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Background: Encephalitis, the inflammation of the brain, may be caused by an infection or an autoimmune reaction. However, few researches were focused on the gut microbiome characteristics in encephalitis patients.

Methods: A prospective observational study was conducted in an academic hospital in Guangzhou from February 2017 to February 2018. Patients with encephalitis were recruited. Fecal and serum samples were collected at admission. Healthy volunteers were enrolled from a community. Disease severity scores were recorded by specialized physicians, including Glasgow Coma Scale (GCS), Sequential Organ Failure Assessment (SOFA), and Acute Physiology and Chronic Health Evaluation-II (APACHE-II). 16S rRNA sequence was performed to analyze the gut microbiome, then the α-diversities and β-diversities were estimated. Short-chain fatty acids (SCFAs) were extracted from fecal samples and determined by gas chromatography-mass spectrometry. Serum D-lactate (D-LA), intestinal fatty acid-binding protein (iFABP), lipopolysaccharide (LPS), and lipopolysaccharide-binding protein (LBP) were measured by enzyme-linked immunosorbent assay (ELISA). The associations among microbial indexes and clinical parameters were evaluated by Spearman correlation analysis.

Results: In total, twenty-eight patients were recruited for analysis (median age 46 years; 82.1% male; median GCS 6.5; median SOFA 6.5; median APACHE-II 14.5). Twenty-eight age- and sex-matched healthy subjects were selected as controls. The β-diversities between patients and healthy subjects were significantly different. The α-diversities did not show significant differences between these two groups. In the patient group, the abundances of Bacteroidetes, Proteobacteria, and Bacilli were significantly enriched. Accordingly, fecal SCFA levels were decreased in the patient group, whereas serum D-LA, iFABP, LPS, and LBP levels were increased compared with those in healthy subjects. Correlation analyses showed that disease severity had positive correlations with Proteobacteria and Akkermansia but negative correlations with Firmicutes, Clostridia, and Ruminococcaceae abundances. The cerebrospinal fluid albumin-to-serum albumin ratio (CSAR) was positively related to the α-diversity but negatively correlated with the fecal butyrate concentration.

Conclusion: Gut microbiota disruption was observed in encephalitis patients, which manifested as pathogen dominance and health-promoting commensal depletion. Disease severity and brain damage may have associations with the gut microbiota or its metabolites. The causal relationship should be further explored in future studies.
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INTRODUCTION

Encephalitis, an acute inflammation of the central nervous system (CNS) associated with neurologic dysfunction, is a public health concern worldwide because of its high mortality and neurological sequelae rates (1). The reported incidence of acute encephalitis varies worldwide but is generally estimated to be 1.7–7.4 cases per 100,000 person-years (2). Causes of encephalitis include viruses, bacteria, fungi, and parasites (2). Other causes include autoimmune diseases and certain medications (3). In many cases, the etiology remains unknown (4). Diagnosis is typically based on symptoms and supported by blood tests, medical imaging, and analysis of cerebrospinal fluid (5).

Some encephalitis may lead to irreparable brain damage. Symptoms common to most types of encephalitis are headache, fever, altered mentation, seizures, and focal neurological signs (6). Patients require intensive medical care, with continuous monitoring of their heart and respiratory functions and management of their fluid and electrolyte balances (7). Although the prognosis varies among different patients, the mortality can be as high as 70%. In 2015, encephalitis was estimated to have affected 4.3 million people and resulted in 150,000 deaths worldwide (8, 9). Treatments for encephalitis remain poor and still suffer from serious shortcomings in most intensive care units.

Current research efforts include gaining a better understanding of how the systemic immune system responds to inflammation in the brain. A better understanding of the gut-microbiota-brain axis involved in the protection and disruption of the blood-brain barrier could lead to the development of new treatments for neuroinflammatory diseases. Previous studies have demonstrated intestinal flora dysbiosis in neurological diseases (10), e.g., stroke (11, 12), multiple sclerosis (13, 14), and neuromyelitis optica spectrum disorders (15). Despite extensive microbiome investigations in CNS diseases, few studies have focused on the features of the intestinal flora in patients with encephalitis. Therefore, investigations into the gut microbiome of encephalitis patients using culture-independent techniques to confirm and characterize these features are urgently needed.

