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The balance between gut microbiota and host is critical for maintaining host health. Although dysregulation of the gut microbiota triggers the development of various inflammatory diseases, including colitis, the molecular mechanism of microbiota-driven colitis development is largely unknown. Here, we found that gasdermin D (GSDMD) was activated during acute colitis. In the dextran sulfate sodium (DSS)-induced colitis model, compared to wild-type mice, Gsdmd-deficient mice had less colitis severity. Mechanistically, GSDMD expression in intestinal epithelial cells (IECs), but not infiltrating immune cells, was critical for GSDMD-mediated colitis progression. Moreover, commensal Escherichia coli (E. coli) largely overgrew during colitis, and then the dysregulated commensal E. coli mediated GSDMD activation. Furthermore, the activated GSDMD promoted the release of interleukin-18 (IL-18), but not the transcript or maturation level of IL-18, which in turn mediated goblet cell loss to induce colitis development. Thus, GSDMD promotes colitis development by mediating IL-18 release, and the microbiota can mediate colitis pathogenesis through regulation of GSDMD activation. Our results provide a potential molecular mechanism by which the microbiota-driven GSDMD activation contributes to colitis pathogenesis.
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Introduction

The gut microbiota constantly affects host nutrient absorption and immune system development (1, 2). The mutual relationship between the gut microbiota and host is crucial for maintaining intestinal homeostasis (3–5). When this homeostatic balance is compromised, excessive immune responses are triggered and consequently contribute to various inflammatory diseases, including inflammatory bowel disease (IBD) and colorectal cancer (4, 6–8). Various reports have shown that the dysregulation of gut microbiota and the host immune system is critical for IBD development (3, 4, 9). However, it is still largely unknown how the dysregulated microbiota promotes IBD development.

IBD, including ulcerative colitis (UC) and Crohn’s disease (CD), is a chronic inflammatory disease of the gastrointestinal tract characterized by abdominal pain, diarrhea, bloody stools and body weight loss (8, 10). Dextran sulfate sodium (DSS)-induced colitis is a generally used mouse model to mimic human UC (11). The inflammasome is an intracellular multiprotein complex that induces mature interleukin-1β (IL-1β) and IL-18 production and mediates cell pyroptosis (12). It has been reported that the inflammasome pathway is involved in IBD development (13). The major components and effector molecules of the inflammasome, such as NLRP3, ASC, AIM2, Caspase 1, Caspase 11, IL-18, and IL-1β, play important roles in DSS-induced colitis. However, controversial roles of some of these genes in colitis have been observed by different studies (14–27).

Recently, GSDMD was identified as another novel inflammasome effector that mediates cell pyroptosis by forming membrane pores (28, 29). When the canonical or noncanonical inflammasome is induced, GSDMD is activated and cleaved into the N-terminal domain (GSDMD-N) and C-terminal domain (GSDMD-C) by Caspase 1 and Caspase 11 in mice or Caspase 4/5 in humans. Inflammasome components, such as NLRP1, NLRP2, NLRP3, NLRP6, NLRC4 and NLRP9b, could activate Caspase 1, which in turn activated GSDMD to mediate canonical pyroptosis (30). In noncanonical infalmmasome, lipopolysaccharide (LPS) directly bound and activated Caspase 4/5/11, and then the activated Caspase 4/5/11 cleaved GSDMD to initiate pyroptosis. GSDMD-N, which is the active form of GSDMD, forms membrane pores to mediate mature IL-1β and IL-18 secretion as well as cell pyroptosis, while GSDMD-C has the opposite suppressive effect by binding GSDMD-N (28, 31, 32).

Several studies have reported the role of GSDMD in neuron system. GSDMD mediated cell pyroptosis and promoted neuroinflammation in many nervous system diseases, including Parkinson’s Disease (PD), Multiple Sclerosis (MS), spinal cord injury, stroke, Traumatic Brain injury (TBI) and Zika virus-induced brain atrophy (30, 33). Gsdmd deficient mice showed impaired neuroinflammation and pathogenesis of experimental autoimmune encephalomyelitis (EAE), a well-characterized animal model of MS (34). Liu et al, showed that ablation of Caspase 1 decreased TBI-induced pyroptosis (35). Baicalein, a flavonoid isolated from the traditional Chinese medicinal herbal Scutellaria baicalensis Georgi, reduced neuroinflammation in MPTP-induced PD mice through suppressing NLRP3/Caspase-1/GSDMD Pathway (36). Moreover, other studies suggested that GSDMD might be a promising target for stroke therapy (37, 38). These researches indicate that GSDMD mediated-pyroptosis have played a critical role in neuroinflammation and nervous system diseases. Although GSDMD is a critical pro-inflammatory gene in neuron system, the in vivo role of GSDMD in intestinal inflammation remains unclear. Herein, our study found that dysregulated microbiota activated GSDMD, which in turn mediated DSS-induced colitis development by promoting IL-18 release.



Material and Methods


Reagent and Cell Lines

Anti-GSDMD and anti-IL-18 were purchased from Abcam (Cambridge, UK). Anti-GAPDH, anti-cleaved Caspase 3, and anti-Caspase 3 were purchased from Cell Signaling Technology (Danvers, MA, US). Anti-Caspase 11 was purchased from Novus (Littleton, CO, USA). Anti-Caspase 1(p20) was purchased from AdipoGen (San Diego, CA, USA). Anti-HA was from Biolegend (San Diego, CA, USA). HT-29 cells were maintained in DMEM containing 10% (vol/vol) FBS, penicillin (100 U/ml) and streptomycin (100 μg/ml).



Mice

Gsdmd-/- mice on the C57BL/6 background were purchased from GemPharmatech (Nanjing, China). All mice were maintained in specific pathogen-free conditions and littermates from the same mouse line were bred as strict controls. For the cohousing assay, 3-week old sex-matched wild-type (WT) and Gsdmd-/- mice were cohoused at a 1:1 ratio for 4 weeks before exposure to DSS and left together during colitis. All animal experiments were performed in compliance with the guide for the care and use of laboratory animals and were approved by the institutional biomedical research ethics committee of Guangdong Medical University.



Induction of Colitis

Six to eight-week-old WT and Gsdmd-/- mice (n=5 or 6/group) were given with 3% DSS (Meilunbio, Dalian, China) in drinking water for 5 days, and then followed by normal drinking water until Day 8. Mice were sacrificed for tissue analyses on Day 8. For survival analysis, mice (n=10) were given 3.5% DSS solution in drinking water for 5 days followed by normal drinking water until Day 15.



Determination of Clinical Scores

After the DSS challenge, fresh stool samples were collected on Day 6, and scoring for stool consistency and occult blood was performed as previously described (7, 8). In brief, stool scores were determined as follows: 0, well-formed pellets; 1, semiformed stools that did not adhere to the anus; 2, semiformed stools that adhered to the anus; and 3, liquid stools that adhered to the anus. Bleeding scores were determined as follows: 0, no blood by using hemoccult; 1, positive hemoccult; 2, blood traces in stool visible; 3, gross rectal bleeding.



Determination of Cell Proliferation and Death

For determination of cell proliferation, paraffin sections were stained using anti-Ki67 antibody (Ebioscience, San Diego, CA, USA). For determination of cell death, a TUNEL assay was performed with the In situ Cell Death Kit (Roche, Mannheim, Germany) according to the manufacturer’s recommendations. The positive cells were counted by light microscopy.



Bone Marrow Chimeras

Bone marrow transfer was used to create Gsdmd-/- chimera mice wherein the genetic deficiency of Gsdmd was confined to either circulating cells (Gsdmd-/-→WT chimera) or nonhematopoietic tissue (WT→Gsdmd-/-). In brief, 6 to 8 week-old recipient WT control mice or Gsdmd-/- mice were lethally irradiated with 800 cGy, and then the recipient WT control mice or Gsdmd-/- mice were injected in the tail vein with 5×106-1×107 mixed bone marrow cells from donor WT mice or Gsdmd-/- mice. Four chimera groups were generated: WT→WT (n=6), WT→Gsdmd-/- (n=8), Gsdmd-/-→WT (n=6), and Gsdmd-/-→Gsdmd-/- (n=7). The transplanted mice were given drinking water containing 2 g/L neomycin sulfate (Meilunbio) for 2 weeks. After 8 weeks of bone marrow reconstitution, colitis was induced in the mice with 2.5% DSS for 5 days, followed by normal drinking water until Day 8. Mice were sacrificed for tissue analyses on Day 8.



Isolation of Intestinal Epithelial Cells and Lamina Propria Lymphocytes

Isolation of intestinal epithelial cells (IECs) and lamina propria lymphocytes (LPLs) was previously described (7, 8). Briefly, the dissected colon tissues were washed in HBSS buffer and then cut into pieces and digested by 75 U/ml collagenase type XI (Sigma, St. Louis, MO, USA) and 20 μg/ml dispase (Sigma) in DMEM supplemented with 1% (vol/vol) FBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37°C. After 3 hours of digestion, crypts containing IECs were isolated from the supernatant of the digestion buffer by centrifugation at 300 g for 5 min. The isolated crypts were analyzed by immunoblot or RT-PCR.

For isolation of LPLs, the dissected colon tissues were washed in HBSS buffer, and the epithelium was removed by shaking at 250 rpm shaking at 37°C in HBSS buffer containing 30 mM EDTA, 1 mM DTT and 5% FBS for 30 min. After sedimentation, the crypts containing supernatant were discarded and the remaining colon tissues were further cut into small pieces and digested by 200 U/ml collagenase type VIII (Sigma) and 150 μg/ml DNase I (Sigma) in RPMI-1640 medium supplemented with 5% (vol/vol) FBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37°C for 1 hour. The supernatant was centrifuged at 450 g for 5 min to collect cells and the LPLs were further isolated by Percoll (40%/80%; Solarbio, Beijing, China). The isolated LPLs were then subjected to western-blotting or RT-PCR analyses.



Adenovirus-Mediated GSDMD-C Expression in Mice

Mouse GSDMD-C with an HA tag was cloned into the pAdTrack-CMV vector and then recombined with the pAdEasy-1 vector. Recombinant Adv-GSDMD-C or empty vector (Adv-EV) was transfected into HEK 293A cells. Viruses were packaged and amplified as described (39). After titration, 2×1010 adenovirus particles were intraperitoneally injected into the indicated mice every other day. Four days later, colitis was induced in the mice with DSS solution as described.



Recombinant Mouse IL-1β or IL-18

Recombinant mouse IL-1β (Novoprotein, Shanghai, China) or PBS as negative control was injected into Gsdmd-/- mice intraperitoneally at a concentration of 0.5 μg or 1 μg per mouse in 200 µl sterile PBS on Days 1, 2, 3, 4, 5, and 6 during DSS-induced colitis.

Recombinant mouse IL-18 (Novoprotein) or PBS as negative control was injected into Gsdmd-/- mice intraperitoneally at a concentration of 1 μg per mouse in 200 µl sterile PBS from Day 1 to Day 8 during DSS-induced colitis.



Commensal Depletion

The mice were treated with a cocktail of antibiotics in drinking water as previously reported (7). Briefly, mice were treated with of 1 mg/ml neomycin, 0.5 mg/ml vancomycin, 1 mg/ml metronidazole and 1 mg/ml ampicillin for 4 weeks. Every week fresh antibiotics were supplied. After 4 weeks, drinking water was further supplemented with 1 mg/ml streptomycin, 170 μg/ml gentamicin, 125 μg/ml ciprofloxacin, and 1 mg/ml bacitracin for one week. More than 99.9% of intestinal microbes were removed by this method. After mice were treated with antibiotics for 5 weeks, colitis was induced in the indicated mice as described in the section on the induction of colitis. For E. coli-induced GSDMD activation in vivo, antibiotic-treated mice were treated with 3% DSS for 5 days, during which at Day 4 and Day 5 the mice were given 1010 CFU of E. coli isolated from eosin-methylene blue (EMB) agar plates by gavage and rectal administration. The mice were sacrificed on Day 6, and colon tissues were obtained for further analysis.



LPS Transfection and Cell Viability Measurement

LPS was electroporated into HT-29 cells using the Neon Transfection System (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions as previously reported (28, 40). Briefly, 1×106 HT-29 cells were transfected with 1 μg LPS. Cell viability was measured at 2.5 hours after LPS transfection. Cell viability was determined by the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA).



RT–PCR

Real-time PCR has been reported previously (41). Briefly, total RNA of cells or tissue was extracted with TRIzol® Reagent (Invitrogen, Shanghai, China). cDNA samples were synthesized with PrimeScript™ RT Master Mix (Takara Bio, Dalian, China). The levels of genes of the interest were quantified using TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (Takara Bio). The expression levels of the genes were calculated by the 2-ΔΔCt method and normalized to β-actin. Amplification of cDNA was performed using a ViiA 7 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) with the sequences of oligonucleotide primers shown in Supplementary Table 1.



Isolation of Bacterial Genomic DNA and Microbiota Analysis by Quantitative PCR

Fresh fecal pellets were obtained at the indicated time points. Bacterial genomic DNA was extracted with the TIANamp Stool DNA Kit (Tiangen Biotech, Beijing, China) with the optional high-temperature step (90°C) directly. To assess the abundance of specific intestinal bacterial groups, the extracted bacterial genomic DNA was analyzed with TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (Takara Bio) on a ViiA 7 Real-Time PCR System. Signals were normalized to universal bacteria, and normalized data were used to calculate relative levels of 16S rRNA gene expression of indicated bacterial groups. The 16S rDNA primer sequences are shown in Supplementary Table 2.



Immunoblot Analysis

The procedure of immunoblot analysis has been previously reported (42). In brief, the cells or tissues were lysed for 30 min in ice-cold RIPA lysis buffer supplemented with 10 mM sodium fluoride (NaF), 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, and a complete protease inhibitor cocktail (Roche) and separated by SDS–PAGE. After the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Darmstadt, Germany), the PVDF membranes were blocked at room temperature for 1 hour and then incubated with primary antibody overnight at 4°C. After incubation with secondary antibody for 1 hour at room temperature, the blots were visualized with enhanced chemiluminescence (ECL) detection reagents (Millipore).



Histology and Immunostaining

The colon tissue was fixed in 4% paraformaldehyde (PFA) for 48 hours and then embedded in paraffin wax. For assessment of injury, 5-mm sections were stained with hematoxylin-eosin (H&E). Alcian blue (AB)/periodic acid-Schiff (PAS) staining was used to assess goblet cells in the colon. To assess macrophage infiltration, sections were stained with rat anti-mouse F4/80 antibody (Abcam) followed by goat anti-rat biotin conjugate. After incubation with ABC reagent, stained sections were photographed by light microscopy.



Enzyme-Linked Immunosorbent Assay

To measure IL-1β and IL-18 in colon tissues, a part of the colon was weighed and homogenized mechanically in PBS containing 1% NP-40 and a complete protease inhibitor cocktail (Roche). The protein level of IL-1β or IL-18 in colon homogenate was measured with ELISA kits (R&D Systems, Minneapolis, MN; Sino Biological, Beijing, China) according to the manufacturer’s instructions.

The procedure of measuring the cytokines from cultured colon explants has been described previously (21). In brief, colon tissue explants were obtained and rinsed with PBS three times and cultured for 24 hours in DMEM containing 10% FBS, L-glutamine, 1% P/S and neomycin at 37°C. The protein level of IL-1β or IL-18 in the supernatant of cultured colon tissue was measured with ELISA kits (R&D Systems; Sino Biological) according to the manufacturer’s instructions.



Statistical Analysis

Prism software (GraphPad Software) was used to perform statistical analysis and graph development. A two-tailed Student’s t test was used to compare differences between two groups. Survival curves are presented using the Kaplan–Meier method, and significance was calculated by the log-rank (Mantel-Cox) test. p values < 0.05 were considered significant.




Results


GSDMD Is Activated in DSS-Induced Colitis

Mouse GSDMD was ubiquitously expressed in the examined tissues and was highly expressed in the liver, colon and small intestine (Figure 1A). We isolated intestinal epithelial cells (IECs) and lamina propria lymphocytes (LPLs) from mouse colon tissues, and we found that both the mRNA and protein levels of GSDMD in IECs were much higher than those of GSDMD in LPLs (Figures 1B, C), suggesting that GSDMD is mainly expressed in IECs. Although the mRNA or protein level of full length GSDMD (GSDMD-FL) was not significantly regulated in the DSS-induced colitis model (Figures 1D, E), GSDMD was strongly cleaved to activated GSDMD-N form (p30 fragment) on Day 3 and the activation decreased on Day 6 during DSS-induced colitis (Figure 1E). In addition to GSDMD-N, another p47 fragment was also cleaved during DSS-induced colitis (Figure 1E). We also found that the expression of Caspase 1 or Caspase 11 was dramatically induced on Day 3 in the DSS-induced colitis model (Figure 1E and Supplementary Figure 1). These data suggest that GSDMD is activated in the experimental colitis model.




Figure 1 | DSS-induced colitis is ameliorated in Gsdmd-deficient mice. (A) Quantitative mRNA expression of GSDMD in different C57BL/6 wild-type (WT) mouse tissues as indicated (n = 4). (B) Quantitative mRNA expression of GSDMD from WT mouse whole colon, IECs, or LPLs (n = 4). (C) Immunoblot analysis of GSDMD expression in WT mouse whole colon, IECs, or LPLs. The lower panel shows the quantitative analysis of GSDMD protein levels (n = 4). (D) Quantitative mRNA expression of GSDMD in WT mouse colons at the indicated times during DSS-induced colitis. (E) Immunoblot analysis of the expression of the indicated genes in the whole colon of WT mice at the indicated times during DSS-induced colitis. (F) Survival analysis of WT (n = 10) or Gsdmd-/- (n = 10) mice treated with 3.5% DSS for 5 days. (G) Body weight change of WT (n = 6) or Gsdmd-/- (n = 6) mice during the progression of DSS-induced colitis. (H) Bleeding score and stool score of the WT (n = 6) or Gsdmd-/- (n = 6) mice on Day 6 of the colitis model as in (G). (I, J) Colon length (I) and the macroscopic view (J) of WT or Gsdmd-/- mouse colons on Day 8 of the colitis model as in (G). (K) Hematoxylin and eosin (H&E) staining of the representative colons from the mice on Day 0 or Day 8 of the colitis model as in (G) (200× magnification). (L) F4/80 staining of the representative colons from the WT or Gsdmd-/- mice on Day 0 or Day 8 of the colitis model as in (G) (400× magnification). (M) Quantitative mRNA expression of inflammatory genes as indicated from the colon of WT or Gsdmd-/- mice on Day 0 or Day 8 of the colitis model as in (G). Data are representative of three (E–M) or four (A–D) independent experiments (mean ± SEM in (A–D), (G–I) and (M). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.





GSDMD Aggravates the Pathology of DSS-Induced Colitis

Next, we asked whether GSDMD plays an important role in colitis development. To this end, Gsdmd-deficient mice, as well as their control mice, were assessed with the DSS-induced colitis model. We found that, after challenging these mice with 3.5% DSS for 5 days, 60% of the WT littermate mice died within 15 days, while all Gsdmd-/- mice survived (Figure 1F). Treating the mice with 3% DSS for 5 days led to significant body weight loss in WT control mice, while the body weight loss was alleviated in Gsdmd-deficient mice (Figure 1G). The bleeding score and stool score, which indicate colitis severity, were much lower in Gsdmd-/- mice (Figure 1H), and consistently, the colon lengths were longer in Gsdmd-/- mice (Figures 1I, J). The pathology of the injured colons from WT mice was more severe than that of Gsdmd-/- mice as indicated by hematoxylin-eosin staining showing the structure of the colon (Figure 1K). Moreover, macrophage infiltration was remarkably reduced in Gsdmd-/- mice compared to WT mice (Figure 1L). The mRNA levels of inflammatory cytokines, such as IL-1β, TNF-α, KC, IL-6, IL-17, and MCP-1, were largely upregulated in WT mice, while the expression of these genes was only minor induced in Gsdmd-/- mice (Figure 1M). These data indicate that GSDMD is essential for DSS-induced colitis.

Moreover, to determine whether GSDMD affects IEC proliferation or IEC death during colitis, we analyzed intestinal cell proliferation and cell death by Ki67 and TUNEL staining, respectively. GSDMD deficiency reduced IEC proliferation and IEC death in DSS-induced colitis (Supplementary Figures 2A-D). GSDMD is the executor of cell pyroptosis, and TUNEL staining showed that cell death was reduced in Gsdmd-/- mice (Supplementary Figures 2C, D). To discriminate cell apoptosis and pyroptosis, we checked cleaved Caspase 3, a marker of cell apoptosis, and found that the level of cleaved Caspase 3 did not change between WT and Gsdmd-/- mice in DSS-induced colitis (Supplementary Figure 2E). These data show that GSDMD is most likely to mediate IEC pyroptosis during colitis.

Because antimicrobial peptides (AMPs) are critical in maintaining mucosal barrier integrity and suppressing colitis development, we investigated whether GSDMD promotes colitis by decreasing AMP production. We found that the mRNA levels of AMPs largely increased in WT mice treated with DSS. We found that the mRNA levels of AMPs in these mice were much higher than those in DSS-treated Gsdmd-/- mice (Supplementary Figure 3). The data suggest that AMPs are not the major factor causing GSDMD to promote colitis development.



GSDMD Expression in Intestinal Epithelial Cells Is Critical for the Progression of Colitis

To determine which cell populations are critical for GSDMD-mediated DSS-induced colitis, we generated four groups of GSDMD bone marrow chimeras. Irradiated WT recipient mice receiving WT or Gsdmd-/- bone marrow had similar body weight loss (Figure 2A), clinical score (Figure 2B), colon length (Figures 2C, D), and histological damage (Figure 2E), suggesting that gut-infiltrating immune cells are not important for GSDMD-mediated colitis promotion. However, compared to the reconstituted WT recipient mice, irradiated Gsdmd-/- recipient mice receiving WT or Gsdmd-/- bone marrow showed reduced body weight loss (Figure 2A), clinical scores (Figure 2B), histological damage (Figure 2E), and increased colon length (Figures 2C, D), indicating that IECs are critical for the GSDMD-mediated promotion of colitis. Collectively, these data indicate that GSDMD expression in IECs is critical for GSDMD-mediated colitis promotion.




Figure 2 | GSDMD in nonhematopoietic cells is crucial for promoting DSS-induced injury. (A) During the progression of DSS-induced colitis, body weight change of the following BM-transplanted mice: WT → WT (n = 6), WT → Gsdmd-/- (n = 8), Gsdmd-/- → WT (n = 6), and Gsdmd-/- → Gsdmd-/- mice (n=7). (B) Bleeding score and stool score of the transplanted mice on Day 6 of the colitis model as in (A). (C, D) Colon length (C) and the macroscopic view (D) of the transplanted mouse colon on Day 8 of the colitis model as in (A). (E) H&E staining of the representative mouse colon on Day 8 of the colitis model as in (A) (200× magnification). Data are representative of two (A–E) independent experiments (mean ± SEM in A-C). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.





GSDMD Activation Is Required for GSDMD-Mediated Colitis Development

GSDMD-N can form membrane pores to mediate cell pyroptosis, while GSDMD-C can bind to GSDMD-N to maintain GSDMD in an unfunctional state (28, 31, 32). Moreover, Shi et al, reported that overexpression of GSDMD-C suppressed LPS-induced pyroptosis in HeLa cells due to trans-inhibition of endogenous GSDMD-N generated from caspase-4 cleavage (28). In our study, we found that adenovirus-mediated GSDMD-C (Adv-GSDMD-C) overexpression suppressed LPS-induced pyroptosis in HT-29 cells, an intestinal epithelial cell line (Supplementary Figures 4A, B). To determine whether the pathological role of GSDMD in acute colitis is dependent on GSDMD activation, we used Adv-GSDMD-C overexpression in the mouse colon and then challenged the mice with DSS. The mice were intraperitoneally (i.p.) injected with empty control adenovirus (Adv-EV) or Adv-GSDMD-C every other day; 4 days later, the mice were challenged with DSS (Figure 3A). We found that GSDMD-C was significantly expressed in mouse colons that were infected by Adv-GSDMD-C several times (Supplementary Figure 4C and Supplementary Figure 5C). We detected the GSDMD expression and found that Adv-EV or Adv-GSDMD-C did not change GSDMD expression of mouse colon (Supplementary Figure 4D). The Adv-GSDMD-C treated mice had less body weight loss, and exhibited lower clinical scores, longer colon lengths and decreased colon injury than the Adv-EV treated mice (Figures 3B-E). The induced inflammatory genes also decreased in the Adv-GSDMD-C treated mice compared to the Adv-EV treated mice (Figure 3F). Next, we investigated whether Adv-GSDMD-C affects IEC pyroptosis during colitis. TUNEL staining showed that Adv-GSDMD-C largely suppressed IEC death (Supplementary Figures 5A, B). Immunoblot analysis showed that the expression of cleaved Caspase 3 was similar in both whole colon and IECs between Adv-EV- and Adv-GSDMD-C treated mice, suggesting that Adv-GSDMD-C suppressed IEC pyroptosis during DSS-induced colitis (Supplementary Figure 5C). Collectively, our data show that GSDMD-C protects mice from acute colitis.




Figure 3 | Adenovirus-mediated GSDMD-C expression protects mice from DSS-induced colitis. (A) Scheme of adenovirus-mediated GSDMD-C expression in mice. The mice were intraperitoneally (I.P.) injected empty control adenovirus (Adv-EV) or GSDMD-C expressing adenovirus (Adv-GSDMD-C) every other day, and 4 days later, colitis was induced in the mice with DSS solution. (B) Body weight change of WT mice treated with Adv-EV (n = 5) or Adv-GSDMD-C (n = 6) during the progression of DSS-induced colitis. (C) Bleeding score and stool score of Adv-EV- or Adv-GSDMD-C-treated WT mice on Day 6 of the colitis model as in (B). (D, E) Colon length (D) and H&E staining (E) of Adv-EV- or Adv-GSDMD-C-treated WT mouse colons on Day 8 of the colitis model as in (B) (200× magnification). (F) Quantitative mRNA expression of inflammatory genes as indicated from the colons of Adv-EV- or Adv-GSDMD-C-treated WT mice on Day 8 of the colitis model as in (B). Data are representative of three (B–F) independent experiments (mean ± SEM in B–D, F). *p < 0.05, **p < 0.01 by Student’s t test.





Gsdmd-/- Mice Have Fewer Intestinal Firmicutes, but This Is Not Associated With Their Hyposensitivity Toward DSS-Induced Colitis

Various papers reported that gene-deficient mice had gut microbiota composition alterations, and some of the alterations were associated with IBD development (4, 20, 27, 43, 44). To determine whether Gsdmd-/- mice have changed gut microbiota composition, we used 16S rDNA real-time PCR to examine gut microbiota extracted from fecal samples of WT and Gsdmd-/- mice without DSS treatment. Four major intestinal bacterial phyla (Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria) and a colitis-associated bacteria phylum (TM7), as well as their representative classes, genera, or species, were checked (7, 44). Interestingly, the numbers of Actinobacteria, Bacteroidetes, Proteobacteria and TM7 were not significantly altered (Supplementary Figure 6A). A previous study reported that E. coli burden was obviously higher in inflammasome-deficient mice (27). However, we found that the E. coli burden was not significantly changed in Gsdmd-/- mice (Supplementary Figure 6A). Interestingly, the number of Firmicutes was reduced in Gsdmd-deficient mice (Supplementary Figure 6A). Segmented filamentous bacteria (SFB), Enterococcus and Lactobacillus, which belong to the Firmicutes phylum, were not altered in Gsdmd-deficient mice; however, other members of Firmicutes, such as Clostridium cluster IV, Clostridium cluster XIVa, Eubacterium rectale (EREC), and Bacillus, which are potential beneficial microbiota for colitis (9), were obviously reduced in Gsdmd-/- mice. To assess whether the altered composition of the gut microbiota is important for GSDMD-mediated colitis promotion, WT and Gsdmd-/- mice were cohoused for 4 weeks, and their gut microbiota were assessed before DSS challenge. As expected, the numbers of Firmicutes, Clostridium cluster IV, Clostridium cluster XIVa, EREC and Bacillus in Gsdmd-deficient mice equaled that of cohoused WT mice (Supplementary Figure 6B). In agreement with the results of separately housed mice (Figures 1G–K), despite similar gut microbiota compositions, cohoused Gsdmd-/- mice showed reduced body weight loss compared to WT mice during DSS-induced colitis (Supplementary Figure 6C). The bleeding score, and stool score decreased and colon length increased in Gsdmd-deficient mice (Supplementary Figures 6D, E). Histological damage was also ameliorated in Gsdmd-/- mice (Supplementary Figure 6F). Together, these results indicate that although Gsdmd-deficient mice have fewer Firmicutes, this is not important for the reduced colitis severity in Gsdmd-deficient mice.



Dysregulated Commensal E. coli Activates GSDMD to Promote DSS-Induced Colitis

Although the different microbiota compositions of WT and Gsdmd-/- mice are not important for GSDMD-mediated colitis development, the gut microbiota is dysregulated during acute colitis (3, 8). Therefore, we asked whether the activation of GSDMD is regulated by dysregulated gut microbiota during DSS-induced colitis. We removed gut microbiota with a cocktail of antibiotics (Abx), and we found that the expression of GSDMD-FL was not altered in the colons of WT mice treated with antibiotics during DSS-induced colitis; however, cleaved GSDMD-N was almost completely blocked (Figure 4A and Supplementary Figure 7A), which indicates that the gut microbiota contributes to GSDMD activation. We and others have previously reported that Enterobacteriaceae, primarily Escherichia coli (E. coli), which belongs to Enterobacteriaceae, largely overgrew during acute colitis (7, 8, 45, 46), to determine which bacterial species are responsible for GSDMD activation, we asked whether the overgrowth E. coli is responsible for GSDMD activation. In agreement with previous reports, we found that the numbers of Enterobacteriaceae and E. coli largely increased in WT mice during colitis (Figure 4B). To determine whether the overgrowth of E. coli can activate GSDMD, we isolated E. coli from the feces of DSS-induced mice, and then the Abx-treated mice were given E. coli by gavage and rectal administrations. We found that DSS plus E. coli activated GSDMD in mice treated with antibiotics, whereas E. coli monocolonization alone did not (Figure 4C), which was consistent with our previous finding (7). These data suggest that the dysregulated microbiota, especially E. coli, is responsible for GSDMD activation during DSS-induced colitis.




Figure 4 | In DSS-induced colitis, the dysregulated microbiota is responsible for GSDMD activation. (A) Immunoblot analysis of GSDMD expression in whole colons of WT mice treated with or without a cocktail of antibiotics (Abx) at the indicated times during DSS-induced colitis. (B) Real-time PCR analysis of 16S rRNA genes of Enterobacteriaceae or E. coli species in the feces of WT mice at the indicated times in the colitis model (n = 6 or 7/group). (C) Immunoblot analysis of GSDMD expression from whole colons of Abx-treated WT mice, which were given with or without DSS solution or 1010 CFU of E. coli, on Day 6 during DSS-induced colitis. (D) Body weight change of WT or Gsdmd-/- mice treated with or without Abx during the progression of DSS-induced colitis (n = 5/group). (E) Macroscopic view of the representative mouse colon on Day 8 of the colitis model as in (D). (F) Bleeding score and stool score of WT or Gsdmd-/- mice treated with or without Abx on Day 6 of the colitis model as in (D) (n = 5/group). (G) The colon length of WT or Gsdmd-/- mice treated with or without Abx on Day 8 of the colitis model as in (D) (n = 5/group). (H) H&E staining of the representative mouse colon on Day 8 of the colitis model as in (D) (200× magnification). Data are representative of two (A–C) or three (D–H) independent experiments (mean ± SEM in B, D, F, G). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.



Next, we investigated whether GSDMD is involved in microbiota-driven colitis development. We found that Abx-treated WT and Gsdmd-/- mice had almost no body weight loss during the DSS-induced colitis model (Figure 4D). Although untreated Gsdmd-/- mice lost less body weight, and exhibited longer colons and lower clinical scores than untreated WT mice, microbiota depletion completely attenuated the phenotypic differences between WT and Gsdmd-/- mice during DSS-induced colitis (Figures 4D-H). Consistently, microbiota removal also blocked the increased production of proinflammatory genes in both WT and Gsdmd-/- mice (Supplementary Figure 7B). These findings show that GSDMD is most likely critical for microbiota-mediated contribution to colitis development. Collectively, our data suggest that dysregulated commensal E. coli mediates GSDMD activation, which in turn promotes colitis development.



