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Mushrooms and Chinese traditional herbs have bioactive nutraceuticals with multiple therapeutic functions, including antioxidant and antibacterial activities and microbiome modulation properties. Mushroom-derived bioactive compounds are used in medicines for the treatment of neurological disorders with abnormal brain–gut–microbiome axis. This study examined the effects of KI Essence extract, a spleen-tonifying formula, on neurite growth, antioxidant activity, hypomyelination modulation, and the microbiome profile in lipopolysaccharide (LPS)-induced maternal immune activation (MIA) offspring. The KI Essence extract induced PC12 cell neurite growth by increasing extracellular signal–regulated kinase (ERK) phosphorylation, promoting 2,2′-diphenyl-1-picrylhydrazyl radical scavenging activity, reducing the level of tert-butylhydroperoxide–induced lipid peroxidation in brain homogenates, protecting PC12 cells from H2O2-induced cell death (through the inhibition of ERK phosphorylation), alleviating hypomyelination, and downregulating interleukin‐1β through LPS-activated microglia production; moreover, the numbers of Enterobacteriaceae, Actinobacteria, Peptostreptococcaceae, Erysipelotrichaceae, and Bifidobacterium bacteria in MIA offspring increased. In summary, the KI Essence extract promotes neurite outgrowth, alleviates oxidative stress and hypomyelination, and modulates microbiota dysbiosis in MIA offspring.
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INTRODUCTION
Neurodevelopmental diseases are characterized by an abnormal brain–gut–microbiome axis. The etiopathophysiology of mental disorders involve impaired neurite outgrowth, altered myelination, oxidative stress, and microbial dysbiosis (Graciarena et al., 2018; Nguyen et al., 2018; Xu et al., 2019; Pangrazzi et al., 2020b). Clinical evidence has demonstrated that patients with autism spectrum disorder (ASD) exhibit oxidative stress–related responses, including increases in reactive oxygen species (ROS) and lipid peroxidation levels (Chauhan and Chauhan, 2006; Yui et al., 2020). ROS-induced peroxidation products such as malondialdehyde (MDA), a lipid peroxidation product, can damage cellular components and exacerbate neurodevelopmental disease status (Pangrazzi et al., 2020b; Yui et al., 2020). Oxidative stress also leads to the downregulation of myelin-related gene expression in human oligodendrocytes and of myelin basic protein (MBP) expression levels in the rat brain (Maas et al., 2017). Thus, alleviating oxidative damage is a promising treatment strategy for neurodevelopmental diseases.
Mushrooms and traditional Chinese herbal medicines are considered nutraceuticals that can alleviate the symptoms of neurodevelopmental diseases (Bang et al., 2017). Numerous edible mushrooms, including Sarcodon scabrosus, Ganoderma lucidum, Grifola frondosa, Hericium erinaceusm, and Pleurotus giganteus, can promote neurite outgrowth in PC12 cells through the extracellular signal–regulated kinase [ERK] signaling pathway (Sabaratnam et al., 2013). The Tremella fuciformis extract promotes neurite outgrowth in PC12h cells (Kim et al., 2007). Edible mushrooms (e.g., Lentinula edodes, Flammulina velutipes, and T. fuciformis) contain bioactive compounds and polysaccharides and thus exhibits antioxidant activity (Li et al., 2014; Yuan et al., 2019; Diallo et al., 2020). The traditional Chinese herbal extract exhibits potent antioxidant activity (Matkowski et al., 2013). In particular, Lycium barbarum, Cassia obtusifolia, Euryale ferox, Ziziphus jujuba, and Prunus mume extracts exhibit antioxidant activity (Lee et al., 2002; Pi and Lee, 2017; Lu et al., 2019; Wu et al., 2019; Rajaei et al., 2021). The Crataegus pinnatifida extract contains maslinic acid, which has been noted to promote synaptogenesis and axon growth through Akt/GSK-3β activation in a cerebral ischemia model (Qian et al., 2015). The medicinal mushroom Poria cocos is one of the most commonly used Chinese herbal medicines for autism spectrum disorder (ASD) treatment; studies have verified its anti-inflammatory activity and spleen-tonifying effects (Rios, 2011; Bang et al., 2017; Nie et al., 2020). However, further research is warranted to clarify how the aforementioned mushrooms and traditional Chinese herbal medicines regulate the signaling pathways involved in neuritogenesis and antioxidant responses.
Mitogen-activated protein kinase (MAPK) signaling pathways are involved in the regulation of neuritogenesis and oxidative responses. Specifically, nerve growth factor (NGF) activates ERK 1/2 to promote neuritogenesis (Wang et al., 2011). Oxidative stress also causes the activation of intracellular signaling pathways, including ERK1/2 and p38 MAPK pathways (Rezatabar et al., 2019). The inhibition of these MAPK pathways can protect cells from oxidative stress–induced apoptosis (Rezatabar et al., 2019). Thus, targeting MAPK signaling can inhibit both neuritogenesis and oxidative response–induced cell death.
An increasing number of studies have suggested that gut microbial dysbiosis and oxidative stress play integral roles in neurodevelopmental diseases (Nitschke et al., 2020; Svoboda, 2020). Gut microbiota regulates host physiology, nutrition, and brain function (Vuong and Hsiao, 2017). Dysbiosis is associated with altered integrity of the intestinal barrier and gut inflammation in a maternal immune activation (MIA) model that is known to have features of ASD (Hughes et al., 2018; Li et al., 2021). Microbiota-derived metabolites are correlated with behavioral abnormalities and neuropathology in ASD (Peralta-Marzal et al., 2021), suggesting that gut dysbiosis is associated with ASD pathophysiology.
