the manual IRS analyses. Correlations between both measurements were high (Supplementary Section S2.2 and Figure 3; Table 1, for TLR4: r = 0.6375; for MyD88: r = 0.7958; for both p < 0.0001) supporting that the Fiji protocol here used is a robust automated measure for TLR4 and MyD88 IHC staining in the brain tissue. In addition, Fiji data were chosen as representative results since this method is the most objective. Manual IRS results for frontal cortex images can be found in Supplementary Section S2.2 and Figure 2.
[image: Figure 2]FIGURE 2 | Representative images of immunohistochemical detection for TLR4 and MyD88 in the gray matter of the frontal cortex of control, alcohol-related WE, and Alzheimer’s disease (AD) cases. Regarding TLR4 and MyD88 results in the WE case (B), pyramidal neurons were strongly stained especially in the cytoplasm (arrows; high magnification in inset (Ba; Ec)) and also glial immunoreactivity (arrowheads; high magnification in inset (Bb; Ea, b)); this staining pattern was also found in the AD (C). MyD88 also around the endothelial cells in blood vessels (bv). Tissue edema (parenchymal distension/“gaps”) is prominent (B,E). Images taken with a 40× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ±S.E.M and are expressed as a percentage of change in comparison with the control group. Different from control: *p < 0.05, **p < 0.01, ****p < 0.0001; different from WE: ##p < 0.01.
In the cortical gray matter of the control case, weak TLR4 immunoreactivity was occasionally detected in a few pyramidal neurons and glial cells (Figure 2A). In the same brain area of the WE patient, we observed a strong TLR4 expression in most pyramidal neurons (with cytoplasmic localization, Figure 2Ba), as well as in glial cells (Figure 2Bb) and slightly in the neuropil. Tissue edema was also evident, with parenchymal distension (“gaps or empty spaces”) (Figure 2B). Some endothelial cells in the blood vessels also appeared to be TLR4 positive (Figure 8). Likewise, in the AD case, we found a heavy TLR4 expression in the cytoplasm of the pyramidal neurons and glial cells and in the vicinity of some blood vessels (Figures 2C, 8). Thus, we found significant differences between the cases (F (2, 21) = 6.758, p = 0.0054), with an increased TLR4 signal in WE (p = 0.0066) and AD (p = 0.0358) cortical gray matter compared with the TLR4 positive staining in the control case. In addition, we found higher MyD88 expression in WE (p = 0.0086) and AD (p < 0.0001) compared with the MyD88 staining in the control case (Figures 2E,F; F (2, 20) = 24.62, p < 0.0001). MyD88 immunoreactivity was observed in the cytoplasm of pyramidal neurons (Figure 2Ec), in some glial cells (Figure 2Ea,b) and around the endothelial cells in blood vessels in the WE tissue (Figures 2E, 8). A similar pattern of greater intensity was observed in the AD case (Figures 2F, 8, p = 0.0039).
Regarding the results found in the cortical white matter, control and WE cases showed faint TLR4 staining (Figures 3A,B), but a higher TLR4 immunoreactivity was detected in the AD patient mostly between the fibers and in glial cells, showing that the AD case has a higher TLR4 expression than the WE case (p = 0.0028) (Figure 3C; F (2, 20) = 7.53, p = 0.0036).
[image: Figure 3]FIGURE 3 | Representative images of immunohistochemical detection for TLR4 and MyD88 in the white matter of the frontal cortex of control, alcohol-related WE, and AD cases. WE patient showed the highest elevation in MyD88 expression (E). Images taken with a 40× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group. Different from control: **p < 0.01, ****p < 0.0001; different from WE: ##p < 0.01, ####p < 0.0001.
It is worth noting that we found an increase in MyD88 expression in the cortical white matter of both the WE and AD patients when compared with the control case (p < 0.0001 and p = 0.0018, respectively), and such an increase was particularly prominent in the WE case (p < 0.0001, compared with the AD case) (Figures 3D–F; F (2, 21) = 139.4, p < 0.0001). This pronounced WE positive signal appears to be detected by the surrounding fibers and glial cells (Figure 3E, magnified box).
In addition, we checked the p-NFκB p65 and IκB-α markers in the animals. In the cortical gray matter, we noticed comparatively elevated immunoreactivity of p-NFκB p65 in the WE case than in the control case (p = 0.0204), finding mostly a cell nuclear localization of this mediator of inflammation. This can be observed mainly in neurons (especially pyramidal) (Figure 4Ba,b). A very similar staining pattern was also found in the positive control for neuroinflammation, the AD case, being significantly different from the control (p = 0.0003) (Figure 4Cc) (Figure 4, p-NFκB p65 U = 16.14, p = 0.0003).