Reduced IL-1β Is Not Important for Protection Against Colitis in Gsdmd-Deficient Mice

IL-1β is a critical proinflammatory cytokine produced by the inflammasome, and its role in colitis remains controversial (17, 24, 25). We found that the production of IL-1β was reduced in Gsdmd-/- mice compared to WT mice in DSS-induced colitis (Figure 1M and Figure 5A), so we asked whether the decreased IL-1β expression is important for the protective effect in Gsdmd-deficient mice. We intraperitoneally injected Gsdmd-/- mice with 0.5 μg or 1 μg recombinant mouse IL-1β every day (from Day 1 to Day 6) and challenged the mice with DSS. Surprisingly, we found that 1 μg IL-1β treated Gsdmd-/- mice showed a slightly more body weight loss from Day 2 to Day 5 than PBS-treated Gsdmd-/- mice; however, the 1 μg IL-1β-treated Gsdmd-/- mice exhibited obviously heavier body weight on Day 8 (Figure 5B). The 0.5 μg IL-1β-treated Gsdmd-/- mice also showed heavier body weights on Day 8 and similar body weights on Day 2, Day 4 and Day 5 compared to PBS-treated Gsdmd-/- mice (Figure 5B). Moreover, the IL-1β treated Gsdmd-/- mice showed lower clinical scores (Figure 5C), longer colon lengths (Figure 5D) and reduced colonic injury (Figure 5E). Collectively, our data indicate that exogenous IL-1β protects Gsdmd-/- mice from acute colitis, and thus the decreased IL-1β is not the major reason for the protection against colitis in Gsdmd-deficient mice.




Figure 5 | Reduced IL-1β is not responsible for the protective effect against colitis in Gsdmd-deficient mice. (A) ELISA analysis of IL-1β protein levels in colon homogenates from WT or Gsdmd-/- mice on Day 0 or Day 8 of the colitis model. (B) Gsdmd-/- mice simultaneously received a daily injection of 0.5 μg IL-1β, 1 μg IL-1β or PBS, while WT mice were injected with PBS (n = 5/group). The body weight change of the above mice was monitored during the progression of DSS-induced colitis. (C) Bleeding score and stool score of WT or Gsdmd-/- mice on Day 6 of the colitis model as in (B). (D, E) Colon length (D) and H&E histology (E) of WT or Gsdmd-/- mouse colons on Day 8 of the colitis model as in (B). Data are representative of two (A–E) independent experiments (mean ± SEM in A–D). *p < 0.05, **p < 0.01 by Student’s t test.





GSDMD Promotes Acute Colitis Development by Mediating IL-18 Release

IL-18 promotes DSS-induced colitis by driving goblet cell loss (19), and Miao et al, reported that GSDMD was responsible for IL-18 release in tubular epithelial cells during acute kidney injury (47). We asked whether GSDMD promotes IL-18 release during colitis. We found that the concentration of IL-18 in colon tissue homogenate or culture colon explant supernatant was significantly reduced in Gsdmd-deficient mice during colitis (Figure 6A). To determine whether the reduced IL-18 protein level is due to reduced IL-18 maturation or reduced IL-18 release, we checked intracellular mature IL-18 expression by immunoblots and found that the intracellular mature IL-18 level in Gsdmd-deficient mouse colons was greater than that in WT mouse colons, suggesting that the accumulation of intracellular mature IL-18 increases in Gsdmd-deficient colons (Figure 6B). Moreover, the mRNA level of IL-18 was not altered between WT and Gsdmd-/- mice (Figure 6C). These data suggest that the suppressed IL-18 release from the cytoplasm of Gsdmd-/- mouse colon most likely accounts for the reduced IL-18 level in colon tissue homogenate or culture medium, and GSDMD might not affect the transcription or maturation of IL-18 during colitis. Next, we checked whether GSDMD affects goblet cell damage during DSS-induced colitis. As expected, compared to WT mice, the number of goblet cells in Gsdmd-deficient mice was better preserved during DSS-induced colitis (Figures 6D, E). During DSS-induced colitis, the mRNA level of Muc2, a mucin protein that was primarily produced by goblet cells, was higher in Gsdmd-deficient mice than in WT mice (Figure 6F). IL-18 drives goblet cell loss by preventing goblet cell maturation (19). In our setting, we indeed found that the mRNA levels of goblet cell maturation-related transcription factors Gfi1, Spdef, and Klf4 were higher in Gsdmd-deficient mice than in WT mice during colitis (Figure 6F). To determine whether GSDMD activation is required for IL-18 release, we assessed IL-18 release in Adv-GSDMD-C treated mice. We found that the protein level of IL-18 from tissue homogenate or culture colon explant medium was decreased in GSDMD-C treated mice (Figure 6G). The intracellular mature IL-18 protein level was increased in the colon of Adv-GSDMD-C treated mice (Figure 6H). Meanwhile, the mRNA level of IL-18 was not altered (Figure 6I). These data suggest that GSDMD-C overexpression suppresses IL-18 release during DSS-induced colitis. Overexpression of GSDMD-C also increased the number of goblet cells in mice during colitis (Figures 6J, K). The mRNA levels of Gfi1, Spdef and Klf4 also increased in Adv-GSDMD-C treated mice (Figure 6L). Collectively, these data suggest that GSDMD promotes IL-18 release during colitis; and that the activation of GSDMD is required for its release.




Figure 6 | GSDMD increases IL-18 release during DSS-induced colitis. (A) ELISA analysis of IL-18 protein levels in WT or Gsdmd-/- mouse colon homogenates or cultured colon tissue on Day 0 or Day 8 of the colitis model, as shown in Figure 1G (n=4/6 per group). (B) Immunoblot analysis of IL-18 expression in WT or Gsdmd-/- mouse colons on Day 0 or Day 8 of the colitis model, as shown in Figure 1G. The quantitative analysis of IL-18 is shown on the right side. (C) Quantitative mRNA expression of IL-18 from WT or Gsdmd-/- mouse colons on Day 0 or Day 8 of the colitis model, as shown in Figure 1G. (D, E) AB-PAS staining of the representative colons from the mice on Day 0 or Day 8 of the colitis model, as shown in Figure 1G (400× magnification). The number of goblet cells per field (E) was determined as in (D) (n = 9/group). (F) Quantitative mRNA expression of the indicated genes from the colon of WT or Gsdmd-/- mice on Day 0 or Day 8 of the colitis model, as shown in Figure 1G. (G) ELISA analysis of IL-18 protein levels in the colons of Adv-EV- (n = 5) or Adv-GSDMD-C-treated (n = 6) WT mice on Day 8 of the colitis model, as shown in Figure 3B. (H) Immunoblot analysis of IL-18 expression in the colons of Adv-EV- or Adv-GSDMD-C-treated WT mice on Day 8 of the colitis model, as shown in Figure 3B. The quantitative analysis of IL-18 is shown on the right side. (I) Quantitative mRNA expression of IL-18 in the colons of Adv-EV- or Adv-GSDMD-C-treated WT mice on Day 8 of the colitis model, as shown in Figure 3B. (J, K) AB-PAS staining of the representative colons from the Adv-EV- or Adv-GSDMD-C-treated WT mouse colon on Day 8 of the colitis model, as shown in Figure 3B (400× magnification). The number of goblet cells per field (K) was determined as in (J) (n = 9/group). (L) Quantitative mRNA expression of the indicated genes from the colons of Adv-EV- or Adv-GSDMD-C-treated WT mice on Day 8 of the colitis model, as shown in Figure 3B. Data are representative of two (A, B, G, H) or three (C-F, I–L) independent experiments (mean ± SEM in A–C, E–I, K–L). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test. N.S, no significance.



To determine whether GSDMD exacerbates colitis pathology by inducing IL-18 release, we injected intraperitoneally Gsdmd-deficient mice at a concentration of 1 μg recombinant mouse IL-18 per mouse daily during DSS colitis. We found that exogenous IL-18 obviously decreased Gsdmd-/- mouse body weight, and the reduced body weight was similar to that of WT mice (Figure 7A). The IL-18 treated Gsdmd-/- mice showed a higher clinical score (Figure 7B), shorter colon length (Figure 7C), and increased colonic injury (Figure 7D). Moreover, exogenous IL-18 reduced the goblet cell number (Figures 7E, F), and decreased the mRNA levels of Gfi1, Spdef, and Klf4 in Gsdmd deficient mice (Figure 7G). These data show that exogenous IL-18 promotes colitis severity in Gsdmd-deficient mice. Together, our data suggest that GSDMD promotes IL-18 release during colitis; and that the released IL-18 mediates colitis development by promoting goblet cell loss.




Figure 7 | IL-18 is involved in GSDMD-mediated colitis promotion. (A) Gsdmd-/- mice simultaneously received a daily injection of 1 μg of IL-18 or PBS, while WT mice were injected with PBS (n = 5/6 per group). The body weight change of the above mice was monitored during the progression of DSS-induced colitis. (B) Bleeding score and stool score of the indicated mice on Day 6 of the colitis model as in (A). (C) Colon length of the indicated mice on Day 8 of the colitis model as in (A). (D) H&E histology of representative mouse colons on Day 8 of the colitis model as in (A) (200× magnification). (E, F) AB-PAS staining of the representative colons from the mice on Day 8 of the colitis model as in (A) (400× magnification). The number of goblet cells per field (F) was determined as in (E) (n = 9/group). (G) Quantitative mRNA expression of the indicated genes from the mouse colon on Day 8 of the colitis model as in (A). Data are representative of two (A–G) independent experiments (mean ± SEM in A–C, F–G). *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test.






Discussion

The interaction between the host and gut microbiota is critical for maintaining gut homeostasis (4, 48). When the homeostatic balance is compromised, the gut microbiota will be dysregulated and trigger the development of various inflammatory diseases, including colitis (7, 8, 49). However, the molecular mechanism for microbiota-mediated regulation of colitis development is largely unknown. Here, we indicated that dysregulated microbiota-driven GSDMD activation promoted colitis development by inducing IL-18 release.

The roles of the inflammasome in colitis are controversial. Nlrp3- and Caspase 1-deficient mice were reported to show ameliorated colitis severity (14, 15, 21), while others reported that DSS-induced colitis was aggravated in these mice (16, 22, 23). Similarly, the roles of ASC, Caspase 11, IL-18, and IL-1β in colitis remain debatable (17–21, 24, 25). GSDMD is another critical inflammasome protein that mediates cell pyroptosis (28, 29). Here, our data found that GSDMD deficiency protected mice from DSS-induced colitis, which is consistent with a very recent report (50). Interestingly, Ma et al. found that DSS-induced colitis was aggravated in Gsdmd-deficient mice (51). The possible reasons for the seemingly controversial data as follows: i) We used different strategies to induce colitis. Mice were treated with 3% DSS for 5 days in our settings while 2.5% DSS challenged for 6 days was used in their study. ii) The differences in mouse housing and feeding among animal facilities probably led to different gut microbiota compositions and then caused different colitis severities.

IECs are the first lie of defense against pathogens and pathobionts, and IEC damage is the critical factor promoting colitis development (52). In the present study, we found that GSDMD was highly expressed in IECs but not LPLs. To investigate which cell populations are critical for GSDMD-mediated colitis promotion, we used a bone-barrow transfer assay to generate GSDMD bone-barrow chimeras. Our data showed that GSDMD in IECs was responsible for GSDMD-mediated colitis promotion, while gut infiltrating immune cell-derived GSDMD was not involved in this process. Our findings further confirm that IECs play critical roles in inflammasome-mediated colitis.

In our study, we found that GSDMD was activated in DSS-induced colitis. To investigate whether the activation of GSDMD is required for GSDMD-mediated colitis development, we used Adv-mediated GSDMD-C expression, which suppressed GSDMD-mediated cell pyroptosis by binding GSDMD-N, in WT mouse colons. We found that Adv-GSDMD-C obviously suppressed colitis development, suggesting that GSDMD activation is required for GSDMD-mediated colitis development. Furthermore, we investigated how GSDMD is activated in the mouse intestinal tract. Previously, we and others found that gram-negative bacteria Enterobacteriaceae, particularly E. coli species, largely overgrew during DSS-induced colitis and then exacerbated colitis pathology (7, 8, 45, 46). Here we found that Enterobacteriaceae and E. coli largely increased during DSS-induced colitis. When the gut microbiota, including E. coli, was removed by antibiotics, GSDMD activation was completely inhibited in the colon of DSS-treated mice. When the antibiotic-treated mice were transplanted with E. coli and challenged with DSS, the DSS plus E. coli group showed obvious GSDMD activation, while DSS or E. coli alone could not activate GSDMD. The data suggest that the E. coli translocates to the basolateral surface of IECs to directly induce GSDMD activation in IECs after DSS-mediated epithelium damage, while E. coli cannot activate GSDMD in IECs without DSS-induced epithelium damage (11). Collectively, these data suggested that the microbiota was dysregulated during colitis; and that the dysregulated microbiota, particularly E. coli, mediated colitis development by activating GSDMD.

IL-1β is an important proinflammatory cytokine produced by the inflammasome. Some reports found that IL-1β enhanced colitis severity in animal models (24, 25), while others reported that Il1β-/- and Il1r1-/-, the IL-1α and IL-1β receptor, mice displayed exacerbated severity in DSS-induced colitis (17, 53). We found that IL-1β production was obviously reduced in Gsdmd-/- mice during DSS-induced colitis, and we asked whether the reduced pathological severity of Gsdmd-/- mice was due to reduced IL-1β secretion. We injected Gsdmd-/- mice with recombinant IL-1β and challenged these mice with DSS and found that recombinant IL-1β did not increase the severity of colitis but ameliorated the disease in Gsdmd-/- mice. The possible reason is that IL-1β is involved in repairing IECs and reconstituting epithelial barriers during colitis, which is consistent with previous report (17). Interestingly, we found that 1 μg IL-1β-treated Gsdmd-/- mice showed more body weight loss on Day 2, Day 4 and Day 5 than the control group. The possible reason is that the IL-1β-mediated intense inflammatory response leads to body weight loss, which is similar to TNF- or LPS-induced shock. Our data suggest that decreased IL-1β is not important for GSDMD-mediated colitis promotion.

The role of IL-18 in colitis is complicated. Some papers reported that IL-18 had a protective role in colitis (16, 23, 54), and some other reports showed that IL-18 had a pro-colitogenic role in experimental colitis (55–57). Nowarski et al., reported that IL-18 suppressed goblet cell maturation and then promoted colitis development (19). In our study, we found that the protein level of IL-18 was reduced in the colon culture medium of Gsdmd-/- mice during DSS-induced colitis. Furthermore, we found that the reduced IL-18 in the colon culture medium was due to reduced IL-18 release but not reduced mRNA levels or decreased IL-18 maturation. Exogenous IL-18 increased colonic injury in Gsdmd-/- mice during DSS-induced colitis. In addition, IL-18 reduced the goblet cell number in Gsdmd-/- mice. These data indicate that GSDMD promotes colitis development by enhancing IL-18 release.

How does GSDMD promote IL-18 release? Miao et al., reported that Caspase 11 cleaved GSDMD into GSDMD-N during acute kidney injury, and then the cleaved GSDMD-N translocated onto plasma membrane to form membrane pores, which triggered cell proptosis and IL-18 release from primary cultured renal tubular epithelial cells (47). We hypothesized that GSDMD might play a similar role in acute kidney injury and acute colitis through a similar mechanism. Release of IL-18 was detected from both intestinal epithelial cells and lamina propria lymphocytes during colitis (19). Based on our data, we speculate that E. coli-derived LPS activated Caspase 11, which in turn cleaved GSDMD to GSDMD-N, forming membrane pores to release IL-18 from intestinal epithelial cells. More experiments will be performed to support the speculation in the near future.

In summary, we identified GSDMD as a critical pro-colitogenic gene. GSDMD is activated by the dysregulated microbiota and in turn mediates microbiota-driven colitis by promoting IL-18 release. Our study provides a novel mechanism for microbiota-mediated colitis development by activating GSDMD and suggests that GSDMD is a promising target for IBD therapy.
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Gut-microbiota dysbiosis links to allergic diseases. The mechanism of the exacerbation of food allergy caused by gut-microbiota dysbiosis remains unknown. Regulation of retinoic acid receptor alpha (RARα) signaling is critical for gut immune homeostasis. Here we clarified that RARα in dendritic cells (DCs) promotes Th2 cell differentiation. Antibiotics treatment stimulates retinoic acid signaling in mucosal DCs. We found microbiota metabolites short-chain fatty acids (SCFAs) maintain IGF-1 levels in serum and mesenteric lymph nodes. The IGF-1/Akt pathway is essential for regulating the transcription of genes targeted by RARα. And RARα in DCs affects type I interferon (IFN-I) responses through regulating transcription of IFN-α. Our study identifies SCFAs crosstalk with RARα in dendritic cells as a critical modulator that plays a core role in promoting Th2 cells differentiation at a state of modified/disturbed microbiome.




Keywords: allergy, dendritic cell (DC), microbiota, short-chain fatty acids (SCFAs), type I interferon (IFN-I)



Introduction

Vitamin A plays a crucial role in maintaining homeostasis at the intestinal barrier and balancing immunity and tolerance. As its principal active metabolite, retinoic acid (RA) implicates diverse inflammatory responses, which affect innate and adaptive immunity (1). RA involved in immunological procession regulates gene expression through binding several families nuclear hormone receptor, including retinoic acid receptors (RARs) α, β, and γ, retinoid X receptors (RXRs) α, β and γ, and the peroxisome proliferator-activated receptors (PPARs) β, δ (2). The RAR family includes RARα, RARβ, and RARγ. Lack of RA associates with abnormal migration of immune cells to the intestine and impaired immune tolerance (3, 4). RARα is the dominant retinoic acid signaling transcription factor in DCs (5). However, whether RARα in DCs regulates immune response, especially the T cell differentiation, is not clear.

RA signaling implicates the imbalance of gut immune maintenance caused by microbiota dysbiosis (6). And microbiota colonized has played a crucial role in developing the intestinal immune system (7). Microbial components and metabolites produced by gut microbiota participate in various host processes (8, 9). Short-chain fatty acids (SCFAs) are the most studied microbial metabolites produced by gut flora through the fermentation of polysaccharides. SCFAs associates with the maturation of the immune system, including induction of peripheral regulatory T cells, protection from infection, and modulation of metabolic rate and energy homeostasis (7).

Allergic diseases exert a devastating global impact and lack effective vaccines or advanced therapeutics. Allergic inflammation is a type 2 immune disorder classically characterized by the high level of immunoglobulin E (IgE) and the development of Th2 cells (10). Basic understanding of the critical cell types and mediators that initiate and modulate type 2 immunity is limited. Recently, type I interferons (IFN-I) were shown to cause Th2-cells differentiation (11). IFN-I is most well-known for its pro-inflammatory role in antiviral immunity. Many IFN-I effects are mediated by a direct impact on DC phenotype and functionality. IFN-I responsiveness controls the ability of cDC1s to present viral antigens to CD8+ T cells (12) and influences DC activation, migration, and T cell priming in vitro. DC-intrinsic IFN-I signaling is required for their effective migration, localization, and Th2 response in vivo (13).

This study showed that RARα in DCs was involved in the microbiota dysbiosis-induced exacerbation of food allergy. Loss of dendritic cells RARα repressed Th2-cell differentiation. Gut dysbiosis caused a reduction of IGF-1 expression in mLN tissue and induced hyperresponsiveness of RA signaling and IFN-I response in mLN. And the IGF-1/Akt pathway has been implicated in the suppression of RA signaling and IFN-I response by regulating RARα transcriptional ability in vivo. These findings identify that RARα serves as a regulatory node in food allergy. The IGF-1/Akt pathway inhibits RA signaling and IFN-I response, which played a positive role in Th2-cell differentiation.



Results


Retinoic Acid Signaling Is Required for Gut Microbial Dysbiosis-Induced Allergy

Intestinal epithelial and dendritic cells are the main sites of retinoic acid metabolism in the intestinal tissues (14, 15). Specific intestinal microbiota can modulate retinoic acid signaling in intestinal epithelial cells and DCs (16, 17). To assess whether gut bacteria have an effect on retinoic acid (RA) signaling, we established an animal model with gut microbiota dysbiosis by treating mice with a cocktail of antibiotics, and RA signaling reporter mice which harbored a RA response element (RARE) upstream of β-galactosidase (LacZ) were used. The LacZ expression in epithelial and dendritic cells in mesenteric lymph nodes (mLN) was measured by flow cytometry. Then we found that mice treated with antibiotics preserved a higher level of RARE transcription in dendritic cells in mLN (Figures 1A, B). However, ablation of gut bacteria have no effect on RARE transcription level in intestinal epithelium (Figures 1A, B). Furthermore, we observed a higher expression of several RA-responsive genes in mesenteric tissue after antibiotics treatment (Figure 1C) using real-time quantitative PCR. These results indicate that gut bacterial regulation of RA signaling was specific in intestinal dendritic cells.




Figure 1 | RA signaling is required for gut dysbiosis-induced allergy. (A, B) RA signaling assessment. β-galactosidase expression was detected by its substrate DDAOG using flow cytometry. DCs (gating on cd11c positive) from mLN tissue and intestinal epithelial cells (IECs) isolated from RARE-lacZ transgenic mice were analyzed. (C) RT-PCR measurement of retinoic acid signaling-related genes, relative to Gadph, in mLN tissue. (D–F) RARαfl/fl and RARαΔDC mice, after treated with ova intragastric administration, ova-specific IgE and IgG1 levels in serum were detected by ELISA. And the frequency of CD4(+)IL4(+) cells in mLN were measured by flow cytometric analysis. Graph shows mean and SEM. Five mice per group from at least two independent experiment. Data were analyzed by unpaired Student’s t-test (A–C) and one-way ANOVA (D–H). *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.



To explore whether partially depletion of gut microbiota could exacerbate food allergy, an animal model allergic to OVA was build. Consistent with other animal experiments (18), a higher level of OVA-specific IgE, IgG1 were observed in ABX treated mouse compared to untreated mouse (Figures 1D, E). We hypothesized that RA signaling was involved in antibiotic-induced food allergy.

To evaluate the RA signaling impact on allergic intestinal inflammation, we generated a cell-specific loss-of-function mouse model of RARα. We generated cd11ccreRARαfl/fl mice that lack RARα in cd11c positive dendritic cells (RARAΔDC). The number of CD4(+) and CD8(+)T cells in the spleen did not be affected by the loss of RARα in dendritic cells in our previous study (19). In an OVA-allergic animal model, we observed that a decreasing number of CD4(+)IL4(+) cells in RARAΔDC mice compared to RARAfl/fl mice (Figure 1G), indicating that RARα in dendritic cells plays an essential role in Th2 cell differentiation.



Gut Dysbiosis Regulates the IGF-1/Akt Pathway in Mesenteric Lymph Tissue

Gut microbiotas inhabit the gut and affect host physiology. Gut microbiota dysbiosis, which could be induced by antibiotics abuse or microbial environmental change, has been involved in several disease processes. A recent study identified the role of gut microbiota in the regulation of bone growth by affecting circulating IGF-1 levels (20). We confirmed that the reduction of circulating IGF-1 production in ABX mice compared to untreated mice (Figure 2A). qPCR analysis revealed that intestinal bacteria ablation diminished the IGF-1 expression in mLN tissue. However, we did not detect IGF-1 expression differences in Peyer’s patches, spleen, and intestinal tissues, including colon, jejunum, ileum. (Figure 2B).




Figure 2 | Gut dysbiosis regulates the IGF-1/Akt pathway in mesenteric lymph tissue. (A) After mice treated with ABX, IGF-1 ELISA was performed on serum. (B) And mRNA expression of IGF-1 in mLN, spleen, Peyer’s Patches (PP), colon, jejunum, ileum tissues, were measured by RTPCR. (C, D) p-Akt and Akt protein level change in mLN and spleen were determined by western blotting. (E) p-Akt expression levels of DCs (cd11c+), T cells (CD3+), B cells (B220+) in mLN and spleen were measured by flow cytometry. (F) Graph shows frequency of p-Akt positive DCs in mLN and spleen. As shown, p-Akt protein level of DC in mLN was reduced in ABX mice. Graph shows mean and SEM. (A) Data are combined from two independent experiments with at least thirteen mice per group. Graph shows mean and SEM. Data were analyzed by unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.



Meanwhile, we measured the protein level of Akt and its phosphorylation level, one of the most crucial molecule targets of IGF-1. We found a reduction of Akt phosphorylation level in the mesenteric lymph node after antibiotic depletion of gut microbiota coincided with decreased IGF-1 production in mLN, while the Akt phosphorylation level did not change in the spleen (Figures 2C, D). Moreover, we detected the Akt phosphorylation level in dendritic cells, T cells, and B cells in mLN and spleen tissue. We observed that in comparison to untreated mice, ABX mice had a decreased level of Akt phosphorylation in mLN dendritic cells (Figures 2E, F). These data suggest that gut bacteria regulates IGF-1 production to modulate Akt phosphorylation in dendritic cells specifically in mLN.



IGF-1/Akt Pathway Inhibits the RA Response Through Enhancing RARA Phosphorylation

RARα activates transcription of retinoic acid response-related genes through its dimerization with RXRa. And RARα transactivation is regulated by its Phosphorylation. RARs have been reported to be substrates for PKA (protein kinase A), PKC. Akt, a serine/threonine kinase, phosphorylates RARα to reduce its transactivation ability in NSCLC cells (21). Next, we wanted to assess whether IGF-1 modulated RARα transactivation by regulation of Akt phosphorylation. We used tamibarotene, a RARα specific agonist, to induce RA response. In vitro experiment demonstrated that IGF-1 inhibits RARE transcription level stimulated by tamibarotene in BMDC (Figures 3A, B). In the western blot experiment, tamibarotene significantly reduced the phosphorylation of RARα in BMDCs. And we found that IGF-1 increased Akt phosphorylation level, and also RARα phosphorylation level in BMDCs compared to BMDCs stimulated with tamibarotene alone. (Figures 3C, D). Furthermore, MK2206, an Akt phosphorylation inhibitor, suppressed the Akt phosphorylation level induced by IGF-1 and reduced RARα phosphorylation level caused by IGF-1 (Figures 3C, D). These results establish that IGF-1 increases RARα phosphorylation through the Akt pathway to reduce RARα transactivation ability.




Figure 3 | IGF-1/Akt pathway inhibits the RA response through enhancing RARA phosphorylation. (A, B) RA signaling assessment. BMDCs cultured from RARE-lacZ transgenic mice were treated with DMSO, Tamibarotene (4mM) alone or with IGF-1 (500ng/ml).DDAO signaling were measured by flow cytometry after BMDC treated with substrate DDAOG. (C, D) BMDCs were cultured from normal SPF mice, and treated with DMSO, Tamibarotene, IGF-1 and Akt inhibitor (MK2206), then p-Akt, Akt, p-RARα, RARα expression were detected by western blotting. Data are from two or three independent experiments. Graph shows mean and SEM. Data were analyzed by one-way ANOVA. **p < 0.01, ***p < 0.001.





Retinoic Acid Receptor Alpha Regulates Type I Interferons and stat1 Expression

Type 2 immunity plays a crucial role in classic allergic diseases. Despite inflammatory mediators, cytokines, or innate immune cells influence type 2 immunity, and DCs must affect activation and polarization of type 2 immunity (22). IFN-I is well known for its antiviral immunity. However, several studies provide evidence that IFN-I signaling enhances the ability to polarize the type 2 immunity (23, 24). By in vitro experiment, the expression of IFN-I related genes was assessed through qPCR after stimulation of tamibarotene, a RARα specific agonist. The expression of IFN-α and IFN-β (Figures 4A, B) in BMDCs, the main subtypes of IFN-I, was increased after tamibarotene stimulation. Interestingly, IGF-1 could interfered with tamibarotene’s ability to exacerbate IFN-I expression in BMDC (Figures 4A–E). Further, to determine whether RARα affects IFN-I signaling, BMDC lacking RARα expression generated from cd11ccreRARαfl/fl (RARAΔDC) mice were used for experiments. The mRNA expression of IFN-α, IFN-β were significantly down-regulation in BMDC from RARAΔDC mice compared to RARAfl/fl mice (Figures 4A, B). In addition, the IFN-stimulated genes (ISGs) IFIT1, IFIT2, and MX1, were also upregulated by treating tamibarotene and restricted by IGF-1 and RARα expression (Figures 4A–E).




Figure 4 | Retinoic acid receptor alpha regulates type I interferons and stat1 expression. (A–E) BMDCs cultured from RARαfl/fl and RARαΔDC mice, were treated with DMSO, Tamibarotene (4mM) alone or with IGF-1 (500ng/ml), then mRNA expression of IFN-α, IFN-β, and ISGs (IFIT1, IFIT2, MX1) were determined by RT-PCR. (F) ChIP-qPCR for RARα at IFN-α, and IFN-β regulatory element in BMDCs cultured from SPF mice. (G) BMDCs from SPF mice were treated with different concentration of tamibarotene (respectively 0uM, 5uM, 10uM), and stat1 protein expression were measured by western blotting. (H) stat1 expression in BMDCs from RARαfl/fl and RARαΔDC mice were detected by immunofluorescence method. Data are from at least two independent experiments. Graph shows mean and SEM. Data were analyzed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.



We also checked by chromatin immunoprecipitation (ChIP) whether RARα binds to the promoter region of IFN-α, IFN-β to investigate the mechanism of how RARα regulates IFN-I signaling. We confirmed that RARα was bond to the promotor region of IFN-α, but not IFN-β (Figure 4F). Furthermore, we detected significantly higher enrichment of RARα in IFN-α binding sites in BMDC treated with tamibarotene compared with PBS-treated BMDC (Figure 4F).

Previous reports indicate that RARα regulates stat1 expression through the binding RARE site in stat1 promoter (25, 26). We tested the stat1 protein level after BMDC was treated with tamibarotene and found that tamibarotene increased stat1 protein expression (Figure 4G). The reduction of Stat1 expression in BMDC from RARAΔDC mice compared to RARAfl/fl mice was observed by the immunofluorescence method (Figure 4H). Taken together, the results indicate that RARα in DCs regulate type I interferons signaling by modulating transcription of IFN-α.



IGF-1 Suppresses Th2 Differentiation Instructed by RARα-Activated BMDC

To figure out whether RARα regulates th2 cell differentiation, we next compared the ability of BMDCs from RARAΔDC mice and which from RARAfl/flcontrol mice instruct T cell responses in vitro. The polarization of CD4(+) T cells was detected by flow cytometry. Our results showed that the proportion of CD4(+)IL4(+) T cells stimulated by RARα-deficient BMDCs is significantly smaller than which produced by normal BMDCs (Figures 5A, B). Interestingly, RARα-deficient BMDCs also inhibit naive CD4 T cells differentiate to CD4(+)IFN-γ(+) T cells (Figures 5C, D). Furthermore, tamibarotene-stimulated BMDCs also promote the proportion of CD4(+)IL4(+) T cells. The previous in vitro experiment indicated that IGF-1 could mitigate RA signaling through the Akt pathway. We use IGF-1 to inhibit the tamibarotene’s ability to activate RA signaling. And we found IGF-1 could decrease the number of CD4(+)IL4(+) T cells activated by tamibarotene-stimulated BMDCs (Figures 5E, F). And the ability of tamibarotene-stimulated BMDCs to induce Th2-cell differentiation was repressed by anti-IFNα. Collectively, RARα in dendritic cells has a crucial role in instructing Th2 cell differentiation, and IGF-1 can inhibit this effect.




Figure 5 | IGF-1 suppresses Th2 differentiation instructed by RARα-activated BMDC. (A–D) After BMDCs from RARαfl/fl or RARαΔDC mice co-cultured with naive T cells isolated from B6 mice, the percentage of CD4(+)IL-4(+) T cells and CD4(+)IFN-γ(+) T cells were detected by flow cytometry.(E-H) BMDCs from B6 mice were treated with DMSO, Tamibarotene, IGF-1 or anti-IFNα, and then co-cultured with naïve T cells. Percentage of CD4(+)IL-4(+) cells and CD4(+)IFN-γ(+)were measured by flow cytometry. Data are from at least two independent experiments. Graph shows mean and SEM. Data were analyzed by unpaired Student’s t-test (A–D) and one-way ANOVA (E–H). *p < 0.05, **p < 0.01, ***p < 0.001.





