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Background

Gut microbiota influence food allergy. We showed that the natural compound berberine reduces IgE and others reported that BBR alters gut microbiota implying a potential role for microbiota changes in BBR function.





Objective

We sought to evaluate an oral Berberine-containing natural medicine with a boiled peanut oral immunotherapy (BNP) regimen as a treatment for food allergy using a murine model and to explore the correlation of treatment-induced changes in gut microbiota with therapeutic outcomes.





Methods

Peanut-allergic (PA) mice, orally sensitized with roasted peanut and cholera toxin, received oral BNP or control treatments. PA mice received periodic post-therapy roasted peanut exposures. Anaphylaxis was assessed by visualization of symptoms and measurement of body temperature. Histamine and serum peanut-specific IgE levels were measured by ELISA. Splenic IgE+B cells were assessed by flow cytometry. Fecal pellets were used for sequencing of bacterial 16S rDNA by Illumina MiSeq. Sequencing data were analyzed using built-in analysis platforms.





Results

BNP treatment regimen induced long-term tolerance to peanut accompanied by profound and sustained reduction of IgE, symptom scores, plasma histamine, body temperature, and number of IgE+ B cells (p <0.001 vs Sham for all). Significant differences were observed for Firmicutes/Bacteroidetes ratio across treatment groups. Bacterial genera positively correlated with post-challenge histamine and PN-IgE included Lachnospiraceae, Ruminococcaceae, and Hydrogenanaerobacterium (all Firmicutes) while Verrucromicrobiacea. Caproiciproducens, Enterobacteriaceae, and Bacteroidales were negatively correlated.





Conclusions

BNP is a promising regimen for food allergy treatment and its benefits in a murine model are associated with a distinct microbiota signature.
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1 Introduction

An appreciation for the role of gut microbiota to modulate immune responses (1, 2) has led to intense interest in the relationship between gut microbiota and food allergy (3–5), which continues to be a major health problem worldwide. Food allergy treatments have been elusive and the development of lasting cures for food allergy remains an active area of research (6–9). Several studies in human and animal models of food allergy have demonstrated an association with distinct gut microbiota profiles (3, 10–12). In addition to microbiota characteristics of food-allergic patients, several reports have described changes in gut microbiota that accompany natural resolution (4, 13) or treatment-induced improvement in disease (14–17), suggesting a role for gut microbes in the outcome of food allergy treatment. We have previously demonstrated that botanical medicines derived from Traditional Chinese Medicine provide persistent protection from anaphylaxis and cause long-term reduction of IgE and beneficial re-programming of the T-helper cytokine profile in mice with peanut allergy (18, 19), concomitant peanut/tree nut allergy (20), and multiple food allergies (21). Building upon these studies, we showed that berberine (BBR), a quinolizidine alkaloid present in Phellodendron chinensis has the remarkable ability to suppress IgE production in IgE-producing human myeloma cells and peripheral blood mononuclear cells obtained from allergic patients (22). In vivo validation of this property and the evaluation of its potential for food allergy treatment has not been possible due to very poor BBR biovailability (23, 24). Using in vitro approaches, we observed that BBR bioavailability was enhanced after oral feeding of food allergy herbal formulas FAHF-2 and B-FAHF-2. Subsequent profiling of the individual constituent herbs of FAHF-2 for the ability to enhance BBR uptake by CACO-2 cells led to the identification of Angelica sinensis (AS) as one of the component herbs with the ability to increase BBR uptake (25). Roasted peanut powder (flour) oral immunotherapy (OIT) is a current FDA-approved clinical treatment for PN allergy, but it has the potential for side effects, such as gastrointestinal inflammation and immediate allergic symptoms, including anaphylaxis (26–29). Boiled PN has been shown to be less reactive than roasted PN by us and others (30–32). Thus, in the current study, we tested a combined therapy regimen using BBR, water extracts of AS and boiled PN OIT referred to together as BBR-containing Natural-medicine with boiled Peanut immunotherapy (BNP) (33). In addition to investigating the effects of the treatments on allergic responses, we explored whether the BNP regimen would have consequences on the gut microbiota profile and whether observed changes correlated with disease status.




2 Materials and methods



2.1 Peanut sensitization and challenge and treatment



2.1.1 Peanut sensitization and challenge of mice

Five-week-old female C3H/HeJ mice (PA mice) purchased from the Jackson Laboratory (Bar Harbor, ME) were maintained in pathogen-free facilities at the Mount Sinai vivarium according to standard guidelines for the care and use of animals (34).

C3H/HeJ mice were orally sensitized with roasted PN and cholera toxin as previously published by our research group (35, 36). As shown in Figure 1A, a detailed experimental protocol was established as previously reported with minor modifications (37). Mice were intragastrically (i.g.) sensitized with 10 mg of homogenized roasted peanut in a 0.5 ml PBS containing 75 mg sodium bicarbonate, 10 µg of the mucosal adjuvant cholera toxin (List Laboratories, CA), and 16.5 µl (1.1 µl/g body weight) of 80 proof Stolichnaya Vodka® (a source of food grade ethanol) to neutralize stomach pH and to increase gastrointestinal permeability. A boosting dose of 50 mg PN was given at weeks 6 and 8 using the same gavage solution as above. Naïve mice were not sensitized. Oral challenges with 200 mg roasted PN were given at weeks 30 and 50.




Figure 1 | Experimental design and anaphylactic reactions at challenge. (A) Experimental protocol. In vivo, experimental protocol- 6-week-old female C3H/HeJ mice were subjected to oral peanut sensitization in the presence of cholera toxin from week 0 through week 5 and boosted thereafter at week 6 and week 8. Mice were then given BNP therapy between W8-W26 as described in methods. Mice were challenged at W30 (Data shown using square symbols) and W70 (Data shown using triangle symbols). The experiment was terminated at W78. (B) Symptom scores were assigned 30 minutes after challenge using criteria described in methods. (C) Body temperature was measured by rectal probe after assessment of symptom scores. (D) Plasma histamine levels were measured by duplicate ELISA of individual plasma samples harvested from blood collected 30 minutes after the measurement of body temperatures. (E) Analysis of correlation between symptom scores and plasma histamine at W30 and W70 challenge time points. Color key for symbols: Red-Sham, Blue-BBR, Brown-AS, Green-BNP, Pink-Naïve. Bars in B are group medians and in C and D are group means. In E solid line represents the regression line and the dashed line represents the 95% confidence interval. Red color represents sham, blue color represents BBR, tan color represents AS, green color represents BNP, and purple color represents naïve. N=5 mice/group. Data represent 10 readouts from a combination of W30 (square symbols) and W70 (triangle symbols) challenges. ***p<0.001 vs Sham.






2.1.2 Treatment regimen

The course of oral treatment was started at week 8 after completion of the sensitization and boosting protocol and continued until week 26. This represents a therapeutic protocol as we have shown that mice developed peanut IgE sensitization and exhibited reactions in response to peanut challenge at week 8 (20, 38). During the 18-week treatment regimen, PN allergic mice were orally treated with a combination of daily BBR and AS extract in three courses. Two off-treatment intervals of 2 and 4 weeks were included to assess the potential for off-therapy IgE rebound. Boiled peanut OIT was added for the final 4 weeks of the BBR+AS therapy, altogether referred to as BNP. Control groups included PA mice given either 2 mg BBR/day (Sigma-Aldrich), AS water extract (10 mg/day), sham-treated PA mice, and naïve mice. Water extract of AS was prepared by Sanmenxia Shanshui Fangzheng Biotechnology Ltd, Sanmenxia, China as follows. Verified AS raw herb was cut to obtain 1-2 cm pieces and soaked in excess water (1:10 v/v) overnight. The water/AS mixture was then boiled for 2 hours. The aqueous phase was collected through a filtration process and the residue was subjected to a second round of hot water extraction (1:8 v/v). The two decoctions were collected and concentrated to a density of 1.15-1.20 g/ml. The condensed extract was then dried at 65 °C under vacuum. Dried AS extract was subsequently ground to a fine powder for further use. The product quality control was conducted by HPLC fingerprint. BBR was purchased from Sigma-Aldrich and the ratio of BBR: AS was determined by previous in vitro uptake studies and estimation of BBR in the daily dose of 12 mg B-FAHF-2 for mice (25). Raw peanuts without shells but with skin were boiled in water for 30 minutes and subsequently homogenized in phosphate-buffered saline. Daily boiled peanut OIT was given at a dose of 10 mg/day. All treatments were given by oral gavage dissolved in drinking water at a volume of 0.5ml/gavage.