In traditional Chinese medicine, neurological disorder treatment mainly involves tonifying the spleen and invigorating the brain (Greenwood, 2017). Mushrooms contain bioactive ingredients that modulate gut microbiota and increase spleen Qi (Greenwood, 2017; Ma et al., 2021; Vamanu et al., 2021). KI Essence is a commercial product that contains mushrooms and traditional Chinese herbal extracts; its ingredients have spleen-tonifying effects and can modulate the gut microbiome (Xu et al., 2015; Xu et al., 2021; Zou et al., 2021). MIA elicits oxidative and inflammatory responses during pregnancy, which lead to the development of an abnormal brain–gut–microbiota axis in offspring (Simoes et al., 2018; Lee et al., 2021). In this study, we assessed the potential of the KI Essence extract for neurite outgrowth promotion, oxidative stress alleviation, and maternal infection–induced abnormal brain–gut–microbiota profile modulation in a MIA animal model.
MATERIALS AND MEHTHODS
KI Essence extract preparation
The KI Essence extract examined in this study was obtained from Infinitus (Guangzhou, Guangdong, China). The raw materials of this extract, including fresh and dry materials, were Lentinula edodes (Berk.) Pegler, Flammulina velutipes (Curtis) Singer, Wolfiporia extensa (Peck) Ginns, Tremella fuciformis Berk, Crataegus pinnatifida Bunge [Rosaceae], Lycium barbarum L. [Solanaceae], Senna obtusifolia (L.) [Fabaceae], Euryale ferox Salisb [Nymphaeaceae], Ziziphus jujube Mill. [Rhamnaceae], Prunus mume (Siebold) Siebold & Zucc. [Rosaceae], and Ostreae gigas. The weight percentages of each raw material used in the KI Essence extract preparation are presented in Supplementary Table S1. In total, 100 g of raw materials were extracted twice with 1.2 and 1 L of 95°C distilled water for 1.5 and 1 h, respectively. Next, the extract was concentrated in vacuo to obtain a final yield of 24%.
High-performance liquid chromatography fingerprint analysis
The KI Essence extract (10 mg) was dissolved in H2O to obtain a high-performance liquid chromatography (HPLC) sample solution (10 mg/ml). HPLC fingerprint analysis was conducted using a Waters HPLC system (Milford, MA, United States) comprising a Waters 600 pump system, Waters 2996 Photodiode Array Detector, Waters 717 plus Autosampler, and Sugai U-620 Column Oven (Wakayama City, Japan). A Cosmosil 5C18-MS-II reversed-phase column (5 μm, 4.6 mm × 250 mm; Nacalai Tesque, Japan) equipped with a LiChrospher RP-18 end-capped guard column (5 μm, 4.0 mm × 10 mm; Merck, Germany) was used for the stationary phase. The gradient eluents consisted of eluents A (H2O:KH2PO4:10% H3PO4 = 1,000 g:2.72 g:1 ml), B (acetonitrile), and C (H2O), with the following profile: 0–25 min, 80%–100% A and 0%–20% B; 25–45 min, 65%–80% A and 20%–35% B; 45–60 min, 0%–65% A, 35%–80% B, and 0%–20% C; 60–65 min, 10%–80% B and 20%–90% C; and 65–70 min, 0%–100% A, 0%–10% B, and 0%–90% C. The applied flow rate was 1 ml/min, and the column temperature was maintained at 35°C. The relevant data are presented in Supplementary Figure S1. The following components of the KI Essence extract were detected: cytosine, cytidine, hypoxanthine, uridine, guanosine, adenosine, and maslinic acid.
High-performance liquid chromatography analysis of marker substances in KI essence extract
We used a Hitachi HPLC system, consisting of a Chromaster 5110 pump system, Chromaster 5430 Photodiode Array Detector, Chromaster 5210 plus Autosampler (Hitachi, Japan), and Super CO-150 column oven. A LiChrospher RP-18 reversed-phase column (5 μm, 4.6 mm × 250 mm; Merck) equipped with a LiChrospher RP-18 end-capped guard column (5 μm, 4 mm × 10 mm; Merck) was used as the stationary phase. The mobile phase included 0.05% trifluoroacetic acid (CH3CN gradient elution: 0 min, 95:5; 50 min, 0:100). The flow rate was 1 ml/min, and the column temperature was maintained at 40°C. The ultraviolet detection wavelength of maslinic acid was 215 nm. Because of the poor water solubility of maslinic acid, 0.1 g of the KI Essence extract was extracted using 10 ml of 50% methanol through ultrasonic oscillation at 25°C for 20 min to obtain total maslinic acid. The sample was subsequently filtered through a 0.45-μm syringe filter, and a 5-μl aliquot was directly injected into the HPLC system. Maslinic acid standard (Sigma) was used to identify the target peak and amounts of maslinic acid in KI Essence extract. The concentration range of the maslinic acid calibration curve was 10–500 μg/ml. Maslinic acid content in the KI Essence extract was found to be 11.3 ± 0.7 mg/g.