SCFAs Interfere With Pathological Processes of Food Allergy in ABX-Treated Mice

Some specific metabolites produced by gut microbiota affect host immune function, and emerging evidence indicates that it is involved in the pathogenesis of several diseases (27, 28). SCFAs are the primary microbiota metabolites in the gut. A study demonstrated that supplementation of antibiotic-treated mice with SCFAs restores IGF-1 expression levels in serum and bone. In this experiment, antibiotic depletion of microbiota from normal raised mice reduced serum IGF-1 levels and IGF-1 gene expression in mLN (Figures 6A, B). Moreover, IGF-1 levels in serum and mLN are significantly increased in SCFAs-supplemented mice than antibiotic-treated mice (Figures 6A, B). Then we measured transcriptional levels of RA signaling-related genes and type I interferons in mLN by qPCR, and both were increased in ABX-treated mice, compared with control mice (Figures 6C, D). And we found that after SCFAs supplementation to ABX-treated mice, decreased transcriptional levels of RA-related genes and type I interferons’ genes were detected compared to mice only treated with ABX (Figures 6C, D).




Figure 6 | SCFAs alleviate OVA-sensitization fueled by microbiota-dysbiosis. B6 Mice were treated with control vehicle, ABX alone, or with SCFA supplement. (A) And then the expression levels of IGF-1 in serum were detected by ELISA. (B) The transcriptional levels of IGF-1 in mLN were measured by RT-PCR. The transcriptional levels of type I interferons genes (C) and retinoic acid related genes (D) in mLN tissue were measured by RT-PCR. Then we established ova-allergic mice model fuled by microbiota dysbiosis with ABX treatment, and SCFAs were used to treat these mice. (E) The ova-specific IgE and IgG1 in serum were detected by ELISA. (F) The proportions of CD4(+)IL4(+), CD4(+)IFN-γ(+) cell were detected by flow cytometry. Graph shows mean and SEM. Data were analyzed by one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not significant.



To explore whether depletion of microbiota could fuel allergic response, an ova-allergic mice model was established. A higher level of ova-specific IgE, IgG1, was detected by ELISA in antibiotics-treated allergic mice compared with control allergic mice (Figure 6E). The antibiotic method also induced an increased number of CD4(+)IL4(+) T cells and a decreased number of CD4(+)IFN-γ(+) T cells in mLN compared with control allergic mice (Figures 6E, F). And SCFAs supplementation reduced the ova-specific IgE, ova-specific IgG1 serum levels, and the proportion of CD4(+)IL4(+) T cells compared with antibiotic-treated mice (Figures 6E, F). These data indicated that SCFAs could reverse abnormal activation of RA signaling and IFNI response induced by depletion of gut bacteria, and revealed a contribution of RA signaling and type I interferons to intestine allergic response fueled by dysbiotic gut bacteria.




Discussion

RA, the primary metabolite of vitamin A, serves as the immune regulator and maintains gut homeostasis. Evidence showed that RA secreted mainly from intestinal epithelial and dendritic cells developed to mitigate inflammation in several diseases (29, 30). However, studies recently revealed the proinflammatory aspect of RA signaling, which regulates T cell’s response by affecting IL-17 and IFN-γ secretion (31, 32). RARα, a nuclear receptor, served as the most critical transcriptional modulator in RA signaling. Dysregulated T cells response is involved in allergic diseases. This study clarified RARαplayed a crucial role in food allergy by promoting naive CD4(+) T cells to differentiate into Th2 cells. The gut microbiota has recently proved to be involved in the pathogenesis of several diseases, including allergic diseases, tumors, and even neurological disorders (33, 34). Ablation of gut microbiota early in life could lead to food allergy development by influencing the immune system development (33). In this study, we demonstrated a direct role of gut bacteria in regulation of RA signaling. After ABX treatment to mice, we found an increasing level of RA-related genes and type I interferons (Figures 6C, D). We hypothesis that RA signaling and type I interferons are involved in the pathogenesis of food allergy. In an ova-allergic mice model, cd11ccreRARAfl/fl mice presented a decreased number of CD4(+)IL4(+) T cells in mLN and reduction of ova-specific IgE, IgG1 level in serum compared with RARAfl/fl control mice (Figures 1F–H).

Evidence indicates reducing serum IGF-1 level after ablation of gut microbes (35), resulting in an abnormality of bone formation directly (20). In WT mice, we observed a significant reduction of serum IGF-1 level and IGF-1 expression in mLN after ABX treatment (Figures 2A, B). These results indicated IGF-1 might be involved in the regulatory pathway in intestinal diseases associate with microbiota deficiency. In vitro experiment revealed that IGF-1 negatively regulates RA signaling (Figures 3A, B) and type I interferons expression (Figures 4A–E) activated by tamibarotene RARα specific agonist.

RARα transactivation is activated by RA directly and is also regulated by Phosphorylation, and RARα phosphorylation is proved to contribute to inhibit RA signaling in lung cancers (36). Protein kinase A (PKA), PKC, p38 are considered to phosphorylate retinoic acid receptors (37–39). Another serine/threonine kinase, Akt, is a downstream target of the PI3K pathway and inhibits RARα’s transactivation by phosphorylating the Ser96 site of RARα (21). We showed that tamibarotene increased the transcriptional level of RARE element in BMDCs from the RARE report mice (Figures 3A, B) and decreased the phosphorylation level of RARα at the Ser77 site (Figures 3C, D). These results indicated that the phosphorylation of RARα could restrict RA signaling activated by tamibarotene. And it is plausible that Akt, which increases the Phosphorylation of RARα, is involved in the inhibition of RA signaling by IGF-1. Taken together, IGF-1 may inhibit RA signaling by enhancing the process of RARα Phosphorylation by Akt.

IFN-α and IFN-β, the prominent members of Type I interferons, are crucial for the maturation or differentiation of innate immune cells, especially dendritic cells (40). BMDCs from Ifnar1/2-/- mice showed a decreased expression of co-stimulatory factors and a suppressed state of activation compared to wild-type mice (12, 41).

In BMDCs from RARAΔDC mice, the expression level of IFN-α, IFN-β, and several interferon-stimulated genes was significantly decreased compared with control mice (Figures 4A–E). According to these results, we came up with the hypotheses that IGF-1 may regulate type I interferon expression by regulating the RARα pathway. By performing the CHIP experiment in BMDCs from WT mice, we clarified that RARα is bound to the promoter of IFN-α (Figure 4F) but not IFN-β. Although the previous study showed RARα targeted stat1 promoter, we did not detect the bond of stat1 and RARα by the CHIP experiment (data not shown). However, we found a decreased stat1 protein level in BMDCs from RARAΔDC mice compared with those from RARAfl/fl control mice (Figure 4H). And RARα agonist enhanced the expression of stat1 protein in a dose-dependent experiment (Figure 4G). Hence, we concluded that the expression of type I interferons in BMDCs is affected by the transcriptional level of IFN-α targeted by the transcription factor, RARα.

Consist of animal experiments, RARα-deficient BMDCs significantly inhibit naive CD4 T cells differentiate to CD4(+)IL4(+) T cells (Figures 5A, B). And tamibarotene, the RARα specific agonist, enhanced the initiation of Th2 differentiation (Figures 5E, F). Interestingly, we found that IGF-1 could mitigate the activation of Th2 differentiation induced by the RARα agonist (Figures 5E, F). And we suggested that IGF-1’s inhibition of RARα transcriptional activity and Type I interferon expression might be involved in the inhibition of Th2 cells differentiation of naive T cells in vitro. In IFNAR-deficient mice, type 2 immunity was reduced in the absence of IFNI signaling in silica-exposed M. tuberculosis-infected mice (42). Exposure with IFNa increases the sensitivity of T cells to IL-4 and enhances the induction of STAT6 activation (43).

As one of the most studied bacterial metabolites, SCFAs play a core role in mucosal integrity and implicate immune response regulation. In food-allergic children, a decreased level of fecal SCFAs, particularly butyrate, has been described compared to healthy children (44). Acetate, propionate and butyrate are main SCFA, which are substrates for gut bacterial fermentation. In this study, we made a mixture of SCFAs, including acetate, propionate and butyrate. We observed the protective effect in allergic mice after SCFAs supplement. However the specific SCFA for regulation of allergic response should be further studied.

In vivo experiment, we demonstrated that SCFAs attenuated ova-allergic responses enhanced by ABX treatment (Figures 6E–G). In ABX mice, we observed that the supplement of SCFAs restored decreased IGF-1 expression level in mLN caused by antibiotics treatment (Figure 6B). Antibiotics treatment strongly activated RA-related gene expression and type I interferons expression in mLN and suppressed by SCFAs supplement (Figures 6C, D). These results provoke the hypothesis that limiting the RA signaling and type I interferons via SCFAs could be a mechanism by which gut commensals inhibit allergic response.

In conclusion, we show that gut commensals plays a protective role in the regulation of allergic response in an mice model. Our current work establish a clear link between RA signaling activation in state of dysbiotic community and its effect on type I interferons. However, exact signaling mechanism that SCFAs affect IGF-1 production remains unclear. And the specific microbiota and its mechanism which play a role in state of dysbiotic gut homeostasis fueling allergy should be further determined. Current work identified RARα was involved in regulation of allergic response by driving Th2 cells differentiation of naive CD4 T cells. As IGF-1 inhibits Th2 differentiation of naive T cells by interfering with type I interferons expression in dendritic cells through Akt/RARα pathway, microbiota metabolites SCFAs might attenuate allergic response by maintaining IGF-1 expression. This study reveals that control of RA signaling might be a potential strategy for intervention in allergic diseases in which dysbiotic gut commensals was observed.



Materials and Methods


Mice

RARE-lacZ transgenic mice, OT-II transgenic mice, were all on a C57BL/6 background and obtained from Jackson Laboratories. CD11ccre, RARαfl/flmice, and C57BL/6 mice were purchased from GemPharmatech. All mice were bred and maintained at the southwest medical university under specific pathogen-free conditions. Experiments were approved from the affiliated hospital of the southwest medical university animal ethics committee and consistent with the NIH guidelines.



Antibiotics and SCFA Treatment

For antibiotics treatment experiments, mice were bred with antibiotics mixed in pathogens-free water for 2 months. The antibiotics cocktail contained vancomycin (500mg/l), metronidazole (40mg/l), Kanamycin (80mg/l), Gentamycin (7mg/l), and Colistin (9mg/l). For SCFA supplementation experiments, mice were firstly fed with ABX water for two weeks, and then SCFAs (67.5 mM acetate, 40mM butyrate, 25.9mM propionate) were added to ABX water for 1.5 months.



Food Allergy Mice Model

Mice were intragastrical sensitized with 2mg of ova and 15ug of CT as adjuvant once a week for five weeks. Control mice were treated with PBS only. On day 35, mice were intragastrical challenged with 20mg of mice alone. On day 36, mice were sacrificed for sample collection.



Cell Culture

For BMDC generation, bone marrow cells obtained from femurs and tibia of adult mice were cultured at 37°C and 5% CO2 in RPMI 1640 (Hyclone) containing 10% FBS, 10mM HEPES, 2mM L-glutamine, 50mM 2-mercaptoethanol (Sigma), 50 U/ml penicillin, and 50ug/ml streptomycin. The culture medium was added with cytokines IL4 and GMSCF (PeproTech) on day 2. Day 5 BMDCs were harvest on day seven and exposed to 4mM tamibarotene, 500ng/ml IGF-1, 5ug/ml OVA, respectively, for experiments. For BMDC-T cell co-culture, naive T cells were isolated by CD4(+) negative separation Kit (Stemcells) from OT-II mice and co-cultured with BMDCs at a ratio of 1:2 in the presence of ova for three days. Cells were prepared for flow cytometry analysis.



Flow Cytometry Analysis

Single-cell suspensions were incubated in ice-cold flow cytometry buffer and stained with fluorochrome-conjugated antibodies purchased from eBioscience: cd11c, b220, cd4, Biolegend. For analysis of secreting cytokines, cells were incubated in the presence of PMA, and Ionomycin for 4h, and 10ug/ml brefeldin A for 2h. BMDCs generated from RARE-lacZ transgenic mice were stimulated with tamibarotene, IGF-1 for 3h and resuspended with DDAOG for 0.5h at 4℃. RA activity was identified by Flow cytometry, measuring the signal of DDAOG to DDAO conversion.



CHIP

All experimental procedures were instructed by the manufacturer instruction of the CHIP kit (ThermoFisher Scientific). After sonication, cells were broken and immunoprecipitated by anti-RARα (Diagenode). Samples were treated with proteinase K, heated to de-cross linking, and purified with columns. Rabbit IgG was used as a negative control. Immunoprecipitated chromatin was subjected to quantitative PCR analysis with primers targeting the promoters of IFN-α, IFN-β. The two pairs of primers were designed as follows:

	IFN-α (sense 1:5’GAAGTTCACCCCAATGATCTG 3’, sense 2:5’GGGCTATAGATGTGCTGAACTG 3’),

	IFN-β (sense 1: 5’ TGACTAAGGGCAAAGTGAGATT 3’, sense 2: 5’ TTCACATTCCTTTATTTGGTCAT 3’)





qPCR

Mesenteric lymph nodes tissues were ground into single cells. Total RNA was extracted using the Total RNA Isolation Kit (Vazymy). And cDNA was synthesized with a cDNA Synthesis Kit (Vazymy). Real-time PCR was performed on LightCycler480 (Roche) using SYBR Green Master Mix (Vazymy). Gene expression was normalized toβ-actin and calculated using the ΔΔCt method.



Protein Analysis

ELISA detected concentrations of IGF-1 in serum according to the manufacturer’s instruction (Boster). Immunoblot analysis was performed with an antibody to RARα, and RARα phosphorylated at Ser77, antibody to Akt and Akt phosphorylated at Ser473, antibody to stat1, antibody to β-actin (all from Abcam).



Statistical Analysis

All statistical analyses were performed in Graphpad Prism software (version 8), and data were analyzed by unpaired Student’s t-test and one-way ANOVA whenever necessary. P <0.05 was considered significant. All data represent means ± SEM.
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The gut is a tubular organ responsible for nutrient absorption and harbors our intestinal microbiome. This organ is composed of a multitude of specialized cell types arranged in complex barrier-forming crypts and villi covered by a mucosal layer controlling nutrient passage and protecting from invading pathogens. The development and self-renewal of the intestinal epithelium are guided by niche signals controlling the differentiation of specific cell types along the crypt-villus axis in the epithelium. The emergence of microphysiological systems, or organ-on-chips, has paved the way to study the intestinal epithelium within a dynamic and controlled environment. In this review, we describe the use of organ-on-chip technology to control and guide these differentiation processes in vitro. We further discuss current applications and forthcoming strategies to investigate the mechanical processes of intestinal stem cell differentiation, tissue formation, and the interaction of the intestine with the microbiota in the context of gastrointestinal diseases.
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Introduction

The gastrointestinal tract is a central organ system that enables the ingestion, digestion, absorption, and the utilization of processed nutrients to fuel the overall body. Within this system, several organs are responsible for digestion and the uptake of nutrients, including the stomach, the small intestine, and the large intestine. The gut forms a tubular structure whose central lumen is enclosed by a protective mucosa composed of a monostratified epithelium forming invaginations (or crypts) and finger-like protrusions (or villi). The epithelium allows nutrient uptake and acts as the first line of protection against invading pathogens (1). A crypt-villus structure is seen in the small intestine, while only crypts are present within the colon. Both the initial development and continuous self-renewal of the intestinal epithelium are guided by niche signals in addition to cell-autonomous processes that initiate the outgrowth and differentiation of intestinal stem cells (ISCs), driving proliferation and differentiation along the crypt-to-villus axis in the small intestine. Transit-amplifying cells derived from ISC further separate into lineages showing absorptive or secretory characteristics that terminally differentiate into specific cell types within the epithelium (2). Enterocytes are the predominant cell type in the epithelium and involved in the absorption and transport of small molecules from the intestinal lumen into the bloodstream. Enterochromaffin cells, a enteroendocrine cell type, are specialized cells of the epithelial tissue that secrete hormones and modulate neural activity by releasing neurotransmitters (3). Microfold cells (M cells) are responsible for the transport of luminal antigens to the lymphoid follicles, thereby initiating an adapted immune response to the microbiota (4). The composition of the microbiota at the epithelium can be modulated by Paneth cells through secretion of antimicrobial peptides. In addition, this cell type contributes to the maintenance of the ISC niche (5). Tuft cells and cup cells belong to the rarer cell types of the intestinal epithelium. For Tuft cells, a contribution to neural signaling has been proposed (6) whereas the function of cup cells still awaits clarification. This complex epithelium composed of several cell types is surrounded by smooth muscle cell layers, the enteric nervous system, and connective tissue that contains arteries and lymphatics and is abundant in fibroblasts and mast cells (7).

The last few decades in biomedical research have led to a number of robust experimental strategies and techniques to study intestinal physiology. Yet, in vitro studies aiming to model the gut mucosa have mostly been limited to static monocultures and co-cultures. In contrast to these older models, recent developments that use microphysiological systems allow scientists to probe both the intestinal epithelium and its environment in a dynamic and physiologically relevant manner (8). In this review, we will emphasize the transitions from immortalized cell lines to stem cells and describe their use in combination with gut-on-chip models. These “on-chip” models are defined as three-dimensional (3D) cell cultures arranged as multiple cell layers actively perfused by microfluidics for medium exchange to enable an improved tissue formation with increased lifespan. We will highlight selected applications of these gut-on-chip models to understand gastrointestinal diseases and forthcoming strategies to investigate human gut physiology.



Cell Sources for Gut-on-Chip Models

The recapitulation of whole embryonic development can be challenging due to a lack of knowledge of all the required biochemical cues driving the differentiation and morphogenic processes. One of the most novel in vitro approaches in intestinal mucosa modeling is the use of microfluidically perfused organ-on-chip seeded with cell lines, primary cells, or stem cells (9–14). A clear benefit of these models is that they allow for better control of the microenvironment. One example includes the addition of flow on Caco-2 cells to differentiate them and express the typical cell markers of essential cell types of the small intestine (Goblet- and Paneth-, enterochromaffin-, and enterocytes) (15). Further, flow conditions stimulated an increased expression of mucin-2 with the development of a thickened mucus layer covering the epithelial tissue, indicating the functional relevance of flow conditions for improved goblet-like cell functionality (9, 16). Perfused organ-on-chip further facilitates physiological cellular crosstalk by aiding in the outgrowth of organotypic microstructures such as villi and crypts (9, 12). In addition, an epithelial cell layer has been combined in a number of studies with endothelial cells and immune cells using various tissue engineering approaches (9, 12, 17). These studies highlight the potential of organ-on-chip as a tool to manipulate the microenvironment by facilitating the long-term growth and co-differentiation of different cell types to replicate some typical microanatomical features of the human intestine.



Control and Guidance of Intestinal Cell Development on-Chip

Immortalized cell lines have been used extensively to study the intestine. For example, the colorectal adenocarcinoma cell line Caco-2 had been originally used to study the intestinal epithelial barrier as these cells differentiate spontaneously into a monolayer of enterocytes when reaching confluence (18). However, given the cancerous background of the Caco-2 cell line data generated with these models, the data should be interpreted with caution as this cell line has several limitations in its differentiation potential to individual intestinal cell types compared to adult stem cells or induced pluripotent stem cells (19). Further, immortalized cell lines such as Caco-2 cannot reflect a patient-specific genetic background to enable a personalized approach to study individual mechanisms of disease-related conditions.

To overcome these limitations, the use of human pluripotent stem cells (hiPSCs) or adult stem cells has been explored as a promising alternative to established cell lines. Human adult ISCs maintain an organ-specific imprint and epithelial maturity and possess a patient-specific background, thus enabling personalized studies (9, 14). Biopsy-derived cells and intestinal organoid models have emerged as powerful tools to mimic tissue complexity and high cellular diversity in vitro (20, 21). ISCs are a valuable cell source to grow organoids with organotypic self-patterning, thereby recreating essential microanatomical features of the gut (22). However, the availability of primary tissue for the isolation of ISCs is limited. Hence, hiPSCs are an exciting alternative as they can generate intestinal cells through directed differentiation (23). The use of hiPSCs allows for the generation of multiple differentiated cell types from a patient-specific background with an unlimited supply of human stem cells stored in biobanks (24). Furthermore, hiPSCs from patients with a genetic background of interest can be obtained by reprogramming from a multitude of easily accessible primary cell sources, including urine, blood, and skin (25). Nevertheless, a significant drawback in using pluripotent stem cells can be found in difficulty producing tissues that reach full maturity.

ISC-derived organoids have been used to experimentally address and dissect the individual spatiotemporal effects of different biochemical gradients on the growth and differentiation of ISCs. However, given the spherical nature of organoids, the stable recreation of physiological conditions over a more extended period of culture has remained challenging (26). Microfluidically perfused organ-on-chip platforms mimic in vivo-like biochemical cues to guide stem cell differentiation with typical microanatomical features such as villi and crypts (Figure 1).




Figure 1 | Defined gradients of biochemical and biophysical cues span along the crypt-villus axis in the small intestine, thereby determining cellular stemness and differentiation toward the tips of the villi. Triangles indicate the gradient direction of growth factors and ECM protein. Illustration adapted from (26).



It has been long known that many aspects of cell fate are dependent on the geometry and mechanics of their microenvironment, including the induction of apoptosis (27), cellular differentiation (28, 29), and proliferation rate (30). The presence of a flow-through media stream has been demonstrated to be a requirement for forming 3D intestinal structures in cell lines and primary cell-based intestinal models by modulating the biochemical availability of growth factors. The flow-dependent basolateral removal of the Wnt antagonist Dickkopf-1 and the elevated expression of the Frizzled-9 receptor was required in the formation of epithelium villi-like protrusions (31). Our existing knowledge on the individual growth factors driving ISC differentiation provides an excellent basis to engineer more realistic organ models with better accessibility. In this review, we are focusing on the use of the following two principal types of stem cells to differentiate and form intestinal tissue: adult stem cells and induced pluripotent stem cells. Both cell sources possess unique advantages and disadvantages in recapitulating the intestinal tissue (Table 1).


Table 1 | Pros and cons of the use of adult stem cells and induced pluripotent stem cells for the generation of intestinal tissue models.



A striking example of the potential of defined growth factor gradients to guide stem cell growth to intestinal tissues has been given by Wang et al. in the Transwell system (34, 35). Arrays of artificial collagen-based crypts and villi structures were created by microfabrication and molding to mimic the topography of the intestine and the colon (34, 35). The scaffold has been used to generate gradients of Wnt-3A, R-spondin, noggin, and gamma-secretase inhibitor. These gradients enabled the establishment and maintenance of a crypt-villus axis composed of adult human ISCs that formed an epithelium containing proliferating progenitor cell compartments. Kasendra et al. recently presented a more complex model of the human duodenum that combines the advantages of organoids and organ-on-chip technologies (9, 36). In this model, the tissue forms a polarized cell architecture under flow conditions and shows improved intestinal barrier function and differentiation of specialized cell subpopulations. This duodenum-on-chip system could exert mechanical stimulation to organoid-derived epithelial cells, resulting in improved tissue architecture. The tissue perfusion significantly improved cell-cell junctions and microvilli density, further improving intestinal barrier function. Remarkably, it was demonstrated that organoid-derived cells in the duodenum chip have an increased similarity in their global gene expression profile to human adult duodenal tissue compared to conventional static organoid culture. Further, in the duodenum-on-chip system, organoid-derived cells show an improved metabolic capacity compared to Caco-2 cells due to an increased induction capability and expression of CYP3A4 (36). The ability to integrate and analyze patient-specific stem cells from different donors within the chip represents a decisive advantage over the use of immortalized cell lines such as Caco-2 or HT-29. Stem cells allow for the reflection of the host’s genetic background and possess the ability to self-organize into an in vivo-like tissue structure with improved functionality. Both aspects are significant assets for studies on drug uptake and drug-drug interaction and its metabolization to predict drug efficacy and safety. Recently, Nikolaev et al. used synthetic hydrogels to guide the growth of adult human ISCs with intrinsic self-organization properties to tubular structures forming crypt- and villus-like domains (37). Furthermore, conventional organoids and 2D cell layers derived from intestinal organoids possess a high regenerative potential when cultured on hydrogels, as demonstrated after stimulation with cytotoxic dextran sodium sulfate (DSS) to model colitis. The perfusion of the system was used to provide a continuous supply of nutrition and the removal of waste products and dead cells, allowing the formation of a tenfold higher cell mass and the emergence of rare cell types such as M cells (37).

Similar approaches have also been demonstrated using hiPSCs. Workman et al. used epithelial cells isolated from hiPSC-derived human intestinal organoids and seeded them in a microfluidic perfused gut-on-chip. In the 3D tissue model, the spontaneous differentiation into epithelial-specific types, such as Paneth cells, goblet cells, enterocytes, enteroendocrine cells, transit-amplifying cells, and Lgr5+ cells similar to in vivo cell populations was observed under flow conditions (38). The immune responsiveness of the intestinal tissue after INFγ stimulation was validated by the measurement of STAT1 phosphorylation after one hour and the upregulation of INFγ−related genes three days after stimulation. Further, combined treatment with INFγ and TNF resulted in increased permeability of the epithelial cell layer. In another study, the same chip platform was used to culture stem cell-derived epithelial cells isolated from human colon organoids (14). Likewise, the OrganoPlate system, a plate-based cell culture system that allows pumpless media movement via a rocking platform, was used for cultivating hiPSC on a gel matrix to form a monolayered epithelial tube (39). The cells expressed the Paneth cell marker Lysozyme, the enterocyte cell marker Villin-1, and the neuroendocrine cell marker Chromogranin A. However, the expression of these cell marker proteins was diffuse and distributed over the entire tissue. Another shortcoming of the model is the absence of organized 3D epithelial structures.

These gut-on-chip systems strikingly demonstrate the vast potential of organ-on-chip platforms to precisely control environmental growth conditions, to guide the differentiation of stem cells, and to form improved intrinsically self-organized tissue with superior properties compared to traditional organoid cultures. Hence, the applications of ISCs include the possibility to investigate intestinal developmental biology and barrier function but also studies related to bacterial colonization, drug discovery, regenerative medicine, and responses to infections in a personalized approach (40–43). The generation and integration of hiPSC-derived immune cells such as T cells, NK cells, and macrophages by use of differentiation protocols that became recently available will aid in the development of isogenic immune-competent intestinal models derived from a single hiPSC line to avoid potential allogenic reactions (44–46).



Gut-on-Chip Models to Study Microbiome-Host Interaction

As a result of coevolution, niches of the human body are inhabited by a variety of commensal, mutualistic, and pathogenic microorganisms, including archaea, bacteria, fungi, phages, protists, and viruses (47–53). The gut provides a variety of niches serving as habitats for different ecological communities. On a macroscopic scale, physiological gradients determine the growth niche of microorganisms along the gut from the small intestine toward the rectum with an increase in the pH and the abundance of bile acids, whereas the availability of oxygen decreases. A change in the environmental conditions thereby determines microbial colonization with 104 CFU/ml bacteria in the small intestine up to 108 CFU/ml microorganisms in the terminal ileum, where elongated passage times and associated enrichment in nutrients provide ideal bacterial growth conditions (54, 55). With that, the number of facultative anaerobic and obligate anaerobic species increases from the small intestine to the colon (56, 57).

Toll-like receptors (TLR) belong to a class of pattern recognition receptors evolutionary highly conserved and centrally involved in mediating host-microbe interactions in epithelial cells (58). Recent studies provide evidence of a defined spatial organization of TLR expression along the gut axis, which seems to be determined already before birth in tissue-resident stem cells and is only partially dependent on the interaction with the commensal gut microbiota (59, 60). TLR dependent pathways have been shown to mediate not only antimicrobial functionality but also directly contribute to the regulation of epithelial cell differentiation, which is of particular importance for the intestine (61). LPS activation of TLR-4 enhances cell differentiation of goblet cell lineages in colonic organoids but inhibits Lgr5+ proliferation with induction of apoptosis in stem cells. Similar observations have been made in intestinal organoids (62). MyD88 is an essential adapter protein to TLR-4 and critically involved in mediating LPS dependent maintenance of mucus production. Consequently, MyD88-/- mice have impaired mucus production with increased bacterial adherence to epithelial cells and loss of barrier function (63). TLR activation has also been demonstrated to contribute to the polarization of IECs depending on the side of stimulation (64). A strict unique spatial distribution pattern of TLRs between the apical or basolateral side of IECs along the gut axis contributes to an adapted interaction with the microbiota as a requirement for the maintenance of barrier functionality (65, 66). The proof of a physiological TLR distribution pattern in IECs cultured in gut-on-chip models remains an open task, but likely represents an important requirement to faithfully recapitulate host-microbiota interaction in vitro. IECs derived from different gut sections cultured in gut-on-chip and precisely stimulated with TLR agonists in a precise spatiotemporal manner by microfluidic perfusion would offer an interesting approach for achieving a physiologically relevant TLR expression pattern in vitro. Recent work already demonstrated the feasibility of a similar approach to achieve intestinal tissue polarization in an immunocompetent gut-on-chip model. Monocyte derived macrophages and dendritic cells here instructed immune tolerance and the maintenance of barrier function depending on the site of LPS stimulation (12).

The reliable monitoring of the microenvironment and its change upon tissue formation or bacterial colonization is key to control and understand the stem cell development and differentiation as well as the interaction of the intestinal tissue with the microbiota. Luminescent-based sensors integrated into organ-on-chip systems have been used to quantify medium dissolved oxygen levels (67, 68), cellular glucose consumption (69), and the changes of the pH by the release of lactate by metabolic active tissues or microorganisms (70–72). To enable the growth of anaerobic bacteria in gut-on-chip, several platforms have been tailored to allow the stable formation of neighboring cell layers perfused with normoxic and hypoxic media streams. The characterization and quantification of microbiota-associated changes in the metabolic profile require reliable and continuous measurement of key metabolites and mediators of microbial colonization. Electrochemical enzyme-based biosensors and microbead-based microfluidic assays expand the ability of organ-on-chip systems to perform detailed monitoring of metabolic parameters, including the formation of glutamine and glutamate (73, 74), the release of reactive oxygen species (75), and the secretion of various cytokines (76, 77). The determination of transepithelial electrical resistance (TEER) is another widely used method to assess barrier function and has been adapted in recent years for organ-on-chip platforms. In particular, the combination of impedance spectroscopy and electrical stimulation has been used to quantify cell layer capacitance as a measure of villi differentiation in gut-on-chip models, which could be applied across different gut-on-chip platforms (78).

Gut-on-chip models have been used in recent years to better understand the complex interactions between the microbiota and their host. These systems allow balancing between robust and predictable approaches and the recreation of physiological-relevant culture conditions (Figure 2). The incremental nature of these models makes it relatively simple for them to be designed as “simple as possible and complex as required,” and they, therefore, offer additional flexibility in identifying contributing factors of host-microbiota interaction. The controlled escalation of biological complexity on the host side as well as in the composition of microbiota-derived factors and live microorganism communities will enable the elaboration and the proof of a complex interaction mechanism in a well-controlled and standardized environment provided by organ-on-chip platforms (Figure 3).




Figure 2 | Overview of selected gut-on-chip models to study host-microbiota interaction in vitro. (A) The HuMiX gut-on-chip model allows the co-culture of anaerobic bacteria with an epithelial cell layer (68) (Creative Commons CC BY license). (B) Immunocompetent, multilayered gut-on-chip model comprising endothelial cells, epithelial cells, macrophages, and dendritic cells (12) (Copyright © 2019 Elsevier Ltd. All rights reserved). (C) Gut-on-chip model with oxygen tension gradient for the culture of a complex microbiome up to three days (11) (Copyright © 2019, The Author(s), under exclusive license to Springer Nature Limited). (D) Mini-intestine formed by organoid-derived epithelial cells, guided in growth by a perfused 3D hydrogel scaffold (37) (Copyright © 2020, The Author(s), under exclusive license to Springer Nature Limited).