2.2 Assessment of hypersensitivity reactions

Anaphylactic symptoms were evaluated 30-40 minutes after oral PN challenge as described previously (37). The severity of observed symptoms on a scale of 0 (no reactions)-5 (death due to anaphylaxis was scored utilizing the scoring system described previously (37). 0 - no symptoms; 1 - scratching and rubbing around the snout and head; 2 - puffiness around the eyes and snout, pilar erecti, reduced activity, and/or decreased activity with increased respiratory rate; 3 - wheezing, labored respiration, cyanosis around the mouth and the tail; 4 - no activity after prodding, or tremor and convulsion; 5 - death. Cage identities were concealed during the visual assessment of anaphylactic symptoms. Rectal temperatures were measured using a rectal probe (Harvard Apparatus, NJ, USA).




2.3 Measurement of plasma histamine levels and PN-specific IgE

ELISA measurements for plasma histamine levels and PN-specific IgE have been detailed as described previously, plasma was harvested within 20 minutes after blood collection at challenge and stored at -80 °C until used (20, 37). Histamine was measured using an enzyme immunoassay kit (Fisher Scientific, NJ) as described by the manufacturer. Peanut-specific IgE levels in serum were measured as reported previously (20). Briefly, microtiter plates were coated with crude peanut extract (CPE) (39) or standard of purified anti-mouse IgE (BDBiosciences, CA, USA) and held overnight at 4 °C. After washing, plates were blocked with 2% Bovine Serum Albumin-PBS. Washed plates were incubated with samples overnight at 4 °C and developed using biotinylated anti-IgE detection antibodies (BD Biosciences, CA, USA), avidin-peroxidase, and ABTS substrate (KPL, MN, USA).




2.4 Flow cytometry analysis

A single-cell suspension of splenocytes was suspended in ice-cold staining buffer (PBS including 0.5 mM EDTA, 0.05 mM Sodium Azide, and 0.5% BSA). First, surface staining was performed by incubating cells with unlabeled anti-IgE (to block membrane IgE), BV605 anti-B220, BV711-anti-CD3, anti-CD16/32 (Fc-block), all from BD Biosciences, CA). Live-dead discriminating dye (Live-Dead Aqua, Invitrogen, CA) was also included at this point. Cells were incubated in the dark for 30 minutes on ice. Cells were then washed 3 times with a staining buffer. Cells were then incubated with fixation/permeabilization buffer for 15 minutes. Cells were washed with permeabilization buffer and incubated with FITC-anti IgE, in permeabilization buffer for 30 minutes in the dark on ice. Cells were then again washed 3 times with a staining buffer. Cells were treated with Cytofix buffer for 15 minutes for post-fixation. Then they were resuspended in 200 µl staining buffer for cell acquisition on an LSRII flow cytometer (Becton Dickinson, CA). Flow cytometry analysis was performed using Flow jo (Tree Star) as follows. Live cells were selected by excluding Live-Dead Aqua-positive cells. Of live cells, singlet staining was selected on the basis of FSC-A/FSC-H profile. Singlet cells were then analyzed for IgE+ B cells (FITC-IgE +; BV605-B220+ cells).




2.5 Fecal microbiota analysis

Approximately 7-10 fecal pellets from individual mice were collected prior to terminal analyses at week 52 post-therapy. Fecal pellets were aseptically collected and stored at -20 °C. Samples were shipped to Utah State University where sample processing and microbiota studies were performed. Briefly, isolated total community DNA was isolated from the fecal samples using a QIAGen QIAamp DNA stool mini kit according to the instructions provided by the manufacturer. Upon obtaining total DNAs, samples were sent to Idaho State University (ISU) Molecular Core Facility for Illumina MiSeq next-generation sequencing (https://www.isu.edu/research/centers-and-institutes/molecular-research-core-facility/services/). Briefly, first-stage PCR was performed to amplify the V3-V4 region of 16S rRNA from total DNA. Subsequently, the PCR products for each sample were cleaned using Ampure XP beads. Then, a second-stage PCR was performed for Illumina indexing. Upon running Illumina MiSeq for the samples, the raw fastaq files were hosted at the site managed by Idaho State University and their sequencing facility to perform the bioinformatics analysis using Mothur software package and we received processed data files. These files were uploaded to microbiomeanalyst.ca for selected analyses using Mothur output files and SILVA taxonomy as the reference 16S rDNA database.




2.6 Statistical analysis

Data were analyzed using GraphPad prism 8 software. Symptom scores, plasma histamine, body temperature, and IgE data were analyzed by One-Way ANOVA on ranks followed by Kruskal Wallis post-test for symptom scores and One-Way ANOVA followed by Dunnett’s post-test for histamine, temperature, and IgE data. Secondary statistical analyses of microbiota data were performed through Welches ANOVA and multiple T-tests using the Holmes-Sidak method to correct for multiple comparisons, generate Spearman R values and graphs of linear regression, and stacked bar and donut charts of microbiota data. p values < 0.05 were considered significant.





3 Results



3.1 Oral BNP treatment confers persistent protection from anaphylactic reactions to oral peanut challenge

As described in Figure 1A, oral roasted peanut challenges were given at weeks 30 and 70 of the experimental protocol. At each challenge, mice were evaluated for anaphylactic symptoms, drop in body temperature, and plasma histamine levels. Mice given BNP treatment were completely protected from anaphylaxis as no mouse at either challenge displayed symptoms of anaphylaxis following oral challenge (Figure 1B). Groups given BBR alone or AS alone were similar to mice in the Sham group with respect to median symptom scores. Protection from systemic anaphylaxis in the BNP treatment group was also evidenced by a lack of temperature drop after peanut challenges (Figure 1C). Mean body temperature was similar to naïve mice and significantly higher than mice in the Sham group (p<0.001 vs Sham). Plasma histamine levels in mice in the BNP mice were significantly lower than those observed for Sham mice (p<0.001 vs Sham, Figure 1D). Aggregate evaluation of plasma histamine levels of all mice and correlation with symptom scores (r=0.92, p<0.0001, Figure 1E) was found to be of robust strength and statistical significance underscoring the central role of histamine with anaphylactic severity in our model and its suitability as a marker of anaphylaxis used for further analysis in our study.




3.2 BNP-treated mice show rapid, profound, and sustained decline of PN-specific IgE that was accompanied by reduction of IgE+ B cells

Within 2-4 weeks after commencing treatment, PN-specific IgE levels were observed to decline, as shown in Figure 2A. Reduction in PN-specific IgE was rapid, achieving nearly 70% reduction within 2 weeks of starting treatment. PN-specific IgE was reduced by nearly 80% in the BNP group by the end of treatment at week 26. Importantly no significant increases in PN-specific IgE were observed with the introduction of boiled peanut OIT during the final 4 weeks of BNP treatment and no symptoms were observed. Reduction in peanut-specific IgE was sustained over the remainder of the protocol post-therapy, which included oral roasted peanut challenges at weeks 30 and 70. Overall, as shown by the comparison of AUC values in Figure 2B, PN-specific IgE was markedly reduced in BNP-treated mice (p<0.0001). Groups given BBR alone or AS alone showed no significant reduction of IgE over the course of the experiment compared with the sham-treated group. Mice were sacrificed at week 78 (52 weeks after stopping therapy) for terminal analyses. At this time IgE+ B (IgE+B220+) cells were evaluated in spleens of mice using flow cytometry. BNP-treated mice showed significantly reduced percentages of IgE+ B cells and IgE-plasma cells (Figures 2C, D, p<0.01-0.001 vs Sham). Taken together treatment of peanut-allergic mice with the BNP led to profound and sustained reduction of peanut-specific IgE and IgE+B cells.




Figure 2 | Peanut-specific IgE and IgE+ B cells. (A) Peanut-specific IgE levels measured by duplicate ELISA of individual samples. (B) Differences in PN-specific IgE expressed as AUC values. (C) Flow cytometry panels showing percentages of IgE+ B cells in the spleen of representative mice for each group. Splenocytes from individual mice were processed for flow cytometry staining to evaluate IgE+ B cells using FITC-IgE and BV605-B220 antibodies (D) Scatter graph of data for the percentage of IgE+ B cells in each group. Data in A shown as group Means± SEM. Bars in B and C are group Means. N=5 mice/group. ***, **** represent p<0.001, 0.0001 vs Sham.






3.3 Gut microbiota of allergic mice given BNP significantly differs from sham allergic mice and is more similar to naïve controls

In light of recent reports that demonstrate the association of gut microbiota signatures with food allergy in humans (4) and mice (16, 17, 40), we investigated the impact of different treatment groups evaluated in this study for an effective food allergy treatment on the gut microbiota in mice. We performed 16S rDNA sequencing analysis of fecal pellets collected at the end of the study. Overall, 469 operational taxonomic units (OTUs) were identified in the samples across all groups.