In the present pilot study, 16S rRNA gene sequence analysis was used to describe the phylogenetic composition of the fecal microbiota in a cohort of encephalitis patients and compare the results with those for healthy subjects. Specifically, the concentrations of short-chain fatty acids (SCFAs) in fecal samples and levels of gut permeability biomarkers in serum samples were quantitatively detected. In addition, possibilities to correlate microbiota-associated markers with clinical parameters were also explored.



MATERIALS AND METHODS


Subject Enrollment and Sample Collection

This study was a prospective observational cohort study conducted in the neurological intensive care unit (neuroICU) of an urban academic tertiary referral hospital in Guangzhou for 1 year (staged start between February 2017 and February 2018). Patients were recruited based on the following inclusion criteria: (1) diagnosed with encephalitis by specialized physicians according to definitions from a research study published in Lancet Infect Dis (Supplementary Table S1) (2); (2) admitted to the neuroICU with a Glasgow Coma Scale (GCS) < 11; and (3) had an expected length of intensive care unit (ICU) stay (IOS) of >48 h. Disease severity scores were recorded, including the GCS, Acute Physiology and Chronic Health Evaluation-II (APACHE-II), and Sequential Organ Failure Assessment (SOFA) scores at admission. The GCS is a neurological scale which aims to give a reliable and objective way of recording the state of a person’s consciousness. Patients with low GCS scores have worse brain injury. The SOFA score is used to track a person’s status during the stay in an ICU to determine the extent of a person’s organ function or rate of failure. The APACHE-II score is a severity-of-disease classification system, one of several ICU scoring systems. Patients with high levels of SOFA and APACHE-II scores might have worse prognosis. Self-reported healthy volunteers were recruited from the Bureau of Reclamation in Guangzhou between November 2016 and January 2017. The exclusion criteria for all the subjects were as follows: (1) aged less than 18 years old or more than 80 years old; (2) had used antibiotics, prebiotics or probiotics in the last year prior to blood and feces collection; (3) had gastrointestinal disease, (4) had malignant cancer, or (5) were pregnant. Fecal samples and fasting blood samples were obtained from the patients within 72 h after admission and were collected once from individuals in the control group. Written informed consent was obtained from all healthy subjects and patients or their legal representatives. Ethical approval for both the patients and healthy subjects was received from the Medical Ethics Committee of Nanfang Hospital (No. NFEC-2018-034), and all studies were conducted in accordance with the Declaration of Helsinki.



Biochemical Tests and Blood-Brain Barrier Biomarkers

Routine blood samples for biochemical tests were obtained within 24 h of hospital admission. All examinations were strictly performed at the laboratory in the hospital. Data were recorded from the hospital information system, including white blood cell count (WBC, ×109/L), neutrophil count (NEU, ×109/L), red blood cell count (RBC, ×1012/L), hemoglobin level (HGB, g/L), platelet count (PLT, ×109/L), alanine aminotransferase level (ALT, U/L), total bilirubin level (Tbil, μmol/L), total protein level (TP, g/L), albumin level (ALB, g/L), serum chlorine level (Cl, mmol/L), serum potassium level (K,mmol/L), blood urea nitrogen level (BUN, mmol/L), serum creatinine level (SCr, μmol/L), C-reactive protein level (CRP, mg/L), procalcitonin level (PCT, ng/mL), D-dimer level (DD, mg/L), brain natriuretic peptide level (BNP, pg/mL), neuron-specific enolase level (NSE, ng/mL), and S100 calcium-binding protein B level (S100B, μg/L). Lumbar punctures were performed in patients for clinical reasons within 72 h, and cerebrospinal fluid was immediately sent to the hospital laboratory for examination. Cerebrospinal fluid albumin (CSFA, mg/L) was subsequently recorded. The cerebrospinal fluid albumin-to-serum albumin ratio (CSAR) was used to evaluate blood-brain barrier permeability, as described previously (16).



Bacterial DNA Extraction and Amplification of 16S rRNA Genes

Fresh stool samples were stored at −80°C within 3 h after voiding, and 0.2 g of each was aliquoted for DNA extraction. Bacterial DNA was extracted with a magnetic bead-based stool DNA extraction kit (Shenzhen Bioeasy Biotechnology Co., Ltd., China) according to the manufacturer’s instructions (17). Using a LightCycler 480 II real-time fluorescence quantitative PCR system (Roche Diagnostics Ltd., Switzerland), the V4 region of the bacterial 16S rRNA gene was amplified by quantitative real-time polymerase chain reaction (q RT-PCR) with the bar-coded primers V4F (5′-GTGTGYCAGCMGCCGCGGTAA-3′) and V4R (5′-CCGGACTACNVGGGTWTCTAAT-3′). Samples that produced a visible product 290–310 bp in length were used for further experiments. The PCR products were mixed in equimolar ratios and purified by an EZNA Gel Extraction Kit (Omega, United States). Finally, 16S rRNA sequencing was conducted on an Illumina HiSeq 2500 platform, and 250-bp paired-end reads were generated.