Figure 3 | Concept for studying host-microbiome interaction in gut-on-chip. The models enable the balancing of the cellular complexity of host tissue and provide the technical basis to facilitate the outgrowth of host cells to self-organized organoid structures with high cellular diversity. The systems allow the scaling of the biological complexity of the host and the microbiota to study the interaction of the host tissue with the microbiota from microbial metabolites to single microbial strains and diverse microbial communities.



Examples of a successful application of this approach have already been provided. Sontheimer-Phelps et al. recently reported a system lined with primary patient-derived colonic epithelial cells (14). A mucus bilayer is built up in the chip by perfused epithelial cells and provides a suitable substrate for colonization with living microbiota to study host-microbiome interactions in the colon in more detail. Similarly, Shin et al. generated an anoxic-oxic interface on a chip inhabited with CaCo 2-cells and implemented Bifidobacterium adolescentis (79). The system is able to co-cultivate bacteria for up to one week without the impairment of epithelial performance. This represents an interesting platform to assess mechanistic questions regarding Bifidobacteria-host interactions in the neonate period in more detail. Similarly, Zhang et al. reported the co-culture of the obligate anaerobic bacterium Faecalibacterium prausnitzii with colon organoid-derived epithelial cells in their physiomimetic platform for up to four days. In the study, the authors were able to uncover the mechanisms of an anti-inflammatory host response related to butyrate release with the downregulation of the gene expression of histone deacetylase complexes, Toll-like receptors, and nuclear factor kB (NF-kB) (80). Different approaches have also been used to reconstitute the microbiome and its function in vitro in a more complex and detailed manner. A top-down approach consists of using the full microbiome derived from human stool samples, which would, in principle mimic the in vivo situation ideally. However, it remains challenging to characterize its full composition in a short period of time before transfer into an in vitro model, even under hypoxic conditions. Jalili-Firoozinezhad and co-workers managed to implement complex microbiomes in their in vivo-like system but pointed out that overgrowth and species shift due to artificial culture conditions might be problematic. Thus, a sophisticated pre-culture step (i.e., in large SHIME bioreactors) is still required to expand a defined microbiota prior to colonization experiments (11). However, these studies illustrate nicely the potential of advanced in vitro models to dissect the individual microbiota in humans.

Although conventional organoid cultures already provide invaluable insight into detailed ISC dynamics, their application for long-term studies or the dissection of host-microbiota interaction has some limitations. The long-term exposure of microbial metabolites or co-culturing living microorganisms in an enclosed lumen of organoids under static conditions favors the rapid overgrowth of bacteria, eventually resulting in the rupture and cell death of the organoids (32, 81). The microfluidic perfusion of gut-on-chip offers the ability of the long-term exposure of the tissue to microbiota-associated metabolites under well-defined conditions. Perfusion media can be supplemented with defined single molecules of microbial metabolites up to filtrates of stool samples, single strain microorganisms, or defined microbial communities. To better recapitulate the in vivo situation, gut-on-chip platforms could be leveraged to mimic the conditions of different sides of the gut by use of adult stem cells derived from specific sections (i.e., intestine, colon, etc.) to generate side-specific tissue (Table 2). Colonization with oxygen-scavenging bacteria in combination with the continuous sensing and regulation of oxygen levels would allow the maintenance of physiological-relevant oxygenation levels and a co-culture with defined anaerobic and facultative-anaerobic bacteria under homeostatic conditions.


Table 2 | Key references of selected gut-on-chip systems with important characteristics to recapitulate the gut environment.





Modeling Human Intestinal Disease on-Chip


Inflammatory Diseases

Gut-on-chip models offer a new avenue through which to study the pathophysiological mechanisms of gastrointestinal diseases. For example, patients suffering from Celiac disease (CeD), an autoimmune disease that affects about 1% of the human population, develop a strong inflammatory response causing severe damage to the small intestine upon the uptake of a gluten-containing diet (82). Still, the mechanistic details of the disease await further investigation before effective drugs can be developed. Moerkens et al. recently proposed an immunocompetent organ-on-chip model using both hiPSC and primary epithelial cells to mimic the genetic background and environmental factors more reliably. Using this system, it is now possible to determine the disease onset in CeD patients (83). Similarly, gut-on-chip models have been used to study the disease mechanism of inflammatory bowel disease (IBD), which includes Crohn’s disease (CD) and ulcerative colitis (UC), characterized by chronically relapsing intestinal inflammation and representing a worldwide healthcare problem with continually increasing incidence (84). A 3D gut model based on primary patient-derived colonic epithelial cells forming a mucus layer was used to recapitulate prostaglandin E2-dependent mucus volume expansion via the activation of the Na-K-Cl cotransporter 1 ion channel (14). In a similar study, the pathophysiology of DSS-induced inflammation was also recapitulated in the presence of E. coli (16). DSS cessation quickly induced the recovery of barrier integrity, villus formation, and mucus production, indicating that this model might also be suitable to study processes of mucosal regeneration in IBD. The effects of microbial colonization were also investigated with a mixture of commensal Streptococcus thermophilus, Bifidobacteria, and Lactobacilli (VSL#3) as well as pathogenic enteroinvasive E. coli (EIEC). In this study, the authors were able to replicate inflammation-associated tissue damage and the invasion of EIEC. Furthermore, they proved the growth-limiting effect of VSL#3 on EIEC colonization in vitro (85). Recently, our group has been able to further replicate the protective characteristics of Lactobacillus rhamnosus against the tissue infiltration of the opportunistic yeast Candida albicans in an immunocompetent gut-on-chip model. In addition to peripheral immune cells, this model also contained functional mucosal macrophages and dendritic cells integrated into the epithelial tissue layer (12). In contrast to conventional organoid cultures, chip-based ISC cultures enable long-term studies and perfusion with peripheral immune cells with superior accessibility and the continuous monitoring of key environmental factors to maintain and manipulate disease-related growth conditions. In combination with a homeostatic bacterial co-culture, these systems might serve in future studies as patient-specific tools to develop new therapeutics or probiotics that modulate the mucus barrier.



Infectious Diseases

Gut-on-chip has further been used to study infectious diseases, including Clostridioides difficile infection (CDI), Enterohemorrhagic E. coli (EHEC), and viral infections. Infection with Clostridioides difficile (formerly Clostridium difficile) is the most common cause of hospital-acquired gastrointestinal infections (86, 87). While several animal models have been used to study CDI in vivo, the manipulation of infection processes and the direct assessment of host-bacterial interaction is challenging (88–90). Advanced gut-on-chip models have been described to investigate CDI. This model allows for the co-culture of primary epithelial and endothelial cells, with the addition of a complex microbiome under anaerobic culture conditions for several days (11). This is a promising translational tool to study the CDI infection process and associated damage in humans. As with CDI, infections with EHEC are frequent, with up 100,000 cases per year in the U.S. and are associated with several symptoms such as severe bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome (HUS). Interestingly, the microbiota seems to be a critical determinant of susceptibility to EHEC infection. Studies in mice revealed that not only is a 100,000-fold higher dose of the bacterium required (107 microbes) but that the whole murine microbiome also needs to be depleted to induce symptoms. This pathology is quite different in humans, where as little as 102 microbes are sufficient to cause severe symptoms (91–93). Tovaglieri et al. were able to recapitulate this phenomenon in vitro in a gut-on-chip model by co-culturing EHEC in the context of a murine or a human microbiome. The species-specific tissue damage induced by the human microbiome could be verified. This model was also used to identify several metabolites related to or even causative of the high susceptibility of humans to EHEC (13). Finally, human enteroviruses are responsible for an estimated 10–15 million infections and at least 30,000–50,000 hospitalizations per year (94). Viruses can replicate in the epithelial cells of the gastrointestinal tract and subsequently disseminate to secondary sites of infection, such as the respiratory tract (95). So far, no approved drugs for the treatment of enterovirus infections in humans besides polio exist (95). Villenave et al. used coxsackievirus B1 (CVB1) as a prototype enterovirus strain and established a human infection model based on a human gut-on-a-chip microfluidic device to study replication and infectious virus production in vitro (94). With this model, they were able to follow the infection of epithelial cells, the release of inflammatory cytokines, and the secretion of infectious virions. The model also permitted to reproduce the different susceptibility of epithelial and endothelial cell layers for viral infection by using separate microchannels, thus independently perfusing the vascular and epithelial sides of the polarized gut tissue. Gut-on-chip models have further just recently been used to study infection with human parasites. “Mini-intestines” fully accessible from the luminal side enabled colonization with Cryptosporidium parvum, an obligate parasite causing life-threatening diarrhea in immunocompromised adult hosts and in infants. The tissue model supported the full life cycle of the parasite, thereby allowing for the first time long-term studies in a primary cell-derived in vitro culture system (37).

With the emergence of the SARS-CoV2 virus and the COVID-19 pandemic, the need for sophisticated models to study viral infection in human tissue has become even more urgent. Human small intestinal organoids have proven to be valuable tissue models to study virus docking to angiotensin converting enzyme II and its replication within enterocytes. Combining ISC-derived organoids with the advantages of organ-on-chip would offer additional options to manipulate the viral infection route and provide different parameters to faithfully reflect the intestinal microenvironment, prolong the culture of organoids with the improvement of cellular differentiation, and offer a variety of additional monitoring and readout techniques available for gut-on-chip systems (96).



Colorectal Cancer

The effects of short-chain fatty acids (SCFAs) released by probiotic Lactobacillus rhamnosus GG (LGG) bacteria on the growth of colorectal cancer cells was recently investigated in a version of the HuMiX model, a modular, microfluidics-based gut-on-chip model, which allows the co-culture of human and microbial cells and facilitates anaerobic culture conditions (97). Symbiotic treatment with a high-fiber diet was simulated in this model, and the generation of organics and SCFAs was assessed. Strikingly, it was demonstrated that SCFAs and lactate production was altered by a simulated high-fiber diet compared to a reference diet medium containing only simple sugars. The simulated high-fiber diet caused an increased expression of oncogenes and proinflammatory signaling in the absence of LGG bacteria, whereas, in the presence of LGG, both gene clusters were found to be significantly downregulated and associated with a reduced cell proliferation rate of primary colon-rectal cancer cells. This study illustrates the capability of gut-on-chip systems to precisely dissect the individual aspects of the microbiota-host crosstalk at the metabolic level. Hopefully, similar studies will further expand our insight into this complex relationship by identifying individual metabolic targets with potential as tailored pre- and probiotic-based therapeutic options. Uncovering individual beneficial metabolic profiles by applying hiPSC-based organ models and individualized microbiota surrogates in personalized in vitro models would represent a major step forward in the treatment of IBD and IBD sequelae such as colorectal cancer.




Conclusions and Outlook

The intestinal tissue shows considerably variance in its architecture, cellular and molecular composition along the cephalocaudal axis, thereby creating various defined environmental niches populated with a specifically adapted microbiota (54, 60, 98). These niches are defined by differences in biophysical cues such as luminal oxygen levels or changes in pH and formed by adapted epithelial cells. Future gut-on-chip systems should be able to recapitulate this topography and allow the direct monitoring of environmental changes i.e., induced by changes in the microbiota composition and its impact on drug metabolization. It has been demonstrated that chip-based cultivation of organoid-derived cells could accelerate the formation of a self-organized epithelial microarchitecture, allowing the long-term culture with a living microbiota (11, 37, 79). These models have already proven to produce data similar to in vivo contexts in studies ranging from infectious disease modeling to drug metabolism (12, 13, 36, 41, 42, 94). The benefits and wide range of applications of the gut-on-chip models can be attributed to their versatility and their capability to increment parameters of various types, from multiple cell types to medium gradients, flow mechanics, or global topography. Despite these numerous advances in the complexification of microfluidics systems, many requirements still need to be met in order to obtain models with an in vitro microenvironment that closely mimics its in vivo counterpart.

Gut-on-chip technology offers unique options by providing the technical basis for a reliable and guided differentiation of stem cells to human intestinal tissue, combining the strengths of self-patterned stem-cell-based organoids with the ability to precisely regulated biochemical and biophysical cues in a spatiotemporal manner. The manipulation of the microenvironment by tissue engineering and the guided growth of stem cells derived from patients will create a new angle for the dissection of personalized host-microbiota interaction with scalable levels of complexity for the host and the microbiota. Optimizing fully defined and tunable hydrogel matrices as an alternative to the widely used Matrigel will allow the generation of organoids in a more standardized and reproducible way as a reliable cell source for gut-on-chip systems. Promising approaches have already demonstrated the potential of novel synthetic polymer matrices based on alginate (99), thrombin cross-linked fibrin gels (100) or PEG macromers decorated with maleimide groups (101).

The combination of advanced cell substrates and the precise control of differentiation conditions offered by microfluidic perfusion has great potential for improving stem cell differentiation and maturation to faithfully mimic epithelial cell layers (37). With the ability to monitor and perturb the milieu by manipulating isolated biophysical and biochemical cues in real-time these systems provide a deeper mechanistic insight into stem cell differentiation and effects of changes in the microenvironment on tissue formation its interaction with the microbiota. Further, gut-on-chip will help identify the molecular and cellular targets of disease-related mechanisms for individual patients that cannot be resolved in similar detail in animal models. Improvements of the materials used for chip manufacturing will also increase its relevance for drug testing. Polydimethylsiloxane so far widely used for organ-on-chip is known to non-specifically bind small hydrophobic molecules, which potentially causes bias in drug-absorption and metabolization studies (102, 103). Advanced microfabrication processes using i.e., thermoplastic polymers with more inert properties, will foster the acceptance of gut-on-chip models for drug screening (104).

Clearly, organ-on-chip and in particular complex gut-on-chip models have several limitations. In contrast to conventional organoid cultures, their usability in high-throughput testing is limited.

The ORCHID consortium thus elaborated recommendations for the development and use of future organ-on-chip models as part of a European Roadmap (105). End users need to be provided with customizable platforms “fit-for-purpose” and provided with tailored training programs. ISC-based gut-on-chip as well as ISC-derived organoids represent reductionistic models, which do not reflect the full physiology offered by animal models. Currently available systems thus need to be selected based on the scientific context of the study i.e., the pathogen that is studied or its targeted cell type. The use of standardized and open platform technology will benefit in the future by the establishment of independent testing centers for the qualification and characterization of organ-on-chip models (105).

In the case of organ-on-chip modeling of the gastrointestinal tract, a more “complete” model would need to be composed of adjacent channels with human microvascular endothelium, tissue-resident immune cells, commensal or pathogenic bacteria, and the application of cyclic mechanical forces that mimic peristalsis-like deformations. The additional presence of muscle or nervous system cells could also contribute to create such a faithful model. To this date, there is no system available which is capable to recapitulate every aspect of the gut, considering biophysical, biochemical, immunological and microbiota derived cues. However, the combination of stem cell-based organoid culture and organ-on-chip will help pave the way to significantly expand our knowledge in the development and maintenance of intestinal tissue and its role in the onset of related diseases. Several challenges, such as the uniformization of the systems and its standardization, need to be overcome to allow researchers and non-organ-on-chip specialists easy access to this technology and to allow its routine use in biomedical research.



Author Contributions

FS, EL, MK, HK, MM, and AM contributed to the writing of the manuscript. MM and AM conceptualized, supervised, and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was financially supported by the Deutsche Forschungsgemeinschaft through the Cluster of Excellence “Balance of the Microverse” under Germany’s Excellence Strategy - EXC 2051 - Project-ID 690 390713860 and the European Commission through the Marie Skłodowska-Curie Actions (MSCA) Innovative Training Network EUROoC (Grant no. 812954) to AM. This work was also supported by the Agence Nationale de la Recherche ANR-17-CE14-0021 (SyNEDI to MM) and a “New Team” grant (BOGUS to MM) from the Bioregate Regenerative Medicine Cluster, University of Nantes and Région Pays de la Loire.



References

1. Otani, S, and Coopersmith, CM. Gut Integrity in Critical Illness. J Intensive Care (2019) 7:17. doi: 10.1186/s40560-019-0372-6

2. Clevers, H. The Intestinal Crypt, A Prototype Stem Cell Compartment. Cell (2013) 154:274–84. doi: 10.1016/j.cell.2013.07.004

3. Guo, X, Lv, J, and Xi, R. The Specification and Function of Enteroendocrine Cells in Drosophila and Mammals: A Comparative Review. FEBS J (2021). doi: 10.1111/febs.16067

4. Kobayashi, N, Takahashi, D, Takano, S, Kimura, S, and Hase, K. The Roles of Peyer's Patches and Microfold Cells in the Gut Immune System: Relevance to Autoimmune Diseases. Front Immunol (2019) 10:2345. doi: 10.3389/fimmu.2019.02345

5. Cray, P, Sheahan, BJ, and Dekaney, CM. Secretory Sorcery: Paneth Cell Control of Intestinal Repair and Homeostasis. Cell Mol Gastroenterol Hepatol (2021) 12:1239–50. doi: 10.1016/j.jcmgh.2021.06.006

6. Westphalen, CB, Asfaha, S, Hayakawa, Y, Takemoto, Y, Lukin, DJ, Nuber, AH, et al. Long-Lived Intestinal Tuft Cells Serve as Colon Cancer-Initiating Cells. J Clin Invest (2014) 124:1283–95. doi: 10.1172/JCI73434

7. Mowat, AM. Anatomical Basis of Tolerance and Immunity to Intestinal Antigens. Nat Rev Immunol (2003) 3:331–41. doi: 10.1038/nri1057

8. Mosig, AS. Organ-On-Chip Models: New Opportunities for Biomedical Research. Future Sci OA (2017) 3:FSO130. doi: 10.4155/fsoa-2016-0038

9. Kasendra, M, Tovaglieri, A, Sontheimer-Phelps, A, Jalili-Firoozinezhad, S, Bein, A, Chalkiadaki, A, et al. Development of a Primary Human Small Intestine-On-a-Chip Using Biopsy-Derived Organoids. Sci Rep (2018) 8:2871. doi: 10.1038/s41598-018-21201-7

10. Tan, HY, Trier, S, Rahbek, UL, Dufva, M, Kutter, JP, and Andresen, TL. A Multi-Chamber Microfluidic Intestinal Barrier Model Using Caco-2 Cells for Drug Transport Studies. PloS One (2018) 13:e0197101. doi: 10.1371/journal.pone.0197101

11. Jalili-Firoozinezhad, S, Gazzaniga, FS, Calamari, EL, Camacho, DM, Fadel, CW, Bein, A, et al. A Complex Human Gut Microbiome Cultured in an Anaerobic Intestine-on-a-Chip. Nat BioMed Eng (2019) 3:520–31. doi: 10.1038/s41551-019-0397-0

12. Maurer, M, Gresnigt, MS, Last, A, Wollny, T, Berlinghof, F, Pospich, R, et al. A Three-Dimensional Immunocompetent Intestine-on-Chip Model as In Vitro Platform for Functional and Microbial Interaction Studies. Biomaterials (2019) 220:119396. doi: 10.1016/j.biomaterials.2019.119396

13. Tovaglieri, A, Sontheimer-Phelps, A, Geirnaert, A, Prantil-Baun, R, Camacho, DM, Chou, DB, et al. Species-Specific Enhancement of Enterohemorrhagic E. Coli Pathogenesis Mediated by Microbiome Metabolites. Microbiome (2019) 7:43. doi: 10.1186/s40168-019-0650-5

14. Sontheimer-Phelps, A, Chou, DB, Tovaglieri, A, Ferrante, TC, Duckworth, T, Fadel, C, et al. Human Colon-On-a-Chip Enables Continuous In Vitro Analysis of Colon Mucus Layer Accumulation and Physiology. Cell Mol Gastroenterol Hepatol (2020) 9:507–26. doi: 10.1016/j.jcmgh.2019.11.008

15. Kim, HJ, and Ingber, DE. Gut-On-a-Chip Microenvironment Induces Human Intestinal Cells to Undergo Villus Differentiation. Integr Biol (Camb) (2013) 5:1130–40. doi: 10.1039/c3ib40126j

16. Shin, W, and Kim, HJ. Intestinal Barrier Dysfunction Orchestrates the Onset of Inflammatory Host-Microbiome Cross-Talk in a Human Gut Inflammation-on-a-Chip. Proc Natl Acad Sci USA (2018) 115:E10539–47. doi: 10.1073/pnas.1810819115

17. Huh, D, Kim, HJ, Fraser, JP, Shea, DE, Khan, M, Bahinski, A, et al. Microfabrication of Human Organs-on-Chips. Nat Protoc (2013) 8:2135–57. doi: 10.1038/nprot.2013.137

18. Sun, H, Chow, EC, Liu, S, Du, Y, and Pang, KS. The Caco-2 Cell Monolayer: Usefulness and Limitations. Expert Opin Drug Metab Toxicol (2008) 4:395–411. doi: 10.1517/17425255.4.4.395

19. Richmond, CA, and Breault, DT. Move Over Caco-2 Cells: Human-Induced Organoids Meet Gut-On-a-Chip. Cell Mol Gastroenterol Hepatol (2018) 5:634–5. doi: 10.1016/j.jcmgh.2018.01.016

20. Clevers, H. Modeling Development and Disease With Organoids. Cell (2016) 165:1586–97. doi: 10.1016/j.cell.2016.05.082

21. Beumer, J, and Clevers, H. Cell Fate Specification and Differentiation in the Adult Mammalian Intestine. Nat Rev Mol Cell Biol (2021) 22:39–53. doi: 10.1038/s41580-020-0278-0

22. Clevers, HC. Organoids: Avatars for Personalized Medicine. Keio J Med (2019) 68:95. doi: 10.2302/kjm.68-006-ABST

23. Spence, JR, Mayhew, CN, Rankin, SA, Kuhar, MF, Vallance, JE, Tolle, K, et al. Directed Differentiation of Human Pluripotent Stem Cells Into Intestinal Tissue In Vitro. Nature (2011) 470:105–9. doi: 10.1038/nature09691

24. Huang, CY, Liu, CL, Ting, CY, Chiu, YT, Cheng, YC, Nicholson, MW, et al. Human iPSC Banking: Barriers and Opportunities. J BioMed Sci (2019) 26:87. doi: 10.1186/s12929-019-0578-x

25. Takahashi, K, and Yamanaka, S. A Decade of Transcription Factor-Mediated Reprogramming to Pluripotency. Nat Rev Mol Cell Biol (2016) 17:183–93. doi: 10.1038/nrm.2016.8

26. Wang, Y, Kim, R, Hinman, SS, Zwarycz, B, Magness, ST, and Allbritton, NL. Bioengineered Systems and Designer Matrices That Recapitulate the Intestinal Stem Cell Niche. Cell Mol Gastroenterol Hepatol (2018) 5:440–453 e441. doi: 10.1016/j.jcmgh.2018.01.008

27. Chen, CS, Mrksich, M, Huang, S, Whitesides, GM, and Ingber, DE. Geometric Control of Cell Life and Death. Science (1997) 276:1425–8. doi: 10.1126/science.276.5317.1425

28. Engler, AJ, Sen, S, Sweeney, HL, and Discher, DE. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell (2006) 126:677–89. doi: 10.1016/j.cell.2006.06.044

29. Dupont, S, Morsut, L, Aragona, M, Enzo, E, Giulitti, S, Cordenonsi, M, et al. Role of YAP/TAZ in Mechanotransduction. Nature (2011) 474:179–83. doi: 10.1038/nature10137

30. Murphy, WL, Mcdevitt, TC, and Engler, AJ. Materials as Stem Cell Regulators. Nat Mater (2014) 13:547–57. doi: 10.1038/nmat3937

31. Shin, W, Hinojosa, CD, Ingber, DE, and Kim, HJ. Human Intestinal Morphogenesis Controlled by Transepithelial Morphogen Gradient and Flow-Dependent Physical Cues in a Microengineered Gut-On-a-Chip. iScience (2019) 15:391–406. doi: 10.1016/j.isci.2019.04.037

32. Kim, J, Koo, BK, and Knoblich, JA. Human Organoids: Model Systems for Human Biology and Medicine. Nat Rev Mol Cell Biol (2020) 21:571–84. doi: 10.1038/s41580-020-0259-3

33. Kuijk, E, Jager, M, van der Roest, B, Locati, MD, Van Hoeck, A, Korzelius, J, et al. The Mutational Impact of Culturing Human Pluripotent and Adult Stem Cells. Nat Commun (2020) 11:2493. doi: 10.1038/s41467-020-16323-4

34. Wang, Y, Gunasekara, DB, Reed, MI, Disalvo, M, Bultman, SJ, Sims, CE, et al. A Microengineered Collagen Scaffold for Generating a Polarized Crypt-Villus Architecture of Human Small Intestinal Epithelium. Biomaterials (2017) 128:44–55. doi: 10.1016/j.biomaterials.2017.03.005

35. Wang, Y, Kim, R, Gunasekara, DB, Reed, MI, Disalvo, M, Nguyen, DL, et al. Formation of Human Colonic Crypt Array by Application of Chemical Gradients Across a Shaped Epithelial Monolayer. Cell Mol Gastroenterol Hepatol (2018) 5:113–30. doi: 10.1016/j.jcmgh.2017.10.007

36. Kasendra, M, Luc, R, Yin, J, Manatakis, DV, Kulkarni, G, Lucchesi, C, et al. Duodenum Intestine-Chip for Preclinical Drug Assessment in a Human Relevant Model. Elife (2020) 9. doi: 10.7554/eLife.50135

37. Nikolaev, M, Mitrofanova, O, Broguiere, N, Geraldo, S, Dutta, D, Tabata, Y, et al. Homeostatic Mini-Intestines Through Scaffold-Guided Organoid Morphogenesis. Nature (2020) 585:574–8. doi: 10.1038/s41586-020-2724-8

38. Workman, MJ, Gleeson, JP, Troisi, EJ, Estrada, HQ, Kerns, SJ, Hinojosa, CD, et al. Enhanced Utilization of Induced Pluripotent Stem Cell-Derived Human Intestinal Organoids Using Microengineered Chips. Cell Mol Gastroenterol Hepatol (2018) 5:669–77.e662. doi: 10.1016/j.jcmgh.2017.12.008

39. Naumovska, E, Aalderink, G, Wong Valencia, C, Kosim, K, Nicolas, A, Brown, S, et al. Direct On-Chip Differentiation of Intestinal Tubules From Induced Pluripotent Stem Cells. Int J Mol Sci (2020) 21. doi: 10.3390/ijms21144964

40. Leslie, JL, Huang, S, Opp, JS, Nagy, MS, Kobayashi, M, Young, VB, et al. Persistence and Toxin Production by Clostridium Difficile Within Human Intestinal Organoids Result in Disruption of Epithelial Paracellular Barrier Function. Infect Immun (2015) 83:138–45. doi: 10.1128/IAI.02561-14

41. Crespo, M, Vilar, E, Tsai, SY, Chang, K, Amin, S, Srinivasan, T, et al. Colonic Organoids Derived From Human Induced Pluripotent Stem Cells for Modeling Colorectal Cancer and Drug Testing. Nat Med (2017) 23:878–84. doi: 10.1038/nm.4355

42. Negoro, R, Takayama, K, Kawai, K, Harada, K, Sakurai, F, Hirata, K, et al. Efficient Generation of Small Intestinal Epithelial-Like Cells From Human iPSCs for Drug Absorption and Metabolism Studies. Stem Cell Rep (2018) 11:1539–50. doi: 10.1016/j.stemcr.2018.10.019

43. Reiner, O, Sapir, T, and Parichha, A. Using Multi-Organ Culture Systems to Study Parkinson's Disease. Mol Psychiatry (2020) 26(3):725–35. doi: 10.1038/s41380-020-00936-8

44. Bernareggi, D, Pouyanfard, S, and Kaufman, DS. Development of Innate Immune Cells From Human Pluripotent Stem Cells. Exp Hematol (2019) 71:13–23. doi: 10.1016/j.exphem.2018.12.005

45. Monkley, S, Krishnaswamy, JK, Goransson, M, Clausen, M, Meuller, J, Thorn, K, et al. Optimised Generation of iPSC-Derived Macrophages and Dendritic Cells That Are Functionally and Transcriptionally Similar to Their Primary Counterparts. PloS One (2020) 15:e0243807. doi: 10.1371/journal.pone.0243807

46. Iriguchi, S, Yasui, Y, Kawai, Y, Arima, S, Kunitomo, M, Sato, T, et al. A Clinically Applicable and Scalable Method to Regenerate T-Cells From iPSCs for Off-the-Shelf T-Cell Immunotherapy. Nat Commun (2021) 12:430. doi: 10.1038/s41467-020-20658-3

47. Campion, GV, Mccrae, F, Alwan, W, Watt, I, Bradfield, J, and Dieppe, PA. Idiopathic Destructive Arthritis of the Shoulder. Semin Arthritis Rheum (1988) 17:232–45. doi: 10.1016/0049-0172(88)90009-1

48. Ley, RE, Hamady, M, Lozupone, C, Turnbaugh, PJ, Ramey, RR, Bircher, JS, et al. Evolution of Mammals and Their Gut Microbes. Science (2008) 320:1647–51. doi: 10.1126/science.1155725

49. Qin, J, Li, R, Raes, J, Arumugam, M, Burgdorf, KS, Manichanh, C, et al. A Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature (2010) 464:59–65. doi: 10.1038/nature08821

50. Parfrey, LW, Walters, WA, and Knight, R. Microbial Eukaryotes in the Human Microbiome: Ecology, Evolution, and Future Directions. Front Microbiol (2011) 2:153. doi: 10.3389/fmicb.2011.00153

51. Lim, ES, Zhou, Y, Zhao, G, Bauer, IK, Droit, L, Ndao, IM, et al. Early Life Dynamics of the Human Gut Virome and Bacterial Microbiome in Infants. Nat Med (2015) 21:1228–34. doi: 10.1038/nm.3950

52. Lloyd-Price, J, Mahurkar, A, Rahnavard, G, Crabtree, J, Orvis, J, Hall, AB, et al. Strains, Functions and Dynamics in the Expanded Human Microbiome Project. Nature (2017) 550:61–6. doi: 10.1038/nature23889

53. Kapitan, M, Niemiec, MJ, Steimle, A, Frick, JS, and Jacobsen, ID. Fungi as Part of the Microbiota and Interactions With Intestinal Bacteria. Curr Top Microbiol Immunol (2019) 422:265–301. doi: 10.1007/82_2018_117

54. Donaldson, GP, Lee, SM, and Mazmanian, SK. Gut Biogeography of the Bacterial Microbiota. Nat Rev Microbiol (2016) 14:20–32. doi: 10.1038/nrmicro3552

55. Kastl, AJ Jr, Terry, NA, Wu, GD, and Albenberg, LG. The Structure and Function of the Human Small Intestinal Microbiota: Current Understanding and Future Directions. Cell Mol Gastroenterol Hepatol (2020) 9:33–45. doi: 10.1016/j.jcmgh.2019.07.006

56. Thadepalli, H, Lou, MA, Bach, VT, Matsui, TK, and Mandal, AK. Microflora of the Human Small Intestine. Am J Surg (1979) 138:845–50. doi: 10.1016/0002-9610(79)90309-X

57. Hayashi, H, Takahashi, R, Nishi, T, Sakamoto, M, and Benno, Y. Molecular Analysis of Jejunal, Ileal, Caecal and Recto-Sigmoidal Human Colonic Microbiota Using 16S rRNA Gene Libraries and Terminal Restriction Fragment Length Polymorphism. J Med Microbiol (2005) 54:1093–101. doi: 10.1099/jmm.0.45935-0

58. Mogensen, TH. Pathogen Recognition and Inflammatory Signaling in Innate Immune Defenses. Clin Microbiol Rev (2009) 22:240–273, Table of Contents. doi: 10.1128/CMR.00046-08

59. Price, AE, Shamardani, K, Lugo, KA, Deguine, J, Roberts, AW, Lee, BL, et al. A Map of Toll-Like Receptor Expression in the Intestinal Epithelium Reveals Distinct Spatial, Cell Type-Specific, and Temporal Patterns. Immunity (2018) 49:560–575 e566. doi: 10.1016/j.immuni.2018.07.016