Principal Coordinate Analysis (PCoA) at the OTU level (Figure 3) indicated a closer relation between OTU profiles of mice treated with BNP and Naïve control mice, than with Sham mice or mice given BBR alone or AS alone. However, the richness of the microbiota at the OTU level was not different across experimental groups (data not shown). Together these data suggest that experimental groups in our study come to acquire distinct microbiota signatures and that mice given the BNP treatment regimen display a microbiota profile that is more closely related to naïve mice.




Figure 3 | Principle Coordinate analysis of OTUs generated using PERMANOVA. N=4-5 mice/group. Symbols on the graph are as follows: S-Sham, BB-BBR, BN-BNP, AS-AS, and N-Naïve.






3.4 Phylum composition of gut microbiota in mice treated with the BNP regimen shows a lower Firmicutes/Bacteroidetes ratio and a higher abundance of phyla associated with beneficial metabolic status

Evaluation of actual abundance at the phylum level showed that a major portion of the gut microbiome in all experimental groups in our study was accounted for by the Firmicutes and Bacteroidetes (Figure 4A). A high Firmicutes/Bacteroidetes ratio is reported to be correlated with inflammation, metabolic dysregulation, and autism spectrum accompanied by gastric disturbances (41–43). In our study, the Sham group displayed higher Firmicutes to Bacteroidetes ratio compared to the Naïve group (p<0.0001, Figure 4B). Mice in the BNP treatment group had lower Firmicutes : Bacteroidetes ratios compared to all other groups except naïve mice (p<0.0001-0.05, Figure 4B). Interestingly, Verrucromicrobiacea was noticeably increased in the group given BNP (Figure 4A). Verrucromicrobiacea has been reported to be associated with improved metabolic status in humans and mice. Its abundance is also correlated with the integrity of the intestinal epithelium. To understand the relationship between observed phylum and disease status in our model, we evaluated correlations between phylum abundances and levels of plasma histamine at final challenge. Histamine is a central mediator of anaphylactic responses, and the histamine level is strongly correlated with the severity of symptoms in this model, (Figure 1D) as demonstrated in our previous studies. We found that plasma histamine levels were strongly correlated with Firmicutes abundance (Figures 4C, D) and strongly but inversely correlated with Bacteroidetes (Figures 4C, E). Inverse correlations with histamine, albeit of moderate strength were also observed for Verricumicrobia (Figure 4C). These results suggested that enhancement of the phyla Bacteroidetes and Verrucomicrobia might be linked to the induction of peanut tolerance by BNP treatment.




Figure 4 | Phylum Abundance data. (A). Actual Phylum abundance values obtained using Mothur outputs were used to generate phylum composition data. (B). Firmicutes : Bacteroidetes ratio. (C). Spearman Correlation Index (r) using GraphPad Prism. (D) & (E) are linear regression plots for phylum abundance of Firmicutes and Bacteroidetes respectively against Plasma histamine levels at week 70 challenge. Color key for symbols in D & E: Red-Sham, Blue-BBR, Brown-AS, Green-BNP, Pink-Naive. N=4-5 mice/group *p<0.05; **p<0.01; ****p<0.0001 vs Sham.






3.5 Bacteroidales, Tannerellacea, and Clostridale Family XIII_ge were found to be negatively correlated with plasma histamine and IgE

A more in-depth understanding of microbiota perturbations in experimental groups was possible by evaluation of taxa abundance at the genus level. As shown in the heat map in Figure 5, several regions of the heat map show taxa enrichment profiles unique to the experimental groups in our study. Ruminococcaceae_UGC_014 and Peptococcacea showed highly differential enrichment profiles between Sham and Naïve groups with high enrichment in Sham and lower in Naïve mice. In contrast, Bacteroidales_unclassified were most enriched in Naïve and BNP groups relative to Sham. Bacteroides and Erysepaloclostridium were the most decreased in the Sham group. Verrucomicrobiae_unclassified were only enriched in the BNP group.




Figure 5 | Genus Heat map. Heat map generated by Mothur output of genus abundance data using the built-in method at microbiomeanalyst.edu.ca.



We then evaluated the differential composition of those bacterial genera which had abundances that were significantly different from the sham group and at least one of the other experimental groups (Figure 6) as assessed by Welch’s ANOVA (P value thresh hold set to <0.05). The majority of taxa belonged either to Firmicutes (indicated in shades of pink) or Bacteroidetes (indicated in shades of blue). The greatest changes were observed for the Bacteroides and Bacteroidales_unclassified, which were increased in BNP and Naïve groups compared to the Sham group. Specifically, Bacteroides_unclassified representation in Naïve and BNP groups were essentially similar and increased compared to all other experimental groups. Lachnospiraceae_unclassified (a Firmicutes member) were more abundant in the Sham, BBR, and AS groups relative to Naïve and BNP mice.




Figure 6 | Composition of taxa with significantly different abundance levels compared to the Sham group. Donut plots of actual genus abundance data for taxa that were statistically significant (p<0.05) for any experimental group vs Sham using Welch’s ANOVA. Taxa belonging to Firmicutes are shown in shades of pink and those belonging to Bacteroidetes are indicated in shades of blue. N=4-5 mice/group.



To determine whether changes in the abundance of specific bacterial genera were associated with treatment benefits, we evaluated the correlation of genera in Figure 6 (among those with significantly different abundance compared to sham) with plasma histamine and IgE levels at the time of final challenge. We also noted the phylum of each candidate (Firmicutes-Pink, Bacteroidetes- Blue, Proteobacteria- Green, and Verrucomicrobia- Yellow). Results of these analyses (Figure 7) showed that Caproiciproducens (Firmicutes), Family XIII_ge (Firmicutes), Tannerellaceae (Bateroidetes), and Bacteroidales unclassified (Bacteroidetes) had a strong inverse correlation with plasma histamine (Figure 7A) and IgE (Figure 7B) suggesting that these taxa may be associated with protection. Conversely, Firmicutes members Lachnospiraceae_unclassified and Ruminococcaceae_UGC_014 were strongly and positively associated with these disease markers implying a possible role in food allergy pathology. Verrucomicrobia showed a moderate but significant inverse correlation with both IgE and histamine. Statistically significant differences in actual abundance values between Sham and BNP groups were found for Ruminococcaceae_UGC_014, (Figure 8A) which were reduced in the BNP group, and Verrucomicrobia and Bacteroidales which were significantly increased (Figures 8B, C). Further research to identify specific bacterial species and transfer experiments to prove causation are needed to validate the functionality of these findings.




Figure 7 | Correlation and abundance data among taxa with significantly different abundance values compared to Sham. Spearman Correlation Index (r) for actual genus abundances for taxa with statistically different abundance compared to Sham against plasma histamine levels (A) and IgE (B) at week 70 challenge using GraphPad Prism. Color of bars indicates Phylum assignment. Color key: Pink-Firmicutes, Blue-Bacteroidetes, Green-Proteobacteria, Yellow-Verrucomicrobia. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs Sham.






Figure 8 | Actual abundance values of 3 bacterial genera (A Ruminococcaceae_UCG_014, B Verrucomicrobiae_unclassified, C Bacteroidales_unclassified) with positive or negative correlation with plasma histamine and IgE at week 70 challenge that were also significantly different from Sham. N=4-5 mice/group. **p<0.01; ***p<0.001 vs Sham.







4 Discussion

The findings of our current study showed that the design of a food allergy treatment regimen containing the medicinal natural compound BBR is efficacious in a murine model of peanut allergy and is associated with a distinct gut microbiota signature. Our observation that BNP is therapeutically equivalent to and with regard to IgE reduction, even superior to parent TCM formulas FAHF-2 and E-B-FAHF-2 represents (Yang et al. Manuscript in preparation) a major achievement in our research efforts to develop an orally available BBR-centered food allergy treatment. We were the first to identify the IgE-lowering abilities of BBR in vitro (22), but poor bioavailability was an obstacle to its in vivo application as a potential medicine to treat food allergies. Research efforts to solve this problem led us to the identification of AS, one of the component herbs of FAHF-2 and B-FAHF-2, which we found to enhance BBR uptake in CACO-2 cells (25). Our current data support these earlier findings and shows that BBR-uptake-enhancing natural medicine AS (Angelica species) is necessary for the translation of the IgE- lowering effect of BBR in vivo. AS have been shown to contain natural inhibitors of p-glycoprotein (p-Gp) (44–46). Since p-Gp has been shown to promote intestinal efflux of BBR driving down its uptake (47–49), potential inhibition by AS likely enhances BBR bioavailability in our system. BBR has been used in Traditional Chinese Medicine as a treatment for diarrhea (50) and more recently it has been used as medicine for diabetes (51, 52), metabolic syndrome (52, 53), and hyperlipidemia (54, 55). As a result, there is extensive interest in BBR-modulation of gut microbiota as these diseases are intimately linked to gut microbiota responses to diet. Several publications have reported alteration of the gut microbiota by BBR in various disease models and humans (56–59). In light of this and the growing appreciation for the role of gut microbiota in food allergy, we were interested in exploring potential alterations in gut microbiota in our food allergy model and the relationship of these changes to the therapeutic benefits of BNP.