Sequencing and Microbial Analysis

Sequences longer than 200 bp were trimmed to 200 bp, and those shorter than 200 bp were removed. Depending on the overlap, we then used SeqPrep to merge the paired-end sequences and assessed the quality of the results using open-source software Quantitative Insights into Microbial Ecology (QIIME, version 1.9.1) (18). The quality of the sequences were checked in QIIME. The sequences with Phred score ≥ Q20 were considered as qualified sequences. Then, we split FASTA files based on the paired-end barcode information, which matched 100% between the barcode and the primer remained more than 200 bp after removal of the barcode and primer. After that, we removed chimeras, performed reference-based operational taxonomic unit (OTU) clustering, and finally generated a BIOM file. All samples were normalized to 7000 sequences to avoid possible errors due to the use of different sequencing depths. The α-diversity (the complexity within a community) was estimated by four indexes and calculated by QIIME (18): (a) Chao1; (b) observed species; (c) Shannon; and d) phylogenetic diversity (PD)-whole tree. The β-diversity (difference between microbial communities) was analyzed using the Bray-Curtis distance and unweighted UniFrac distance (19, 20). To determine the significantly different taxa between two groups, linear discriminant analysis (LDA) coupled with effect size measurement (LEfSe) was performed using an online utility1 (21). Significantly different bacteria with LDA scores ≥ 3.5 were diagrammed on cladogram. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) algorithm was performed in QIIME to predict the functional profiles of the bacterial metagenomes (Kyoto Encyclopedia of Genes and Genomes, KEGG) in the two groups based on the relative abundance of individual OTUs.



Fecal Short-Chain Fatty Acid Detection

Fecal samples for SCFA analysis were frozen at −80°C within 3 h of voiding. Six analytes were targeted for SCFA analysis, namely, acetic acid (Dr. Ehrenstorfer, Germany), propionic acid (Dr. Ehrenstorfer, Germany), butyric acid (Dr. Ehrenstorfer, Germany), isobutyric acid (Supelco, United States), valeric acid (Nu-Chek, United States), and isovaleric acid (Sigma-Aldrich, United States). Feces were homogenized in 1.0 mL of ultrapure water containing an internal standard, 2,2-dimethylbutyric acid (Dr. Ehrenstorfer, Germany). After centrifugation, the supernatant was transferred into a new tube. Then, 10 μL of 50% sulfuric acid and 0.5 g of sodium sulfate (Macklin, China) were added to the tube along with analytically pure diethyl ether (2 mL). The solution was vortexed for 1 min and then centrifuged for 10 min at room temperature. The ether layer was collected for gas chromatography with mass selective detection (5977B GC/MSD, Agilent Technologies, Santa Clara, CA, United States) measurement (Supplementary Table S2). The GC/MS data were acquired and analyzed using MassHunter Workstation software (Agilent Technologies) running on Windows 7 (Microsoft, Redmond, WA, United States). The concentrations of fecal SCFAs were calculated with the use of external standards and are expressed as micromoles per gram of wet feces.



Intestinal Permeability Biomarker Quantification by ELISA

Intestinal permeability was determined as the serum levels of D-lactate (D-LA), intestinal fatty acid-binding protein (iFABP), lipopolysaccharide (LPS), and lipopolysaccharide-binding protein (LBP), as reported before (22, 23).

After centrifuging the blood samples, plasma-EDTA was stored at −80°C until measurement. Plasma samples used for D-LA, iFABP, LPS and LBP quantification were analyzed in duplicate using ELISA kits (Bio-swamp Life Science, Wuhan, Hubei, China) following the manufacturer’s protocols.



Statistical Analysis

The continuous non-parametric data are presented as medians (interquartile ranges, IQRs) and were analyzed using Mann-Whitney U or Wilcoxon tests. The continuous parametric data are presented as the means (standard deviations, SDs) and were analyzed with Student’s t tests. The categorical data are presented as numbers (percentages, %) and were analyzed using chi-squared tests. For microbial analysis, QIIME analysis was additionally performed using the Adonis test as previously described (12). Correlations between variables were determined with Spearman’s rank correlation test. SPSS version 20 (Statistical Package for Social Sciences, Chicago, IL, United States) was used for statistical analysis. Two-tailed p values of<0.05 were considered statistically significant. The figures were generated using GraphPad Prism 7 or R version 3.4.32.