Phenol–sulfuric acid method for measuring total carbohydrates
We mixed 100 μl of 10 mg/ml KI Essence extract with 800 μL of 95% ethanol with thorough stirring. This mixture was allowed to stand for 30 min and then centrifuged, and the supernatant was discarded. The obtained pellet was washed with 500 μl of 80% ethanol and centrifuged to remove the solvent. The aforementioned steps were repeated three times. Thereafter, the precipitate was dissolved uniformly in 2 ml of 2 M sulfuric acid. Subsequently, 200 μl of phenol and 100 μl of sulfuric acid were added into an Eppendorf vial with the dissolved precipitate. After the solution was reacted for 15 min in a 100°C water bath, glucose (0, 12.5, 25, 50, and 100 μg/ml) was used as a standard for preparing a calibration curve, and optical density (OD) at 480 nm was interpolated to calculate the content of condensed tannins relative to that of glucose (Masuko et al., 2005). The KI Essence commercial product used here contained 70 mg/g of carbohydrates (including monosaccharides, disaccharides, oligosaccharides, and polysaccharides).
Cell culture
PC12 cells, obtained from American Type Culture Collection (USA; ATCC CRL-1721), were maintained in RPMI 1640 medium (Gibco-Life Technologies, United States) supplemented with nutrient mixture F-12 (Gibco-Life Technologies), 5% fetal bovine serum (FBS), 10% horse serum, and penicillin–streptomycin. The cells were maintained in an incubator at 37°C under atmospheric conditions (CO2:air = 5%:95%).
PC12 cell viability and neurite outgrowth assay
PC12 cells were seeded in six-well culture plates (Corning, NY, United States) coated with 0.1 mg/ml poly-l-lysine at a density of 0.7 × 106 cells per well in culture medium for 1 day. The cultured PC12 cells were then transferred to low-serum medium (containing 1% horse serum with 0.5% FBS) and cultured for 24 h. Subsequently, these cells were stimulated with 50 ng/ml NGF for 2 days in the low-serum medium with various concentrations of the KI Essence extract. The viability of differentiated PC12 cells was assessed through cell counting kit-8 (CCK-8) assays (Dojindo, Japan). OD at 450 nm, which was measured using a spectrophotometer (Thermo Fisher Scientific, USA), was used to estimate cell viability. In the experiments for counting the neurite-bearing PC12 cells, the cells were photographed using a digital camera under a phase-contrast microscope. The images of five randomly selected fields were obtained for each dish, and a mean of 10–20 PC12 cells per field were observed. The percentage of neurite-bearing cells per field was calculated using the following equation: (number of neurite-bearing cells/total number of cells) × 100. Finally, the results from all the fields were tallied and divided by the total number of fields (n = 5) to obtain the percentage of neurite-bearing cells per condition (Wiatrak et al., 2020).
Viability of H2O2-induced differentiated PC12 cell death assay
PC12 cells were seeded in 96-well culture plates (Corning, United States) coated with 0.1 mg/ml poly-l-lysine at a density of 10,000 cells/well in a culture medium for 1 day. The cultured PC12 cells were then transferred to low-serum medium containing 50 ng/ml NGF and cultured for 2 days. Subsequently, the differentiated PC12 cells were stimulated with 200 µM H2O2 and various concentrations of the KI Essence extract (0, 0.5, and 1 mg/ml) for 1 day, after which a CCK-8 viability assay was performed (Dojindo).
Western blotting
We seeded 1 × 106 PC12 cells in 6-cm tissue culture dishes, with overnight incubation. The cultured PC12 cells were then transferred to low-serum medium (containing 1% horse serum with 0.5% FBS) and cultured for 24 h. The PC12 cells were stimulated with 50 ng/ml NGF and the KI Essence extract for 0, 0.5, or 1 h. In another set of experiments, 1 × 106 NGF–induced differentiated PC12 cells were treated with 200 µM H2O2 and the KI Essence extract for 0, 0.5, or 1 h. Subsequently, cell lysates were prepared using a PRO-PREP protein extraction solution (iNtRON Biotechnology, Korea) containing 2 mM Na3VO4. The cell lysates were immunoblotted using primary antibodies against p-ERK1/2, p-p38, and β-Actin (Cell Signaling Technology, USA) and horseradish peroxidase–conjugated goat antirabbit or antimouse immunoglobin G (GoalBio, Taiwan). All data were acquired using a ChemiDoc Touch Imaging System (Bio-Rad, USA).
2,2′-diphenyl-1-picrylhydrazyl scavenging assay
We added a 100-µL aliquot of 500 µM 2,2′-diphenyl-1-picrylhydrazyl (DPPH)–ethanol solution to each well of a 96-well plate, followed by the addition of 100 μl of the KI Essence extract at various concentrations. Butylated hydroxytoluene was used as a standard antioxidant compound. The plates were incubated for 30 min in the dark, and absorbance was measured at 530 nm on an enzyme-linked immunosorbent assay (ELISA) microplate reader (Thermo Fisher Scientific). Moreover, 300-μl aliquots of ethanol were used as blanks, and the following equation was used to calculate the DPPH radical scavenging rate (%): [1 − (ST/EC)] × 100, where ST and EC are the OD at 530 nm of the sample and control, respectively.