[image: Figure 4]FIGURE 4 | Representative images of immunohistochemical detection for p-NFκB p65 and IκB-α in the gray matter of the frontal cortex of control, alcohol-related WE, and AD cases. p-NF-κB exhibited nucleus localization in WE and AD cases (see especially in pyramidal neurons: arrows; high magnification in inset (Ba, b; Cc)). IκB-α manifested cytoplasmic localization but highlighting a striking immunoreactivity in the astrocytes, mainly in the AD (arrowheads; high magnification in inset (Fe, f)), but also, although to a lesser extent, found in the WE case (high magnification in inset (Ed)). Images taken with a 40× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group. Different from control: *p < 0.05, ***p < 0.001; different from WE: #p < 0.05.
Regarding the IκB-α, in the gray matter of the frontal cortex, we found certain differences between the cases (Figure 4, F (2, 21) = 4.406, p = 0.0253). In the WE patient, a slight staining of the cell cytoplasm was observed in some neurons, although it was not significant compared with the control (Figure 4E, p > 0.05, n.s.). Likewise, the AD-positive control showed no differences in IκB-α staining versus the control (Figure 4E, p > 0.05, n.s.). However, although lower total levels of immunoreactivity were detected in the AD subject than in the WE case (p = 0.0221), it is noteworthy to highlight that a striking IκB-α labeling was observed in the astrocytes (Figures 4Fe,f), which was also found in the WE case with less intensity, with some astrocytes reacting in the same way to this marker (Figures 4Ed).
In the cortical white matter, we found no significant differences between cases with p-NF-κB and those with IκB-α (Figure 5, p > 0.05, n.s.).
[image: Figure 5]FIGURE 5 | Representative images of immunohistochemical detection for p-NFκB p65 and IκB-α in the white matter of the frontal cortex of control, alcohol-related WE, and AD cases. Images taken with a 40× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group.
Cerebellar findings
Unaffected expression of TLR4 signaling markers in the cerebellar hemisphere of thiamine deficiency diet, chronic alcohol, and CA + TDD-treated rats
None of the experimental conditions induced significant changes in the markers studied (Figures 6A–D; total NF-κB: Supplementary Section S2.3 and Figure 5, p > 0.05, n.s.). iNOS enzyme and heat shock protein 70 (HSP70) were also analyzed, showing no alterations in their levels by any of the treatments (p > 0.05, n.s., SupplementarySection S2.3 and Figures 4B,C, respectively).
[image: Figure 6]FIGURE 6 | Unaffected expression of the TLR4 signaling pathway in the cerebellar hemisphere of TDD, CA, and CA + TDD-treated rats. Graphs indicate protein levels of (A) TLR4, (B) MyD88, (C) p-NF-ĸB, and (D) IĸBα markers via western blotting; data of the respective bands of interest (upper bands) were normalized by β-actin (lower band) and expressed as a percentage of change versus the control group. Some blots were cropped from the original (black lines) for improving the clarity and conciseness of the presentation. Mean ± S.E.M. (n = 8–10). Two-way ANOVA. Since the combined CA + TDD treatment mimics better the human case of alcohol-induced WE, this group was also compared with the C group using an unpaired Student’s t-test or Mann–Whitney (CA + TDD vs. C).
Likewise, no significant differences were found when comparing the CA + TDD group with the control in any of these markers (p > 0.05, n.s.).
Postmortem human cerebellar hemisphere of alcohol-induced Wernicke’s encephalopathy showed an increased expression of TLR4 and its coreceptor MyD88 and IκB-α immunoreactivity
In the cerebellum sections, the three cellular layers of the cerebellar cortex–the molecular layer, Purkinje cells and the granular layer–were observed and analyzed together as cerebellar gray matter. The control case showed only occasional and low TLR4 immunoreactivity, mainly in some cells in the transition between the molecular and the granular layer (Figure 7A). By contrast, the WE case showed a more intense TLR4 staining, especially in the granular layer, in the cells and between the branching or neuropil; endothelial cells of blood vessels also showed TLR4 staining (Figures 7B, 8). Likewise, TLR4 in the AD patient was found mostly throughout the granular layer and in blood vessels (Figures 7C, 8). Therefore, the semiquantitative analysis demonstrated a significant increase in TLR4 expression in the cerebellar hemisphere gray matter (F (2, 20) = 13.81, p = 0.0002) of WE (p = 0.0006) and AD (p = 0.0006) patients compared to the control case.