RESULTS


Prevalence of Pathogens in Patients With Encephalitis

Fecal samples were collected from 28 encephalitis (ENC) patients (median age 46 years; 82.1% male; median GCS 6.5; median SOFA 6.5; median APACHE-II 14.5; median IOS 12.5). The clinical information of all encephalitis patients is shown in Table 1. Until 180 days follow-up, there were 11 patients were alive, whereas 17 patients were deceased. Twenty-eight healthy subjects served as the healthy controls (CON) and had fecal samples collected once. A principal coordinate analysis (PCoA) plot showed a significant difference in β-diversity [Bray-Curtis distance (Figure 1A) and unweighted UniFrac distance (Figure 1B)] between the ENC and CON groups (Adonis test, p > 0.05). The α-diversity, including Shannon, Chao1, PD-whole tree, observed species, and Simpson indexes, did not show significant differences between these two groups (Mann-Whitney U test, p > 0.05) (Figures 1C,D and Supplementary Table S3). As indicated by taxonomic summary (Figures 1E,F) and cladogram based on LEfSe analysis (Figure 1G), the relative abundances of the phyla Proteobacteria, Deferribacteres and Verrucomicrobia were higher in the neuroICU group than in the HC group. At the family level, Enterobacteriaceae, Porphyromonadaceae, Enterococcaceae, Verrucomicrobiaceae, Rikenellaceae and Lactobacillaceae were enriched in the neuroICU group.


TABLE 1. Clinical features obtained from 28 encephalitis patients.
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FIGURE 1. The gut microbiota composition of encephalitis patients was significantly different from that of healthy subjects. (A,B) The β-diversity in the ENC and CON groups was calculated by the Bray-Curtis distance (A) and unweighted UniFrac distance (B) and is shown in the PCoA plot (Adonis test, Bray-Curtis distance, R2 = 0.090, p < 0.001; unweighted UniFrac distance, R2 = 0.124, p < 0.001). Each point represents the composition of the intestinal microbiota of one participant. (C,D) The α-diversity of the microbiota, presented as the Shannon index (C) and PD-whole tree index (D), was calculated from samples from encephalitis patients and healthy subjects (Mann-Whitney U test, Shannon index, p = 0.098; PD-whole tree index, p = 0.350). The boxplots display the 95% CIs, and the points lying outside the whiskers are referred to as outliers. (E,F) Average relative abundances of the predominant bacterial taxa at the phylum (E) and family (F) levels in the ENC and CON groups. (G) Cladogram based on LEfSe results of the CON and ENC groups. The red points represent the increased taxa in ENC group, while the blue points represent the increased taxa in CON group. ENC, patients with encephalitis; CON, healthy subjects serving as controls.


To evaluate differences in microbial composition in the feces obtained from patients and controls, we compared the relative abundances in both groups, represented by read percentages (Table 2). The significantly enriched taxa in the patient group were the phylum Proteobacteria, class Bacilli, class Gammaproteobacteria, order Lactobacillales, order Erysipelotrichales, order Enterobacteriales, family Porphyromonadaceae, family Enterobacteriaceae, genus Parabacteroides, and genus Oscillospira. The significantly depleted taxa in the patient group were the class Betaproteobacteria, order Burkholderiales, family Lachnospiraceae, genus Prevotella, genus Faecalibacterium, genus Ruminococcus, and genus Sutterella.


TABLE 2. Significantly discriminative taxa between the twenty-eight Encephalitis patients and healthy subjects determined by Mann-Whitney U tests.
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The PICRUSt algorithm was performed to identify which pathway or mechanism is affected, based on microbial change (Supplementary Figure S1). As shown in the results, the pathways upregulated in ENC group including Transport and Catabolism, Immune System Diseases, Folding, Sorting and Degradation, Energy Metabolism, Cancers, Lipid Metabolism, Amino Acid Metabolism, Metabolism of Terpenoids and Polyketides, Enzyme Families, Genetic Information Processing, Signaling Molecules and Interaction, Metabolic Diseases, Excretory System, Transcription, Metabolism, Cellular Processes and Signaling, Metabolism of Other Amino Acids, Carbohydrate Metabolism, Poorly Characterized, Membrane Transport, Neurodegenerative Diseases, Xenobiotics Biodegradation and Metabolism, Signal Transduction, Infectious Diseases.