60. Kayisoglu, O, Weiss, F, Niklas, C, Pierotti, I, Pompaiah, M, Wallaschek, N, et al. Location-Specific Cell Identity Rather Than Exposure to GI Microbiota Defines Many Innate Immune Signalling Cascades in the Gut Epithelium. Gut (2021) 70:687–97. doi: 10.1136/gutjnl-2019-319919

61. Burgueno, JF, and Abreu, MT. Epithelial Toll-Like Receptors and Their Role in Gut Homeostasis and Disease. Nat Rev Gastroenterol Hepatol (2020) 17:263–78. doi: 10.1038/s41575-019-0261-4

62. Ferguson, M, and Foley, E. Microbial Recognition Regulates Intestinal Epithelial Growth in Homeostasis and Disease. FEBS J (2021). doi: 10.1111/febs.15910

63. Frantz, AL, Rogier, EW, Weber, CR, Shen, L, Cohen, DA, Fenton, LA, et al. Targeted Deletion of MyD88 in Intestinal Epithelial Cells Results in Compromised Antibacterial Immunity Associated With Downregulation of Polymeric Immunoglobulin Receptor, Mucin-2, and Antibacterial Peptides. Mucosal Immunol (2012) 5:501–12. doi: 10.1038/mi.2012.23

64. De Kivit, S, Van Hoffen, E, Korthagen, N, Garssen, J, and Willemsen, LE. Apical TLR Ligation of Intestinal Epithelial Cells Drives a Th1-Polarized Regulatory or Inflammatory Type Effector Response In Vitro. Immunobiology (2011) 216:518–27. doi: 10.1016/j.imbio.2010.08.005

65. Yu, S, and Gao, N. Compartmentalizing Intestinal Epithelial Cell Toll-Like Receptors for Immune Surveillance. Cell Mol Life Sci (2015) 72:3343–53. doi: 10.1007/s00018-015-1931-1

66. Semin, I, Ninnemann, J, Bondareva, M, Gimaev, I, and Kruglov, AA. Interplay Between Microbiota, Toll-Like Receptors and Cytokines for the Maintenance of Epithelial Barrier Integrity. Front Med (Lausanne) (2021) 8:644333. doi: 10.3389/fmed.2021.644333

67. Rennert, K, Steinborn, S, Groger, M, Ungerbock, B, Jank, AM, Ehgartner, J, et al. A Microfluidically Perfused Three Dimensional Human Liver Model. Biomaterials (2015) 71:119–31. doi: 10.1016/j.biomaterials.2015.08.043

68. Shah, P, Fritz, JV, Glaab, E, Desai, MS, Greenhalgh, K, Frachet, A, et al. A Microfluidics-Based In Vitro Model of the Gastrointestinal Human-Microbe Interface. Nat Commun (2016) 7:11535. doi: 10.1038/ncomms11535

69. Lin, Z, Cherng-Wen, T, Roy, P, and Trau, D. In-Situ Measurement of Cellular Microenvironments in a Microfluidic Device. Lab Chip (2009) 9:257–62. doi: 10.1039/B806907G

70. Mousavi Shaegh, SA, De Ferrari, F, Zhang, YS, Nabavinia, M, Binth Mohammad, N, Ryan, J, et al. A Microfluidic Optical Platform for Real-Time Monitoring of pH and Oxygen in Microfluidic Bioreactors and Organ-on-Chip Devices. Biomicrofluidics (2016) 10:044111. doi: 10.1063/1.4955155

71. Weltin, A, Hammer, S, Noor, F, Kaminski, Y, Kieninger, J, and Urban, GA. Accessing 3D Microtissue Metabolism: Lactate and Oxygen Monitoring in Hepatocyte Spheroids. Biosens Bioelectron (2017) 87:941–8. doi: 10.1016/j.bios.2016.07.094

72. Kieninger, J, Weltin, A, Flamm, H, and Urban, GA. Microsensor Systems for Cell Metabolism - From 2D Culture to Organ-on-Chip. Lab Chip (2018) 18:1274–91. doi: 10.1039/C7LC00942A

73. Backer, M, Rakowski, D, Poghossian, A, Biselli, M, Wagner, P, and Schoning, MJ. Chip-Based Amperometric Enzyme Sensor System for Monitoring of Bioprocesses by Flow-Injection Analysis. J Biotechnol (2013) 163:371–6. doi: 10.1016/j.jbiotec.2012.03.014

74. Tolosa, VM, Wassum, KM, Maidment, NT, and Monbouquette, HG. Electrochemically Deposited Iridium Oxide Reference Electrode Integrated With an Electroenzymatic Glutamate Sensor on a Multi-Electrode Array Microprobe. Biosens Bioelectron (2013) 42:256–60. doi: 10.1016/j.bios.2012.10.061

75. Enomoto, J, Matharu, Z, and Revzin, A. Electrochemical Biosensors for on-Chip Detection of Oxidative Stress From Cells. Methods Enzymol (2013) 526:107–21. doi: 10.1016/B978-0-12-405883-5.00006-5

76. Usuba, R, Yokokawa, M, Ackermann, TN, Llobera, A, Fukunaga, K, Murata, S, et al. Photonic Lab-On-a-Chip for Rapid Cytokine Detection. ACS Sensors (2016) 1:979–86. doi: 10.1021/acssensors.6b00193

77. Cui, X, Liu, Y, Hu, D, Qian, W, Tin, C, Sun, D, et al. A Fluorescent Microbead-Based Microfluidic Immunoassay Chip for Immune Cell Cytokine Secretion Quantification. Lab Chip (2018) 18:522–31. doi: 10.1039/C7LC01183K

78. Van Der Helm, MW, Henry, OYF, Bein, A, Hamkins-Indik, T, Cronce, MJ, Leineweber, WD, et al. Non-Invasive Sensing of Transepithelial Barrier Function and Tissue Differentiation in Organs-on-Chips Using Impedance Spectroscopy. Lab Chip (2019) 19:452–63. doi: 10.1039/C8LC00129D

79. Shin, W, Wu, A, Massidda, MW, Foster, C, Thomas, N, Lee, DW, et al. A Robust Longitudinal Co-Culture of Obligate Anaerobic Gut Microbiome With Human Intestinal Epithelium in an Anoxic-Oxic Interface-On-a-Chip. Front Bioeng Biotechnol (2019) 7:13. doi: 10.3389/fbioe.2019.00013

80. Zhang, J, Huang, YJ, Yoon, JY, Kemmitt, J, Wright, C, Schneider, K, et al. Primary Human Colonic Mucosal Barrier Crosstalk With Super Oxygen-Sensitive Faecalibacterium Prausnitzii in Continuous Culture. Med (N Y) (2021) 2:74–98 e79. doi: 10.1016/j.medj.2020.07.001

81. Dutta, D, and Clevers, H. Organoid Culture Systems to Study Host-Pathogen Interactions. Curr Opin Immunol (2017) 48:15–22. doi: 10.1016/j.coi.2017.07.012

82. Caio, G, Volta, U, Sapone, A, Leffler, DA, De Giorgio, R, Catassi, C, et al. Celiac Disease: A Comprehensive Current Review. BMC Med (2019) 17:142. doi: 10.1186/s12916-019-1380-z

83. Moerkens, R, Mooiweer, J, Withoff, S, and Wijmenga, C. Celiac Disease-on-Chip: Modeling a Multifactorial Disease In Vitro. United Eur Gastroenterol J (2019) 7:467–76. doi: 10.1177/2050640619836057

84. Xavier, RJ, and Podolsky, DK. Unravelling the Pathogenesis of Inflammatory Bowel Disease. Nature (2007) 448:427–34. doi: 10.1038/nature06005

85. Kim, HJ, Li, H, Collins, JJ, and Ingber, DE. Contributions of Microbiome and Mechanical Deformation to Intestinal Bacterial Overgrowth and Inflammation in a Human Gut-on-a-Chip. Proc Natl Acad Sci USA (2016) 113:E7–15. doi: 10.1073/pnas.1522193112

86. Czepiel, J, Drozdz, M, Pituch, H, Kuijper, EJ, Perucki, W, Mielimonka, A, et al. Clostridium Difficile Infection: Review. Eur J Clin Microbiol Infect Dis (2019) 38:1211–21. doi: 10.1007/s10096-019-03539-6

87. Abbas, A, and Zackular, JP. Microbe-Microbe Interactions During Clostridioides Difficile Infection. Curr Opin Microbiol (2020) 53:19–25. doi: 10.1016/j.mib.2020.01.016

88. Chen, X, Katchar, K, Goldsmith, JD, Nanthakumar, N, Cheknis, A, Gerding, DN, et al. A Mouse Model of Clostridium Difficile-Associated Disease. Gastroenterology (2008) 135:1984–92. doi: 10.1053/j.gastro.2008.09.002

89. Kuehne, SA, Cartman, ST, Heap, JT, Kelly, ML, Cockayne, A, and Minton, NP. The Role of Toxin A and Toxin B in Clostridium Difficile Infection. Nature (2010) 467:711–3. doi: 10.1038/nature09397

90. Darkoh, C, Odo, C, and Dupont, HL. Accessory Gene Regulator-1 Locus Is Essential for Virulence and Pathogenesis of Clostridium Difficile. eLocator (2016) 7:e01237-16. doi: 10.1128/mBio.01237-16

91. Ikeda, M, Ito, S, and Honda, M. Hemolytic Uremic Syndrome Induced by Lipopolysaccharide and Shiga-Like Toxin. Pediatr Nephrol (2004) 19:485–9. doi: 10.1007/s00467-003-1395-7

92. Keepers, TR, Psotka, MA, Gross, LK, and Obrig, TG. A Murine Model of HUS: Shiga Toxin With Lipopolysaccharide Mimics the Renal Damage and Physiologic Response of Human Disease. J Am Soc Nephrol (2006) 17:3404–14. doi: 10.1681/ASN.2006050419

93. Mohawk, KL, and O'brien, AD. Mouse Models of Escherichia Coli O157:H7 Infection and Shiga Toxin Injection. J BioMed Biotechnol (2011) 2011:258185. doi: 10.1155/2011/258185

94. Villenave, R, Wales, SQ, Hamkins-Indik, T, Papafragkou, E, Weaver, JC, Ferrante, TC, et al. Human Gut-On-A-Chip Supports Polarized Infection of Coxsackie B1 Virus In Vitro. PloS One (2017) 12:e0169412. doi: 10.1371/journal.pone.0169412

95. Racaniello, VR. One Hundred Years of Poliovirus Pathogenesis. Virology (2006) 344:9–16. doi: 10.1016/j.virol.2005.09.015

96. Lamers, MM, Beumer, J, van der Vaart, J, Knoops, K, Puschhof, J, Breugem, TI, et al. SARS-CoV-2 Productively Infects Human Gut Enterocytes. Science (2020) 369:50–4. doi: 10.1126/science.abc1669

97. Greenhalgh, K, Ramiro-Garcia, J, Heinken, A, Ullmann, P, Bintener, T, Pacheco, MP, et al. Integrated In Vitro and In Silico Modeling Delineates the Molecular Effects of a Synbiotic Regimen on Colorectal-Cancer-Derived Cells. Cell Rep (2019) 27:1621–32.e1629. doi: 10.1016/j.celrep.2019.04.001

98. Puschhof, J, Pleguezuelos-Manzano, C, and Clevers, H. Organoids and Organs-on-Chips: Insights Into Human Gut-Microbe Interactions. Cell Host Microbe (2021) 29:867–78. doi: 10.1016/j.chom.2021.04.002

99. Capeling, MM, Czerwinski, M, Huang, S, Tsai, YH, Wu, A, Nagy, MS, et al. Nonadhesive Alginate Hydrogels Support Growth of Pluripotent Stem Cell-Derived Intestinal Organoids. Stem Cell Rep (2019) 12:381–94. doi: 10.1016/j.stemcr.2018.12.001

100. Broguiere, N, Isenmann, L, Hirt, C, Ringel, T, Placzek, S, Cavalli, E, et al. Growth of Epithelial Organoids in a Defined Hydrogel. Adv Mater (2018) 30:e1801621. doi: 10.1002/adma.201801621

101. Cruz-Acuna, R, Quiros, M, Farkas, AE, Dedhia, PH, Huang, S, Siuda, D, et al. Synthetic Hydrogels for Human Intestinal Organoid Generation and Colonic Wound Repair. Nat Cell Biol (2017) 19:1326–35. doi: 10.1038/ncb3632

102. Toepke, MW, and Beebe, DJ. PDMS Absorption of Small Molecules and Consequences in Microfluidic Applications. Lab Chip (2006) 6:1484–6. doi: 10.1039/b612140c

103. Radisic, M, and Loskill, P. Beyond PDMS and Membranes: New Materials for Organ-On-a-Chip Devices. ACS Biomater Sci Eng (2021) 7:2861–3. doi: 10.1021/acsbiomaterials.1c00831

104. Guttenplan, APM, Tahmasebi Birgani, Z, Giselbrecht, S, Truckenmuller, RK, and Habibovic, P. Chips for Biomaterials and Biomaterials for Chips: Recent Advances at the Interface Between Microfabrication and Biomaterials Research. Adv Healthc Mater (2021) 10:e2100371. doi: 10.1002/adhm.202100371

105. Mastrangeli, M, Millet, S, Mummery, C, Loskill, P, Braeken, D, Eberle, W, et al. Building Blocks for a European Organ-On-Chip Roadmap. ALTEX (2019) 36:481–92. doi: 10.14573/altex.1905221




Conflict of Interest: The 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.


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 © 2021 Siwczak, Loffet, Kaminska, Koceva, Mahe and Mosig. 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.




ORIGINAL RESEARCH

published: 05 January 2022

doi: 10.3389/fimmu.2021.793260

[image: image2]


Parasite-Probiotic Interactions in the Gut: Bacillus sp. and Enterococcus faecium Regulate Type-2 Inflammatory Responses and Modify the Gut Microbiota of Pigs During Helminth Infection


Laura J. Myhill 1†, Sophie Stolzenbach 1†, Helena Mejer 1, Lukasz Krych 2, Simon R. Jakobsen 1, Witold Kot 3, Kerstin Skovgaard 4, Nuria Canibe 5, Peter Nejsum 6, Dennis S. Nielsen 2, Stig M. Thamsborg 1† and Andrew R. Williams 1*†


1 Department of Veterinary and Animal Sciences, University of Copenhagen, Faculty of Health and Medical Sciences, Frederiksberg, Denmark, 2 Department of Food Science, University of Copenhagen, Frederiksberg, Denmark, 3 Department of Plant and Environmental Sciences, University of Copenhagen, Frederiksberg, Denmark, 4 Department of Biotechnology and Biomedicine, Technical University of Denmark, Kongens Lyngby, Denmark, 5 Department of Animal Science – Immunology and Microbiology, Aarhus University, Tjele, Denmark, 6 Department of Clinical Medicine, Aarhus University, Aarhus, Denmark




Edited by: 

Silvia Melgar, University College Cork, Ireland

Reviewed by: 

Friederike Ebner, Free University of Berlin, Germany

Anastasia N. Vlasova, The Ohio State University, United States

*Correspondence: 

Andrew R. Williams
 arw@sund.ku.dk

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology


Received: 11 October 2021

Accepted: 07 December 2021

Published: 05 January 2022

Citation:
Myhill LJ, Stolzenbach S, Mejer H, Krych L, Jakobsen SR, Kot W, Skovgaard K, Canibe N, Nejsum P, Nielsen DS, Thamsborg SM and Williams AR (2022) Parasite-Probiotic Interactions in the Gut: Bacillus sp. and Enterococcus faecium Regulate Type-2 Inflammatory Responses and Modify the Gut Microbiota of Pigs During Helminth Infection. Front. Immunol. 12:793260. doi: 10.3389/fimmu.2021.793260



Dietary probiotics may enhance gut health by directly competing with pathogenic agents and through immunostimulatory effects. These properties are recognized in the context of bacterial and viral pathogens, but less is known about interactions with eukaryotic pathogens such as parasitic worms (helminths). In this study we investigated whether two probiotic mixtures (comprised of Bacillus amyloliquefaciens, B. subtilis, and Enterococcus faecium [BBE], or Lactobacillus rhamnosus LGG and Bifidobacterium animalis subspecies Lactis Bb12 [LB]) could modulate helminth infection kinetics as well as the gut microbiome and intestinal immune responses in pigs infected with the nodular worm Oesophagostomum dentatum. We observed that neither probiotic mixture influenced helminth infection levels. BBE, and to a lesser extent LB, changed the alpha- and beta-diversity indices of the colon and fecal microbiota, notably including an enrichment of fecal Bifidobacterium spp. by BBE. However, these effects were muted by concurrent O. dentatum infection. BBE (but not LB) significantly attenuated the O. dentatum-induced upregulation of genes involved in type-2 inflammation and restored normal lymphocyte ratios in the ileo-caecal lymph nodes that were altered by infection. Moreover, inflammatory cytokine release from blood mononuclear cells and intestinal lymphocytes was diminished by BBE. Collectively, our data suggest that selected probiotic mixtures can play a role in maintaining immune homeostasis during type 2-biased inflammation. In addition, potentially beneficial changes in the microbiome induced by dietary probiotics may be counteracted by helminths, highlighting the complex inter-relationships that potentially exist between probiotic bacteria and intestinal parasites.




Keywords: probiotics, swine, helminths, Oesophagostomum dentatum, type-2 immune response, gut microbiota



Introduction

The mammalian gut environment is maintained in a complex homeostasis encompassing interactions between dietary compounds, the commensal gut microbiota (GM) and the mucosal immune system (1). Dysregulation of this balanced ecosystem can lead to increased susceptibility to pathogen infection and chronic inflammation, and is a major source of disease and morbidity in humans and decreased productivity in livestock. To this end, dietary supplementation with probiotic bacteria has gained increasing attention as a safe method to maintain intestinal homeostasis, subsequently improving gut health. Beneficial effects of probiotics are strain-specific and dose-dependent, and can be achieved by modulating intestinal motility and barrier function, outcompeting enteropathogens, or by modifying the composition of host GM, subsequently affecting host mucosal immune responses (2, 3).

Pigs are a key species in the food production industry and also serve as an important model for human biomedical research due to similarities in gastrointestinal physiology and microbiota composition (4). Supplementation of pig diets with probiotics has revealed beneficial effects such as improved growth, carcass quality, and enhanced host protective responses against different pathogens, with pronounced efficiency at reducing bacterial load of enterotoxigenic Escherichia coli (F4) in weaned piglets (5–9). Additional studies against eukaryotic pathogens have also reported beneficial effects of probiotics. For example, in vitro and murine models of Giardia infection have shown that Lactobacillus spp. and Enterococcus faecium can eliminate infection and reinforce host immune responses (10–12).

Parasitic worms (helminths) are among the most widespread gut pathogens, infecting more than a billion humans worldwide and being commonly found in nearly all farmed livestock (13, 14). Infection can result in marked immunopathology and a reduction in mucosal barrier function and poses a significant risk to health and productivity (15, 16). Moreover, mucosal-dwelling helminths induce strongly polarized T helper (Th) type-2 immunity and thus serve as a useful model for Th2-mediated intestinal immune responses, such as those elicited by food allergens (17). Studies on the trilateral interactions between parasites, the GM and the immune system may therefore shed light on the role of gut bacteria in regulating host-parasite and immune interactions at mucosal barrier surfaces (1). Several studies have reported that feeding prebiotic dietary fibres (e.g. inulin) or administration of microbial metabolites (short-chain fatty acids (SCFA) or lactic acid) can strongly influence infection dynamics and immune responses induced by the large intestinal-dwelling parasites Trichuris suis (porcine whipworm) and Oesophagostomum dentatum (porcine nodular worm) (18–20). These effects are thought to be mediated by GM changes in the caecum and colon (20, 21), as inulin is known to increase the abundance of microbes such as Lactobacillaceae and Bifidobacterium during helminth infection (20).

Reports on the effects of dietary probiotic supplementation during helminth infection are limited, and whether probiotics can modulate helminth infection and associated inflammatory and immunopathological changes in the large intestine, as appears to be the case with inulin and other prebiotics, remains unknown. Supplementation with Bifidobacterium animalis subspecies Lactis Bb12 was shown to modulate mucosal immune responses and enhance jejunal barrier function in pigs infected with Ascaris suum (22), whilst Lactobacillus rhamnosus LGG intake supressed the development of type-2 related immune responses in the tracheal-bronchial lymph nodes of A. suum-infected pigs (23). Thus, probiotic bacteria may exert immunomodulatory effects in the context of type-2 immune function. In light of this, porcine models of helminth infection may represent a valuable model for studying the interactions between probiotic bacteria and gut pathogens, and assessing if probiotics have potential as health-promoting dietary additives that can prevent or alleviate the effects of enteric helminth infection.

O. dentatum infections are common in pig production systems worldwide. Infection is accompanied by a type-2-biased inflammatory response in the mucosal tissue at the site of infection (the caecum and proximal colon), however this is often insufficient to clear the parasites and chronic infections may develop over several months, before a slow immune-mediated expulsion begins (24). O. dentatum appears to be sensitive to changes in the gut environment, as direct infusion of SCFA or lactic acid can result in worm expulsion (19). Thus, this infection model serves as an economically and biologically relevant system for testing the effects of probiotic bacteria on the outcome of a helminth infection. Here, we investigated the effects of two different probiotic mixtures on O. dentatum establishment and infection dynamics. In addition, we explored the interactions between these probiotics and infection on GM composition throughout the intestinal tract, as well as peripheral and local mucosal immune responses. We show that a dynamic relationship exists between probiotic supplementation, the GM and the immune system during helminth infection, which may have significant implications for our understanding of the regulation of type-2 inflammation in mucosal tissues, and for the application of probiotics for prevention or control of intestinal diseases.



Materials and Methods


Experimental Design

A total of 48 Yorkshire-Landrace pigs (females and castrated males, 8-10 weeks old, initial body weight approximately 20 kg) were sourced from a specific pathogen-free farm. After stratification based on sex and weight, pigs were randomly allocated to one of six groups. Each treatment group contained eight pigs housed in a separate pen. Two groups (each n=8) received the basal diet only (based on ground barley and soybean containing 16.2% crude protein). Two groups (each n=8) received the same diet supplemented with BBE containing the strains Bacillus amyloliquefaciens 516 (porcine origin), B. subtilis 541 (human origin), and Enterococcus faecium 669 (human origin). The final two groups (each n=8) received the basal diet supplemented with LB, containing the strains Lactobacillus rhamnosus LGG® (human origin; DSM33156) and Bifidobacterium animalis subsp. Lactis BB-12® (food origin; DSM15954). All probiotic strains were supplied by Chr.Hansen A/S, Denmark. Pigs were fed twice a day with the probiotic-supplements mixed with the standard feed immediately before feeding. For both probiotic mixtures, pigs received 2 x 1010 CFU per day.

After two weeks of diet adaptation, a total of 24 pigs (8 pigs from each diet treatment group) were each inoculated with 25 O. dentatum third stage larvae (L3)/kg body weight, by oral gavage. These pigs subsequently continued to receive the same O. dentatum L3 dose three days a week until study end (a total of four weeks). Infection doses were provided during the morning feeding, and were uniformly distributed on top of the feed. The dosed feed was provided in troughs that allowed all pigs’ adequate space to feed equally and simultaneously. The dosing regime was chosen to mimic a natural moderate exposure level and the average approximate theoretical total dose during the study was 22,000 O. dentatum L3/pig. The remaining 24 pigs were uninfected for the duration of the study.

All pigs had been vaccinated against L. intercellularis with one dose of a live, attenuated vaccine (Enterisol® Ileitis, Boehringer Ingelheim) on farm four weeks prior to arriving on the experimental premises (which was six weeks prior to infection with O. dentatum). All pigs were confirmed negative for O. dentatum infection upon arrival by McMaster fecal egg count and serology. For the duration of the study, all pigs were housed on concrete floored pens with wood chips and water provided ad libitum. Welfare checks were performed daily, with body weight monitored and reported weekly. At day 28 post-infection (p.i.), 48 pigs were sacrificed over the course of three days by stunning with captive bolt followed by exsanguination.



Digesta Sampling and O. dentatum Isolation

Weekly blood and fecal samples were taken between arrival (day -14) and until the end of the study (day 28 p.i.). Blood samples were taken in order to collect serum for ELISA (see below), and isolate peripheral blood mononuclear cells (PBMCs; day 28 p.i. only). Faecal samples were scored following a 5-point scale (1 – hard; 2 – normal; 3 – soft; 4 – watery; 5 – diarrhoea) in order to monitor changes in fecal consistency as a result of probiotic supplementation. After scoring, samples were cooled to ~4°C immediately upon collection for subsequent enumeration of O. dentatum egg counts per gram of faeces (EPG) using a McMaster fecal egg count method (as described in Roepstorff & Nansen, 1998) (25).

At necropsy, fresh intestinal digesta samples were collected from specific intestinal sections: jejunum (mid-point of the small intestine), ileum (10 cm proximal from ileocecal junction), caecum, proximal colon (20 cm distal from ileocecal junction) and distal colon (central part of the spiral) colon) for microbiota and pH measurement, with additional samples taken from the proximal colon for SCFA analysis, as previously described (26). Following this, O. dentatum larvae and adults were recovered according to the agar-gel migration technique described previously by Slotved et al. (27). Briefly, luminal contents of caecum and colon were collected and diluted to a total volume of 10 litres using 0.9% saline (37°C). A 5% sub-sample was then embedded in 2% agar on cloths that were then suspended in saline and incubated for 24 hours at 37°C to isolate immature and adult O. dentatum from each pig. Worms were isolated on a 38 µm mesh and stored in 70% ethanol for later enumeration. For each pig, ten adult female and male worms were selected for length measurement, using Leica Application Suite version 4.7 (Leica Microsystems, Germany), as a measure of O. dentatum fitness.



Cell Isolation, Flow Cytometry, and Assessment of Cytokine Production

Ileo-caecal lymph nodes (CLNs) were dissected and passed through a 70 µM cell strainer to obtain single cell suspensions. After a series of washing, the cells were prepared for analysis of frequencies of T cell, B cell and monocyte populations as described in Myhill et al. (20). Flow cytometry was performed using a BD Accuri C6 flow cytometer (BD Biosciences), and data were analysed using Accuri CFlow Plus software (Accuri® Cytometers Inc., MI, USA). PBMCs were isolated from heparinised whole blood using Histopaque-1077 (Sigma-Aldrich) and centrifugation. To assess cytokine production, isolated CLN cells were cultured for 48 hours in complete media (RPMI 1640 supplemented with 2 mM L-glutamine, 10% calf serum, 100µg/mL streptomycin and 100 U/mL penicillin) together with 10 µg/mL phytohemagglutinin (Sigma-Aldrich). Measurement of secreted TNFα and IL-10 was assessed using commercial ELISA kits (R&D systems). Isolated PBMCs in complete media were stimulated with LPS (1 µg/mL), cultured for 24 hours, and concentrations of IL-6, TNFα, IL-10 and IL-1β assessed by ELISA. Values below the detection limit were assigned an arbitrary value of half the lowest value of the standard curve.



O. dentatum Culture

O. dentatum larvae were isolated from infected control-fed pigs, and washed extensively in 37°C saline. The exsheathed larvae were cultured in complete media containing antibiotics and fungicide for 3 days at 37°C to obtain excretory/secretory (E/S) products. Every day the culture media was removed, stored at -80°C, and replaced with fresh media. Pooled culture media containing E/S was concentrated by centrifugation using Amicon ultra centrifugal filter units (MWCO 10 kDa, Sigma-Aldrich, Denmark), and filtered prior to testing of protein content by bicinchoninic (BCA) assay (Thermo Fisher Scientific).



O. dentatum ELISA

Anti-O. dentatum IgA and IgG1 levels in serum were quantified by ELISA as described in Myhill et al. (20). Briefly, plates (Nunc Maxisorb) were coated with 5 µg/mL O. dentatum larval E/S overnight at 4°C. Serum antibodies were then detected using goat anti-pig IgA-horseradish peroxidase (HRP; BioRad, Germany), or mouse anti-pig IgG1 (clone K139-3C8; BioRad) followed by goat anti-mouse IgG-HRP conjugate (BioRad). Incubations were for 1 hour at 37°C, and between all steps, plates were washed four times with PBS plus 0.02% Tween 20. After development with tetramethylbenzidine (TMB) substrate, the reaction was stopped with 0.2M H2SO4, and the plates read at 450 nM with a Multiskan FC plate reader (Waltham, Massachusetts, USA).



Quantitative Real-Time PCR

Total RNA was extracted from proximal colon tissue using a miRNAeasy® Mini kit (Qiagen, CA, USA) according to manufacturer’s guidelines, and as described in Myhill et al. (20). Synthesis of cDNA and pre-amplification was conducted as described in Williams et al. (28). A panel of 77 genes of interest, including key Th1/Th2/Treg/innate immune response-related genes and epithelial/mucosal barrier function-related genes, were examined on a BioMark HD Reader (Fluidigm). First, a thermal mix and hot start protocol was performed to mix primers, samples and reagents (50°C for 2 min, 70°C for 30 min, 25°C for 10 min, 50°C for 2 minutes, 95°C for 10 min), followed by qPCR using the following cycling conditions of: 35 cycles at 95°C for 15 seconds and 60°C for 1 min. After data pre-processing, 68 genes of interest passed quality control criteria and were statistically analysed. Three pigs (two in the infected, control-fed group and one in the uninfected, BBE-fed group) were excluded due to not passing quality controls (insufficient cDNA amplification) Normalization using several validated reference housekeeping genes and data pre-processing, was carried out as described in Skovgaard et al. (29). Primer sequences are presented in Supplementary Table 1. Raw relative expression data is available in Supplementary Data Sheet 1.



16S rRNA Sequencing of Microbiota

DNA was extracted from faeces or intestinal content in a randomized order using the Bead-Beat Micro AX Gravity Kit (A&A Biotechnology, Poland) according to manufacturer’s instructions. Prior to extraction, samples were lysed in LSU buffer supplemented with Lysozyme (4000 U) and Mutanolysin (50 U), and incubated at 50°C for 20 min. The concentration and purity of extracted DNA were determined using a NanoDrop ND-1000 spectrophotometer and normalized to 10 ng/µl. High throughput sequencing based 16S rRNA gene amplicon (V3-region) sequencing was carried out on an Illumina NextSeq platform as previously described (30).

The raw dataset containing pair-ended reads with corresponding quality scores were merged and trimmed using fastq_mergepairs and fastq_filter scripts implemented in the USEARCH pipeline as described previously (30). Purging the dataset from chimeric reads and constructing zero radius Operational Taxonomic Units (zOTU) was conducted using UNOISE. The Greengenes (13.8) 16S rRNA gene collection was used as a reference database. Quantitative Insight Into Microbial Ecology (QIIME) open source software package (v2019.7.0) was used for subsequent analysis steps (31). Alpha diversity measures: observed species (number of zOTUs) and Shannon diversity indices were computed for rarefied OTU tables (10,000 reads/sample) using the alpha rarefaction workflow. Differences in alpha diversity were determined using a t-test-based approach employing the non-parametric (Monte Carlo) method (999 permutations) implemented in the compare alpha diversity workflow. Principal Coordinates Analysis (PCoA) plots were generated with the Jackknifed Beta Diversity workflow based on 10 distance metrics calculated using 10 sub-sampled OTU tables. The number of sequences taken for each jackknifed subset was set to 85% of the sequence number within the most indigent sample (~10,000). Community differences (beta-diversity) were revealed by weighted and unweighted Unifrac distance metrics visualised as Principle Coordinate Analysis (PCoA) plots. Permutational Multivariate Analysis of Variance (PERMANOVA) and Non-parametric microbial interdependence test (NMIT) were used to evaluate group differences based on weighted and unweighted UniFrac distance matrices. Taxa-level differences were assessed using longitudinal feature-volatility analysis and analysis of composition of microbes (ANCOM).



Statistical Analysis

Data were analysed using general linear model (GLM) using IBM SPSS Statistics 28. For each separate probiotic mixture (BBE or LB), the effects of probiotic supplementation and parasite infection, and their interaction, were compared to control-fed animals using a separate factorial analysis. The model included infection status, probiotic supplementation and sex as fixed factors, together with their first-order interactions. Sex was removed from the model when not significant. For analysis of ELISA data, time was included as an additional fixed factor to account for repeated measurements. Assumptions of normality were checked through inspection of histogram plots and Shapiro-Wilk and Kolmogorov-Smirnov tests of GLM residuals, and data that did not conform to normality was transformed with either square-root or log10 transformations prior to analysis. Significance was taken at p < 0.05, and a trend at p <0.1.