Analysis of 16S rDNA sequences in fecal pellets obtained from mice at the time of final peanut exposure in our study showed that PA mice had higher a Firmicutes/Bacteroidetes ratio than Naïve mice, although microbiota richness at the OTU level was not significantly different. Mice treated with BNP regimens were more similar to Naïve mice in this regard. A lower Firmicutes/Bacteroidetes ratio is generally associated with healthier metabolic status and a high Firmicutes/Bacteroidetes ratio is observed in obesity, autistic children with gastric disturbances (41) (60), and in murine models of allergic asthma (61, 62) whereas a higher Firmicutes/Bacteroidetes ratio is considered beneficial in the setting of autoimmune inflammatory conditions such as colitis and IBD (63–65). No strong evidence has been reported for the impact of Firmicutes/Bacteroidetes ratio on food allergy. Using plasma histamine levels at challenge, a biomarker of food allergy reactions, for correlation analysis, we found that Firmicutes abundance was strongly and positively correlated with histamine levels at challenge whereas Bacteroidetes had a strong negative correlation. The negative association of Bacteroidetes abundance with allergic reactions in our murine study was in line with findings in humans as reviewed by Shu et al. (66), where the lower levels of Bacteroides subsequent to maternal intrapartum antibiotic exposure were implicated in higher sensitization rates in cesarean born children.

Although at the Phylum level, Firmicutes abundance was positively correlated with allergy in our study, deeper analyses revealed that at the genus level, Firmicutes members exhibited both positive and negative correlations with histamine and PN-IgE levels. This is consistent with previous reports of Firmicutes members such as certain Clostridiales to be beneficial in the context of food allergy (13, 67).

In our study, genus-level analysis revealed that some Firmicutes members such as Lachnospiraceae_unclassified and Ruminococcaceae_UGC_014 were strongly and positively correlated with histamine levels and IgE. Enrichment for Lachnospiraceae and Ruminococcacea members has been reported in patients with cow’s milk and egg allergy and in murine models of peanut allergy (11, 14, 15). In contrast, the Firmicutes member Caproiciproducens, belonging to the order Clostridiales had robust negative correlations with histamine and IgE. Other taxa negatively associated with histamine levels and IgE were Bacteroidales and Verrucomicrobia. Bacteroidales have been associated with improved integrity of the intestinal epithelium and Verrucomicrobia phylum has been shown to be associated with restoration of metabolic health (68, 69). Knowledge about gut-inhabiting Verrucumicrobia appears to be limited to Akkermansia muciniphila (70, 71). A. muciniphila, a mucus-degrading gut bacterium has recently received much attention due to its association with improved metabolic health (72), anti-inflammatory profile (73, 74) and ability to promote the integrity of the intestinal epithelium (69, 75, 76). More research is needed to definitively understand whether a BNP-induced shift in microbiota drives an early and rapid decline of IgE or whether these changes are more indicative of a gut microbial community reprogramming as a result of BBR-induced reduction of allergic responses. Comparing microbiota findings in our study to other food allergy studies described previously has proven to be difficult due to published studies being drawn from varying settings of food allergy. Gut microbiota studies in allergy need to be controlled for several aspects such as patient age, IgE vs non-IgE, and specific foods. Murine model data also is drawn from models using various strains, antigens and adjuvants, and routes of sensitization. More in-depth analysis of specific strains followed by functional evaluation using microbiota transfer and screening of fecal metabolites is needed for definitive conclusions. At the very least, however, we believe that enrichment for microbiota members Verrucomicrobia, Bacteroidales, and Caproiciproducens in BNP-treated mice contributes to sustained suppression of allergy even in the setting of repeated peanut exposure.

A theme that has emerged from our data is that sustained lowering of allergic disease status is potentially benefitted by gut microbiota enriched for bacteria with known benefits for metabolic health. The parallel rise of obesity and allergy and their increased prevalence in Western societies hints at a potential relationship (77, 78). The Western diet and urban environment have been implicated in higher rates of both allergy and obesity. In a recent study, Hussain et al. used a murine model of allergy to ovalbumin in conjunction with a high-fat diet to show that mice made obese on a high-fat diet were more susceptible to food allergy and this susceptibility was transferrable via gut microbiota to non-obese mice (40). Interestingly, in this study, Verrucomicrobia were enriched in the gut of obese allergic mice but were decreased in the recipient mice that were rendered allergic post-transfer. Instead, recipient mice showed increased Lachnospiracea abundance. Mechanistic understanding of the interrelationships between allergy and metabolic status is currently a subject of intense investigation. Key pathways that intersect the fields of metabolism and immunity implicate a pivotal role in fatty acid utilization and mTOR signaling, which is a nutrient-sensing pathway (79–81). As benefits of OIT alone on protection from anaphylaxis were transient, the loss of therapeutic effects was just a few weeks after stopping OIT (82). Our previous study suggested that reactions in the OIT alone group were extremely severe including loss of mice due to death from anaphylaxis (20), it was prudent at the time to not subject Sham, BBR, and AS groups to OIT. Though allergen challenge may disrupt the gut microbiome shortly after the challenge. We collected fecal samples 8 weeks after the final oral challenge. We believe this time period is sufficient for regaining the stable status of the gut microbiome and represents a time point that provides information regarding lasting changes. Nevertheless, limitations in this study lie in no boiled PN OIT alone group and only BBR + AS group, which makes data interpretation more complicated. Further research into how BNP-induced shift in gut microbiota contributes to IgE-reduction, studies of microbiome change at different time points, and the consequence of food allergy protection via immunometabolism regulation is needed. Further study is also needed to determine total IgE and other total isotype antibodies (total IgG2a, IgG1, total IgA) as well as other isotypes of peanut-specific antibodies (peanut-specific IgG2a, IgG1, and IgA) at different time points to monitor if there is an association between these antibodies and gut microbiome changes. An additional limitation of this study is that in the third round of treatment, we did not add the boiled peanut to other groups but only the BBR/AS group. Since our goal is to investigate an intervention that will be available for individuals with established peanut allergy, we tested in mice if their therapeutic effect such as reduced peanut-specific IgE has been established, adding boiled peanut would not alter the established effect. Since neither the AS nor BBR group showed any therapeutic effect, we did not add boiled peanut to those groups. Our previous study should that boiled peanut was not able to sufficiently sensitize mice compared to roasted peanut (Srivastava et al. unpublished data). Our hypothesis is that adding boiled peanut would not interfere with the BBR/AS-established IgE reduction. This hypothesis is consistent with the finding of a previous publication that boiled peanuts reduced the capability to induce allergic responses in mice (83). Our data showed that adding the third component of the treatment regimen i.e. boiled peanut did not alter the BBR/AS-established IgE-reduction effect. For the same reason, since neither BBR nor AS alone group showed any therapeutic effect compared to Sham-treated peanut allergic mice, we did not pursue an additional course of treatment to those control groups to BBR and AS alone groups. However, in future research design, we should add boiled peanut to other control groups and compare with both testing and control groups that are not adding boiled peanut for comparison to provide additional evidence to support our hypothesis (83). We should also add additional treatment courses to BBR and AS alone groups even if they had not shown therapeutic effects to learn that additional courses of treatment may not have significant changes.

In summary, we found that oral therapy with natural medicines containing BBR induced profound and lasting reduction of IgE and IgE-producing B cells leading to tolerance of peanut in peanut-allergic mice. Distinct microbiota profiles were observed in peanut-allergic mice and those rendered tolerant after treatment with BNP. Identified bacterial taxa in this study with known action to increase intestinal epithelial integrity were strongly and inversely correlated with post-challenge plasma histamine and specific IgE. This study provides insight into important biological markers of food allergy for future mechanistic and therapeutic investigation.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found here: 10.6084/m9.figshare.23708382.





Ethics statement

The animal study was reviewed and approved by Mount Sinai vivarium.





Author contributions

KS, OF, NY and YS performed the experiment and data analyses. MC contributed to analysis and manuscript preparation. MM, AN-W and HS revised the manuscript. JZ and X-ML funded the study, and X-ML contributed to the conception of the study. All authors contributed to the article and approved the submitted version.





Funding

Winston Wolkoff Foundation for Integrative Medicine for Allergies and Wellness; Sean Parker Foundation and Study of Integrative Medicine (Grants to X-ML), Henan University of Chinese Medicine (support to MC, YS, and MM), General Nutraceutical Technology LLC (support for KS and NY) and American Heart Association (Grant to JZ).