The Correlations Between Microbial Indexes and Clinical Parameters

To identify correlations between fecal microbiota composition and health status, we first examined the correlations among microbial α-diversity indexes (Shannon, PD-whole tree, Chao1, observe species, Simpson) and clinical data (Supplementary Figure S2). The blood-brain barrier permeability is presented as the CSAR, which can reflect the degree of cerebral inflammation. PD-whole tree was positively correlated with the serum concentrations of potassium (r = 0.391, p = 0.040) and S100β (r = 0.394, p = 0.038) but negatively correlated with levels of total bilirubin (r = −0.386, p = 0.042). Observed species was significantly correlated with S100β levels (r = 0.433, p = 0.021). The Shannon, PD-whole tree and observed species indexes had positive correlations with the CSAR (r = 0.468, p = 0.018; r = 0.449, p = 0.024; and r = 0.395, p < 0.05, respectively).

Correlation analysis was subsequently performed among clinical parameters and relative abundances of bacterial groups detected in the feces of encephalitis patients (Figure 2). A positive correlation of the family Ruminococcaceae reads with GCS score was observed (r = 0.384, p = 0.044). The phylum Firmicutes and order Clostridiales were positively associated with IOS (r = −0.387, p = 0.042 and r = −0.383, p = 0.044, respectively). The genus Akkermansia showed negative correlations with IOS (r = 0.404, p = 0.033).
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FIGURE 2. Associations of gut microbial taxa with clinical indexes. Heat map of Spearman’s rank correlation coefficient among 17 clinical indexes and 26 taxa with abundances higher than 0.1%. n = 28; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; Spearman’s rank correlation. WBC, white blood cell count; NEU, neutrophil count; RBC, red blood cell count; HGB, hemoglobin; PLT, platelet count; ALT, alanine aminotransferase; Tbil, total bilirubin; TP, total protein; ALB, albumin; Cl, serum chlorine, K, serum potassium; BUN, blood urea nitrogen; SCr, serum creatinine; CRP, C-reactive protein; PCT, procalcitonin; DD, D-dimer; BNP, brain natriuretic peptide; NSE, neuron-specific enolase; S100B, S100 calcium-binding protein B; CSAR, cerebrospinal fluid albumin-to-serum albumin ratio; GCS, Glasgow Coma Scale; SOFA, Sequential Organ Failure Assessment; APACHE-II, Acute Physiology and Chronic Health Evaluation-II; IOS, length of stay in the ICU.


Survival analysis was further performed to explore the association between mortality and microbial diversity (Figure 3). When the cohort was divided into two groups with low bacterial diversity (α-diversity < Median, n = 14) and high diversity (α-diversity > Median, n = 14), there was no intergroup difference in the short-term mortality. However, when the patients were divided into two groups based on the median of observed species, the survival analysis had a trend toward significance [Log Rank p = 0.056, HR = 0.4035, 95%CI = (0.1543, 1.055)].
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FIGURE 3. Decreased intestinal microbiota diversity in encephalitis patients is not associated with survival in an exploratory setting. Based on the α-diversities in healthy subjects, the patient cohort was split into two groups: α-diversity < Median and α-diversity > Median, for which a 120-day Kaplan–Meier survival plot is shown. Twenty-eight encephalitis patients were divided based on the median of Shannon index [A, Log Rank p = 0.619, HR = 0.7917, 95%CI = (0.3055, 2.052)], PD-whole tree index [B, Log Rank p = 0.264, HR = 0.5835, 95%CI = (0.2246, 1.516)], observed species [C, Log Rank p = 0.056, HR = 0.4035, 95%CI = (0.1543, 1.055)], Chao1 index (D, Log Rank p = 0.859, HR = 0.9182, 95%CI = (0.3548, 2.376)], successively. M, median. Numbers below the curve were patients at risk per group.