Results


Effects of Probiotics on the Intestinal Environment and O. dentatum Infection Levels

Eight - ten week old pigs (n=48) were divided into three groups (Supplementary Figure 1). 16 pigs received only the basal control diet (based on ground barley and soybean meal) throughout the study, 16 pigs received the basal diet supplemented with a mixture of Bacillus amyloliquefaciens B. subtilis, and Enterococcus faecium (hereafter BBE), and 16 pigs received the basal diet supplemented with a mixture of Lactobacillus rhamnosus LGG and Bifidobacterium animalis subsp. Lactis BB-12 (hereafter LB). The BBE mixture was selected based on its development specifically to improve gut health in pigs, whilst LB was chosen as it contained two well-studied probiotic strains that have been shown to induce immunomodulatory activity in pigs (22, 32). Within each dietary group, following a 14 day acclimatization period, half the pigs (n=8) were either trickle-infected throughout the study with O. dentatum larvae (n=24), or remained uninfected (n=24).

To explore the effects of probiotics on the response to helminth infection, we quantified the effect of probiotic supplementation on intestinal physicochemical parameters and parasite establishment and development. We first assessed the concentrations of SCFA and D-lactic acid in the proximal colon (Figure 1A), with a separate analysis conducted for the two different probiotic-supplemented groups, relative to those with no supplementation. Acetic and propionic acid concentrations were unaffected by either infection or probiotic supplementation. O. dentatum infection significantly increased n-Butyric acid levels (p < 0.05) in pigs fed either the control diet alone or in those supplemented with BBE. However, there was no effect of O. dentatum when analysing LB-supplemented pigs, indicating that the effect of infection varied according to specific probiotic intake (Figure 1A). Total SCFA levels were not different between any of the groups. In contrast, D-lactic acid levels were significantly increased by LB supplementation, and tended also to be increased by BBE supplementation (p = 0.08), independently of infection (Figure 1A). Neither probiotic supplementation nor infection influenced the pH in the jejunum or ileum (data not shown), or the caecum or proximal colon (Figure 1B). However, infection resulted in a lower pH in the distal colon (p < 0.05; Figure 1B).




Figure 1 | Effect of probiotics and Oesophagostomum dentatum infection on the intestinal environment. (A) Microbial metabolite (short-chain fatty acids and D-lactic acid) concentrations from proximal colon digesta after 28 days of O. dentatum infection, in pigs fed a control diet or a diet supplemented with either a mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB). Metabolite concentrations are expressed in mmol/kg wet sample. (B) pH of digesta sampled throughout the intestinal tract. Statistical analysis was conducted separately for each probiotic treatment, using a GLM analysis comparing the effect of probiotic supplementation and infection (and their interaction) to the control-diet groups (no probiotics). Data presented as means ± SEM (*p ≤ 0.05, **p ≤ 0.005, by GLM). n=8 pigs per treatment group.



Supplementation with either of the probiotic mixtures did not significantly influence infection levels or parasite infection kinetics, with average worm numbers (adult and larval O. dentatum) of 15,843 ± 2,128 and 17,425 ± 2,185 (mean ± SEM) for pigs fed BBE and LB probiotics respectively, compared to 18,455 ± 2,598 for the control-fed group (Figure 2). Moreover, probiotic supplementation had no effect on worm length (data not shown) nor egg production; with similar eggs per gram faeces (EPG) scores observed for all diet treatment groups. In addition, no significant differences in body weight gain were observed between the dietary treatment/infection groups, with all pigs gaining weight consistently over the course of the experimental period (data not shown).




Figure 2 | Oesophagostomum dentatum burden is not affected by probiotic treatment. O. dentatum adult and larval worm burdens, at day 28 post-infection in pigs fed a control diet or a diet supplemented with either a mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB). Data presented as means ± SEM. n=8 pigs per treatment group.





O. dentatum Infection Changes the Response of the Fecal Microbiota to Probiotic Supplementation

To examine if the two probiotic mixtures and/or O. dentatum affected the composition of the prokaryotic GM, we conducted longitudinal sampling and analyses of faeces over the course of the study. Across the time period, α-diversity remained stable in pigs with no probiotic supplementation, regardless of whether they were infected with O. dentatum or not, with no significant differences in Faith phylogenetic diversity (PD) (Figure 3A). In contrast, in both uninfected and O. dentatum-infected pigs, BBE or LB supplementation tended to increase the Faith PD over time (indicative of a more diverse microbiota at the end of the study than at the start), (p = 0.065 for LB in infected pigs; p = 0.05 in other cases) (Figure 3A).




Figure 3 | Probiotics modulate the fecal gut microbiota over time. (A) Alpha-diversity (Faith PD) in feces samples over time [pairwise comparison between day -7 and 28 post-infection (p.i.)]. Pigs were either uninfected or infected with O. dentatum (Od) and fed a control diet or a diet supplemented with either a mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB). (B, C) NMIT PCoA showing effect of infection and diet in pigs fed BBE (B) or LB (C) from day -7 to day 28 p.i. (D) Taxa where abundance was significantly altered in feces across the course of the experiment as a result of infection or diet, as identified by Feature Volatility Analysis. n=8 pigs per treatment group.



There was also a significant shift in β-diversity in the fecal GM as a result of probiotic supplementation, but this was dependent on infection status. Non-parametric microbial interdependence testing (NMIT) indicated that infected pigs fed BBE differed in β-diversity from infected pigs without probiotic supplementation (p < 0.05; Figure 3B). However, this was not the case for uninfected pigs (p = 0.26; Figure 3B). A contrasting effect was observed for LB, where uninfected pigs fed LB diverged from uninfected pigs without probiotic supplementation (p < 0.05), yet infected pigs fed LB did not differ from infected pigs without LB (Figure 3C). In the absence of probiotic supplementation, infection did not influence β-diversity. Analyses on pooled data revealed a similar story, with both LB and BBE-fed pigs (independent of infection status) significantly diverging from control-fed pigs (p < 0.05), whereas infection status (independent of probiotic supplementation) had no effect (Supplementary Figure 2). Taken together, these data suggest that over the course of the seven week experiment, both BBE and LB probiotics induced modest but significant changes in the composition of the fecal microbiota, yet these probiotic-induced changes were further influenced by concurrent O. dentatum infection.

To explore which bacterial taxa were responsible for the divergence between probiotic-fed pigs and their respective controls without probiotics, Feature Volatility analysis was performed. Within uninfected pigs, seven taxa were enriched in pigs receiving BBE compared to those that did not, most notably the Bifidobacterium genus, whilst a single family (Succinivibrionaceae) belonging to the Proteobacteria phylum decreased in abundance (Figure 3D). However, in infected pigs fed BBE, relative abundance of Bifidobacterium spp. was lower compared to infected pigs without BBE, indicating that the infection abrogated the probiotic-stimulated increase in Bifidobacteria. Turicibacter sp., a genus we have previously observed to be enriched in the colon of pigs infected with Ascaris suum (28), was elevated in infected pigs fed BBE compared to uninfected controls. Similarly, the effects of LB varied depending on infection status (Figure 3D). In uninfected pigs, only two taxa differed between LB-fed pigs and control-fed pigs without LB. In contrast, relative to the control group (uninfected pigs without probiotics), infected pigs fed LB had higher relative abundance of several members of the Firmicutes phylum including two Lactobacillus species, as well as Mitsuokella multacida, a putative butyrate producer and beneficial microbe (33). Collectively, these data suggest that BBE tended to enrich beneficial bacteria such as Bifidobacterium in feces over the course of the experiment in uninfected pigs, but these effects were reversed in O. dentatum-infected pigs. Conversely, LB tended to enrich beneficial bacteria such as Lactobacillus more strongly in the feces of O. dentatum-infected pigs than uninfected pigs. Thus, O. dentatum alone did not change the composition of the fecal microbiota over the course of the study, but instead modulated the effect of BBE and LB in two distinct ways, indicating a complex interaction between probiotics and the parasitic infection.



Probiotics and O. dentatum Infection Interact to Change the Intestinal Microbiota in a Site-Specific Manner

We next investigated how infection and/or probiotics influenced the microbiota composition throughout the intestinal tract. Similarly to the longitudinal fecal samples, α-diversity (Faiths PD) was increased by both BBE and LB in comparison to control pigs, mainly in the distal colon, with a comparable effect in both infected and uninfected pigs (p = 0.093 for infected pigs fed LB; p < 0.05 for other comparisons; Figure 4). Notably, O. dentatum infection was also associated with increased α-diversity in the distal colon (Figure 4 and Supplementary Table 2). Effects of infection and treatment were not as pronounced in the other gut segments (Figure 4 and Supplementary Table 2).




Figure 4 | Probiotics and parasite infection modulate the gut microbiota in different gastrointestinal compartments. (A) Alpha-diversity (Faith PD) in different gut segments at day 28 post-infection. Pigs were either uninfected or infected with O. dentatum (Od), and fed a control diet or a diet supplemented with a either mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB). P-values are shown in Supplementary Table 1. n=8 pigs per treatment group. Color of symbols is according to group, size is according to the alpha index Shannon. (B) Unweighted PCoAs for pairwise comparisons of uninfected and Oesophagostomum dentatum (Od)-infected pigs fed only the control diet (no probiotics) in the caecum and proximal and distal colon. (C) Unweighted PCoAs for pairwise comparisons of uninfected and O. dentatum (Od)-infected pigs fed only the control diet (no probiotics), or a diet supplemented with either a mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB).



Analysis of unweighted Unifrac distance metrics showed that, in the absence of probiotic supplementation, the only intestinal site where O. dentatum infection significantly changed β-diversity, relative to uninfected pigs, was the proximal colon (the predilection site of the worms) (p < 0.05 by PERMANOVA; Figure 4B). β-diversity in the gut was also considerably altered by probiotic supplementation. Changes were primarily observed via unweighted Unifrac analysis, indicating that most differences were driven by low-abundance species. In uninfected pigs, BBE supplementation altered β-diversity compared to pigs without probiotic supplementation in the ileum, caecum and both proximal and distal colon (p = 0.096 for caecum, p < 0.05 for all other segments by PERMANOVA; Figure 4C and Supplementary Table 3). However, this effect was less evident when the BBE-supplemented pigs were infected with O. dentatum. In these animals, supplementation with BBE resulted in no significant difference in β-diversity in the ileum or caecum relative to control pigs (uninfected and without probiotics). Furthermore, lesser (albeit still significantly different) changes were observed in the colon between control pigs and infected pigs receiving BBE (Figure 4C and Supplementary Table 3). Thus, infection appeared to attenuate the BBE-induced changes in GM composition.

LB also tended to alter β-diversity in the jejunum and caecum, with similar changes in both uninfected and infected pigs (p < 0.1 by PERMANOVA; Figure 4C and Supplementary Table 4). LB had a stronger effect in the colon (both proximal and distal). Here, significant divergence was observed between control and LB-fed pigs, regardless of infection status (p < 0.05 by PERMANOVA). However, within LB-fed pigs, infected pigs were significantly diverged from uninfected pigs with infected pigs clustering closer to the control animals (p < 0.05 by PERMANOVA; Figure 4C and Supplementary Table 4), again indicating that infection tended to limit the modulatory effects of the probiotics on the GM.

We attempted to identify specific taxa responsible for the differences between treatment groups, however ANCOM analysis yielded no significant differences in any gut segment (p > 0.05). Thus, the changes in the GM community within the gut segments appeared to derive from the cumulative effect of subtle alterations across multiple taxa, rather than substantial alterations in the abundance of precise bacterial species.



Both Probiotics and O. dentatum Infection Influence Peripheral and Local Immune Function

We next assessed how probiotic supplementation modulated the development of the systemic and mucosal response to O. dentatum infection. Serum IgA and IgG1 antibody levels were measured weekly until day 28 p.i. All pigs were sero-negative for O. dentatum prior to study start at day 0. Infection with O. dentatum resulted in increased O. dentatum-specific antibody titres compared to uninfected pigs (Figure 5A). Both IgA and IgG1 antibody titre levels increased from day 7 through until day 28 p.i. There was a significant interaction between time and LB probiotics at day 21 p.i., whereby LB-fed infected pigs had higher IgA levels compared to the other infected groups (p < 0.005), however this difference was not apparent at other time points. BBE probiotics did not influence IgA titres, and there was no effect of probiotic supplementation on IgG1 titres.




Figure 5 | Systemic and peripheral immune responses elicited towards Oesophagostomum dentatum infection. (A) O. dentatum specific IgA and IgG1 serum antibody production over the 28 days of infection in pigs fed a control diet or a diet supplemented with either a mixture of Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB). (B) Flow cytometric analysis of ileo-caecal lymph node cells obtained at day 28 post-infection. % CD3+ T cells and % CD79α B-cells. Statistical analysis was conducted separately for each probiotic treatment, using a GLM analysis comparing the effect of probiotic supplementation and infection (and their interaction) to the control-diet groups (no probiotics). Data presented as means ± SEM (*p < 0.05, **p < 0.01 by GLM). n=8 pigs per treatment group.



Analysis of CLN lymphocyte populations revealed a significant interaction between BBE probiotic supplementation and O. dentatum infection. In control-fed pigs, infection increased the percentage of T cells (p < 0.01), and reduced the percentage of B-cells (p < 0.05) resulting in an altered T-cell/B-cell ratio (Figure 5B). However, this effect was not apparent in infected pigs fed the BBE probiotics, with the T-cell/B-cell ratio equivalent to uninfected pigs, indicating that O. dentatum-induced alterations in lymphocyte populations were attenuated in these animals (Figure 5B). In contrast, LB probiotic supplementation did not have this modulatory effect, with no significant interaction and only a main effect of infection in analysis of both T-cell and B-cell populations (Figure 5B). Analysis of other cell populations within CLN or PBMC, namely CD3+CD4+ helper and CD3+CD8+ cytotoxic T cells, or monocytes, showed no significant effects of either diet or infection (data not shown).

To assess functional cellular immune responses in peripheral and lymphoid tissues, PBMCs and CLN cells were stimulated with LPS or PHA, respectively, and cytokine secretion quantified. Infection did not consistently change the cytokine secretion pattern (Figure 6). In contrast, BBE supplementation substantially modulated cytokine profiles, although the effect was dependent on infection status. There was an interaction (p < 0.05) between probiotics and infection on mitogen-induced TNFα secretion from CLN cells, with BBE supplementation significantly reducing TNFα production in uninfected pigs, but not in infected animals. In contrast, IL-10 production tended to be enhanced by BBE in both infected and uninfected pigs (p = 0.06 for main effect of probiotic supplementation; Figure 6A). In PBMCs, BBE significantly suppressed LPS-induced IL-1β in both uninfected and infected pigs (p < 0.05; Figure 6B), with a similar tendency for IL-10 secretion (p = 0.06; Figure 6B). TNFα followed the same pattern but the differences were not significant (Figure 6B). There was an interaction (p < 0.05) between probiotics and infection for IL-6 production, with secretion reduced in uninfected pigs fed with BBE, but tended to be enhanced in infected pigs (Figure 6B). The effects of LB probiotics were less apparent. LB supplementation resulted in lower (p < 0.05) TNFα secretion from CLN cells, independently of infection status, but there were no effects on the other cytokines measured in either CLN or PBMC (Supplementary Figure 3). As the cellular composition of PBMC was not significantly affected by probiotic supplementation, this suggests that the functional activity of these cells was specifically altered in response to probiotics. Collectively, these data suggest that BBE probiotics have an anti-inflammatory effect in the absence of parasite infection. However this effect was modulated in infected pigs. Whereas IL-1β was strongly suppressed in PBMC from both uninfected and infected animals receiving BBE, the effect on other cytokines such as IL-6 appeared to be influenced by the parasitic infection, with the suppressive effect less evident in infected pigs. These data suggest that concurrent helminth infection may restrict the anti-inflammatory properties of BBE probiotics.




Figure 6 | Ex vivo cytokine secretion is modulated by probiotics and Oesophagostomum dentatum infection. (A) Phytohaemagglutinin-induced secretion of TNFα and IL-10 in ileal-cecal lymph node cultures. Pigs were either uninfected or infected with O. dentatum for 28 days, with or without supplementation of a mixture of Enterococcus faecium and Bacillus sp. (BBE). (B) LPS-induced secretion of IL-1β, IL-6, TNF α and IL-10 in peripheral blood mononuclear cells from pigs infected with O. dentatum for 28 days or uninfected pigs, with or without supplementation of BBE. *p < 0.05 by GLM analysis. n=8 pigs per treatment group.





Probiotics Attenuate O. dentatum-Induced Inflammatory Gene Expression in the Proximal Colon

To explore in more detail if the dietary probiotics modulated local host immune responses, we investigated changes in gene expression in the proximal colon during O. dentatum infection. A panel of genes was selected to represent Th1-, Th2- and regulatory immune responses, as well as mucosal barrier and innate immunity-related genes. Principal component analysis (PCA) of the relative expression of all genes analysed in the proximal colon illustrated a marked effect of O. dentatum infection (Figure 7A), and a lesser influence of probiotic supplementation (Figure 7B). In the absence of probiotic supplementation, there was a prototypical type-2 polarised immune gene expression profile in the proximal colon of pigs infected with O. dentatum, relative to uninfected animals. Infection with O. dentatum significantly increased expression of IL4, IL13, ARG1, CCL17 and CCL26, with a concurrent trend for down-regulation of the expression of Th1-related genes such as IL8 (Figure 7C and Supplementary Table 5). In addition, increased expression of mucosal barrier-related genes, such as RETNLB, FFAR2, and DCLK1, and innate immune genes such as IL6, C3 and PTGS2 (encoding cyclooxygenase-2) were also observed in infected, control-fed pigs (Figure 7C and Supplementary Table 5).




Figure 7 | Probiotics and Oesophagostomum dentatum infection alters immune gene expression profiles. (A, B) Principal component analysis of immune gene expression in the proximal colon at day 28 post-infection (p.i.) as a result of O. dentatum infection (A) or diet supplementation with probiotic mixtures Enterococcus faecium and Bacillus sp. (BBE), or LGG and Bb12 (LB) (B). (C) Expression of genes involved in different biological function as a result of O. dentatum infection (Od), BBE or LB supplementation, or O. dentatum infection combined with BBE or LB supplementation. The control group received no infection or probiotic treatment. Data presented as Z-scores of relative gene expression data. (D) Fold changes in expression of genes from proximal colon tissue significantly altered (p < 0.05) by the interaction of Oesophagostomum dentatum infection and dietary supplementation with BBE, in comparison to control-fed, O. dentatum-infected controls. n=6-8 pigs per treatment group. (E) Principal component analysis showing immune gene expression in the proximal colon at day 28 p.i. in control pigs (no infection or probiotics), O. dentatum infection without probiotics, and O. dentatum with BBE supplementation.



We noted a moderately enhanced Th1 polarization as a result of probiotic supplementation. Both probiotic treatments increased the expression of IL8, IL12B and INOS in both uninfected and O. dentatum-infected animals. LB supplementation also significantly increased IFNG expression (Figure 7C and Supplementary Table 5), as well as CXCL10 expression but only in males (p < 0.05 for interaction between sex and LB supplementation).

Strikingly, in O. dentatum-infected pigs, BBE supplementation markedly attenuated the helminth-induced increases in gene expression relative to control-fed animals. In BBE-fed pigs, Th2 genes were still up-regulated as a result of helminth infection, but to a lesser degree compared to O. dentatum infected pigs fed only the control diet (Figure 7C). For genes where there was a significant interaction (p < 0.05) between BBE supplementation and infection, in every case this resulted in significant down-regulation of expression in infected, BBE-fed pigs compared to infected, control-fed pigs (Supplementary Table 5). This included key Th2 and epithelial/mucosal barrier related genes, including those coding for the short-chain fatty acid receptor FFAR2, the epithelial cell kinase and tuft cell marker DCLK1 the interleukin-4 receptor IL4, and the eosinophil chemoattractant CCL26 (Figure 7D). Moreover, the helminth-induced expression of other immune related genes such as TNF, CTLA4 and PLA2G4A was significantly attenuated by BBE supplementation (Figure 7D). This was evident in PCA analysis which showed that O. dentatum-infected pigs administered BBE clustered closer to uninfected control pigs than O. dentatum-infected pigs without probiotic supplementation, suggesting that the response to infection was muted in these animals, and that BBE acted to restrain the localized inflammatory response to the parasite (Figure 7E). A similar pattern was evident in infected pigs with LB supplementation, but the effect was less pronounced, with the immune gene profile more closely resembling that of O. dentatum-infected pigs fed the control diet (Figure 7E). However, we did note a trend (p < 0.1) for interactions between infection and LB supplementation for the expression, of ARG1, TLR3, IL1B, and CTLA4, with the infection-induced expression of these genes being attenuated to some extent by LB (Figure 7C and Supplementary Table 5). Thus, probiotic supplementation (most primarily with BBE) acted to attenuate parasite-induced, type-2 biased inflammatory responses in the colon.




Discussion

The beneficial effect of probiotics on health and control of bacterial infections is well-documented, however the potential interactions of probiotics with helminth infection and the mechanisms by which they can influence mucosal immune responses is not well understood. Here, we assessed for the first time how probiotic intake could modulate worm burdens, immune function and GM composition during a colonic helminth infection in swine.

We found that probiotics (BBE in particular) were capable of suppressing ex vivo inflammatory cytokine production and attenuating the host mucosal immune responses elicited in response to infection. Neither probiotic mixture modulated the establishment or infection kinetics of O. dentatum. However, both mixtures appeared to beneficially modulate the intestinal microbiota composition, as evidenced by increased bacterial diversity in both fecal and large intestinal samples. Interestingly, we noted that these effects were to some extent modulated by O. dentatum infection, suggesting a novel interaction of parasite infection on probiotic activity. Furthermore, we observed attenuation of the prototypical type-2 inflammation induced by O. dentatum by BBE probiotics.

O. dentatum infection is highly prevalent in pigs worldwide. dietary prebiotics that can modulate host GM, such as inulin, have been shown to be highly effective in reducing parasite burdens, however our results here show that supplementation of specific probiotic strains did not have an anti-parasitic effect. The mode-of-action of prebiotics against O. dentatum is hypothesized to result from a selective enrichment of lactic acid producing bacteria, and production of GM-derived metabolites such as SCFA, which lower the colon pH and create an inhospitable environment for helminths (19). Despite an increase in D-lactic acid induced by LB, we did not observe changes in gut pH (or total SCFA levels) as a result of either probiotic mixture. Thus, the administration of certain probiotic bacteria was insufficient to have an anthelmintic effect, although associated changes in the immune system or GM may still markedly impact gut health. A number of previous studies in murine models have shown conflicting results about whether probiotics can exert anthelmintic activity against parasites such as Schistosoma mansoni, Trichinella spiralis or Trichuris muris, with some reports of reduced parasite burdens following probiotic intake, and also reports of no effect or even significantly increased infection (34–36). There may be numerous reasons for these discrepancies, but it is known that the composition of the basal diet (e.g. fibre contents) may play a role in the activity of probiotics, and therefore the combination of prebiotic dietary components and probiotics (i.e. ‘synbiotics’) should be further investigated to optimize the potential anti-parasitic activity of probiotic bacteria.

Helminth infection is typically associated with a rise in antibody secretion and the initiation of a characteristic Th2 immune response. Similarly to Andreasen et al. (24) we observed a type-2 immune response in control-fed pigs infected with O. dentatum, with increased antibody secretion, peripheral T cell activation, and type-2 immune gene expression profiles in the proximal colon confirming an active host immune response was elicited. Interestingly, infected pigs fed BBE probiotics exhibited a reduction in epithelial immune genes, such as TSLP, IL4R and FFAR2, compared to the O. dentatum-infected pigs fed only the control diet. In addition, BBE treatment alone tended to reduce expression of key Th2 immune genes, such as IL4, IL5 and CCL26, and appeared to diminish the parasite-induced increase in the expression of these genes in infected pigs fed BBE. Together, this suggests that the typical polarised helminth-mediated Th2 immune response is attenuated by the supplementation of Bacillus spp. and E. faecium-based probiotics. This attenuation of prototypical helminth-induced immune response has been observed previously in A. suum-infected pigs fed L. rhamnosus LGG (23). Jang et al. (23) reported reduced IgG2 antibody titres and reduced expression of IL13, eosinophil peroxidase EPX, and CCL26 in A. suum-infected pigs supplemented with LGG. The observed suppression of Th2 and epithelial gene expression profiles in this study may have been the result of the probiotics exerting a regulatory effect to maintain intestinal immune homeostasis.

We observed that probiotic supplementation appeared to significantly alter the intestinal microbiota, with both mixtures (BBE and LB) improving the microbial diversity and richness over the course (day 28 post-infected compared to 7 days pre-infection) of the study and at different segments of the intestinal tract. PERMANOVA analysis confirmed that probiotic supplementation did have a modulatory effect on the microbiota, although the changes could not be ascribed to specific taxa. The modest impact of probiotics on the composition of the GM appears to be in keeping with several studies that reported minor compositional alterations as a result of supplementation with a range of probiotic strains (7, 37). Interestingly, both probiotic mixtures induced subtle alterations to SCFA and lactic acid levels present in intestinal digesta, suggesting that even with limited changes in the GM, potentially beneficial outcomes to intestinal health can still be achieved, as was evident by the modulation of intestinal immune gene expression profiles.

To our knowledge this is the first time the porcine GM has been characterised during O. dentatum infection. Consistent with previous observations in pigs infected with T. suis (20, 21), O. dentatum infection altered β-diversity in the caecum and colon. However, unlike T. suis, this modulation did not appear to be associated with defined bacterial taxa, and significant changes were not observed in faeces or the small intestine. This suggests that O. dentatum infection had a localised impact on the GM without inducing changes throughout the intestinal tract. The most striking observation was the apparent ability of O. dentatum to suppress the changes in the GM brought about by probiotics that were observed in uninfected pigs. Thus, concurrent parasitic infections, which are common in livestock and humans in developing countries, may be a previously unappreciated factor influencing the health benefits of dietary probiotics.

The mechanisms by which probiotics alter the response to helminth infection requires further investigation. Various modes-of-action have been proposed for the health benefits of probiotic bacteria. Probiotics may adhere to intestinal epithelial cells and thereby prevent the attachment of potentially pathogenic bacteria such as E. coli, as well as inducing mucus production and the stimulation of antimicrobial peptides (38). Furthermore, probiotics may regulate inflammatory responses by binding to PRRs on immune cells and promoting secretion of IL-10 or TGF-β, which can suppress inflammatory cytokine production (39). Moreover, probiotics such as LGG have previously been shown to promote Th1 responses in pigs, and the Th1-stimulating properties of probiotics has been suggested to underlie the ability of probiotics to suppress symptoms of allergies in humans and animal models (39, 40). Indeed, our gene expression data in the colon indicated a modest Th1-polarizing effect of both probiotic mixtures in the absence of infection, suggesting that host PPRs recognize the bacteria and respond with production of type-1 cytokines and innate immune mediators that are typically produced in response to TLR or NOD receptor binding (41, 42). Probiotics have also been shown to induce regulatory responses that can alleviate inflammation during pathogen challenge in pigs (43), and thus the attenuation of the helminth-induced type-2 response may then derive from the ability of the probiotic bacteria to restore homeostasis in the face of acute pathogen-driven inflammation. Interestingly, we observed that BBE appeared to be more efficient than LB in modulating host immune responses, which may reflect the inclusion of porcine-derived strains in the BBE mixture. Further experiments to identify specific immune cell populations that are modulated by probiotics (e.g., dendritic cells, intra-epithelial lymphocytes) are now highly warranted, as are studies in other porcine pathogen infection models to see how the outcome of infections that promote type-1 immunity (e.g. viral infections) is altered in response to probiotic intake. Moreover, more targeted investigations with integrated analytical techniques to further determine the trilateral associations between worms, specific bacterial taxa and immune molecules are also a high priority.

In conclusion, we show here that probiotics, in particular the strains Bacillus amyloliquefaciens, B. subtilis, and Enterococcus faecium, do not appear to directly affect worm establishment and development but do regulate inflammatory responses and attenuate host mucosal immune function during O. dentatum infection, which may serve to regulate host intestinal function and maintain immune homeostasis. This probiotic-mediated regulation of host immune responses is also indicative of the ability of probiotics to potentially dampen Th2-mediated pathology as a result of, for example, food allergies (44–46). Moreover, the ability of these probiotic strains to attenuate pathogen-induced inflammatory responses may have relevance for dietary interventions that seek to maintain intestinal homeostasis during infectious challenge.
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Food additives are common components of processed foods consumed in a Western diet. In inflammatory bowel disease patients, some diets that exclude food additives improved clinical disease parameters, suggesting a link between food additives and disease pathogenesis. Food additives also enhanced disease severity in mouse colitis models through incompletely described mechanisms. This study examined the mechanisms by which the food additive maltodextrin (MDX) alters the development of colitis in a murine model. Interleukin-10 knockout (IL10KO) mice were fed diets supplemented with MDX or carboxymethyl cellulose (CMC) to determine their impact on colitis onset and severity; microbiome composition, function, and location; colonic immune cell infiltrates; and mucus layer integrity. Primary IL10KO colonic epithelial monolayers were used to dissect the impact of MDX directly on epithelial differentiation and mucus production. MDX or CMC consumption increased the incidence and severity of colitis, as well as decreased microbiome diversity, altered microbial composition, and decreased fecal acetic acid levels. The number of mucus producing cells were decreased in food additive fed mice and resulted in increased microbial proximity to the intestinal epithelium. Additionally, MDX supplementation resulted in crypt hyperplasia and expansion of the HopX+ injury renewal stem cell niche. In primary intestinal epithelial-derived monolayers devoid of microbes and immune cells, MDX exposure decreased goblet cell number and mucus production in association with downregulated expression of the transcription factor Klf4, a marker of terminally differentiated goblet cells. These results suggest MDX disrupts the balance of epithelial cell differentiation and proliferation to contribute to disease pathogenesis through direct and indirect actions on the intestinal epithelial barrier.
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Introduction

Inflammatory bowel disease (IBD) was first described in Western populations; however, IBD prevalence worldwide is on the rise in parallel with societal industrialization and consumption of a “Western-style” diet (1–3). A Western-style diet is comprised of high consumption of pre-packaged foods, processed meat, red meat, high-fat dairy products, refined grains, sweets, and high-sugar drinks, with low amounts of whole grains, fruits, vegetables, fish, nuts, and seeds. Although correlations exist between the introduction of processed foods and a rise in IBD prevalence, the specific components of processed foods and the mechanisms by which they drive disease pathogenesis are not fully understood (4).

Food additives are a broad class of compounds used to preserve taste, appearance, and texture, as well as add bulk to processed food products (5). Despite a Food and Drug Administration classification of Generally Recognized As Safe (GRAS), several food additives have been implicated in promoting or enhancing gastrointestinal inflammation in humans. Carrageenan, a food additive used as an emulsifying and thickening agent, has been associated with accelerated disease relapse in ulcerative colitis patients (6). The emulsifiers polysorbate-80 and carboxymethyl cellulose (CMC) were shown to increase pro-inflammatory potential of the human intestinal microbiota by upregulating lipopolysaccharide and flagellin levels using an in vitro human microbiota culture system (7). Although data on the direct effect of food additives on disease in humans is limited, small studies on the effects of elimination diets have provided additional evidence for their potential role as disease agonists. Diets such as the specific carbohydrate diet (SCD), low fermentable oligo-, di-, and mono-saccharides and polyols (FODMAP) diet, and Crohn’s Disease Exclusion Diet, which eliminate many carbohydrates and all processed foods, have shown modest success in relieving functional gastrointestinal symptoms and decreasing markers of inflammation in IBD patients (8–12).