Antiperoxidation effects of KI Essence extract through malondialdehyde assay
Lipid peroxidation levels in brain homogenates were determined by measuring MDA levels. In brief, brain samples from C57BL/6 mice were first homogenized in ice-cold phosphate-buffered saline (PBS) at a concentration of 25% (w/v). The protein levels in the homogenized tissues were quantified using a protein assay dye (Bio-Rad). The brain homogenates (200 μg/ml) were incubated with 50 mM tert-butyl hydroperoxide (t-BHP; Sigma) and various concentrations of the KI Essence extract for 1 h at 37°C. The MDA levels in the sample were measured using an MDA assay kit (Abcam, USA) according to the manufacturer’s instructions.
Lipopolysaccharide-induced maternal immune activation rat model and oral KI Essence extract treatment
Eight-week-old female Wistar rats (BioLASCO, Taiwan) were mated overnight with male rats; the presence of a vaginal plug was used to confirm the success of mating. Each pregnant rat was allowed to raise its own litter in an individual cage. Subsequently, 500 μg/kg lipopolysaccharide (LPS; from Escherichia coli O127:B8; Sigma) or PBS was injected intraperitoneally into the pregnant rats on gestation day 9.5. The 5-week-old male offspring of the rats were treated orally with H2O or the KI Essence extract (40 mg/kg) for 2 weeks. Thereafter, their stool and brain were collected for microbiota analysis and immunohistochemistry assay, respectively. The experiments were conducted in accordance with the guidelines of the International Council for Laboratory Animal Science for the care and use of laboratory animals in experiments. Moreover, all animal procedures were approved by the Animal Care and Use Committee of Taipei Medical University (LAC-2019-0198).
16S rRNA gene and next-generation sequencing
The detailed procedure for performing 16S rRNA gene sequencing and next-generation sequencing has been provided elsewhere (Lee et al., 2021). The rats were allowed to defecate freely in clean cages, and DNA was extracted from fresh stool samples by using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany). Library preparation was performed using an Illumina MiSeq system in accordance with the protocol for 16S rRNA gene amplicons. The universal primers 341F and 805R were used to amplify the V3–V4 region of bacterial 16S rRNA genes. Demultiplexed, paired reads were removed using Cutadapt (version 1.12). The filtered reads were processed using the DADA2 package (version 1.14.1) in R (version 3.6.1) (Callahan et al., 2016a; Callahan et al., 2016b); however, the rarefying procedure was not performed. V3–V4 sequence variants in the samples were inferred using the DADA2 package, and the frequency of each sequence variant in each sample was obtained. Taxonomy assignment was conducted using the SILVA database (version 138) (Quast et al., 2013), with a minimum bootstrap confidence of 80. The multiple sequence alignment of variants and the preparation of a phylogenetic tree were performed using DECIPHER (version 2.14.0) and phangorn (version 2.5.5), respectively (Schliep, 2011). The taxonomy assignment, count table, and phylogenetic tree were applied in a phyloseq object, and community analysis was conducted using phyloseq (version 1.30.0) (Mcmurdie and Holmes, 2013). Alpha diversity indices were calculated to estimate the richness function of the phyloseq package. Statistical analyses were conducted using the Wilcoxon–Mann–Whitney test (α = 0.05). UniFrac distances were calculated using the GUniFrac package (version 1.1) to assess community dissimilarity among the groups examined in the present study (Chen et al., 2012). Principal coordinate analysis ordination was applied for UniFrac distances, and the adonis and betadisper functions from the vegan package (version 2.4) for R were used to analyze the dissimilarity of composition among the examined groups and the homogeneity of their dispersion, respectively.
Immunohistochemistry
The rats were anaesthetized with Zoletil (40 mg/kg) and Xylazine (10 mg/kg), then transcardially perfused with PBS and 4% paraformaldehyde. Their whole brains were fixed with 4% paraformaldehyde for 3 days, and 2-mm coronal slices were embedded in paraffin blocks. These blocks were sliced into 5-µm-thick sections, which were then deparaffinized, rehydrated, and subjected to an antigen retrieval process. Subsequently, the sections were stained with horseradish peroxidase–conjugated MBP antibody (Abcam), followed by staining with 3,3′-diaminobenzidine and hematoxylin, using a Chemicon IHC Select system (Millipore, USA). The sections were observed through microscopy (Olympus/Bx43, Japan), and the MBP-positive area were calculated using the tissue analysis software program HistoQuest (Tissue Gnostics, Austria).
Interleukin-1β production in lipopolysaccharide-stimulated microglia assay
Enriched glial cultures (microglia and astrocytes) were prepared from the brains of newborn C57BL/6 mice (National Laboratory Animal Center, Taiwan) that were collected on postnatal day 1. In brief, cerebral cortical cells were cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 containing 10% FBS and 1% penicillin–streptomycin for 14 days to enable their differentiation into glial cells. Microglia were detached by shaking the culture flasks containing the cells at 160 rpm for 5 h. The suspended microglia were collected and seeded in 96-well culture plates coated with poly-D-lysine at 5 × 104 cells per well for 1 day. The purity of these isolated cells was measured through staining with CD11b antibody (Biolegend, USA), and these cells were analyzed through flow cytometry. The obtained microglia were stimulated using 250 ng/ml LPS in different concentrations of KI Essence extract for 24 h. The interleukin (IL)-1β content of the culture supernatant was analyzed using a ELISA MAX Deluxe Set Mouse IL-1β kit (Biolegend).