[image: Figure 7]FIGURE 7 | Representative images of immunohistochemical detection for TLR4 and MyD88 in the gray matter of the cerebellar hemisphere of control, alcohol-related WE, and AD cases. Gray matter with molecular layer (ML), Purkinje cell layer (PL), and granular layer (GL). In the WE (B) and AD cases (C), an increased TLR4 immunoreactivity was detected especially in the granular layer (high magnification in the inset in B; Purkinje cell, PG; arrows pointing to positive cells) and blood vessels (bv), compared with the control (A). WE patient also showed the highest elevation in MyD88 expression, mainly by the granular layer (high magnification in the inset in E), compared with AD (F) and control (D). Images taken with a 20× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ±S.E.M and are expressed as a percentage of change versus the control group. Different from control: ***p < 0.001; ****p < 0.0001; different from WE: ####p < 0.0001.
[image: Figure 8]FIGURE 8 | Details showing the endothelial cells of blood vessels with immunohistochemical reactivity of TLR4 and MyD88 in the gray matter of the cerebellar hemisphere and frontal cortex of alcohol-related WE and AD cases. High magnification from 20× (cerebellar hemisphere) and 40× (frontal cortex) images.
In the cerebellar cortex, MyD88 staining was predominant in the WE patient, with a main distribution within the granular layer, as well as TLR4 (Figure 7E), whereas a weak MyD88 immunoreactivity was found in both the control case and the AD patient (Figures 7D,F, respectively). MyD88 expression intensity was significantly increased in the cerebellar hemisphere gray matter (F (2, 21) = 54.03, p < 0.0001), showing the WE patient the highest levels compared to the AD patient (p < 0.0001) and control case (p < 0.0001).
In contrast, cerebellar hemisphere white matter did not show any differences in either TLR4 or MyD88 immunostaining in the human cases analyzed (Figure 9).
[image: Figure 9]FIGURE 9 | Representative images of immunohistochemical detection for TLR4 and MyD88 in the white matter of the cerebellar hemisphere of control, alcohol-related WE, and AD cases. Images taken with a 20× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group.
In addition, p-NF-κB and IκB-α immunoreactivity were also analyzed in the cerebellar hemisphere, and the p-NF-κB results in the gray matter showed no differences in the WE compared with the control (Figure 10, p > 0,05 n.s.). There was a slight difference between the cases (Figure 10, F (2, 20) = 12.27, p = 0.0003), with an apparent lower level of labeling in the AD case compared to the control (p = 0.0002) and to the WE subject (p = 0.0369).
[image: Figure 10]FIGURE 10 | Representative images of immunohistochemical detection for p-NFκB p65 and IκB-α in the gray matter of the cerebellar hemisphere of control, alcohol-related WE, and AD cases. Gray matter with molecular layer (ML), Purkinje cell layer (PL), and granular layer (GL). In the WE (E), an increased IκB-α immunoreactivity was detected especially in the granular layer compared with the control (D). Images taken with a 20× objective. On the right panel, the semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group. Different from control: *p < 0.05; ***p < 0.001; different from WE: #p < 0.05.
With regard to IκB-α, we observed significant differences between the patients (Figure 10, F (2, 20) = 5.466, p = 0.0128), finding an increased IκB-α immunoreactivity in the WE case compared with the control (p = 0.0462) and with the AD subject (p = 0.0207). This IκB-α-labeling appears to be observed mainly through the granular layer, as was the case for TLR4 and MyD88.
In agreement with the results of TLR4 and MyD88 found in the white matter of the cerebellar hemisphere, we observed no significant changes between cases in this area in p-NF-κB and IκB-α markers (Figure 11, p > 0.05, n.s.).
[image: Figure 11]FIGURE 11 | Representative images of immunohistochemical detection for p-NFκB p65 and IκB-α in the white matter of the cerebellar hemisphere of control, alcohol-related WE, and AD cases. Images taken with a 20× objective. On the right panel, semiquantitative analysis of DAB images using the ImageJ Fiji software is shown. Data represent the mean of eight images/fields per section ± S.E.M and are expressed as a percentage of change versus the control group.
Thiamine levels
Plasma thiamine levels were measured in all animals in our study. In brief, after 9 months of alcohol exposure and after TDD treatment, we found a trend toward a decrease in total thiamine levels due to an alcohol effect [for detailed results see (Moya et al., 2022)].
In the case of the WE patient studied here, it was not possible to perform thiamine determinations, since she died very quickly. Nevertheless, neuropathological analyses confirmed the diagnosis of WE without comorbidity with other pathologies such as HE, as we have already explained.
Liver status
We checked the status of the liver in the animals by measuring the hepatic nitrites MDA levels, due to the major role of these processes in the pathogenesis of ALD (McKim et al., 2003; Galicia-Moreno and Gutiérrez-Reyes, 2014; Pérez-Hernández et al., 2017; Tan et al., 2020; Yang et al., 2022). The levels of hepatic MDA and NO2− showed no significant changes by any of the treatments (Supplementary Section S2.4 and Figure 6).