Fecal Short-Chain Fatty Acid Levels Are Decreased in Encephalitis Patients

To evaluate the SCFAs in fecal samples from encephalitis patients and healthy subjects, we quantified the fecal concentrations of acetate, propionate, butyrate, isobutyrate, valerate and isovalerate by GC-MS (Figure 4). The concentrations of acetate, propionate and butyrate were significantly increased in the fecal samples from encephalitis patients (acetate: 41.11 ± 25.71 μmol/g; propionate: 14.44 ± 12.28 μmol/g; butyrate: 4.144 ± 5.509 μmol/g) compared with those in samples from healthy subjects (acetate: 82.64 ± 43.01 μmol/g; propionate: 26.48 ± 18.34 μmol/g; butyrate: 15.84 ± 13.41 μmol/g). Isobutyrate, valerate and isovalerate were nearly undetectable in the vast majority of patient and control samples.
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FIGURE 4. Comparison of six fecal SCFA levels between encephalitis patients and healthy controls. (A) acetate; (B) propionate; (C) butyrate; (D) isobutyrate; (E) valerate; (F) isovalerate. *p < 0.05; **p < 0.01; ***p < 0.001; Mann-Whitney U test. ENC, patients with encephalitis; CON, healthy subjects serving as controls.


Spearman’s tests were performed to identify correlations between fecal SCFAs and clinical parameters. Results were shown in Supplementary Figure S3. We found that acetate was negatively correlated with age (r = −0.433, p = 0.027), BUN (r = −0.498, p = 0.010) and CRP (r = −0.432, p = 0.028); propionate showed negative correlation with age (r = −0.532, p = 0.005); butyrate was negatively correlated with CRP (r = −0.433, p = 0.027), age (r = −0.534, p = 0.005), CSAR (r = −0.539, p = 0.008) and D-LA (r = −0.390, p = 0.049) while positively correlated with ALB (r = 0.488, p = 0.011).



Gut Permeability Was Increased in Encephalitis Patients

To evaluate intestinal permeability in encephalitis patients and healthy controls, we quantified the plasma concentrations of D-LA, iFABP, LPS and LBP, which were previously reported as intestinal integrity biomarkers (22–24). The concentrations of D-LA, iFABP, LPS, and LBP were significantly higher in plasma samples from encephalitis patients (D-LA: 6430.2 ± 1056.2 ng/mL; iFABP: 7.779 ± 1.714 ng/mL; LPS: 1218.3 ± 229.9 pg/mL; LBP: 157.9 ± 23.3 ng/mL) than in samples from healthy subjects (D-LA: 3006.6 ± 2123.4 ng/mL; iFABP: 3.813 ± 1.952 ng/mL; LPS: 585.7 ± 297.4 pg/mL; LBP: 73.5 ± 35.8 ng/mL), indicating that intestinal mucosal integrity was significantly reduced during cerebral inflammation (Figure 5).
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FIGURE 5. Comparison of intestinal integrity biomarkers between encephalitis patients and healthy controls. (A) D-lactate; (B) iFABP; (C) LPS; (D) LBP. ***p < 0.001; Mann-Whitney U test. iFABP, intestinal fatty acid-binding protein; LPS, lipopolysaccharide; LBP, lipopolysaccharide-binding protein; ENC, patients with encephalitis; CON, healthy subjects serving as controls.


Spearman’s correlation analyses were further performed to identify correlations among intestinal integrity biomarkers and clinical parameters. Results were shown in Supplementary Figure S4. The iFABP showed positive correlations with LPS (r = 0.586, p = 0.001) and S100B (r = 0.439, p = 0.019); LPS correlated positively with CSAR (r = 0.435, p = 0.030); LBP has negative correlation with TP (r = −0.411, p = 0.030).



DISCUSSION

In this observational pilot study, the microbiome of many encephalitis patients differed substantially from that of a healthy population, and the disruption of the microbial community may have resulted in the dysbiosis of SCFAs. We documented increases in the abundances of the phylum Proteobacteria as well as other pathogens present relative to those in healthy adults. Fecal acetate, propionate and butyrate concentrations in patients with encephalitis decreased significantly in comparison with those in the healthy volunteers. In addition, increased levels of gut microbial components or products were detected in the systemic circulation, indicating that the dysbiosis of the commensal flora and lack of SCFAs may have been responsible for the intestinal mucosal injury and gut permeability elevation. A set of clinical parameters, especially the CSAR representing the blood-brain barrier, were associated with microbiome indexes or specific taxon abundances. This study provides the first in vivo evidence that an altered gut flora and the concentrations of SCFAs are associated with worse health status. The results of these explorations suggest that larger prospective studies should be undertaken to monitor the microbiome of patients with inflammatory disease. Furthermore, new therapeutic interventions (e.g., bacteriophage therapy) targeting gut bacteria and protecting gut function may be a potential option to improve the outcome of these patients.