Statistical analysis
For neurite-bearing cell, MDA content, western blot, MBP+ area, IL-1β production data analyses, one-way ANOVA was performed using Prism (GraphPad, USA); in the analysis results, error bars represent the standard errors of the mean. The microbiota enrichment analysis of the groups was conducted using the linear discriminant analysis (LDA) effect size (LEfSe) method. Data were compared using the Kruskal–Wallis and Wilcoxon tests; differences were considered significant when p ≤ 0.05 and logarithmic LDA score ≥ 2 (Segata et al., 2011).
RESULTS
Effects of KI Essence extract on neurite outgrowth in PC12 cells
Our phenol–sulfuric acid analysis revealed that the KI Essence extract used in this present study contained 70 mg/g carbohydrates (including monosaccharides, disaccharides, oligosaccharides, and polysaccharides; data not shown). The key components of the KI Essence extract include several edible mushrooms, and nucleotides are major components of many edible mushrooms (Ranogajec et al., 2010). As shown in Supplementary Figure S1, several nucleotides were detected in the KI Essence extract, which included cytosine, cytidine, hypoxanthine, uridine, guanosine, and adenosine. Maslinic acid was also detected using HPLC finger printing and HPLC analyses (Supplementary Figures S1,S2).
We first used the CCK-8 assay to assess whether the KI Essence extract affected PC12 cell viability. The results indicated that treatment with the KI Essence extract at various concentrations did not affect the OD at 450 nm, indicating that this extract did not affect the differentiated PC12 cell viability (Figure 1A). Subsequently, we examined whether the KI Essence extract affected the neuritogenesis of PC12 cells. After 48 h of NGF stimulation, the percentage of neurite-bearing cells increased significantly to 21.5% ± 1.8% in PC12 cells treated with 50 ng/ml NGF compared with the negative control (5% ± 0.5%; Figure 1B). Furthermore, the KI Essence extract increased the percentage of neurite-bearing cells in a dose-dependent manner under NGF stimulation (Figure 1B and Supplementary Figure S3). However, treatment with only the KI Essence extract did not induce neurite outgrowth in PC12 cells. To assess whether KI Essence extract treatment enhanced NGF-induced ERK signaling pathways in PC12 cells, we examined the phosphorylation level of ERK (i.e., p-ERK1/2 level) in PC12 cells. The results indicated that the KI Essence extract enhanced p-ERK1/2 expression in NGF-stimulated PC12 cells (Figure 1C). We next assessed whether the KI Essence extract promoted neurite outgrowth under NGF stimulation through MEK1 and MEK2 activation. Our results indicated that U0126, which inhibits MEK1 and MEK2, abolished the KI Essence extract–induced neurite outgrowth effect in PC12 cells under NGF stimulation (Figure 1D, column 4 vs. 5). Therefore, the KI Essence extract enhanced neurite growth in PC12 cells through ERK1/2 phosphorylation.
[image: Figure 1]FIGURE 1 | PC12 cell neurite growth induction through extracellular signal–regulated kinase (ERK)1/2 phosphorylation after KI Essence extract treatment. (A) KI Essence extract treatment did not affect the viability of PC12 cells. PC12 cells were pretreated with low-serum medium for 1 day and then with various concentrations of the KI Essence extract and nerve growth factor (NGF; 50 ng/ml) for 48 h. PC12 cell viability was determined using cell counting kit-8 (CCK-8) assay. (B) Phase-contrast images of cells on day 2 after treatment with NGF in presence or absence of the KI Essence extract (0.25 mg/ml; scale bar: 50 µm). PC12 cells were cotreated with the KI Essence extract and NGF for 2 days, and percentages of neurite-bearing cells on day 2 was assessed. The data are expressed as means ± standard errors of means (SEMs) for (n = 3; ∗p < 0.05). (C) PC12 cells treated with 0.25 mg/ml KI Essence extract for various durations (0, 0.5, and 1 h). Phosphorylation levels of ERK (p-ERK) 1/2 and β-tubulin were analyzed through Western blotting. Quantitation of p-ERK1/2 to β-tubulin is presented in the bar graph (n = 3; ∗p < 0.05). (D) PC12 cells were treated with the KI Essence extract (0.25 mg/ml) and NGF for 2 days in the presence or absence of 10 µM U0126. Phase-contrast images of neurite-bearing cells on day 2 are shown (scale bar: 50 µm). The data are expressed means ± SEMs (n = 3). Quantitation of percentage of neurite-bearing cells is presented in the bar graph ∗p < 0.05).
Characterization of radical scavenging and anti-lipid peroxidation properties of KI Essence extract
The radical scavenging property of the KI Essence extract was determined using a DPPH chemical test. As illustrated in Figure 2A, the DPPH radicals were inhibited by KI Essence extract in a dose-dependent manner; it was found to be better than butylated hydroxytoluene, a standard antioxidant compound (Olugbami et al., 2014). Because oxidative stress is a key inducer of central nervous system developmental diseases, we evaluated the effects of the KI Essence extract on t-BHP-induced lipid peroxidation in mouse brain homogenates. The KI Essence extract exerted a considerable, dose-dependent inhibitory effect on MDA production in the homogenates (Figure 2B).