Acknowledgments

We are grateful to Henry Ehrlich for reading this manuscript. We thank Changda Liu and Nasreen S Haque for their technical assistance in animal and microbiota studies.





Conflict of interest

X-ML received research support to her institution from the National Institutes of Health NIH/National Center for Complementary and Alternative Medicine NCCAM#1P01AT002644725-01” Center for Chinese Herbal Therapy CHT for Asthma”, and grant #1 R01AT001495-01A1 and 2R01AT001495-05A2, NIH/NIAIDR43AI148039, Food Allergy Research and Education FARE,Winston Wolkoff Integrative Medicine Fund for Allergies and Wellness, the Parker Foundation and Henan University of Chinese Medicine; received consultancy fees from FARE and Johnson & Johnson Pharmaceutical Research & Development, L.L.C. received travel expenses from the NCCAM and FARE; shares US patent US7820175B2 FAHF-2, US10500169B2 XPP, US10406191B2 S. Flavescens, US10028985B2 WL; US11351157B2 nanoBBR: takes compensation from her practice at Center for Integrative Health and Acupuncture PC; US Times Technology Inc is managed by her related party; is a member of General Nutraceutical Technology LLC and Health Freedom LLC. NY received research support from the National Institutes of Health NIH/National Center for Complementary and Alternative Medicine NCCAM, NIH/NIAID R43AI148039; shares US patent: US10500169B2 XPP, US10406191B2 S. Flavescens, US10028985B2 WL; and is a member of General Nutraceutical Technology LLC and Health Freedom LLC. HS shares US patents US7820175B2 FAHF-2, US10500169B2 XPP, and US10406191B2 S. Flavescens. KS shares the patent US11351157B2 nanoBBR. Author KS was a member of General Nutraceutical Technology LLC.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

BBR, Berberine; BNP, BBR-containing natural medicine with boiled peanut-oral immunotherapy; AS, Angelica sinensis; PA Mice, Peanut-allergic mice; PN, Peanut; CPE, Crude peanut extract; OTU, Operational Taxonomical Unit.




References

1. Haahtela, T, and Biodiversity Hypothesis, A. Allergy (2019). doi: 10.1111/all.13763

2. Kataoka, K. The intestinal microbiota and its role in human health and disease. J Med Invest (2016) 63(1-2):27–37. doi: 10.2152/jmi.63.27

3. Zhao, W, Ho, HE, and Bunyavanich, S. The gut microbiome in food allergy. Ann Allergy Asthma Immunol (2019) 122(3):276–82. doi: 10.1016/j.anai.2018.12.012

4. Marrs, T, and Sim, K. Demystifying dysbiosis: can the gut microbiome promote oral tolerance over IgE-mediated food allergy? Curr Pediatr Rev (2018) 14(3):156–63. doi: 10.2174/1573396314666180507120424

5. Shu, SA, Yuen, AWT, Woo, E, Chu, KH, Kwan, HS, Yang, GX, et al. Microbiota and Food Allergy. Clin Rev Allergy Immunol (2019) 57(1):83–97. doi: 10.1007/s12016-018-8723-y

6. Renz, H, Allen, KJ, Sicherer, SH, Sampson, HA, Lack, G, Beyer, K, et al. Food allergy. Nat Rev Dis Primers (2018) 4:17098. doi: 10.1038/nrdp.2017.98

7. Koplin, JJ, Peters, RL, and Allen, KJ. Prevention of food allergies. Immunol Allergy Clin North Am (2018) 38(1):1–11. doi: 10.1016/j.iac.2017.09.001

8. Burbank, AJ, Sood, P, Vickery, BP, and Wood, RA. Oral immunotherapy for food allergy. Immunol Allergy Clin North Am (2016) 36(1):55–69. doi: 10.1016/j.iac.2015.08.007

9. Sampson, HA. Food allergy: past, present and future. Allergol Int (2016) 65(4):363–9. doi: 10.1016/j.alit.2016.08.006

10. Pascal, M, Perez-Gordo, M, Caballero, T, Escribese, MM, Lopez Longo, MN, Luengo, O, et al. Microbiome and allergic diseases. Front Immunol (2018) 9:1584. doi: 10.3389/fimmu.2018.01584

11. Fazlollahi, M, Chun, Y, Grishin, A, Wood, RA, Burks, AW, Dawson, P, et al. Early-life gut microbiome and egg allergy. Allergy (2018) 73(7):1515–24. doi: 10.1111/all.13389

12. Prince, BT, Mandel, MJ, Nadeau, K, and Singh, AM. Gut microbiome and the development of food allergy and allergic disease. Pediatr Clin North Am (2015) 62(6):1479–92. doi: 10.1016/j.pcl.2015.07.007

13. Bunyavanich, S, Shen, N, Grishin, A, Wood, R, Burks, W, Dawson, P, et al. Early-life gut microbiome composition and milk allergy resolution. J Allergy Clin Immunol (2016) 138(4):1122–30. doi: 10.1016/j.jaci.2016.03.041

14. Berni Canani, R, Sangwan, N, Stefka, AT, Nocerino, R, Paparo, L, Aitoro, R, et al. Lactobacillus rhamnosus GG-supplemented formula expands butyrate-producing bacterial strains in food allergic infants. ISME J (2016) 10(3):742–50. doi: 10.1038/ismej.2015.151

15. Andreassen, M, Rudi, K, Angell, IL, Dirven, H, and Nygaard, UC. Allergen immunization induces major changes in microbiota composition and short-chain fatty acid production in different gut segments in a mouse model of lupine food allergy. Int Arch Allergy Immunol (2018) 177(4):311–23. doi: 10.1159/000492006

16. Tan, J, McKenzie, C, Vuillermin, PJ, Goverse, G, Vinuesa, CG, Mebius, RE, et al. Dietary fiber and bacterial SCFA enhance oral tolerance and protect against food allergy through diverse cellular pathways. Cell Rep (2016) 15(12):2809–24. doi: 10.1016/j.celrep.2016.05.047

17. Noval Rivas, M, Burton, OT, Wise, P, Zhang, YQ, Hobson, SA, Garcia Lloret, M, et al. A microbiota signature associated with experimental food allergy promotes allergic sensitization and anaphylaxis. J Allergy Clin Immunol (2013) 131(1):201–12. doi: 10.1016/j.jaci.2012.10.026

18. Srivastava, KD, Kattan, JD, Zou, ZM, Li, JH, Zhang, L, Wallenstein, S, et al. The Chinese herbal medicine formula FAHF-2 completely blocks anaphylactic reactions in a murine model of peanut allergy. J Allergy Clin Immunol (2005) 115(1):171–8. doi: 10.1016/j.jaci.2004.10.003

19. Song, Y, Qu, C, Srivastava, K, Yang, N, Busse, P, Zhao, W, et al. Food allergy herbal formula 2 protection against peanut anaphylactic reaction is via inhibition of mast cells and basophils. J Allergy Clin Immunol (2010) 126(6):1208–17 e3. doi: 10.1016/j.jaci.2010.09.013

20. Srivastava, KD, Song, Y, Yang, N, Liu, C, Goldberg, IE, Nowak-Węgrzyn, A, et al. B-FAHF-2 plus oral immunotherapy (OIT) is safer and more effective than OIT alone in a murine model of concurrent peanut/tree nut allergy. Clin Exp Allergy (2017). doi: 10.1111/cea.12936

21. Srivastava, KD, Bardina, L, Sampson, HA, and Li, XM. Efficacy and immunological actions of FAHF-2 in a murine model of multiple food allergies. Ann Allergy Asthma Immunol (2012) 108(5):351–358 e1. doi: 10.1016/j.anai.2012.03.008

22. Yang, N, Wang, J, Liu, C, Song, Y, Zhang, S, Zi, J, et al. Berberine and limonin suppress IgE production by human b cells and peripheral blood mononuclear cells from food-allergic patients. Ann Allergy Asthma Immunol (2014) 113(5):556–564 e4. doi: 10.1016/j.anai.2014.07.021

23. Wang, K, Feng, X, Chai, L, Cao, S, and Qiu, F. The metabolism of berberine and its contribution to the pharmacological effects. Drug Metab Rev (2017) 49(2):139–57. doi: 10.1080/03602532.2017.1306544

24. Chen, W, Miao, YQ, Fan, DJ, Yang, SS, Lin, X, Meng, LK, et al. Bioavailability study of berberine and the enhancing effects of TPGS on intestinal absorption in rats. AAPS PharmSciTech (2011) 12(2):705–11. doi: 10.1208/s12249-011-9632-z