Regarding the human case, the liver enzyme (transaminase) values were in the upper limit but without exceeding reference levels (See Supplementary Section S1.1). The patient exhibited no other symptoms or clinical signs of liver disease, suggesting that she was an alcohol-induced WE patient without ALD.
DISCUSSION
Little is known about the possible role of TLR4 in the WE, since there are no studies in humans, and to our knowledge, only our previous work with TD animal models provides evidence about the contribution of this receptor to this pathology (Moya et al., 2021). In the present study, we further characterized the role of this receptor in WE by studying animal models with combined TD and CA use. Thus, here, we report the importance of the double hit (TD and CA use) in the magnitude of the expression of the proinflammatory TLR4 signaling cascade in the frontal cortex but not in the cerebellum. We also described the presence of an upregulated cortical and cerebellar TLR4 and its adaptor molecule MyD88, along with specific changes in the signaling molecules phospo-NFκB p65 and IκBα, in a single case of alcohol-induced WE, by using postmortem brain tissue.
WE patients show neuropsychological symptoms such as memory alterations, apathy, executive deficit, and disinhibition, which suggest dysfunction of frontal structures. The vulnerability of the frontal lobe to CA consumption with or without TD is widely accepted based on neuropathological and neuroimaging studies [reviewed in (Jung et al., 2012)]. Inflammation, among other processes, may contribute to the WE symptomatology, as it increases cell damage and causes neuronal death. The innate immune receptor TLR4 plays a critical role in determining the pathological outcomes in several neurological and neuropsychiatric disorders, including AUD, AD, depression, schizophrenia, and trauma (Crews et al., 2013; García Bueno et al., 2016). By using WE animal models resulting from TD exposure, we were able to identify TLR4 as a key molecule in the emotional, cognitive, and motor disturbances associated with these models in a previous study (Moya et al., 2021). To our knowledge, there are no previous works that examine TLR4 signaling in the brain in the context of WE, either in animals or in human subjects.
However, since the main documented cause of WE is alcohol consumption, it is needed to explore more complex animal models, in which we can combine TD and CA consumption and explore the specific contribution of each factor to the pathophysiology of the disease. Indeed, in a very recent publication of our group we described the contribution of both factors (TD and alcohol abuse) to the induction of neuronal damage in the frontal cortex and how the combination of both (CA + TDD) correlates with disinhibition-like behavior in animals (Moya et al., 2022), which is a core symptom of the pathology. Likewise, in the present study, we used the same combined animal models to explore the specific role of TLR4 in the induction of a neuroinflammatory cascade in the frontal cortex and cerebellum and added the description of the TLR4/MyD88 upregulation in the postmortem brain of an alcohol-induced WE case.
Among the animal models investigated here, the CA + TDD model is the one that better represents the pathology, as expected (Moya et al., 2022), and it is also the best approach to be compared with the alcohol-related WE case (postmortem human brain) studied here. In the animal model, we observed a significant upregulation in the protein expression of TLR4, MyD88, p-NF-κB, and IĸBα in the frontal cortex (CA + TDD versus the control group). It is to note that neuroinflammation is a very complex response that involves the activation of several factors. The upregulation of phosphorylated NF-κB p65 is indicative of activation of this nuclear factor, since phosphorylation of Ser536 in the cytosolic p65 promotes the nuclear translocation and facilitates p65 binding to specific promoter sequences, activating the inflammatory gene expression (Giridharan and Srinivasan, 2018). In addition, its inhibitor gene IκBα contains NF-κB binding sites in its promoter, so the NF-κB is able to autoregulate the transcription of this own inhibitor, meaning that the “NF-κB-IκBα autoregulatory feedback loop” would be trying to suppress a prolonged activation of NF-ĸB to limit the inflammatory response (Doremus-Fitzwater et al., 2015; Gano et al., 2016; Toledo Nunes et al., 2019; Moya et al., 2021). Indeed, this autoregulatory mechanism switched on by NF-κB to block its stimulation is widely known in neuroinflammatory studies induced by LPS (Sayd et al., 2015), alcohol (Doremus-Fitzwater et al., 2015; Gano et al., 2016), TD (Moya et al., 2021), or combined TD and alcohol (Toledo Nunes et al., 2019). Hence, the IĸBα protein levels are useful reporters of NF-ĸB activity and increase neuroinflammatory status.