Using pre-clinical rodent models, food additives have been shown to have a number of deleterious effects on intestinal homeostasis through action on intestinal microbes (7, 13–17). Maltodextrin (MDX), a polysaccharide derived from the chemical and enzymatic processing of natural starches, increased pathogenic phenotypes of Crohn’s disease-associated adherent invasive Escherichia coli strains, and disrupted host defenses against the enteric pathogen Salmonella enterica serovar Typhimurium (16, 17). While MDX consumption by wild-type mice has not been shown to initiate spontaneous intestinal inflammation on its own, MDX exacerbated inflammation in an acute dextran sodium sulfate (DSS) model of intestinal injury (14). Similarly, the emulsifiers polysorbate-80 and CMC have been closely investigated using spontaneous colitis models that allow for the investigation of dietary influence in a model that combines genetic risk factors and microbial-dependent inflammation. Both emulsifiers were shown to accelerate colitis incidence through alterations to microbiome composition, bacterial function, and increased proximity to the intestinal epithelium in colitis-prone mice (13). These data suggests that food additives are not inert filler compounds and warrant closer investigation in inflammatory disease models.

The intestinal mucus layer is an important protective barrier that separates the intestinal epithelium from the commensal microbes of the host microbiome. In IBD patients, the mucus layer integrity is decreased, allowing for microbial interaction with the epithelium and leading to an inflammatory response (18). Previous studies in mice have described detrimental effects of food additives on intestinal mucus layer integrity, but the mechanism by which this happens still remains unknown (13, 14). Additionally, it is not known whether the food additives directly disrupt the mucus layer through their surfactant properties, upregulate the mucolytic activity of the intestinal microbiome, or suppress mucus production from the intestinal epithelium to facilitate this phenotype.

In this study, we investigated mechanisms of food additive-induced impairment of mucus barrier integrity in the microbe-dependent interleukin-10 deficient (IL10KO) mouse colitis model. We determined that two common food additives, MDX and CMC, accelerate colitis onset and severity in the IL10KO mouse model. Both food additives altered microbiome localization, composition, and function, as well as greatly decreased host mucus layer integrity. Using differentiated, mucus-producing primary intestinal epithelial cell-derived monolayers, we determined that decreased mucus production was caused by direct action of MDX on intestinal epithelial cells, while additional signals were required to drive intestinal crypt hyperplasia characterized by epithelial proliferation and an expanded HopX+ injury renewal stem cell niche. These findings demonstrate that MDX disrupts the balance of epithelial cell differentiation and proliferation to contribute to disease pathogenesis. Our results identify an additional, epithelium-specific mechanism by which food additives alter intestinal homeostasis that combines with microbiome dysbiosis, and immune cell dysfunction to accelerate colitis development.



Results


Food Additive Consumption Accelerates Colitis Onset in Interleukin-10 Deficient Mouse Model

Using IL10KO mice, we investigated whether MDX consumption accelerated spontaneous colitis onset similar to reports of another food additive, CMC (13). Due to the high microbial dependence of the model (19), IL10KO mice were conditioned with fecal material from NOD2KO mice to introduce a pro-inflammatory microbiota and normalize disease onset between cages. Mice were fed a grain-based rodent chow supplemented with 1% w/w MDX or 1% w/w CMC for up to 11 weeks. Fecal lipocalin-2 (LCN2) levels were measured to monitor intestinal inflammation levels and a threshold of 500ng/g of stool was used to define colitis onset as previously described (13). In IL10KO mice, MDX supplementation caused an increase in colitis incidence and earlier disease onset as assessed by fecal LCN2 levels (Figure 1A). Both food additive-supplemented diets increased disease incidence: 11% of mice fed an unsupplemented control diet developed colitis while 25% of mice consuming a MDX-supplemented diet and 33% consuming a CMC-supplemented diet developed colitis (p=0.0399; Figure 1B). Disease onset was accelerated from 5 weeks in the control group to 2 weeks in both food additive diet groups. Food additive-fed IL10KO mice had elevated serum amyloid A (SAA) levels indicating increased systemic inflammation in addition to enhanced colon histopathology (Figures 1C, D). The increased histopathology showed hallmarks of chronic inflammation and the colitis score was mainly driven by exacerbated crypt hyperplasia and local elevation of immune cell infiltrates (Figure 1E and Supplementary Figure 1A). No change in rates of weight gain, differences in diet consumption, or elevation in an observational disease activity index were detected (Supplementary Figures 1B–D). These findings demonstrate that MDX or CMC consumption increased colitis incidence, severity, and accelerated time to disease onset in colitis-prone IL10KO mice.




Figure 1 | MDX and CMC increase colitis incidence in genetically susceptible hosts. IL10KO mice were conditioned with fecal material from NOD2KO mice for up to 11 weeks and concurrently fed a control chow diet or a food additive supplemented diet containing either 1% w/w MDX or CMC. (A) Fecal lipocalin-2 (LCN2) levels were assessed from fresh stool samples collected weekly to monitor intestinal inflammation levels. A LCN2 value of 500ng/g of stool (dotted line) post week 2 was used as a benchmark to determine colitis status. Samples from 5 independent experiments, with 3-12 mice per diet per experiment. (B) Cumulative incidence of colitis over time by diet group, represented as percent of mice that developed colitis. A LCN2 value of 500ng/g of stool or greater after week 2 was used to determine colitis onset. Once a mouse reached the threshold, an incident was counted. Any mice who did not reach the threshold at any point throughout the experiment were censored at the endpoint. Mean ± SEM, statistical significance for trend was determined by logrank test. (C) Serum amyloid A levels were assessed in the plasma isolated from whole blood collected at endpoint. Samples from 5 independent experiments, with 3-12 mice per diet per experiment. Mean ± SEM, statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test. (D) Histological score of H&E colon sections. Score is a cumulative total of the 4 assessed parameters: epithelial layer integrity, immune cell infiltration, submucosal swelling, and muscularis hyperplasia. Samples from 4 independent experiments, with 2-5 mice per diet per experiment were scored. Mean ± SEM, statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test. (E) Representative H&E stained colon tissue sections. Scale bar is 500μm.





Intestinal Immune Cell Populations Are Not Impacted by Food Additive Consumption

In the IL10KO colitis model, loss of IL-10 signaling removes inhibition of pro-inflammatory signaling, resulting in an influx of immune cells into the colon. A limited survey of innate and T cell populations isolated from the proximal colonic lamina propria by flow cytometry revealed that neither food additive grossly altered immune cell infiltrates as compared to the control-fed group (Figure 2). Total numbers of CD11b+Ly6G+Ly6Cint cells (neutrophils), CD11b+CD64+MHCII+Ly6C- cells (macrophages), and CD11b+MHCII-Ly6G-SSChi cells (eosinophils) were unaffected by diet (Figure 2A). The levels of Treg cells and pro-inflammatory Th17, IL-17A-producing, and IFNγ-producing T cells were also equivalent across diet groups (Figure 2B). This indicates that dietary additives do not produce large shifts in the surveyed pool of tissue-infiltrating immune cells, suggesting that alterations to immune cell infiltrates may not be the main driver of accelerated disease onset in response to food additive consumption.




Figure 2 | Acceleration of colitis onset by food additives is not driven by the immune compartment. Flow cytometry was used to assess innate cell (A) and T cell (B) counts in the lamina propria cell population found in the proximal colon tissue of IL10KO mice. Samples from 2 independent experiments with 4-5 mice per diet per experiment. Mean ± SEM, statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test.





Food Additive-Driven Alterations to the Microbiome Correlate With Lower Short-Chain Fatty Acid Levels

Commensal microbes have direct exposure to food products in the intestine, and diet composition impacts the composition and functions of the microbiome. Changes to the diet, such as a shift towards eating a Western-style diet, have been implicated to be pathogenic, either driving disease or contributing to enhancing inflammation. Both MDX and CMC supplementation caused a decrease in alpha diversity as compared to the control diet, indicating a decrease in the complexity of the microbiome (Figure 3A). Comparison of the relative abundance of bacterial phyla did not demonstrate any high-level changes between the diet groups (Supplementary Figure 2A); however, canonical correspondence analysis determined that food additive diets caused distinct strain level shifts, resulting in three distinct, diet-driven community compositions (Figure 3B). A network analysis of amplicon sequence variants (ASV) using the SPRING method revealed that both food additives caused drastic alterations to interactions between several microbial taxa, resulting in loss of connections between taxa found in the control group, as well as the establishment of new connections between different taxa in the food additive fed samples (Figures 3C, D).




Figure 3 | Food additives alter microbiome composition. Cecal contents from food additive fed IL10KO mice were sequenced in the V4 region of bacterial 16s rRNA. Samples from 4 independent experiments with 3-7 samples per diet per experiment. (A) Alpha diversity of cecal contents samples was assessed using the Shannon Index. Statistical significance was determined by ANOVA. (B) Amplicon sequence variants (ASVs) were used to assess beta diversity, and is represented by canonical correspondence analysis (CCA) plot. Statistical significance was determined using PERMANOVA. (C, D) Comparison of bacterial associations in the cecal samples between the different diets (i.e. CMC and Control). The SPRING method was used as the association measure. The estimated partial correlations are transformed into dissimilarities via the “signed” distance metric and the corresponding similarities are used as edge weights. Eigenvector centrality was used for defining hubs and scaling node sizes. Node colors represent clusters, which are determined using greedy modularity optimization. Clusters have the same color in both networks if they share at least two taxa. Green edges correspond to positive estimated associations and red edges to negative ones. The layout computed for the WD network is used in both networks. Nodes that are unconnected in both groups are removed. Taxa names are abbreviated as numbered ASVs (Supplementary Table 1 for full names). (E) Differential abundance of select genera significantly alter by food additive supplementation. Abundance is represented as a percent of total microbes surveyed. Statistical significant was determined using the Wilcoxon ranked-sign test.



Among the various microbes whose abundance was differentially altered by either of the food additives, 8 genera were altered by at least one food additive compared to the control diet, with a trending change in abundance in 12 additional genera (Supplementary Figure 2B). Of particular interest were decreases in Ruminoclostridium and Ruminococcus, and an increase in Bacteroides abundance, as these findings parallel reports in IBD patient microbiomes of altered abundance in these genera (20) (Figure 3E).

Short-chain fatty acids (SCFA), such as acetic, butyric, and propionic acid, are fermentation byproducts of the gut microbiome which serve many biological roles such as modulating inflammation and immunity, and in particular butyric acid is an important energy source for colonocytes. Decreased SCFA levels have been implicated in the inflammation of many diseases, including IBD (21). Assessment of SCFA levels in cecal contents by GC-MS/MS revealed that both MDX and CMC consumption caused a decrease in acetic acid levels, but not butyric or propionic acid (Figure 4A). The altered acetic acid levels correlated with the abundance of several microbes; lower levels of fecal acetic acid correlated with higher abundance of Akkermansia, and lower abundance of Streptococcus and Bacteroides (Figure 4B). Overall, this data demonstrates that both MDX and CMC alter the microbiome community structure as well as its function, which may contribute to colitis acceleration.




Figure 4 | Food additives alter microbial short-chain fatty acid production. (A) Short chain fatty acid levels were assessed in cecal contents by GC-MS/MS. Samples from 3 independent experiments, with 2-6 samples per diet per experiment. Mean ± SEM, statistical significance was determined by two-way ANOVA with Dunnett’s multiple comparisons test. (B) Relative microbial abundance correlated with acetic acid levels from corresponding cecal contents samples. Samples from 3 independent experiments, with 2-6 samples per diet per experiment. Statistical significance was determined via linear regression analysis.





Food Additives Decrease Goblet Cell Numbers and Increase Microbial Proximity to the Intestinal Epithelium

Alterations to microbial composition in the intestine can often be concomitant with increased microbial proximity to the epithelium as microbial populations expand and create new niches. Fluorescent in situ hybridization (FISH) of Carnoy’s-fixed intestinal tissue revealed that the distance between the commensal microbes and the epithelium was significantly decreased in MDX- and CMC-fed mice (Figures 5A, B). This data suggests an alteration in mucus layer integrity, allowing for the bacteria of the microbiome to reside in closer proximity to the epithelium.




Figure 5 | Food additives alter bacterial localization and mucus production in vivo. (A) Representative confocal microscopy images taken at 63x magnification of Carnoy’s-fixed proximal colon cross-sections visualizing the location of commensal microbes by FISH (Eub388, red). Scale bar is 25μm. (B) Assessment of distance between commensal microbes and the intestinal epithelium. Samples from 3 independent experiments, with 2 mice per experiment per diet. Mean ± SEM, statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test. (C) Representative confocal microscopy images taken at 40x magnification immunofluorescent Muc2 (red) and DAPI stained Carnoy’s-fixed proximal colon cross-sections. Scale bar is 50μm. (D) Representative PAS-stained Carnoy’s-fixed proximal colon cross-sections. Inset shows magnified view of PAS stained cells. Scale bar is 500μm. (E) Quantification of PAS-positive cells per proximal colon cross-section tissue area. Samples from 3 independent experiments, with 3-5 mice per experiment were scored. Mean ± SEM, statistical significance was determined by one-way ANOVA with Dunnett’s multiple comparisons test.



The mucus layer is vital to maintaining intestinal homeostasis by creating a physical and chemical barrier between the epithelium and the commensal microbes that reside in the intestinal lumen. Alterations to mucus production in goblet cells results in compromised mucus layer integrity, which can lead to increased proximity of microbes to the epithelial cell layer. Both food additives caused a visual reduction in mucin 2 (Muc2) epithelial staining (Figure 5C). Quantification of Periodic Acid Schiff (PAS) positive cell numbers revealed a decrease in mucus containing cells (Figures 5D, E). The combination of increased bacterial encroachment on the intestinal epithelium and reduction in Muc2 protein and mucin levels suggests that both food additives are decreasing mucus layer integrity, through a reduction in goblet cell number.



Maltodextrin Suppresses Mucus Production by Acting Directly on Intestinal Epithelial Cells

Mucus layer production and integrity is influenced by microbial and host-derived signals, both of which can be altered with inflammation. The effects of the emulsifier CMC on mucus layer integrity has been demonstrated to be mediated through changes in the microbiome rather than a direct effect of CMC on the epithelium (13). Strain level alterations to the microbiome composition differed between MDX- and CMC-fed mice, therefore we sought to investigate the requirement of microbes in the reduction of mucus observed with MDX supplementation. Primary IL10KO intestinal epithelial-derived monolayers, when cultured under air-liquid interface (ALI) conditions, develop fully differentiated goblet cells and secrete a robust mucus layer (Figure 6A). Exchanging half of the glucose in the lower-chamber media for an equivalent concentration of MDX for 72 hours resulted in a significant reduction of both mucus-secreting cell numbers and total area of secreted mucus, as assessed by quantification of PAS staining (Figures 6B, C).




Figure 6 | Mucus depletion by MDX is by direct action on intestinal epithelial cells through downregulation of differentiation factor Klf4. Primary intestinal epithelial-derived monolayers from IL10KO distal colon tissue were cultured in air-liquid interface conditions. Monolayers were supplemented for 72 hours with MDX. (A) Representative PAS-stained sections of Carnoy’s-fixed monolayers. Inset shows magnified view of PAS positive staining cells. Scale bar is 100μm. (B, C) Quantification of PAS-positive cells per monolayer and total mucus area per monolayer. Samples from 3 independent experiments, 2-6 monolayers per experiment were assessed. Mean ± SEM, statistical significance was determined by two-tailed unpaired t-test. (D) Relative expression levels of goblet cell markers in ALI epithelial monolayers as assessed by qRT-PCR. All expression levels normalized to 18s ribosomal transcript levels. Samples from 3 independent experiment, with 2-3 monolayers per experiment. Mean ± SEM, statistical significance was determined by two-tailed unpaired t-test. (E) Immunoblot quantification of phosphorylated p38 levels in protein lysates from ALI cultures (n=2 monolayers). Phosphorylated p38 (p-p38) levels were normalized to total p38 levels. Mean ± SEM, statistical significance was determined by two-tailed unpaired t-test. (F) Immunoblot quantification of phosphorylated p38 levels in proximal colon tissue lysates from IL10KO mice. Samples from 2 independent experiments, with 3-5 samples per diet per experiment. Mean ± SEM, statistical significance was determined by two-tailed Mann-Whitney test.



Goblet cells constitutively produce and steadily secrete mucus, beginning soon after differentiation from the stem cell niche found in the base of intestinal crypts (22). The goblet cell precursors mature as they transit away from the crypt base and reach full differentiation near the luminal epithelial surface (22). Reduced mucus production was associated with a decrease only in the terminally differentiated goblet cell marker Klf4, with no observed reduction in secretory cell lineage marker Math1 or immature goblet cell marker Spdef1 transcript levels (Figure 6D). These results indicate that MDX has a direct impact on goblet cell differentiation in the absence of microbial or immune signals.

A prior study indicated that MDX consumption induced endoplasmic reticulum stress and activation of the mitogen activated protein kinase p38 (14). Immunoblot analysis of protein lysates from both ALI monolayers and intestinal tissue from IL10KO mice demonstrated MDX-induced enhanced phosphorylation of p38 (Figures 6E, F). However, no upregulation of an IRE1-mediated ER stress response pathway was observed (Supplementary Figure 3). This data suggests that MDX acts directly on intestinal epithelial cells to alter mucus production by activating p38 kinase activity and impairing terminal differentiation of goblet cells in the absence of microbes or immune cells.



Epithelial Proliferation and Microbe Sensors Are Increased in MDX-fed IL10KO Mice

The intestinal epithelium is a site of steady proliferation and regeneration, with complete turnover of cells every three to four days under homeostatic conditions. Rapid proliferation is essential in response to epithelial damage, such as increased contact with resident microbiota. Crypt hyperplasia was observed in the colons of MDX-fed IL10KO mice (Figure 1E), with a significant increase in the number of proliferative, Ki67-positive cells at the crypt base where stem cell populations are enriched (Figures 7A, B). To determine if these Ki67+ cells were an expansion of a specific stem cell population, transcript levels of the three major stem cell type markers (Lgr5, Bmi1, and Hopx) were assessed in isolated intestinal epithelial cells from IL10KO mice. The transcript levels of Hopx, which is described as a marker of injury renewal stem cells, were modestly elevated in isolated intestinal epithelial cells, but this increase did not reach statistical significance (p=0.0713; Figure 7C). This increase in Hopx expression was not observed in MDX-supplemented ALI monolayers (Figure 7D), suggesting that additional factors are required to drive this injury response.




Figure 7 | MDX increases epithelial proliferation and injury renewal cell population in vivo. (A) Representative immunofluorescent confocal micrographs of Ki67 (red), E-cadherin (green), and DAPI stained proximal colon cross-sections. Scale bar is 100μm. (B) Quantification of Ki67-positive cells present per intestinal crypt unit. Samples from 3 independent experiments, with 2 mice per diet per experiment were assessed. Mean ± SEM, statistical significance was determined by two-tailed Mann-Whitney test. (C) Relative transcript levels of stem cell markers in isolated primary intestinal epithelial cells assessed by qRT-PCR. All expression levels normalized to 18S ribosomal transcript levels. Samples from 7-10 mice per diet. Mean ± SEM, statistical significance was determined by two-tailed Mann-Whitney test. (D) Relative transcript levels of stem cell markers in ALI monolayers assessed by qRT-PCR. All expression levels normalized to 18S ribosomal transcript levels. Samples from 3 independent experiments, with 2-3 monolayers per experiment. Mean ± SEM, statistical significance was determined by two-tailed unpaired t-test. (E) Relative expression levels of pattern recognition receptors in whole colon tissue samples as assessed by qRT-PCR. All expression levels normalized to 18S ribosomal transcript levels. Samples from 2 independent experiments, with 3-5 sampled per diet per experiment. Mean ± SEM, statistical significance was determined by two-tailed Mann-Whitney test. (F) Relative expression levels of pattern recognition receptors in ALI monolayers as assessed by qRT-PCR. All expression levels normalized to 18S ribosomal transcript levels. Samples from 3 independent experiments, with 2-3 monolayers per experiment. Mean ± SEM, statistical significance was determined by two-tailed unpaired t-test.



Due to the observation that MDX-supplementation caused an increase in proximity of the commensal microbes to the intestinal epithelium, the expression of pattern recognition receptors was analyzed to determine whether microbial signaling could contribute to the epithelial hyperproliferation in MDX fed mice. Expression of Nod2, an intracellular receptor that recognizes both Gram-positive and Gram-negative bacteria, was significantly increased in intestinal tissue from MDX fed mice, while transcripts of other bacterial sensors, Nlrp3 and Tlr4 were not (Figure 7E). When examined in the ALI monolayer culture system, expression of these bacterial sensors was unaffected by MDX supplementation, suggesting a role for additional signals from the intestinal environment in the hyperproliferative response to MDX consumption (Figure 7F). Taken together, this data suggests that MDX has direct effects on the intestinal epithelium that result in an impaired mucus barrier, as well as indirect effects on the proliferation of the stem cell niche that may be mediated by other factors such as microbes in closer proximity to the epithelium or stimulation of immune cells in proximity to the epithelium (Figure 8).




Figure 8 | Proposed model. MDX directly acts on intestinal epithelial cells to increase p38 MAPK stress signaling, reduce Klf4 transcript levels, and decrease mucus production. Concurrently, MDX alters the composition and function of commensal microbes. Combined with the reduction in mucus, microbial proximity to the epithelium is increased and elicits a damage response characterized by crypt hyperplasia through upregulated NOD2 signaling. In a genetically susceptible host, these direct and indirect actions of MDX results in accelerated disease incidence.






Discussion

Inflammatory bowel disease is a complex and multi-factorial disease. Growing epidemiological and laboratory research points towards components of an increasingly prevalent Western-style diet as a factor in disease onset and progression (3, 23–25). Dietary composition is an easily modifiable factor, and diet-based therapies have been proven effective in treating other chronic diseases, such as type II diabetes mellitus (26). While there is rising interest in the IBD patient community for diet modification protocols to treat disease symptoms, these diets are often broadly restrictive and are challenging to implement and maintain. Therefore, a comprehensive understanding of how diet influences disease pathogenesis would allow for the development of more specific dietary interventions that remove components of the Western diet that aggravate disease symptoms.

In this study, we investigated two common food additives, MDX and CMC, using a colitis-prone mouse model driven by both host genetics and microbes, allowing us to investigate the integration of several risk factors on chronic disease activity. Both MDX and CMC accelerated the onset and severity of intestinal and systemic inflammation, altered the microbiome profile and function, and decreased intestinal mucus production. This data reproduces prior findings implicating emulsifier-induced microbial dysbiosis and bacterial encroachment of the mucus barrier in acceleration of disease in two different genetically-driven spontaneous colitis models, while extending these findings to identify differences in mechanisms of food additive action. While our group has previously shown that consumption of a high concentration of MDX (5% MDX for 2 weeks) alters commensal microbe localization in the intestine, we determined in this study that even a concentration as low as 1% can induce similar changes (16). Unlike previous reports on the emulsifiers CMC and polysorbate-80 which have been shown to induce large high level shifts of whole bacterial phyla (13), MDX caused strain-level alterations to microbial abundance, leading to altered microbial network interactions. This matches previous observations that MDX did not cause alterations to mucosa-associated microbiota at the phyla and class level (14), suggesting an additional or alternate mechanism that contributes to disease acceleration. We identified an epithelial-specific response to MDX that leads to decreased mucosal barrier integrity. Combined with subtle alterations to the microbiome composition and increased proximity of the microbiome to the epithelium, MDX consumption increased colitis incidence and disease severity in genetically-prone mice. Our current work reiterates that food additives are not inert compounds and can combine with other risk factors to increase colitis susceptibility (Figure 8). Given that MDX and CMC both accelerate colitis through different mechanisms, future studies that examine the potential for combinatorial or synergistic action of food additives on disease would further refine our understanding of how processed foods that often contain multiple food additives impact disease risk in susceptible individuals or could be potential triggers for individuals with IBD. This type of study could also elucidate critical pathways contributing to disease pathogenesis and highlight key areas of intervention.

Decreased mucus production is a hallmark of ulcerative colitis, resulting in compromised mucus layer integrity and increased microbial-epithelial contact (18). Studies of CMC and polysorbate-80 linked decreased mucus layer integrity to an increased abundance of mucolytic bacteria, which we did not observe in our study (13). Using an in vitro culture system of primary intestinal epithelial-derived monolayers that lack stromal and immune cells, as well as microbes, we determined that impaired mucus barrier integrity and decreased goblet cell numbers are a result of MDX acting directly on intestinal epithelial cells. One proposed mechanism for MDX-stimulated mucus depletion is activation of an ER stress response, as a study investigating the effect of MDX on disease severity in an acute DSS colitis model linked mucus depletion to increased p38 activation and enhanced ER stress mediated by IRE1β (14). Although we observed increased p38 phosphorylation in both intestinal tissue from MDX fed mice and ALI monolayers cultured in MDX containing media, we did not observe alterations in IRE1α/β signaling responses in IL10KO mice that consumed a MDX-enriched diet (Supplementary Figure 3). Therefore, the mechanism by which MDX directly induces a reduction in Klf4 levels in epithelial cells is still under investigation.

In vivo, we observed increased epithelial proliferation, as well as a potential shift of quiescent HopX+ injury renewal stem cells to a more proliferative state, suggesting an epithelial damage response. Although it has been demonstrated that KLF4 acts to inhibit cellular proliferation and promote differentiation in the intestinal epithelium (27), our in vitro data indicates that reduction of Klf4 levels in epithelial cells by MDX exposure was not sufficient to drive epithelial hyperplasia (Figure 7). However, this may be due to limitations with the in vitro model. The epithelial monolayers could only be exposed to the food additive from the basal rather than the apical surface that would better model the dietary route of exposure; replacement of media to the apical surface of these ALI monolayers results in rapid de-differentiation and induction of an injury response (28). Proliferation in these confluent monolayers of primary epithelial cells may also be limited due to contact inhibition of these non-transformed cells. Additionally, while the isolated epithelial cell culture system grants the ability to study epithelial-specific alterations to intestinal barrier physiology, it also lacks microbial cues and responses from other cell types found in intestinal tissue that may be important in shaping the response of the epithelium directly or indirectly to MDX.

The upregulation of Nod2 levels in intestinal tissue from mice fed MDX, but not in MDX-supplemented ALI monolayers, suggests that additional immune or microbial signals may be required to induce a damage response that results in MDX-stimulated epithelial hyperproliferation. We postulate that epithelial exposure to microbial products may be facilitated in MDX fed mice through the increased proximity of the microbiota to the epithelium resulting from MDX mucus barrier impairment. Alternately, the selective upregulation of Nod2 transcripts in intestinal tissue from MDX fed mice could reflect an expansion of the stem cell niche, rather than increased microbial sensing, as NOD2 is highly expressed in intestinal stem cells and serves a protective role against reactive oxygen species induced by ionizing radiation or mitochondrial stress (29). Also of consideration is the method by which the epithelium is exposed to MDX in each system, as this may impact cellular responses as well. The apical surface of the intestinal epithelium is exposed to dietary components in vivo, whereas in the in vitro ALI cultures MDX was added to the basal media.

Klf4 is not only required for terminal differentiation of goblet cells, but also has a broader function as a negative regulator of WNT signaling. In mice with an intestinal epithelium-specific knockout of Klf4, loss of expression not only resulted in inhibited goblet cell differentiation, but also increased activation of WNT signaling components and downregulation of differentiation regulators (30). Klf4 has also been shown to function as a tumor suppressor, with heterozygous loss of function enhancing tumor progression in APCmin mice (31). Colitis-associated colorectal cancer (CAC) is a significant risk for IBD patients, and while our model did not result in spontaneous tumor formation after 11 weeks of diet supplementation, the combination of intestinal inflammation and epithelial hyper-proliferation induced by MDX may increase the risk of tumor formation when combined with a second hit.

In summary, our findings reinforce the growing body of knowledge that food additives are not inert substances, and when combined with a genetic risk factor can accelerate the onset of chronic colitis. This study has identified an epithelial-specific mechanism by which the food additive MDX alters mucus production and increases colitis susceptibility in a genetically-prone model. Diet therapy is gaining interest for treating IBD symptoms by both adult and adolescent IBD patients (27). In order to effectively design therapeutic diets, it is important to understand how different dietary components affect mucosal health, so that those with deleterious effects can be targeted and removed. Future studies investigating the effects of withdrawing MDX from the diet on goblet cell numbers, mucus barrier, and colonic hyperplasia will be important in determining if the damage is reversible, or if supplements to alleviate cell stress are required. Food additives such as MDX may also contribute to CAC risk due to their influence on Klf4 expression and epithelial proliferation. In vulnerable populations, this may be a driving component of the rise in IBD incidence and co-morbidities and is an ideal target for diet-based therapies.



Materials and Methods


Animals

The experimental protocol was approved by the Cleveland Clinic Institutional Animal Care and Use Committee. NOD2KO (B6.129S1-Nod2tm1Flv/J, The Jackson Laboratory, stock number 005763) and IL10KO (B6.129P2-Il10tm1Cgn/J, The Jackson Laboratory, stock number 002251) mice were bred in specific pathogen-free housing. For each experiment, IL10KO mice from multiple litters were equally divided into each diet group and housed in cages containing between 2 and 5 mice. The results of multiple, independent experiments were pooled to result in the analysis of 16-17 mice per diet group as a means to reduce the impact of maternal- and cage-dependent microbiota variations on the study outcomes. Male and female 3 to 5 week old mice were fed an irradiated 2018 Teklad Global 18% Protein Rodent Diet (Envigo) supplemented with 1% w/w maltodextrin (Maltrin, dextrose equivalence of 10.7) or carboxymethyl cellulose (Sigma Aldrich, 419311-100G), or a re-pelleted control and provided non-acidified water for up to 11 weeks. Once per day for three days prior to initiation of experimental diet, IL10KO mice were gavaged with 100uL of a fecal homogenate slurry made from NOD2KO stool to induce a more pro-inflammatory microbiota as found in IBD and normalize the initial microbiota between cages. Briefly, fresh stool was collected from male NOD2KO mice, and suspended at a concentration of 100mg/mL in sterile PBS. Stool was vortexed to homogenize pellets, and the supernatant removed from the non-soluble particulates. The supernatant was then mixed in a 1:1 ratio with sterile 50% glycerol, aliquoted, and stored at -80°C prior to use. Food consumption and animal weight were monitored weekly. At time of weighing, fresh stool was collected, animals were gavaged with 100uL of fecal homogenate slurry, and clean cages were conditioned with 50 grams of soiled bedding from a NOD2KO cage. At completion of the experiment, blood was collected by cardiac puncture into microtainer EDTA tubes and plasma was isolated from the whole blood by centrifugation at 3,000 RPM for 5 minutes and stored at -80°C. Colonic tissue was harvested and fixed in either Histochoice® Tissue Fixative (VWR) or methanol-based Carnoy’s fixative (60% absolute methanol, 30% chloroform, 10% glacial acetic acid), embedded in paraffin blocks, and 5 μm sections mounted on glass slides. Histochoice-fixed colon sections were stained with hematoxylin and eosin and evaluated for inflammation and pathology. Carnoy’s-fixed colon sections were stained with Periodic acid-Schiff to evaluate glycoprotein levels.



Primary Intestinal Epithelial-Derived Spheroid Isolation and Culture

Crypts from 8 week old IL10KO mice were isolated and cultured as described (29). Briefly, whole colons were excised into Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with penicillin/streptomycin, and 10% heat-inactivated fetal bovine serum (FBS); washing media. Colons were cut into 1cm long segments and shaken vigorously in ice cold PBS, then finely minced. Tissue was suspended in 2mL washing medium containing 2mg/mL collagenase type I powder (Gibco), and 50μg/mL gentamicin and incubated at 37°C for 30 minutes, with vigorous pipetting to further break apart the tissue into individual crypts. Samples were filtered through a 70μm cell strainer and washed a second time, at which point media was completely removed and crypts were suspended in growth factor reduced matrigel (Corning). Matrigel suspended crypts were added to center of 24 well tissue culture dish, and covered with 0.5mL of 50% L-WRN conditioned media (one part L-WRN conditioned media, one part Advanced DMEM-F12 with 2mM L-glutamine, 20% FBS, and penicillin/streptomycin) containing Y-27632 (Tocris) and A83-01 (Tocris). Media on spheroids was replaced on alternating days, with spheroids passaged every 3-4 days.