25. Yang, N, Srivastava, K, Song, Y, Liu, C, Cho, S, Chen, Y, et al. Berberine as a chemical and pharmacokinetic marker of the butanol-extracted food allergy herbal formula-2. Int Immunopharmacol (2017) 45:120–7. doi: 10.1016/j.intimp.2017.01.009

26. Bird, JA, Spergel, JM, Jones, SM, Rachid, R, Assa'ad, AH, Wang, J, et al. Efficacy and safety of AR101 in oral immunotherapy for peanut allergy: results of ARC001, a randomized, double-blind, placebo-controlled phase 2 clinical trial. J Allergy Clin Immunol Pract (2018) 6(2):476–485 e3. doi: 10.1016/j.jaip.2017.09.016

27. Wang, J. Advances in the management of peanut allergy (oral immunotherapy and epicutaneous immunotherapy). Allergy Asthma Proc (2020) 41(1):5–9. doi: 10.2500/aap.2020.41.190011

28. Nowak-Wegrzyn, A, Sato, S, Fiocchi, A, and Ebisawa, M. Oral and sublingual immunotherapy for food allergy. Curr Opin Allergy Clin Immunol (2019) 19(6):606–13. doi: 10.1097/ACI.0000000000000587

29. Lee, TH, Chan, JKC, Lau, PC, Luk, WP, and Fung, LH. Peanut allergy and oral immunotherapy. Hong Kong Med J (2019) 25(3):228–34. doi: 10.12809/hkmj187743

30. Turner, PJ, Mehr, S, Sayers, R, Wong, M, Shamji, MH, Campbell, DE, et al. Loss of allergenic proteins during boiling explains tolerance to boiled peanut in peanut allergy. J Allergy Clin Immunol (2014) 134(3):751–3. doi: 10.1016/j.jaci.2014.06.016

31. Kim, J, Lee, JY, Han, Y, and Ahn, K. Significance of ara h 2 in clinical reactivity and effect of cooking methods on allergenicity. Ann Allergy Asthma Immunol (2013) 110(1):34–8. doi: 10.1016/j.anai.2012.10.011

32. Beyer, K, Morrow, E, Li, XM, Bardina, L, Bannon, GA, Burks, AW, et al. Effects of cooking methods on peanut allergenicity. J Allergy Clin Immunol (2001) 107(6):1077–81. doi: 10.1067/mai.2001.115480

33. Grzeskowiak, LE, Tao, B, Aliakbari, K, Chegeni, N, Morris, S, and Chataway, T. Oral immunotherapy using boiled peanuts for treating peanut allergy: an open-label, single-arm trial. Clin Exp Allergy (2023) 53(3):327–36. doi: 10.1111/cea.14254

34. Institute of Laboratory Animal Resources Commission of Life Sciences NRC. Guide for the care and use of laboratory animals. National Academic Press (1996).

35. Srivastava, K, Yang, N, Chen, Y, Lopez-Exposito, I, Song, Y, Goldfarb, J, et al. Efficacy, safety and immunological actions of butanol-extracted food allergy herbal formula-2 on peanut anaphylaxis. Clin Exp Allergy (2011) 41(4):582–91. doi: 10.1111/j.1365-2222.2010.03643.x

36. Srivastava, KD, Seifert, A, Fahmy, TM, Caplan, MJ, Li, X-M, and Sampson, HA. Investigation of peanut oral immunotherapy using CpG/Peanut-nanoparticles in a murine model of peanut allergy. J Allergy Clin Immunol (2016) 135(2):AB235. doi: 10.1016/j.jaci.2014.12.1701

37. Srivastava, KD, Siefert, A, Fahmy, TM, Caplan, MJ, Li, XM, and Sampson, HA. Investigation of peanut oral immunotherapy with CpG/peanut nanoparticles in a murine model of peanut allergy. J Allergy Clin Immunol (2016) 138(2):536–43.e4. doi: 10.1016/j.jaci.2014.12.1701

38. Qu, C, Srivastava, K, Ko, J, Zhang, TF, Sampson, HA, and Li, XM. Induction of tolerance after establishment of peanut allergy by the food allergy herbal formula-2 is associated with up-regulation of interferon-gamma. Clin Exp Allergy (2007) 37(6):846–55. doi: 10.1111/j.1365-2222.2007.02718.x

39. Burks, AW, Williams, LW, Helm, RM, Thresher, W, Brooks, JR, and Sampson, HA. Identification of soy protein allergens in patients with atopic dermatitis and positive soy challenges; determination of change in allergenicity after heating or enzyme digestion. Adv Exp Med Biol (1991) 289:295–307. doi: 10.1007/978-1-4899-2626-5_22

40. Hussain, M, Bonilla-Rosso, G, Kwong Chung, CKC, Bariswyl, L, Rodriguez, MP, Kim, BS, et al. High dietary fat intake induces a microbiota signature that promotes food allergy. J Allergy Clin Immunol (2019) 144(1):157–170.e8. doi: 10.1016/j.jaci.2019.01.043

41. Williams, BL, Hornig, M, Buie, T, Bauman, ML, Cho Paik, M, Wick, I, et al. Impaired carbohydrate digestion and transport and mucosal dysbiosis in the intestines of children with autism and gastrointestinal disturbances. PloS One (2011) 6(9):e24585. doi: 10.1371/journal.pone.0024585

42. Melli, LC, do Carmo-Rodrigues, MS, Araujo-Filho, HB, Sole, D, and de Morais, MB. Intestinal microbiota and allergic diseases: a systematic review. Allergol Immunopathol (Madr) (2016) 44(2):177–88. doi: 10.1016/j.aller.2015.01.013

43. Ling, Z, Li, Z, Liu, X, Cheng, Y, Luo, Y, Tong, X, et al. Altered fecal microbiota composition associated with food allergy in infants. Appl Environ Microbiol (2014) 80(8):2546–54. doi: 10.1128/AEM.00003-14

44. Liao, ZG, Tang, T, Guan, XJ, Dong, W, Zhang, J, Zhao, GW, et al. Improvement of transmembrane transport mechanism study of imperatorin on p-Glycoprotein-Mediated drug transport. Molecules (2016) 21(12):1606. doi: 10.3390/molecules21121606

45. Liang, XL, Zhang, J, Zhao, GW, Li, Z, Luo, Y, Liao, ZG, et al. Mechanisms of improvement of intestinal transport of baicalin and puerarin by extracts of radix angelicae dahuricae. Phytother Res (2015) 29(2):220–7. doi: 10.1002/ptr.5242

46. Chen, C, Wu, C, Lu, X, Yan, Z, Gao, J, Zhao, H, et al. Coniferyl ferulate, a strong inhibitor of glutathione s-transferase isolated from radix angelicae sinensis, reverses multidrug resistance and downregulates p-glycoprotein. Evid Based Complement Alternat Med (2013) 2013:639083. doi: 10.3390/molecules21121606

47. Zhang, YT, Yu, YQ, Yan, XX, Wang, WJ, Tian, XT, Wang, L, et al. Different structures of berberine and five other protoberberine alkaloids that affect p-glycoprotein-mediated efflux capacity. Acta Pharmacol Sin (2019) 40(1):133–42. doi: 10.1038/s41401-018-0183-7

48. Zhang, X, Qiu, F, Jiang, J, Gao, C, and Tan, Y. Intestinal absorption mechanisms of berberine, palmatine, jateorhizine, and coptisine: involvement of p-glycoprotein. Xenobiotica (2011) 41(4):290–6. doi: 10.3109/00498254.2010.529180

49. Shan, YQ, Zhu, YP, Pang, J, Wang, YX, Song, DQ, Kong, WJ, et al. Tetrandrine potentiates the hypoglycemic efficacy of berberine by inhibiting p-glycoprotein function. Biol Pharm Bull (2013) 36(10):1562–9. doi: 10.1248/bpb.b13-00272

50. Lv, Z, Peng, G, Liu, W, Xu, H, and Su, J. Berberine blocks the relapse of clostridium difficile infection in C57BL/6 mice after standard vancomycin treatment. Antimicrob Agents Chemother (2015) 59(7):3726–35. doi: 10.1128/AAC.04794-14

51. Ma, X, Chen, Z, Wang, L, Wang, G, Wang, Z, Dong, X, et al. The pathogenesis of diabetes mellitus by oxidative stress and inflammation: its inhibition by berberine. Front Pharmacol (2018) 9:782. doi: 10.3389/fphar.2018.00782

52. Pirillo, A, and Catapano, AL. Berberine, a plant alkaloid with lipid- and glucose-lowering properties: from in vitro evidence to clinical studies. Atherosclerosis (2015) 243(2):449–61. doi: 10.1016/j.atherosclerosis.2015.09.032

53. Sirtori, CR, Pavanello, C, Calabresi, L, and Ruscica, M. Nutraceutical approaches to metabolic syndrome. Ann Med (2017) 49(8):678–97. doi: 10.1080/07853890.2017.1366042