It could be surprising that the TLR4 was not upregulated in the TD model, as opposed to our previous studies (Moya et al., 2021). It is known that neuroinflammation is a complex response where markers peak at different time-points, so the lack of significant effect in TLR4 in the TD animals of this study could be indicative that we did not catch the TLR4 peak at the precise moment of the samples collection. This is probably related to the age difference between the animals in both studies. Whereas in the previous study the animals were 8–9 weeks old, in the current study, the animals were approximately 10 months old. The younger animals may react differently (they show a particular timing of TLR4 upregulation profile) than the older animals. Nevertheless, there is certain evidence of a TLR4 signaling pathway overactivation in these animals, as some other inflammatory signals were observed (MyD88, IκBα) in the frontal cortex. Indeed, the upregulation of the TLR4 coreceptor MyD88 could be interpreted as a sign of TLR4 signaling overresponse, in absence of significant receptor overexpression. However, TLR4 is upregulated in the combined animal model, CA + TDD, although the increase is moderate compared to controls. In this regard, it is to note that the animals were exposed to a chronic treatment of moderate alcohol intake, so we are facing a process of chronic neuroinflammation, where we cannot expect such pronounced elevations as in a binge drinking model, for example, where there is a peak of acute neuroinflammation with a prominent increase in cortical levels of the TLR4 pathway (Antón et al., 2017). In addition, there is an absence of synergic effect by the combination of CA and TDD, since the elevations in the TLR4 pathway proteins were not higher than in the CA and/or TD exposure alone, which is maybe a consequence of the long alcohol exposure (9 months), rendering cells less sensitive to the TDD response.
It is to note that together with the upregulation of the TLR4 neuroinflammatory pathway found in CA + TDD animals in this study, we have already described, to complement the mechanisms, that other processes associated with TLR4 activation such as oxidative and nitrosative stress, lipid peroxidation, apoptosis death, and cell damage are upregulated in the frontal cortex of the same animals and correlate with disinhibition-like behavior (Moya et al., 2022). All these markers are more representative of the latest stages of a neuroinflammatory response, traditionally linked to neurotoxicity (Moya et al., 2022). Thus, altogether, these studies shed light on the relative contributions of each factor (alcohol and TD, either isolated or in interaction) to the potential disease-specific mechanisms involved in the WKS pathophysiology, resulting in brain damage and behavioral problems.
In a complementary way, here, we show, for the first time, a case of WE associated with CA consumption in which there is an upregulation of TLR4 and MyD88 protein expression in the postmortem frontal cortex and cerebellum. Neuroinflammation involves all the cell types present within the central nervous system (Shabab et al., 2017). In this way, microglia and astrocytes, as well as neurons and oligodendrocytes all contribute to innate immune responses in the CNS through the expression of TLR4, among other TLRs. Thus, TLR4 is expressed in human brain cells, including neurons, microglia, astrocytes, and oligodendrocytes (Vaure and Liu, 2014; Stephenson et al., 2018; Frederiksen et al., 2019; Kumar, 2019; Leitner et al., 2019). In the WE cortical gray matter, immunohistochemical analysis showed an increased TLR4 staining in glial cells and pyramidal neurons, mainly in the cytoplasm, since TLR4 can signal both at the plasma membrane and intracellularly (Gangloff, 2012). TLR4 immunoreactivity was also observed in endothelial cells of the blood vessels, in agreement with Nagyoszi and colleagues, who demonstrated the expression of TLR4 on rat and human cerebral endothelial cells induced by inflammatory stimuli or oxidative stress (Nagyoszi et al., 2010). MyD88 expression in the WE patient showed a staining pattern similar to that observed for TLR4: it was mainly detected in pyramidal neurons and glial cells. Such a result may suggest that the upregulation of TLR4 has functional consequences in the associated signaling pathway. Likewise, endothelial cells of blood vessels showed immunoreactivity, which could fit with a study reporting that activation of the MyD88 pathway in endothelial cells of the cerebral microvasculature is involved in the regulation of inflammatory events (Gosselin and Rivest, 2008).
Similar findings have been previously reported in the AD brain, considered as a positive control, showing an activation of TLR4 in both human AD diagnosed patients and AD animal models (Fiebich et al., 2018; Calvo-Rodriguez et al., 2020; Zhou et al., 2020). The increase in TLR4 expression was particularly observed in the frontal cortex of AD subjects when compared with age-matched controls (Miron et al., 2018). Therefore, MyD88 levels were also reported to be elevated in the cortex of patients with AD and in a mouse model of AD (Rangasamy et al., 2018).