[image: Figure 2]FIGURE 2 | Characterization of KI Essence extract in radical scavenging and anti-lipid peroxidation properties. (A) 2,2′-diphenyl-1-picrylhydrazyl (DPPH) scavenging property of the KI Essence extract and butylated hydroxytoluene. 500 µM DPPH were tested at various concentrations of the KI Essence extract and butylated hydroxytoluene. (B) Effects of the KI Essence extract on tert-butyl hydroperoxide (t-BHP)-induced lipid peroxidation in brain homogenates. Brain homogenates were incubated with various concentrations of the KI Essence extract (0, 0.0625, and 0.25 mg/ml) with (+) or without (−) t-BHP stimulation for 1 h. Malondialdehyde (MDA) contents are presented in the bar graph. The results are presented as means ± standard errors of means (n = 3; ∗p < 0.05).
Effects of KI Essence extract on H2O2-induced cell death of differentiated PC12 cells
The viability of H2O2-treated PC12 cells was considerably (62.5%) lower than that of control cells (Figure 3A, column 1 vs. 2). The viability of KI Essence extract–treated cells was higher than that of untreated cells, indicating that KI Essence extract treatment reduced the toxic effect of H2O2 stimulation (Figure 3A, column 2 vs. 4). We then assessed whether the KI Essence extract affected H2O2-induced ERK1/2 and p38 signaling pathways in differentiated PC12 cells. The results revealed that H2O2 treatment significantly upregulated ERK1/2 and p38 phosphorylation after 1 h of stimulation. By contrast, KI Essence extract treatment ameliorated ERK1/2 and p38 phosphorylation (Figure 3B). Therefore, the KI Essence extract protected differentiated PC12 cells from H2O2-induced oxidative stress and ameliorated H2O2-induced ERK1/2 and p38 phosphorylation.
[image: Figure 3]FIGURE 3 | Protective effect of KI Essence extract treatment on PC12 cells against H2O2-induced cell death through inhibition of ERK phosphorylation. (A) PC12 cells were treated with 200 µM H2O2 and various concentrations of the KI Essence extract for 1 day. Viability of PC12 cells was measured using CCK-8 assay. The results are presented as means ± standard errors of means (SEMs; n = 3; ∗p < 0.05). (B) PC12 cells treated with 1 mg/ml KI Essence extract for various durations (0, 0.5, and 1 h) in the presence of 200 µM H2O2. Levels of p-ERK1/2, p-p38, and β-Actin were analyzed through Western blotting. Quantitation of p-ERK1/2 and p-p38 to β-Actin is presented in the bar graph. The results are presented as means ± SEMs (n = 3; ∗p < 0.05).
Effects of oral KI Essence extract treatment on myelination in maternal immune activation offspring
Maternal LPS stimulation causes oxidative stress and hypomyelination in the prefrontal cortex and thalamus nucleus of MIA offspring (Wischhof et al., 2015; Simoes et al., 2018). In this study, to evaluate the effects of KI Essence extract treatment on the in vivo modulation of myelination in the rat brain, we examined myelination levels in MIA offspring brains after oral KI Essence extract treatment. Immunohistochemical staining revealed that the MBP+ area was smaller in the prefrontal cortex and thalamic nucleus of the MIA offspring (H2O treatment) than in the control rats; nevertheless, oral KI Essence extract treatment alleviated the loss of the MBP+ area in the MIA offspring (Figure 4). These results indicated that oral KI Essence extract treatment alleviated hypomyelination in MIA offspring.
[image: Figure 4]FIGURE 4 | Amelioration of hypomyelination in maternal immune activation (MIA) offspring after oral KI Essence extract treatment. Myelin basic protein (MBP) expression levels in the prefrontal cortex and thalamic nucleus of control group, H2O-treated MIA offspring, and KI Essence extract–treated MIA offspring were detected through immunohistochemical staining. Quantification of MBP+ area in the prefrontal cortex and thalamic nucleus is presented in the bar graph ∗p < 0.05; n = 3 for each group). All data are presented as means ± standard errors of means (scale bar: 100 µm).
Effects of oral KI Essence extract treatment on microbiome profile in maternal immune activation offspring
Mushrooms contain bioactive ingredients that can modulate gut microbiota (Ma et al., 2021; Vamanu et al., 2021). LPS-induced MIA offspring exhibit a microbiome profile similar to that of humans with ASD (Lee et al., 2021). Therefore, we examined the effects of KI Essence extract treatment on the modulation of the microbiome profile in the examined MIA offspring. The alpha diversity of the fecal microbiota in the MIA offspring was similar to that of the control offspring (Figure 5A, left panel). Nonmetric multidimensional scaling (NMDS) was performed using the Bray–Curtis distance method, and the results indicated that the fecal microbiome profile of the MIA offspring was significantly different from that of the control offspring (Figure 5B, left panel). As presented in Figure 6A, significant differences were found in the abundance of microbial species between the control and MIA offspring. Compared with the MIA offspring, the control offspring had significantly higher LDA scores for Firmicutes, Proteobacteria, and Actinobacteriota bacteria at the phylum level. NMDS with Bray–Curtis distance analysis was subsequently performed, and the results indicated that after 2 weeks of oral KI Essence extract treatment, the fecal microbiome profile of the MIA offspring was significantly different from that of the MIA offspring (Figure 5B, middle panel); however, the differences in alpha diversity were nonsignificant (Figure 5A, middle panel). By contrast, the oral KI Essence extract–treated MIA offspring did not differ significantly from the H2O-treated male MIA offspring in terms of the beta diversity of their microbiota (Figure 5B, right panel). At the phylum level, the LDA scores for Firmicutes, Proteobacteria, and Actinobacteriota bacteria in the MIA offspring were higher after oral KI Essence extract treatment than before treatment (Figure 6B); these scores were also higher than those of the H2O-treated MIA offspring (Figure 6C). Similarly, at the family level, the LDA scores for Peptostreptococcaceae, Enterobacteriaceae, Erysipelotrichaceae, Lactobacillaceae, and Bifidobacteriaceae bacteria in the MIA offspring were higher after oral KI Essence extract treatment than before treatment (Figure 6B); these scores were also higher than those of the H2O-MIA offspring (Figure 6C). In summary, oral KI Essence extract treatment could modulate the dysbiotic microbiome profile of the MIA offspring.