Pivotal to many biological functions in the human body is the composition of the healthy microbiota, which affects various physiological processes, including the development of the digestive tract (25), gut barrier function and integrity (26), the immune response (27), and the homeostasis of the CNS. The effects of the gut microbiota on the brain include regulating neurotransmitters, neurotrophic factors and synaptogenesis, as well as maintaining BBB integrity (28, 29). Our study used culture-independent techniques to confirm and characterize the significant dysbiosis in encephalitis, as illustrated by a PCoA plot. Although we did not detect a significant difference in α-diversities between patients and healthy groups, this result is likely underpowered owing to the sophisticated calculations of microbial diversity indexes and the relatively small number of patients enrolled. We observed enrichment of disease-promoting pathogens, such as the family Enterobacteriaceae (30), in encephalitis patients. Conversely, some taxa that were depleted in the patient group, such as the genus Faecalibacterium, were previously believed to confer antiinflammatory benefits (31). These findings likely reflect numerous variables, including derangements in host physiology, multiple treatment exposures, and the presence of nosocomial pathogens. Moreover, pathogens can inhibit the growth of other bacteria, a phenomenon referred to as “colonization resistance” (32). Unexpectedly, some probiotics [the genera Parabacteroides (33) and Akkermansia (34)] were found to be enriched in the patient group, whereas several pathogens [the genus Prevotella (35)] were depleted. This result can likely be attributed to the controversial role of taxa. As the 16S rRNA sequence cannot definitively assign identity at the species or strain level, further exploration of the microbiome will require targeted sequencing methods, ideally with functional metagenomics.

To investigate the possible link between bacterial indexes and illness status, we explored the association among clinical parameters and both microbiome indexes and specific taxa. The phyla Proteobacteria and Firmicutes were related to disease severity, as reflected by APACHE-II and IOS, respectively. Bacterial α-diversity indexes, including PD-whole tree, Shannon index and observed species, were associated with some clinical parameters, especially the CSAR. The CSAR is one of the most informative parameters for BBB integrity in cases of CNS disease (36). The BBB acts as a gatekeeper to control the passage and exchange of molecules and nutrients between the circulatory system and the brain parenchyma. Persistent vulnerability of an impaired BBB caused by inflammation (37) would compromise the CNS. Currently, no effective drugs are available for direct treatment of BBB dysfunction. Repairing BBB function by the gut flora is a potential therapeutic target for the development of new-generation antiencephalitis drugs.

In our study, the fecal concentrations of acetate, propionate and butyrate in the patients with encephalitis were significantly lower than those in healthy subjects. Derived from intestinal microbial fermentation of dietary fiber, SCFAs are the main energy source of colonocytes, making them crucial to gastrointestinal health (38). As reported before, SCFA formation is regulated mainly by substrate availability and bacterial species composition (39). First, in terms of the microbiota, beneficial bacteria counts in the patients with encephalitis were significantly lower than those in the healthy volunteers. Although the identification of butyrate-producing microorganisms is still under investigation (40), some known organic acid-producing bacteria, including the family Lachnospiraceae (41), genus Ruminococcus (42), and genus Faecalibacterium (43), were depleted in encephalitis patients, as quantified by 16S rRNA sequencing. Second, it is possible that fermentation substrates, such as soluble dietary fiber (44), may have been relatively reduced in encephalitis patients, contributing to the low SCFA levels. These two hypotheses behind the decrease in SCFA levels in encephalitis patients should be further investigated in future research. SCFAs are taken up directly into the bloodstream and transported to various organs, including the brain (45), where they modulate tissue development and function (46). As an inhibitor of histone deacetylases (HDACs), butyrate exhibits antiinflammatory and neuroprotective effects through multiple mechanisms, including enhancing neurogenesis and reducing proinflammatory cytokine levels (47–51). Recent studies have shown that various G protein-coupled receptors (GPRs) mediate SCFA activities and affect the inflammatory response. SCFAs activate GPR41 and GPR43 on intestinal epithelial cells, leading to mitogen-activated protein kinase signaling and the production of chemokines and cytokines (52). Moreover, butyrate promotes antiinflammatory properties via the GPR109a signaling pathway (53, 54). These results suggest that the decrease in SCFA levels observed in the present study could be conducive to sustained inflammation in encephalitis patients by mechanisms related to HDACs and GPRs.