54. Yan, HM, Xia, MF, Wang, Y, Chang, XX, Yao, XZ, Rao, SX, et al. Efficacy of berberine in patients with non-alcoholic fatty liver disease. PloS One (2015) 10(8):e0134172. doi: 10.1371/journal.pone.0134172

55. Lan, J, Zhao, Y, Dong, F, Yan, Z, Zheng, W, Fan, J, et al. Meta-analysis of the effect and safety of berberine in the treatment of type 2 diabetes mellitus, hyperlipemia and hypertension. J Ethnopharmacol (2015) 161:69–81. doi: 10.1016/j.jep.2014.09.049

56. Jia, X, Jia, L, Mo, L, Yuan, S, Zheng, X, He, J, et al. Berberine ameliorates periodontal bone loss by regulating gut microbiota. J Dent Res (2019) 98(1):107–16. doi: 10.1177/0022034518797275

57. Tian, Y, Cai, J, Gui, W, Nichols, RG, Koo, I, Zhang, J, et al. Berberine directly affects the gut microbiota to promote intestinal farnesoid X receptor activation. Drug Metab Dispos (2019) 47(2):86–93. doi: 10.1124/dmd.118.083691

58. Zhu, L, Zhang, D, Zhu, H, Zhu, J, Weng, S, Dong, L, et al. Berberine treatment increases akkermansia in the gut and improves high-fat diet-induced atherosclerosis in apoe(-/-) mice. Atherosclerosis (2018) 268:117–26. doi: 10.1016/j.atherosclerosis.2017.11.023

59. Guo, Y, Zhang, Y, Huang, W, Selwyn, FP, and Klaassen, CD. Dose-response effect of berberine on bile acid profile and gut microbiota in mice. BMC Complement Altern Med (2016) 16(1):394. doi: 10.1186/s12906-016-1367-7

60. Kraneveld, AD, Szklany, K, de Theije, CG, and Garssen, J. Gut-to-Brain axis in autism spectrum disorders: central role for the microbiome. Int Rev Neurobiol (2016) 131:263–87. doi: 10.1016/bs.irn.2016.09.001

61. Ather, JL, Chung, M, Hoyt, LR, Randall, MJ, Georgsdottir, A, Daphtary, NA, et al. Weight loss decreases inherent and allergic methacholine hyperresponsiveness in mouse models of diet-induced obese asthma. Am J Respir Cell Mol Biol (2016) 55(2):176–87. doi: 10.1165/rcmb.2016-0070OC

62. Russell, SL, Gold, MJ, Hartmann, M, Willing, BP, Thorson, L, Wlodarska, M, et al. Early life antibiotic-driven changes in microbiota enhance susceptibility to allergic asthma. EMBO Rep (2012) 13(5):440–7. doi: 10.1038/embor.2012.32

63. West, CE, Renz, H, Jenmalm, MC, Kozyrskyj, AL, Allen, KJ, Vuillermin, P, et al. The gut microbiota and inflammatory noncommunicable diseases: associations and potentials for gut microbiota therapies. J Allergy Clin Immunol (2015) 135(1):3–13. doi: 10.1016/j.jaci.2014.11.012

64. Zeng, MY, Inohara, N, and Nunez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut. Mucosal Immunol (2017) 10(1):18–26. doi: 10.1038/mi.2016.75

65. Thorburn, AN, Macia, L, and Mackay, CR. Diet, metabolites, and "western-lifestyle" inflammatory diseases. Immunity (2014) 40(6):833–42. doi: 10.1016/j.immuni.2014.05.014

66. Shu, SA, Yuen, AWT, Woo, E, Chu, KH, Kwan, HS, Yang, GX, et al. Microbiota and food allergy. Clin Rev Allergy Immunol (2019) 57(1):83–97. doi: 10.1007/s12016-018-8723-y

67. Bunyavanich, S. Food allergy: could the gut microbiota hold the key? Nat Rev Gastroenterol Hepatol (2019) (4):201–2. doi: 10.1038/s41575-019-0123-0

68. Kuhn, KA, Schulz, HM, Regner, EH, Severs, EL, Hendrickson, JD, Mehta, G, et al. Bacteroidales recruit IL-6-producing intraepithelial lymphocytes in the colon to promote barrier integrity. Mucosal Immunol (2018) 11(2):357–68. doi: 10.1038/mi.2017.55

69. Reunanen, J, Kainulainen, V, Huuskonen, L, Ottman, N, Belzer, C, Huhtinen, H, et al. Akkermansia muciniphila adheres to enterocytes and strengthens the integrity of the epithelial cell layer. Appl Environ Microbiol (2015) 81(11):3655–62. doi: 10.1128/AEM.04050-14

70. Derrien, M, Belzer, C, and de Vos, WM. Akkermansia muciniphila and its role in regulating host functions. Microb Pathog (2017) 106:171–81. doi: 10.1016/j.micpath.2016.02.005

71. Ottman, N, Geerlings, SY, Aalvink, S, de Vos, WM, and Belzer, C. Action and function of akkermansia muciniphila in microbiome ecology, health and disease. Best Pract Res Clin Gastroenterol (2017) 31(6):637–42. doi: 10.1016/j.bpg.2017.10.001

72. Everard, A, Belzer, C, Geurts, L, Ouwerkerk, JP, Druart, C, Bindels, LB, et al. Cross-talk between akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci U.S.A. (2013) 110(22):9066–71. doi: 10.1073/pnas.1219451110

73. Zhao, S, Liu, W, Wang, J, Shi, J, Sun, Y, Wang, W, et al. Akkermansia muciniphila improves metabolic profiles by reducing inflammation in chow diet-fed mice. J Mol Endocrinol (2017) 58(1):1–14. doi: 10.1530/JME-16-0054

74. Anhe, FF, Roy, D, Pilon, G, Dudonne, S, Matamoros, S, Varin, TV, et al. A polyphenol-rich cranberry extract protects from diet-induced obesity, insulin resistance and intestinal inflammation in association with increased akkermansia spp. population gut microbiota mice Gut (2015) 64(6):872–83. doi: 10.1136/gutjnl-2014-307142

75. de Vos, WM. Microbe profile: akkermansia muciniphila: a conserved intestinal symbiont that acts as the gatekeeper of our mucosa. Microbiology (2017) 163(5):646–8. doi: 10.1099/mic.0.000444

76. Ottman, N, Reunanen, J, Meijerink, M, Pietila, TE, Kainulainen, V, Klievink, J, et al. Pili-like proteins of akkermansia muciniphila modulate host immune responses and gut barrier function. PloS One (2017) 12(3):e0173004. doi: 10.1371/journal.pone.0173004

77. Boulet, LP. Obesity and atopy. Clin Exp Allergy (2015) 45(1):75–86. doi: 10.1111/cea.12435

78. Baumann, S, and Lorentz, A. Obesity - a promoter of allergy? Int Arch Allergy Immunol (2013) 162(3):205–13. doi: 10.1159/000353972

79. Ray, JP, Staron, MM, Shyer, JA, Ho, PC, Marshall, HD, Gray, SM, et al. The interleukin-2-mTORc1 kinase axis defines the signaling, differentiation, and metabolism of T helper 1 and follicular b helper T cells. Immunity (2015) 43(4):690–702. doi: 10.1016/j.immuni.2015.08.017

80. Ramiscal, RR, Parish, IA, Lee-Young, RS, Babon, JJ, Blagih, J, Pratama, A, et al. Attenuation of AMPK signaling by ROQUIN promotes T follicular helper cell formation. Elife (2015) 4:e08698. doi: 10.7554/eLife.08698

81. Lam, WY, and Bhattacharya, D. Metabolic links between plasma cell survival, secretion, and stress. Trends Immunol (2018) 39(1):19–27. doi: 10.1016/j.it.2017.08.007

82. Leonard, SA, Martos, G, Wang, W, Nowak-Wegrzyn, A, and Berin, MC. Oral immunotherapy induces local protective mechanisms in the gastrointestinal mucosa. J Allergy Clin Immunol (2012) 129(6):1579–1587 e1. doi: 10.1016/j.jaci.2012.04.009

83. Zhang, T, Shi, Y, Zhao, Y, Tang, G, Niu, B, and Chen, Q. Boiling and roasting treatment affecting the peanut allergenicity. Ann Transl Med (2018) 6(18):357. doi: 10.21037/atm.2018.05.08




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Srivastava, Cao, Fidan, Shi, Yang, Nowak-Wegrzyn, Miao, Zhan, Sampson and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1174907-g002.jpg
PN-specific IgE ng/mL

500

N L D »©

Roasted PN
sensitization

BNP Roasted
PN exposure

0.4

IgE+/B220+ cells
(Percent of live cells)