[image: Figure 5]FIGURE 5 | Modulation of fecal microbiome distribution in maternal immune activation (MIA) offspring after oral KI Essence extract treatment. Fecal microbiome profiling of male MIA offspring was performed through high-throughput 16S rRNA gene sequencing. (A) Alpha diversity of fecal microbiota and (B) principal coordinate analysis plots (as obtained through nonmetric multidimensional scaling with Bray–Curtis distance analysis) for control and MIA rats before and after H2O and KI Essence extract treatment. Permutational multivariate analysis of variance (vegan::adonis, 1000 permutations) revealed a significant difference in beta diversity, which was quantified using a betadisper (vegan::betadisper, 1000 permutations). Adonis and betadisper indices yielded p values of <0.05 and >0.05, respectively. n = 5 for control and MIA group; n = 5 for before treatment group; n = 3 for after treatment, H2O, and KI Essence extract treatment group.
[image: Figure 6]FIGURE 6 | Modulation of microbiome profile in maternal immune activation (MIA) offspring after oral KI Essence extract treatment. Linear discriminant analyses (LDAs) for comparing (A) gut microbiota effect sizes of control and MIA offspring, (B) gut microbiota effect sizes of MIA offspring before and after KI Essence extract treatment, and (C) gut microbiota effect sizes of MIA offspring after H2O and KI Essence extract (KI) treatment. Significant biomarkers are defined as taxa with LDA score (log10) ≥ 2. ∗ and # indicated that abundance of bacterial species at the phylum and family levels was significantly different, respectively. n = 5 for control and MIA group; n = 5 for before treatment group; n = 3 for after treatment, H2O, and KI Essence extract treatment group.
Effects of KI Essence extract treatment on lipopolysaccharide-stimulated microglia
During the gestational stage, elevated IL-1β levels are associated with hypomyelination in LPS-induced MIA offspring (Rousset et al., 2006; Simoes et al., 2018; Chamera et al., 2020). LPS stimulation prompts IL-1β production in microglia (Kim et al., 2006). In this study, we observed that KI Essence extract treatment inhibited IL-1β production in LPS-activated microglia (Figure 7).
[image: Figure 7]FIGURE 7 | Inhibitory effect of KI Essence treatment on interleukin (IL)-1β production from lipopolysaccharide (LPS)-induced microglia activation. (A) Percentage of CD11b+ cells in enriched microglia cell culture. PI: propidium iodide. (B) Microglia treated with KI Essence (0, 0.031, 0.062, 0.125 mg/ml) in the presence of 250 ng/ml LPS for 24 h. Amount of IL-1β in culture supernatant was determined through enzyme-linked immunosorbent assay (n = 3; ∗p < 0.05).
DISCUSSION
In the present study, we observed that the extract of the spleen-tonifying formula KI Essence promoted neuritogenesis activity, alleviated hypomyelination, and modulated the microbiome profile in MIA offspring. Supplementary Figure S4 presents a schematic of the workflow for the present study. Our results were as follows: 1) KI Essence extract treatment enhanced p-ERK expression to promote NGF-induced neuritogenesis and inhibited p-ERK expression to protect differentiated PC12 cells from H2O2-induced cell death. 2) The KI Essence extract demonstrated DPPH radical inhibition and reduced the peroxidation response in rat brain homogenates. 3) Oral KI Essence extract treatment alleviated prenatal LPS-induced hypomyelination in the prefrontal cortex and thalamic nucleus of the MIA offspring and increased the abundance of Peptostreptococcaceae, Enterobacteriaceae, Erysipelotrichaceae, Bifidobacteriaceae, and Lactobacillales bacteria in the offspring. This is the first study to demonstrate that treatment with a spleen-tonifying formula can promote neurite growth, alleviate oxidative stress, and alter the brain–gut–microbiota axis in MIA offspring.