Short-chain fatty acids, especially butyrate, are an energy source for colon epithelial cells and have been shown to regulate intestinal motility (55, 56). Physiological concentrations of SCFAs regulate intestinal barrier function by decreasing paracellular permeability and increasing transepithelial electrical resistance (57). Butyrate was demonstrated to improve gut barrier function by stimulating the production of mucin, antimicrobial peptides, and tight junction proteins (58). Regulation of occludin expression by the intestinal microbiota has been reported in the intestinal epithelial barrier (59) and blood-testis barrier (60). Clostridial clusters make a great contribution to gut homeostasis by preserving gut barrier functions and exerting immunomodulatory and antiinflammatory properties (61). It was speculated that alteration of the gut flora and SCFA levels shapes the leaky gut, which subsequently results in the translocation of microbial components, such as LPS, into systemic circulation, activating the inflammatory response or increasing BBB permeability. The restoration of healthy microbes or SCFAs can potentially be a future treatment.

As a result of incomplete understanding of the pathological mechanisms combined with individual variations in the immune response to causative agents, treatment of encephalitis remains a great challenge for physicians. This pilot study seeks to explain the changes in the intestine in encephalitis patients and highlights the possible association between the gut and brain. Previous studies have shown that maintenance of commensal “healthy microbes” or modulation of SCFAs may exert beneficial effects via multiple pathways, including modulation of immune cell proliferation, suppression of pathogenic microbes by antimicrobial factors, and gut epithelial barrier protective effects (62–64). Administration of SCFAs (65) or prebiotics (66) has been reported as an effective therapy to increase intestinal SCFA levels. The clinical effect of increasing SCFA levels by synbiotic administration has also been demonstrated (67). In previous research, patients with sepsis benefited from synbiotic treatment, having a significantly lower incidence of infectious complications than those without synbiotic consumption (68). This evidence, together with this study, suggests that patients may benefit from intestinal therapeutics focused on improvement of the gut microbiome and SCFA levels. As the gut is hypothesized to play a central role in the progression of severe inflammation (69), creative new approaches to repopulate the normal “health-promoting” microbiome may present opportunities to improve outcomes in these encephalitis patients.

As an observational pilot study, this study has several limitations. First, this study did not aim to reveal the precise signaling mechanisms through which gut microbiota interacts with encephalitis but provided a first glimpse into the superficial layer of gut-brain communication. In addition, the consequences of altered flora on brain function throughout the pathophysiological process of encephalitis are still unknown. Therefore, the results should be interpreted cautiously until additional advanced data are acquired to clarify the underlying mechanisms. The next target for our subsequent study is trying to maintain the commensal flora in a mouse model and, in this way, attain any associated clinical benefits. This approach may hopefully explain a causal relationship in the gut-brain axis. Second, the number of fecal samples as well as enrolled patients remains relatively modest. Due to the small sample size, we evaluated the integrated data of patients with various etiologies of encephalitis, limiting the insights gained from analyses. Similarly, the correlation analyses between microbiota indexes and clinical parameters were not controlled for multiple confounders and, as such, merit replication in larger cohorts. Third, the single fecal sample from each patient studied here could not provide a dynamic view of the microbiota. A few patients could be sampled twice because some died or were transferred to other ward for better treatment. We believe that the gut flora and SCFAs may change along with the recovery or deterioration of the disease. Longitudinal analyses should be considered as a subject of our future studies. Finally, the microbiome and SCFAs in the cecal matter differ from those detected in fecal samples (70). However, it is not possible to obtain cecal samples from the human body; therefore, stool is used. The combination of these limitations makes it challenging to establish a rigorous statistical analysis in this study.

Taken together, our data demonstrate that disruption of the gut microbiota was observed in encephalitis patients, which manifested as pathogen dominance and health-promoting commensal microbe depletion. This study adds to the emerging literature describing dysbiosis in inflammatory diseases of the CNS. We also identified reduced intestinal barrier integrity, probably as a result of the dysbiosis of the gut microbiota and SCFAs. The disease severity and the degree of brain damage may have associations with the gut microbiota or its metabolites. Numerous questions remain to be answered, including the following. How does the gut microbiota affect the blood-brain barrier? What is the mechanism by which an increase in pathogen abundance could affect the inflammatory system? Further studies, such as fecal microbiota transplantation experiments, are needed to confirm the results in this study and to evaluate the causal relationship in the gut-brain axis.
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