Preclinical and human studies have demonstrated that exposure to severe alcohol alone or combined with TD leads to white matter damage in the cortex (Kril et al., 1997; Harper, 2009; de la Monte and Kril, 2014; Chatterton et al., 2020) suggesting that neuroinflammation participates in the myelin and white matter disruptions (Alfonso-Loeches et al., 2012; Toledo Nunes et al., 2019). Here, we found a prominent increase in MyD88 immunoreactivity in the WE cortical white matter, and this excessive signaling could be leading to lower TLR4 levels in this cortical area by a compensatory downregulation mechanism. Indeed, depending on the temporal status in which these parameters were measured, the balance between TLR4 and MyD88 upregulation can be differentially affected.
Thereby, the concurrence of TLR4 and MyD88 immunoreactivity suggests an activation of the TLR4-MyD88 signaling pathway, although we cannot exclude other alternative pathways. It is possible that other TLR4 MyD88-independent signal transduction pathways such as the TRIF-dependent pathway could also be activated. Thus, the TLR4 immunoreactivity detected in our study could be indicative of signaling both from the membrane through Myd88 and internally from TRIF, and the MyD88 immunoreactivity could be somehow nonspecific for TLR4 and may include other TLRs (Biswas, 2018). Nevertheless, even if different pathways are activated, all of them converge and activate the NF-κB factor, in which we are particularly interested because it is the foremost important transcriptional manager of inflammation-associated genes (Marongiu et al., 2019; Ciesielska et al., 2021; Lin et al., 2021; Duan et al., 2022).
Indeed, we found an increase of the proinflammatory mediator p-NF-κB in the cortical gray matter of the WE case compared with control, as well as in the positive-AD-control, with a predominant expression or nuclear localization, indicating that this proinflammatory factor is active, which is, presumably, a direct consequence of the activation of the TLR4 signaling in the frontal cortex. Results regarding IκB-α are sometimes difficult to explain as both factors regulate their levels through compensatory mechanisms, as explained above. In this study, we found an interesting striking pattern of IκB-α labeling in glial cells such as astrocytes in the AD case, which was reproduced, to a lesser degree, in the WE patient.
Regarding the cerebellum, a damage induced by alcohol and TD has been previously reported (Mulholland, 2006; Manzo et al., 2014). Moderate shrinkage of the vermis and cerebellar hemispheres was observed in postmortem examination in patients diagnosed with alcohol abuse and with WE (Harper, 1979). It is of interest that our analyses in the postmortem cerebellar hemisphere of the WE patient showed an increase in TLR4 expression compared to the control brain, mainly detected in the granular layer and in endothelial cells of blood vessels. In addition, MyD88 and IκB-α were also upregulated and observed mostly in the granular layer of the WE subject. Therefore, the cerebellum is also considered as a vulnerable region for AD pathology (Hoxha et al., 2018). AD patients showed severe astrocytosis in the cerebellar granular layer (Fukutani et al., 1996), and studies with cerebellar granule cells reported increased secretion of ß-amyloid related to the neurodegeneration of nearby cells (Galli et al., 1998) (reviewed in (Hoxha et al., 2018)). Here, we also found an elevated TLR4 signal in the cerebellar hemisphere of the AD patient compared with the control case, although this increase was not observed for MyD88. As explained above, we cannot exclude the implication of other independent pathways to MyD88; thus, TLR4 could mediate their effects through different inflammatory mediators in this brain area in AD.
In contrast to the data found in the WE patient, none of the treatments appeared to affect the TLR4 signaling in the cerebellar hemisphere of the rats compared with controls. In our previous study (Moya et al., 2021), the 12 days TD-induced model did not show a neuroinflammation signature in the cerebellum, coincident with an absence of motor impairment. However, we found the neuroinflammatory markers increased in the cerebellum in another model with a deeper degree of TD due to severe TDD treatment of 16 days, where the decline in animals’ motor performance positively correlated with an upregulation of p65 NF-κB in this brain region (Moya et al., 2021). In the present study, we observe no evidence of motor dysfunction, such as ataxia, in any of the animal models tested, thus explaining the lack of changes observed in the cerebellum. However, it is to note that the clinic history of the WE patient showed hypotonia, hyporeflexia, oculomotor deficits such as nystagmus and saccadic intrusions, and altered speech, which are presumably signs of cerebellar dysfunction (Bodranghien et al., 2016; Jafar-Nejad et al., 2017) and may explain the changes observed in the cerebellum of the postmortem WE brain. Thus, the TLR4 signature in the cerebellum appears to precisely coincide with the manifestation of cerebellar symptoms, as reported by us previously (Moya et al., 2021).