Mushroom and traditional Chinese herbal extracts contain polysaccharides and nucleotides that can induce neuronal differentiation and promote antioxidant activity (Sabaratnam et al., 2013; Kozarski et al., 2015; Cor et al., 2018). Our three-dimensional HPLC fingerprint analysis revealed the presence of guanosine, uridine, and maslinic acid in the examined KI Essence extract (Supplementary Figure S1). Guanosine exhibits antioxidant activity and protects DNA from the oxidative damage induced by ROS (Gudkov et al., 2006). Uridine has been noted to enhance neurite outgrowth in NGF-differentiated PC12 cells (Pooler et al., 2005). Maslinic acid promotes synaptogenesis and axon growth (Qian et al., 2015). In the present study, the examined KI Essence extract increased ERK1/2 phosphorylation to promote neurite outgrowth in differentiated PC12 cells under NGF stimulation. We also observed that KI Essence extract treatment ameliorated the phosphorylation level of ERK1/2 in H2O2-treated PC12 cells. These contrasting effects on ERK phosphorylation in PC12 cells are attributable to the different components in KI Essence: maslinic acid and uridine in KI Essence may promote neurite outgrowth by upregulating ERK phosphorylation. Polysaccharides and guanosine in KI Essence can ameliorate H2O2-induced oxidative stress and thus inhibit H2O2-induced ERK phosphorylation. Our data indicated that p-p38 expression slightly increased after 30-min treatment with both KI Essence extract and H2O2, but it decreased after 60 min of this treatment. This finding suggests that KI Essence components enhance p-p38 expression after 30 min of KI Essence extract treatment in the presence of H2O2 stimulation. We also noted that although H2O2 stimulation caused the p-p38 expression signal to peak after 1 h of treatment, the KI Essence extract exhibited antioxidant activity to ameliorate the effects of H2O2 stimulation on p-p38 expression. Thus, our results demonstrate that KI Essence can promote neurite outgrowth and antioxidant activity.
Prenatal LPS stimulation causes oxidative stress (including ROS generation and peroxisomal dysfunction), inflammation, and hypomyelination in MIA offspring (Arsenault et al., 2014; Maas et al., 2017). (Yui et al., 2020) also reported that lipid peroxidation levels are higher in patients with ASD than in healthy controls. Oxidative stress inhibits oligodendrocyte maturation by inhibiting differentiation-related gene expression; thus, lipid peroxidation stress may affect the maturation of oligodendrocytes (French et al., 2009; Chew et al., 2020). LPS-activated microglia cause oligodendrocyte progenitor cell death, reducing the number of mature myelinating oligodendrocytes (Pang et al., 2010). The elevated levels of the inflammatory cytokine IL-1β during the gestational stage is associated with hypomyelination in LPS-induced MIA offspring with ASD-like behavior (Rousset et al., 2006; Simoes et al., 2018; Chamera et al., 2020). In the present study, the examined KI Essence extract demonstrated DPPH radical scavenging activity, ameliorated lipid peroxidation in rat brain homogenates, and inhibited IL-1β production in LPS-activated microglia. These findings suggest that oral KI Essence extract treatment inhibits prenatal LPS-induced oxidative stress and microglia activation in MIA offspring, thereby alleviating hypomyelination in the prefrontal cortex and thalamic nucleus of the offspring.
Microbial dysbiosis is correlated with behavioral abnormalities and neuropathology (Vuong and Hsiao, 2017). Mushrooms are functional foods containing various biologically active compounds that can mitigate microbial dysbiosis (Cheung et al., 2020; Vamanu et al., 2021). Gut microbiota transplantation (primarily with a mixture of bifidobacteria, streptococci, and lactobacilli) is a therapeutic method used to alter microbiome profiles and improve neurobehavioral symptoms (Kang et al., 2017; Fattorusso et al., 2019; Chen et al., 2020; Abuaish et al., 2021). In this study, the low abundance of Enterobacteriaceae, Actinobacteria, Peptostreptococcaceae, and Erysipelotrichaceae that was observed in the LPS-induced MIA rat offspring is consistent with the microbiome profile in humans with ASD (Rosenfeld, 2015; Liu et al., 2019; Xu et al., 2019). Patients with ASD exhibit a low abundance of Bifidobacteriaceae family bacteria (phylum Actinobacteriota) (Finegold et al., 2010; Xu et al., 2019). We observed that oral KI Essence extract treatment increased the number of Enterobacteriaceae, Actinobacteria, Peptostreptococcaceae, Erysipelotrichaceae, and Bifidobacterium bacteria in the MIA offspring. Current psychopharmacological treatments include psychotropic medications and dietary supplements with antioxidant activity (Aishworiya et al., 2022). The intake of supplements with antioxidant activity leads to the reduction of ROS levels and the upregulation of genes involved in detoxification and neuroprotection in the central nervous system (Pangrazzi et al., 2020a). Our results suggest that KI Essence has the potential to serve as an ancillary treatment for alleviating oxidative stress and dysbiosis.
CONCLUSION
The KI Essence extract was noted to have dual effects in an NGF-differentiated PC12 cell model: neurite outgrowth and antioxidant properties promotion through ERK1/2 signaling pathway activation and inhibition, respectively. Because of its antioxidant and radical scavenging properties, this extract could also alleviate MIA-induced oxidative stress and prevent myelin loss in MIA offspring. Oral KI Essence extract treatment increased the deficits in the microbial species, including those from Enterobacteriaceae, Actinobacteria, Peptostreptococcaceae, Erysipelotrichaceae, and Bifidobacterium; this result is similar to that observed in patients with ASD.
This study highlights the relationship among the microbiome, immune system, and central nervous system, which is crucial in the etiopathophysiology of mental disorders. Furthermore, KI Essence extract treatment can alter abnormal brain–gut–microbiota axis phenotypes. Nevertheless, three issues as limitations of this study remain unresolved. First, DPPH is a chemical test and may not accurately measure the radical scavenging effects of KI Essence extracts. Second, the single dose study was used in the study. Several doses should have been used to get a more accurate conclusion. Third, whether KI Essence can alleviate mental disorder symptoms, such as social behavior deficit, and whether different oral doses of KI Essence have varied effects on MIA offspring warrant further research.
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