BBR

Roasted

PN exposure

AUC

100000

80000

60000

40000

20000

*kkk






OEBPS/Images/fimmu-14-1174907-g007.jpg
A Genus correlation with histamine

Negatively correlated with histamine Positively correlated with histamine

Hydrogenoanaerobacterium- Fkkk

Ruminococcaceae_UCG_014- dek
Lachnospiraceae_unclassified e %
Ruminococcaceae_unclassified:
Family_XIll_ge:
Tannerellaceae_unclassified:
Christensenellaceae_R_7_group:

Verrucomicrobiae_unclassified

. Firmicutes

II Bacteroidetes
. Proteobacteria

[[] verrucomicrobia

Bacteroidales_unclassified
Caproiciproducens
Enterobacteriaceae_unclassified

Enterobacter:

-1.0 -0.5 0.0 0.5 1.0

Spearman r

Genus correlation with IgE

Negatively correlated
with PN-specific IgE

Positively correlated
with PN-specific IgE

Ruminococcaceae_UCG_014: ke

Lachnospiraceae_unclassified
Mollicutes_unclassified
Ruminococcaceae_UCG_010
Hydrogenoanaerobacterium
Klebsiella

Tyzzerella

Verrucomicrobiae_unclassified:

B Firmicutes

O Bacteroidetes
. Proteobacteria
[ Verrucomicrobia

Caproiciproducens:

Bacteroidales_unclassified

Spearmanr





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Berberine-containing natural-medicine with boiled peanut-OIT induces sustained peanut-tolerance associated with distinct microbiota signature

      

        		

          Background

        



        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Peanut sensitization and challenge and treatment

          

            		

              2.1.1 Peanut sensitization and challenge of mice

            



            		

              2.1.2 Treatment regimen

            



          



          



          		

            2.2 Assessment of hypersensitivity reactions

          



          		

            2.3 Measurement of plasma histamine levels and PN-specific IgE

          



          		

            2.4 Flow cytometry analysis

          



          		

            2.5 Fecal microbiota analysis

          



          		

            2.6 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Oral BNP treatment confers persistent protection from anaphylactic reactions to oral peanut challenge

          



          		

            3.2 BNP-treated mice show rapid, profound, and sustained decline of PN-specific IgE that was accompanied by reduction of IgE+ B cells

          



          		

            3.3 Gut microbiota of allergic mice given BNP significantly differs from sham allergic mice and is more similar to naïve controls

          



          		

            3.4 Phylum composition of gut microbiota in mice treated with the BNP regimen shows a lower Firmicutes/Bacteroidetes ratio and a higher abundance of phyla associated with beneficial metabolic status

          



          		

            3.5 Bacteroidales, Tannerellacea, and Clostridale Family XIII_ge were found to be negatively correlated with plasma histamine and IgE

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1174907-g004.jpg
0 10 20 30 40 50 60 70 80 90 100 10 05 00 05 1.0

= Firmicutes [ Proteobacteria
1 Bacteroidet [ Patescibacteria i
aceroetes ) e Tolerance to PN  Reaction to PN
B Bacteria_unclassified Bl Tenericutes *k _—— ==
1 Verrucomicrobia Bl Actinobacteria -.9.-
2 %Firmicutes
Naive H =
E-
@
BNP ]
[ Verrucomicrobea$}
As o
7]
BBR 3 x
2 Bacteroides
Sham < X
3
o
£
=
ic

c ition (%) Spearman r
omposition (% S &P L .e
6(@ F v 0\* ‘\,,,\“
Firmicutes E Bacteriodetes
5000000 R Si5G6G0
oed .. R?=0.55
4000000 - P<0.001
o e 8000000 ©
g e I 8
< 3000000 L c
g el e © o
c ' T 7000000
3 2000000 E]
< E
R?=0.67
1000000 Lt 6000000
5000000
0 5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000

Histamine,nM Histamine, nM





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1174907-g006.jpg
Sham

BNP

BBR

Naive

ONOROOEENCOCOOOROODOCMENDEOORCON

Alistipes
Bacteroidales_unclassified
Bacteroides
Candidatus_Arthromitus
Candidatus_Saccharimonas
Caproiciproducens
Erysipelatoclostridium
Erysipelotrichaceae_unclassified
Faecalitalea

Family_XIIl_ge

Flavonifractor

Helicobacter
Lachnoclostridium_5
Lachnospiraceae_FCS020_group
Lachnospiraceae_unclassified
Mollicutes_unclassified
Oscillospira

Parabacteroides

Parasutterella
Peptococcaceae_unclassified
Prevotellaceae_unclassified
Roseburia

Ruminiclostridium_6
Ruminococcaceae_ge
Ruminococcaceae_NK4A214 _group
Ruminococcaceae_UCG_002
Ruminococcaceae_UCG_014
Ruminococcaceae_unclassified
Tannerellaceae_unclassified
uncultured





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1174907-g008.jpg
Abundance

150000

100000

50000

Ruminococcaceae_UCG_014

B

Abundance

60000

40000

20000

Verrucomicrobiae_unclassified

Abundance

2500000

2000000

1500000

1000000

500000

Bacteroidales_unclassified






OEBPS/Images/fimmu.2023.1174907_cover.jpg
& frontiers | Frontiers in Immunology

Berberine-containing naturalmedicine with
boiled peanut-OIT induces sustained
peanuttolerance associated with distinct
microbiota signature





OEBPS/Images/fimmu-14-1174907-g005.jpg
Sham BBR AS BNP Naive

Verrucomicrobiales_unclassified

Bacteroidales_unclassified
Olsenella
Lachnoclostridium

Prevotellaceae_unclassified
Family_XIII_ge

Tyzzerella
Caproiciproducens

Enterobacteriaceae_unclassified
Ruminococcus_1

Streptococcus
Parasutterella

Candidatus_Saccharimonas
Ruminococcaceae_NK4A214_group

Enterobacter
Coprobacillus

uncultured

Verrucomicrobiae_unclassified

Erysipelotrichaceae_unclassified
Mollicutes_unclassified

Bacteroides

Erysipelatoclostridium
Eggerthella
Lactobacillus
Family_XIlI_unclassified

Firmicutes_unclassified
Faecalitalea

_‘ Muribaculaceae_ge
Lachnospiraceae_FCS020_group

Roseburia

Ruminococcaceae_UCG_005

Bacteria_unclassified
Candidatus_Arthromitus
Flavonifractor
Ruminococcaceae_UCG_002

Ruminococcaceae_unclassified
Ruminiclostridium_6
Lachnoclostridium_5
Ruminococcaceae_ge
Hydrogenoanaerobacterium

Clostridiales_unclassified
Ruminococcaceae_UCG_010

Ruminococcaceae_UCG_014
Parabacteroides

Peptococcaceae_unclassified
Lachnospiraceae_UCG_006
Alistipes
Lachnospiraceae_unclassified
Oscillospira






OEBPS/Images/fimmu-14-1174907-g003.jpg
Axis 2 (25.1%)

Dissimilarity Index

S20mss
S40gss3
51

AS50 ®AS1

-0.2 0.1 0.0 01 0.2

Axis 1 (39.1%)

Sham

BBR

AS

BNP

| E—— | E—  UE— | T |

Naive

0000000000000 0000C0OCGOCKOCGFONOS





OEBPS/Images/fimmu-14-1174907-g001.jpg
A B
Sensitization Boosting
10mgroasted PN 50mg roasted PN Oralchallenge
+10ugCT +20ugCT 200mgroasted PN 5 O Week 30
il ¢ L L A Week 70
n 4 o
wk wo w1l wb wé w8 w26 w30 w70 w78 o
Wi~y b V4 | 3
/ 0 3| S NRA B0
Oral_Treatment i S —_—
/ Terminal analvsi g-z &8 A Ana
erminal analysis
4wks 4wks &
Sham water water water 1
BBRalone BBR BBR Kkk Kkk
ASalone AS AS p—
BNP BBR+AS  BBR+AS BBR+AS+boiled-PN 0 & < o ?"_”f’“
Naive None None None & @0 v @e ,§‘
% S
Cc D E
250004 O Week 30 25000
© s - - A Week 70 s
s € 20000 ,n = 20000
- [ [u} -
oo _Ag @
g g G L £ 15000
S g 160001 @ A o .Eu
(=3 ‘l;; o % ﬁ
E - A =
S © 10000 5 10000
>‘32 o g g
B O Week 30 ] ok S
o = k]
@ 30 Aienk 70 o 5000 DE *%%x g 5000 P<0.0001
28— — o g% s o
& &L 2 KO & L& L L @
6“0 F ¥ > & ‘-501’ & ¥ & & o 1 2 3 4 5

Symptom Scores