Last, it is noteworthy to take into account possible hepatic alterations when this pathology is induced by alcohol consumption. It is known that the hepatotoxic properties of alcohol abuse may lead to ALD. However, despite alcohol consumption being the main cause of WE, the prevalence and characteristics of the relationship between ALD and WE remain unclear because of the lack of available data (Chamorro Fernández et al., 2011). ALD is a possible comorbidity in WE patients, which presents specific clinical, analytical, and radiological characteristics and a poorer prognosis compared with alcoholic WE patients without ALD (Novo-Veleiro et al., 2022). Hepatic encephalopathy (HE) induced by CA consumption is an extreme example of brain and liver interaction. Although both HE and WE occurs frequently in the setting of alcoholism, HE is due to liver disease and/or shunting of portal blood around the liver resulting in altered metabolism of nitrogenous substances, whereas WE is due to a deficiency of thiamin (Schenker et al., 1980). Three types of HE are traditionally differentiated (A, B, and C) (Weissenborn, 2019), but, in a term, HE occurs when toxins that are normally cleared from the body by the liver accumulate in the blood, eventually traveling to the brain. Elevated levels of ammonia appear to play a central role in this disorder, primarily by acting as a neurotoxin that generates astrocyte swelling, resulting in cerebral edema and intracranial hypertension. Other factors, such as oxidative stress, neurosteroids, systemic inflammation, increased bile acids, impaired lactate metabolism, and altered blood–brain barrier permeability likely contribute to the process of HE (Liere et al., 2017; Hadjihambi et al., 2018). In patients with underlying liver cirrhosis, distinguishing between HE and WE sometimes becomes a tough problem (Novo-Veleiro et al., 2022). HE is characterized by a wide spectrum of nonspecific neurological, psychiatric, and motor disturbances; hence, most of them may coincide with those in WE, since no mental alteration is unique for both disorders. Notwithstanding, mental alteration is usually the most noticeable symptom of WE (Zhao et al., 2016). The recent ISHEN (International Society for Hepatic Encephalopathy and Nitrogen Metabolism) consensus uses the onset of disorientation or asterixis as the initial sign of overt HE (Ferenci, 2017). In due course, the diagnosis of HE is based on history and physical examination, exclusion of other causes of altered mental status, and the laboratory clinical findings and is sometimes confirmed through a trial of therapy for this disorder. Therefore, when difficulties exist in distinguishing between HE and WE, intravenous vitamin B1 can be considered to be a discriminative method or a preemptive treatment (Zhao et al., 2016).
Nevertheless, although most heavy drinkers develop fatty liver, only a 20–40% subset of patients progresses to alcoholic hepatitis, and approximately 10–15% develop frank cirrhosis (Ghosh Dastidar et al., 2018). The WE case studied here is an alcoholic patient with WE without ALD, since she did not develop a severe liver injury, thus far from being comorbid with HE.
Likewise, regarding our animal model of CA consumption, the existing literature indicates that rodent models exposed to a CA administration equivalent to the one performed in this study developed mild or moderate steatosis but with no inflammation, no fibrosis, and no portal hypertension (Nevzorova et al., 2020). The steatosis or fatty liver is relatively benign and represents the initial stage in the ALD spectrum. To achieve greater damage to the liver, the alcohol drinking model is combined with other stressors to stimulate inflammation, fibrosis, or hepatocellular carcinoma. These second-hit models include additional factor(s) as dietary, chemical, genetic manipulations, or single or multiple alcohol binges to facilitate progression to advanced ALD (Ghosh Dastidar et al., 2018; Lamas-Paz et al., 2018; DeMorrow et al., 2021).
Notwithstanding, we checked the status of the liver in the animals by measuring the hepatic nitrites and MDA levels, because of the major role of these processes in the pathogenesis of ALD (McKim et al., 2003; Galicia-Moreno and Gutiérrez-Reyes, 2014; Pérez-Hernández et al., 2017; Tan et al., 2020; Yang et al., 2022). The results suggest that the protocol of CA consumption used in this study did not produce oxidative damage in the liver in the long term, since both the nitrite and the MDA levels, indicative of nitrosative stress and lipid peroxidation, respectively, showed no significant changes in the CA and CA + TDD animals versus controls. We cannot discard that CA consumption has produced some mild to moderate alterations in the liver of our animals; however, in that case, it has not apparently progressed to a state of inflammatory/oxidative injury. Thus, these results suggest that the brain inflammatory response found in this study was achieved in absence of deep liver alterations.
Limitations, strengths, and future perspectives
Several limitations of our study should be acknowledged. On the one hand, our three human cases consisted of women and only male rats were used, which does not represent the real population of the disease. Further studies are needed to investigate the potential sex differences in this TLR4 pathway. On the other hand, in the control human case, ischemic anoxia was detected in the postmortem neuropathological diagnosis. However, signs of ischemia or hypoxia were not observed in the samples employed here. Moreover, since there is evidence for an involvement of inflammatory pathways, including TLR4 upregulation, after ischemia or hypoxia (Paschon et al., 2016; Mohsin Alvi et al., 2020), the present results may suggest an even higher increase in the TLR4 inflammation pathway if the data had been compared with another healthy control. Moreover, there is a difference of 9 years of age between the WE patient and the control. Nevertheless, we consider it to be within a comparable valid range, as observed in other studies where the difference between controls and patients also ranges from 8 to 10 years (Dabos et al., 2015; Ishiki et al., 2015; Ivanski et al., 2018). In addition, we are aware that the sample size in the postmortem brain study is very limited, but due to the poor records of WE cases, access to postmortem tissue is very complicated; hence, the obtained results in this study are even more noteworthy. The postmortem study is descriptive, and the results should be considered as a pilot study and nonfirmly conclusive. Furthermore, we are aware that the results in humans and animals have been obtained by different methodological techniques, so in future studies, we will verify these findings both by these and other methods. Nevertheless, obtaining results pointing in the same direction coming from two different techniques is also interesting and noteworthy. This indicates to us that both methodologies complement each other supporting common conclusions.
Despite these limitations, this study is the first to characterize TLR4 in the frontal cortex and cerebellum of a human subject with WE. Moreover, we demonstrated the utility of automatic Fiji and the visual IRS methods to analyze particularly DAB-based IHC images, since a strong correlation between both results was observed. Notwithstanding, automated analysis was chosen for the results report because it reduces subjective bias and allows the detection of signals that are not so easily identifiable to the naked eye by the observer.
Future research is required to analyze more markers of this TLR4 signaling pathway in postmortem cerebral tissue from WE patients, including the exploration of other vulnerable brain regions. Moreover, the study of WE cases with other etiology, as nonalcoholic patients, is also needed.
CONCLUSION
Taken together, our study shed light on the relative contributions of alcohol consumption and TD, either isolated or in interaction, to the activation of the TLR4/MyD88 signaling, which may act as an underlying mechanism to the pathogenesis of WE. The findings provided here using animal models, along with complementary results (Moya et al., 2022), and our previous work (Moya et al., 2021) suggest that the TLR4/MyD88 signaling may be a potential disease-specific mechanism involved in the WE pathophysiology, resulting in brain damage and behavioral problems. We provide also the first preliminary evidence of the TLR4/MyD88 upregulation in the postmortem brain tissue of a human case of WE.
Our results offer valuable information to guide future studies to further investigate these specific inflammatory mechanisms in the context of WE. The knowledge about how the inflammatory response is triggered in the WE brain and its relationship with the course of the disease is critical to understanding this disabling disorder and developing new therapeutic strategies.
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Different psychological evaluation tools employed: the Barratt Impulsiveness Scale (BIS), the Bulimic Investigatory Test Edinburgh (BITE), the Eating Disorders Inventory (ED), the Body
Shape Questionnaire (BSQ), the Hamiton Anxiety Rating Scale (HARS) and the Montgomery-Asberg Depression Rating Scale (MADRS). Data are shown as Mean (Standard

Deviation-SD-). Data were analyzed using the D'Agostino and Pearson normaliy test to assess Gaussian distribution, folowed by an unpaired two-tailed'ttest. When data did not folow a
Gaussian distribution, a Mann-Whitney test was performed. When the F-test indicated that variances were significantly different, an unpaired two-samples t-test with Welch's correction

was performed.

A p < 0.05 was considerad statisticaly significant: *'p < 0.01, *%p < 0.007 ve. Control.
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E1 at the concentration of 100 uig/m was added to cells 2 or 4 h after LPS stimulation (first and second column). Supernatant were collected at the indlicated periods of time after LPS
stimulation and analyzed for IL-1 release. Numbers in brackets denote the percentage change of IL-1 release compared to the corresponding treatment with LPS. Data are means +
SEM of three independent experiments.

0 < 0.05 and **p < 0.01 versus the corresponding LPS stimulation. Student’s t test. nd, not determined.
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E1 at the concentration of 100 ug/mi was added to cells 2 or 4 h after LPS stimulation (frst and second columr). Supernatant were collected at the indicated periods of time after LPS
stimulation and analyzed for TNF-a release. Numbers in brackets denote the percentage change of TNF-a release compared to the corresponding treatment with LPS. Data are means +

SEM of three independent experiments.
% < 0.05 versus the comesponding LPS stimulation. Student's 1 test. nd, nat defermined.
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TGGTCTGTTGTGGGTGGTATCCTC
TCCACGGGCAAGACATAGGTAGC
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