Intestinal Epithelial Monolayer Culture

Colonic mouse spheroids were maintained for up to 30 passages in 50% L-WRN media containing Y-27632 and A83-01 for monolayer experiments as described (28). Matrigel encased spheroids were suspended in 0.5mL of PBS-EDTA and removed from plate, then incubated in trypsin. Washing medium was added and spheroids were pipetted vigorously fully dissociate spheroids into single cells and 2-3 cell aggregates. Approximately 30,000 cell aggregates on average in 0.2mL of media were seeded per apical chamber of a pre-coated 24 well transwell insert (Corning, 6.5mm diameter, 0.4μm pores). Transwell inserts were pre-coated for 20 minutes with 10% matrigel diluted in ice cold PBS. The basal chamber of each well contained 0.5mL of 50% L-WRN containing Y-27632 and A83-01. Medium was changed every other day. Medium in the apical chamber of the transwells was removed on day 7 to create an air-liquid interface (ALI). On day 25 of ALI culture, basal medium was replaced with experimental media. Experimental media consisted of one part L-WRN conditioned media and one part DMEM-F12 media without glucose, supplemented with 20% FBS (Life Sciences, Carlsbad, CA), 2mM L-glutamine, penicillin/streptomycin, and either D(+)-Glucose (4.5g/L; Fisher Scientific) or Maltrin (4.5g/L; Envigo). After 72 hours, monolayers were processed for histological or biochemical analysis. Monolayers were harvested for immunohistochemistry by fixing in a methanol-based Carnoy’s fixative (60% absolute methanol, 30% chloroform, 10% glacial acetic acid) for 24 hours. The transwell membrane and accompanying monolayer was cut in half and embedded upright in a 1% agar block. Agar blocks were embedded in paraffin, 5μm sections were mounted on glass slides, and the stained with Hematoxylin and Eosin (H&E) or Periodic Acid-Schiff (PAS).



Enzyme-Linked Immunosorbent Assays

Serum Amyloid A levels were quantified in mouse plasma using the Mouse SAA ELISA kit (E-90SAA, Immunology Consultants Laboratory, Inc.) according to manufacturer’s specifications. Lipocalin-2 (LCN2) levels were assessed in mouse stool samples using R&D Systems Mouse Lipocalin-2/NGAL DuoSet ELISA (DY1857) and DuoSet Ancillary Reagent Kit 2 (DY008). Pre-weighed stool samples were suspended in 500μL of PBS and agitated overnight at 4°C by gentle rocking. Samples were vortexed at high speed until complete disruption of the stool pellet, and then centrifuged to pellet solid particulates. Supernatants were used to assay LCN2 levels following manufacturer’s specifications. Resulting levels of LCN2 in pg/mL were normalized to volume of PBS used for pellet suspension and dry weight of stool pellet to determine levels in ng/g of stool.



Lamina Propria Immune Cell Isolation and Flow Cytometry

The proximal half of IL10KO colons were excised immediately after sacrifice, cut longitudinally to remove luminal contents, and sectioned into smaller pieces and placed on ice in 10mL of PBS/0.1% (w/v) bovine serum albumin (BSA) (Sigma) until further processing. To remove epithelial cells, PBS/0.1% BSA was aspirated and colon pieces were incubated in 15mL of PBS supplemented with EDTA (5mM final concentration) in an orbital shaker at 180 RPM for 15 minutes at 37°C. PBS/EDTA was aspirated and this step was repeated. Tissue was washed with PBS/0.1% BSA, buffer was removed and then the tissue was finely minced before being washed twice by incubation for 5 minutes at room temperature in 15 mL of complete media (RPMI 1640 with 3% (v/v) heat-inactivated fetal bovine serum (FBS), penicillin/streptomycin (100U/mL), and 20 mM HEPES). Complete media was removed and replaced with 10mL of digestion media (complete media containing 0.1mg/ml collagenase type VIII (Sigma, Cat. # C2139), and 0.075U/mL Dispase [BD Biosciences, Cat. # 354235)]. Samples were then incubated for 40 minutes at 37°C while shaking at 180 RPM. Tissue fragments were vortexed in digestion media, tissue allowed to gravity settle briefly (~1 minute), supernatants were harvested and strained through a 70µm cell strainer. 20mL of PBS/EDTA was passed through the cell strainer into the tube containing the cell digestion supernatant to maximize cell recovery and ensure that digestion was terminated. The remaining tissues were subjected to an identical second round of digestion, and the resulting cell-containing supernatants were pooled with those from the first digestion, and another 10mL of PBS/EDTA was used to wash the cell strainer and halt the digestion. Cells were pelleted by centrifugation at 513 x g for 10 minutes, the supernatant was discarded and the pellet was resuspended by flicking, and the volume remaining was measured and recorded for total cell enumeration. Cells were stored on ice until further processing. Cells were counted with a hemocytometer.

Cells were divided equally and placed in round-bottom 96-well plates for staining for flow cytometric phenotyping. For cytokine detection, cells were restimulated in RPMI 1640 with 5% (v/v) heat-inactivated FBS, penicillin/streptomycin (100U/mL) and 20 mM HEPES that was supplemented with 50ng/mL PMA (Sigma), 500ng/mL ionomycin (Sigma), and 1 x Brefeldin A (“Golgi Plug”; BD Bioscience) for 3 hours at 37°C. Cells that were not restimulated were used as controls for cytokine detection. Cells were washed twice to remove serum remaining from the digestion media (which interferes with fixable viability dyes), by addition of 200μL PBS/0.1% BSA, pelleting by centrifugation at 513 x g for 5 minutes, and discarding the supernatant. The pelleted cells were first incubated in PBS/0.1% BSA containing 50μg/mL anti-CD16/CD32 (clone 93; BioLegend) at 4°C for 20 minutes to prevent nonspecific binding of antibody in subsequent steps. Cells were stained with the following antibodies: CD45.2 Alexa 700 (104; BioLegend), TCR-β Alexa 488 (H57-597; BioLegend), TCRγδ phycoerythrin (PE)-Cy7 (GL3; BioLegend), IFN-γ peridinin chlorophyll protein (PerCP)-Cy5.5 (XMG1.2; BioLegend), IL-17A PE (TC11-18H10.1; BioLegend), RORγt allophycocyanin (APC) (B2D; eBio), FoxP3 eFluor-450 (FJK-16S; eBio), CD4 BV605 (RM4-5; BioLegend), CD11b PerCP-Cy5.5 or PE (M1/70; BioLegend), Ly6C PE or PerCP-Cy5.5 (HK1.4; BioLegend), Ly6G APC or PE-Cy7 (1A8; BioLegend), CD64 PE-Cy7 or APC (X54-5/7.1; BioLegend), MHCII Alexa 488 (M5/114.15.2; BioLegend), CD11c eFluor-450 (N418; Invitrogen), or appropriate fluorophore-conjugated isotype control antibodies purchased from the same supplier as the antibody used for the indicated targets. For exclusion of dead cells, the Zombie Aqua fixable viability kit was used (Biolegend). For surface staining, cells were resuspended in 50μL PBS/0.1% BSA containing a cocktail of fluorophore-conjugated antibodies. Cells were stored at 4°C in the dark for 20 minutes and were then washed twice with PBS/0.1% BSA as described above. For cells where no subsequent intracellular staining was performed, cell pellets were fixed by addition of 100μL of Fixation Buffer (BioLegend) and stored for 16 hours at 4°C before being washed twice with 200μL PBS/0.1%BSA and centrifugation at 912 x g. Cells were resuspended in 200μL PBS/0.1%BSA and acquired using an LSRFortessa flow cytometer (BD Biosciences). For cells where intracellular staining was performed cell pellets were fixed by addition of 100µL of Fixation/Permeabilization Buffer (eBioscience) (1 part concentrate to 3 parts diluent) and stored at 4°C for 16 hours. Cells were washed twice with 200μL of PBS/0.1%BSA as above, the supernatant was discard, cells were resuspended in 100μL permeabilization buffer (eBioscience) supplemented with normal rat serum (Sigma; 2% (v/v)), and placed in the dark for 30-60 minutes at 4°C. Cells were pelleted as above and resuspended in 50μL permeabilization buffer containing the appropriate cocktail of antibodies (anti- FoxP3, IFN-γ, IL-17A, RORγt, or isotype control) and stored in the dark at 4°C for 30 minutes. Cells were washed by addition of 200μL of permeabilization buffer and centrifuged at 912 x g for 5 minutes; the supernatant was discarded. This step was repeated twice, first with 200μL permeabilization buffer and subsequently with 200μL PBS/0.1% BSA. Cells were resuspended in 200μL PBS/0.1% BSA and acquired using an LSRFortessa flow cytometer (BD Biosciences). Data were further analyzed with FlowJo software (Tree Star).



DNA Extraction and 16S rRNA Amplicon Sequencing

Cecal contents from both male and female IL10KO mice conditioned with NOD2KO microbiota and fed experimental diets from four independent experiments were collected for analysis. DNA was extracted as previously described (32). Briefly, DNA from cecal contents was isolated using the Qiagen QIAamp DNA Microbiome kit according to manufacturer’s specifications. Isolated microbial gDNA I was amplified at the V4 region of 16S rRNA using a nested PCR method and the addition of Illumina Nextera Unique Dual indexes. Libraries were pooled to ensure equal sample distribution amongst sequencing reads. Amplicon sequencing was performed on Illumina’s iSeq 100 with a 2 x 150 read length.



Bioinformatics

Individual fastq files without non-biological nucleotides were processed using Divisive Amplicon Denoising Algorithm (DADA) pipeline (33). The output of the dada2 pipeline (feature table of amplicon sequence variants, ASV table) was processed for alpha and beta diversity analysis using phyloseq, and microbiomeSeq (http://www.github.com/umerijaz/microbiomeSeq) packages in R. Alpha diversity estimates were measured within group categories using estimate_richness function of the phyloseq package. Canonical Correspondence Analysis (CCA) was performed using Bray-Curtis dissimilarity matrix between groups and visualized by using the ampvis2 package (34–36). Network analysis was performed using NetCoMi package. Multiple comparisons were adjusted for using the BH FDR method while performing multiple testing on taxa abundance across groups (37). Analysis of Variance (ANOVA) was used to assess alpha diversity. Permutational multivariate analysis of variance (PERMANOVA) was performed on all coordinates obtained during CCA using ord.res function in phyloseq package (38). Linear regression (parametric) and Wilcoxon (non-parametric) tests were performed on ASV abundances versus metadata variable levels (i.e. acetic acid levels) using R base functions.



Short-Chain Fatty Acid Quantification

Cecal contents were hydrated with 0.005M NaOH, vortexed for 40 minutes at 4°C, and centrifuged to pellet solid particulates. A 30μL aliquot of supernatant was mixed with 50μL 2‐Butanol/Pyridine (3:2) containing the six heavy labeled internal standards. The carboxylic acids were then derivatized with isobutyl chloroformate. After derivatization, samples were mixed with hexane and the hexane layer was removed for GC‐MS analysis. The quantitation of acetic acid, butyric acid, and propionic acid was performed using isotope dilution GC‐MS/MS. The absolute quantity of each SCFA was determined using calibrations curves measured for each analyte. The abundance of each analyte in the samples was normalized to initial sample weight.



Fluorescent In Situ Hybridization

Slides from Carnoy’s-fixed tissue samples were deparaffinized and hybridized with 500 ng Eub388-Alexa647 probe (or buffer-only controls) in 20mM Tris-HCL, 0.01% SDS, 0.9M NaCl at 50°C overnight. Slides were then rinsed twice with water, incubated 5 minutes in 20mM Tris-HCL, 0.9M NaCl at 46°C, rinsed twice with water, then dried 10 minutes at 46°C. Coverslips were mounted using Vectashield containing DAPI (Vector Laboratories Inc.) and visualized using an upright Leica SP5 multi-photon/confocal microscope (Leica). Image z-stacks were taken at 63x magnification and images collected every 0.45μm. A minimum of 4 fields per sample were analyzed, with 2 samples per diet group from three independent experiments. The distance between the microbiota and the epithelium was measured using ImageJ (National Institutes of Health) image analysis software. For each field, 5 measurements were averaged together.



Immunofluorescent Staining and Microscopy

Slides from Carnoy’s-fixed tissue samples were deparaffinized and subjected to antigen retrieval by steaming for 30 minutes in a sodium citrate buffer (10mM sodium citrate, pH 6.0, 0.05% Tween 20). Sections were blocked (HBSS, 2% goat serum, 2% FBS, 0.4% Triton X-100) and stained with antibodies against Muc2 (NBP1-31231; Novus Biologicals; diluted 1:500), Ki67 (ab15580; Abcam; diluted 1:100), or E-cadherin (CM1681; ECM Biosciences; diluted 1:200). Sections were then incubated with goat anti-rabbit Alexa Fluor 568 (Invitrogen) or goat anti-mouse Alexa Fluor 488 (Invitrogen) diluted 1:1,000-2,000. Coverslips were mounted using Vectashield containing DAPI (Vector Laboratories Inc.) and visualized using an upright Leica SP5 multi-photon/confocal microscope (Leica) or wide field microscope where indicated. For confocal microscopy, image z-stacks were taken at 40x magnification and images collected every 0.45μm; wide field images were taken at 20x magnification. Approximately 3-5 fields per sample were analyzed, with 2 samples per diet group from three independent experiments. The number of Ki67-positive nuclei present in the epithelial layer were counted in each field, the normalized to the number of crypts present in the section.



Mucus Quantification

PAS stained slides were scanned into electronic files using an Aperio AT2 slide scanner at 20x magnification. Aperio ImageScope software was used to manually count PAS-positive (PAS+) cells per tissue section. Area of tissue samples was determined using ImageJ (National Institutes of Health) image analysis software. Secreted mucus area was quantified using ImageJ image analysis software.



Intestinal Epithelial Cell Isolation

The proximal half of IL10KO colons were excised immediately after sacrifice, cut longitudinally to remove luminal contents, and placed in HBSS on ice. Tissue samples were removed from the buffer and finely chopped, then transferred to a tube with 15mL of pre-warmed Buffer B (HBSS, 2.5% penicillin/streptomycin, 0.625mM HEPES, 0.05mM EDTA, 90μM DTT). Samples were incubated at 37°C for fifteen minutes, and vortexed for 30 seconds every 5 minutes. Samples were then centrifuged at 500 RPM for 2 minutes. Supernatants were collected in a new tube, 15mL of Buffer B was used to resuspend the cell pellet, and the incubation and supernatant collection process was repeated for a total of three times. The collected supernatants were centrifuged at 1,500 RPM for 5 minutes, cell pellets washed with 5mL of PBS, and then resuspended in 1mL of PBS. Suspended cells were divided equally into two 1.5mL Eppendorf tubes, centrifuged at 9,000 RPM for 5 minutes at 4°C, and then suspended in either 1mL of Trizol (ThermoFisher Scientific) or 250μL RIPA buffer (150mM NaCl, 1% NP-40, 50mM Tris, pH8, 0.5% sodium deoxycholate, 0.1% SDS).



RNA Transcript Analysis

RNA was extracted from epithelial monolayers using the RNeasy Mini Kit (Qiagen) according to manufacturer’s specifications. Isolated intestinal epithelial cells were homogenized in TRIzol (ThermoFisher Scientific) and RNA extracted according to manufacturer’s specifications. Samples were then DNase1 treated and cleaned using the RNeasy Mini Kit (Qiagen) according to manufacturer’s specifications. RNA was converted to cDNA using the BioRad iScript cDNA synthesis kit, and qPCR performed in duplicate using SYBR Green supermix. Values were quantified using the 2-ΔΔCT method (39). Primer sequences are listed in Supplementary Table 2.



Statistical Analyses

Statistical analyses was performed using GraphPad Prisms software (version 9.1.0). For data sets with multiple variables, one-way or two-way ANOVA was used to determine significance with post-hoc Dunnett’s multiple comparison test. For parametric data sets with only two variables, unpaired, two-tailed, Student’s t-test was used to determine significance. For non-parametric data sets with only two variables, unpaired, two-tailed, Mann-Whitney test was used to determined significance.
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In recent decades, probiotic bacteria have become increasingly popular as a result of mounting scientific evidence to indicate their beneficial role in modulating human health. Although there is strong evidence associating various Lactobacillus probiotics to various health benefits, further research is needed, in particular to determine the various mechanisms by which probiotics may exert these effects and indeed to gauge inter-individual value one can expect from consuming these products. One must take into consideration the differences in individual and combination strains, and conditions which create difficulty in making direct comparisons. The aim of this paper is to review the current understanding of the means by which Lactobacillus species stand to benefit our gastrointestinal health.
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Introduction

Ilya Ilyich Mechnikov (Elie Metchnikoff), a Nobel Laureate for his work on macrophage phagocytosis, is credited as the first to propose that the gut microbiota could be manipulated to benefit the host. Mechnikov believed that putrefactive activity of microbes in the intestine produced toxic substances that were damaging to the nervous and vascular systems and caused humans to age. He had observed that Bulgarian peasants consumed large quantities of yogurt and had a long life expectancy. He also observed that natural fermentation of food by lactic acid-producing bacteria prevented the growth of putrefactive organisms. In his book, titled ‘The Prolongation of Life’, he concludes that: “as lactic fermentation serves so well to arrest putrefaction in general, why should it not be used for the same purpose within the digestive tube?” (1). Although Mechnikov’s concept of aging by “intestinal auto-intoxication” has no scientific basis today, Mechnikov’s theories remain influential and have contributed to the commonly held opinion that Lactobacilli display important functional characteristics that contribute to gut health.

Lactobacillus is a genus of rod-shaped, gram-positive, non-spore-forming, facultative anaerobic bacteria of the phylum ‘Firmicutes’ (2, 3). Lactobacilli metabolise carbohydrates to produce lactic acid making them the largest genus within the lactic acid bacteria (LAB) group. As of March 2020 the 261 species of the Lactobacillacae were reclassified into 25 genera (including 23 novel genera) due to their extremely high genotypic, phenotypic and ecological diversity (4). For the purpose of this review, ‘Lactobacillus’ will refer to those species previously classified as Lactobacillus. Traditionally, Lactobacillus species may be divided into three groups based on their metabolism. The obligate homofermentative group which ferment carbohydrates to produce lactic acid as the main by-product (e.g. L. acidophilus and L. salivarius), the facultatively heterofermentative group which, under certain conditions or with certain substrates, ferment carbohydrates to produce lactic acid, ethanol/acetic acid and carbon dioxide as by-products (e.g. L. casei and L. plantarum) and the obligately heterofermentative group which always ferment carbohydrates to produce lactic acid, ethanol/acetic acid and carbon dioxide as by-products (e.g. L. reuteri and L. fermentum) (5).

Lactobacilli have colonised multiple areas of the human body, most notably the digestive tract including the oral cavity, and the female genital tract (6). The association between Lactobacilli and humans is a mutualistic relationship, with Lactobacillus species offering the host aid in digestion of certain dietary substrates, as well as protection from pathogens, in return for accommodation and nutrients (7). Lactobacillus species possess qualities that are commercially desirable both as health supplements and as tools in the food technology sector. The main uses for Lactobacilli are in the manufacturing process of fermented dairy, meat, or vegetable foods and sourdough breads, and they are also widely used as probiotics i.e., live micro-organisms that, when administered in adequate amounts, confer a health benefit on the host (8, 9). Lactobacilli have been granted a ‘generally recognised as safe’ (GRAS) status from the U.S. Food and Drug Administration (USFDA) and ‘qualified presumption of safety’ (QPS) status from the European Food Safety Authority (EFSA) thus making their use in food manufacture relatively straightforward. Due to their economic importance, Lactobacilli are highly studied and, relative to other bacterial genus’, are well characterised in terms of genomics and also their interactions with humans in terms of both health and disease. These features make Lactobacillus species ideal probiotic candidates.

Considering the widespread media attention that the microbiota have attracted in recent years with many news outlets covering this link between microbes and health it is little wonder that the commercial probiotic market is worth approximately $54 billion USD worldwide (10). For a list including some of the most common Lactobacillus strains found in probiotic products and their sources see George Kerry et al. (11). Although the strain L. rhamnosus GG is one of the most heavily studied, L. acidophilus is the most commonly used in commercial products. For an in-depth review of common commercial Lactobacillus strains see the chapter by Tang and Zhao in the book ‘Lactic Acid Bacteria: Omics and Functional Evaluation’ (12).

In 2002 a joint Food and Agriculture Organisation (FAO) and WHO working group released guidelines for the evaluation of probiotics in food (8). The minimum requirements include: assessment of strain identity (genus, species, strain), in vitro tests to show probiotic effects (e.g. resistance to gastric acidity, digestive enzymes and bile acid, and anti-microbial activity against pathogens), safety assessment to prove that the probiotic product is safe for consumption and without contamination, and finally in vivo studies to authenticate the purported health claims of the product (13). In Europe, the EFSA considers the terms ‘probiotic’, ‘prebiotic’ and the words ‘live’ or ‘active’ when used in relation to bacteria, to be health claims. Legislation on products purporting to carry health claims are strictly controlled although in recent years countries including Spain, Denmark and the Netherlands have released national guidelines allowing use of the word probiotic under certain conditions. This has renewed appeals to the EU Commission to reconsider the strict regulation. Unfortunately, in the US and Canada the FAO/WHO guidelines are not followed and indeed the use of the term probiotic has not been controlled by legislation. This means that any product can use the word ‘probiotic’ on its packaging thereby making it extremely difficult for consumers to determine which products are genuine probiotics that may actually be beneficial for their health (14). 

In order to be considered efficacious, a probiotic must have the capacity to survive in the gastrointestinal (GI) tract, must resist the low pH of the stomach, must lack antibiotic resistance genes and must provide a clear benefit to the host (15). Of all probiotics, Lactobacillus species are the most widely used and studied (16). The main probiotic Lactobacillus species include: L. acidophilus, L. brevis, L. casei, L. delbrueckii subsp. bulgaricus, L. delbrueckii subsp. lactis, L. fermentum, L. gasseri, L. helveticus, L. johnsonii, L. paracasei subsp. paracasei, L. plantarum, L. reuteri and L. rhamnosus. There is much research into the potential health benefits of Lactobacillus species, although evidence indicates that many features of these probiotic bacteria are both species and strain -dependent (17). Despite this it has been observed that a single probiotic species may demonstrate improvement in different patient cohorts eg. L. rhamnosus GG (18) and additionally that a range of different probiotics or probiotic combinations may demonstrate efficacy in the same condition eg. C. difficile infection (19) highlighting the existence of conserved beneficial features. As is the case for many translational therapies, efficacy is not always maintained from in vitro observations through preclinical to clinical studies for a myriad of factors. Unfortunately, for many probiotics, one of these factors being that the mechanisms of action by which beneficial clinical outcomes are achieved have yet to be elucidated (20). The consequences for this mean that we are not utilising these tools to their full potential, opportunities for improving existing treatments may not be realised and we are at risk of probiotic treatments resulting in worse outcomes for particular subsets of patients (21). Additionally, mechanistic data may be required in order to gain approval from regulatory bodies for health claims – a mode of action is defined by the World Health Organisation (WHO) and EFSA as ‘a biologically plausible sequence of key events leading to an observed effect supported by robust experimental observations and mechanistic data’ (22). Kleerebezem and colleagues (23) propose the establishment of a translational pipeline connecting mechanistic insights to probiotic efficacy in order to improve the initial selection of probiotic strains by being able to predict their expected outcomes while supporting the design of the most appropriate clinical trials in well-defined subpopulations. They also suggest that this would be used in the inverse allowing us to predict explanations for observed clinical effects by drawing on existing knowledge of the probiotic modes of action. Determining the precise beneficial features of probiotics would certainly allow us to make better predictions for improved health outcomes.

On this note, further research is exploring ways to increase the efficiency, efficacy, safety and quality of probiotics by isolating probiotic-derived biomolecules. These have been described as postbiotics, paraprobiotics, heat-killed probiotics, Tyndallised probiotics among others: generally referring to metabolic products or secreted products of the bacteria, non-viable microbial cells (intact or broken) or crude cell extracts; specifically this includes enzymes, secreted peptides/proteins, bacteriocins, short chain fatty acids (SCFA), organic acids and cell envelope components of bacteria including peptidoglycans, teichoic acids, cell surface proteins and cell wall polysaccharides (24). The International Scientific Association for Probiotics and Prebiotics (ISAPP) has released a consensus statement on the definition of postbiotics establishing it as a “preparation of inanimate micro-organisms and/or their components that confers a health benefit on the host. Effective postbiotics must contain inactivated microbial cells or cell components, with or without metabolites, that contribute to observed health benefits”. (25). Postbiotics maintain several advantages over probiotics as described by Pique et al. (26): (I) No risk of translocation from the gut lumen to blood among vulnerable subjects, (II) No risk of acquisition and transfer of antibiotic resistance genes, (III) No risk of interference with normal gut colonisation in neonates, (IV) Release of active molecules from the disrupted inactivated cells, pass through the mucus layers and stimulate epithelial cells more directly, (V) Loss of viability by cell lysis can produce further more complex beneficial effects and (VI) Easier to extract, standardize, transport, and store. Accordingly, the use of postbiotics may very well represent a much-improved alternative to live probiotics and would be a likely replacement for them in future. A recent review has nicely summarised the composition and beneficial functions of postbiotics from Lactobacillus species (27). In short, postbiotics derived from Lactobacillus comprise a range of molecules which have various beneficial effects including immunomodulation, epithelial barrier protection, anti-pathogenic effects and anti-tumour effects.

Lactobacilli have demonstrated efficacy in treating various conditions including bacterial vaginosis, atopic dermatitis, and upper respiratory tract infections (28–30). However, as first proposed by Mechnikov over 100 years ago, the majority of Lactobacillus probiotics are consumed with a view to improving GI health. In the century since this hypothesis, interest and knowledge surrounding this subject has grown massively, however the potential for further growth in this area is exponential and much more work will be required before we fully understand and profit from the complexities of the relationships between Lactobacillus and gut health.



Lactobacillus spp. and Intestinal Barrier Integrity

The GI mucosa is the largest and one of the most critical barrier sites of the body where foreign antigens, microbes and potential pathogens come into close contact with the host’s immune system. It is a semi-permeable barrier which allows for the absorption of nutrients and immune sensing while restricting the influx of potentially harmful antigens or microbes. The GI barrier is composed of four major elements: the commensal microbiota, the mucus layer – which contains secretory IgA molecules (sIgA) and anti-microbial peptides, the intestinal epithelial cell (IEC) monolayer, and the gut associated lymphoid tissue (GALT) - which constitutes various populations of immune cells in compartments along the GI tract. The complexity of regulating this semi-permeable barrier is mitigated by dynamic inter-regulation between these elements which work together to maintain intestinal barrier integrity and homeostasis (31). Loss of intestinal barrier function has been implicated as an early event in the pathogenesis of various GI disorders, such as coeliac disease and inflammatory bowel disease, as well as systemic disorders including type I diabetes, obesity and multiple sclerosis (31).

Intestinal barrier function may be enhanced with the intake of non-pathogenic micro-organisms which augment the physical barrier of the mucus layer, enhance innate defence against pathogens and decrease paracellular permeability of IECs (32). Lactobacillus strains consumed as probiotics are thought to modulate the native intestinal microbiota and improve health via multiple mechanisms of action. As illustrated in Figure 1, probiotics strengthen intestinal barrier function by increasing mucus production, stimulating release of anti-microbial peptides, and production of secretory immunoglobulin A (sIgA) production, increasing tight junction integrity of IECs and providing a competitive resistance against pathogens such as for host colonisation receptors (33, 34).




Figure 1 | Probiotic mechanisms of intestinal barrier enhancement.




Mucus Production

Goblet cells (GC) of the GI tract express rod-shaped mucins which either adhere to the epithelium or are released into the GI lumen. These mucins are highly glycosylated and link together via di-sulfide bonds to form a glycoprotein matrix that shields the intestinal epithelium from gut luminal contents (containing digestive enzymes), prevents interaction between pathogenic antigens/bacteria and the epithelial monolayer, and also aids GI motility. The mucus layer is generally between 50-800 µm thick and in healthy individuals the first 30 µm closest to the epithelial surface should be free of microbes. Lactobacillus species are believed to enhance intestinal barrier defence by promoting mucus secretion. In vitro studies have demonstrated that conditioned media from L. casei T21 can up-regulate the mucosal protective MUC2 gene in colonic epithelial cells (Caco2 and HT29) challenged with C. difficile  (35). Although it has been proposed that acid may stimulate enteric cells to produce mucins (36) incubating HT29 cells with lactic acid did not replicate these findings indicating that other substances secreted by L. casei T21 are responsible for the increased gene expression. Similar results have also been obtained in the Caco-2 intestinal epithelial cell line using L. casei GG (37). In terms of in vivo studies, L. rhamnosus CNCM I-3690 has recently been shown to protect and/or restore the GC population and protect mucus layer thickness in mice following low-grade colon inflammation (38). Similarly, mice administered one of two strains of L. reuteri (L. reuteri R2LC or 4659) and exposed to DSS colitis displayed reduced colitis severity which the authors attribute at least partly to the increase in mucus thickness seen in mice given the probiotic both in control and inflammatory conditions (39).

The commercially available probiotic VSL#3 contains a combination of eight lactic acid producing bacteria of which four are Lactobacilli (L. plantarum, L. delbrueckii subsp. Bulgaricus, L. casei, L. acidophilus, Bifidobacterium breve, B. longum, B. infantis and Streptococcus salivarius subsp. thermophilus). Although the contribution of each bacterial strain cannot be clarified, both in vitro and in vivo experiments by Caballero-Franco et al. (40) using this probiotic in rats have indicated enhancement of the mucus layer measured by over-expression of mucin genes and increased basal luminal mucin content. Conversely, a similar study in mice failed to show altered mucin expression or mucus layer thickness using this probiotic (41). Further work is required to determine whether the in vitro effects of probiotics on mucus production are maintained in vivo.



Anti-Microbial Peptides/Factors

Host-produced GI anti-microbial peptides are generally categorised into cathelicidins and defensins. Cathelicidins are α-helical cationic peptides constitutively expressed in the GI tract which may also be activated by butyrate. Butyrate is produced by the enteric microbiota however few studies have examined the effect of probiotics on cathelicidin expression. Defensins are small, cationic peptides further classified into β-defensins, produced by epithelial cells throughout the intestine, and α-defensins, expressed in the small intestine. Defensins are constitutively expressed in the GI tract and display anti-microbial activity against many bacteria, fungi and some viruses. L. acidophilus PZ1138 and L. fermentum PZ1162, were shown to induce expression of human β-defensin-2 gene in Caco-2 cells via classic pro-inflammatory mechanisms (42). L. reuteri (FINELACT®) administered to broiler chicks was associated with anti-microbial peptide modulation in the cecum and ileum in addition to upregulation of pro-inflammatory mediators (43).

In addition to host-derived anti-microbial peptide stimulation, commensal bacteria also produce anti-microbial factors to aid in host barrier defence. These factors include short chain fatty acids (SCFA), hydrogen peroxide and bacteriocins. Lactobacilli alter luminal pH by producing lactic acid. This inhibits the growth of some bacteria and damages the outer cell membrane of Gram-negative bacteria, including E. coli O157:H7, Pseudomonas aeruginosa, and Salmonella enterica serovar Typhimurium making them more vulnerable to other anti-microbial molecules (44). Anti-microbial activity by L. johnsonii NCC533 has been associated with lactic acid and hydrogen peroxide production (45). Bacteriocins are small, ribosomally synthesised, heat-stable peptides produced by many species of bacteria which function to inhibit the growth of (bacteriostatic), or kill (bactericidal), other bacteria (46). Bacteriocins produced by Gram-positive bacteria generally exert their antibiotic effects by destabilisation of membrane function, typically against other Gram-positive bacteria, though some Gram-negative bacteria may also be susceptible (47). Lactobacillus strains produce SCFAs including acetate, propionate and butyrate, which have been shown to shown to increase transepithelial electrical resistance and stimulate the formation of tight junction in Caco-2 intestinal epithelial cells in vitro via inhibition of the NLRP3 inflammasome and autophagy (48). L. plantarum strains produce several bacteriocins which demonstrate anti-microbial activity against food borne pathogens such as Listeria monocytogenes as well as food spoilage bacteria are applied in food production to reduce the use of chemical preservatives (49). Corr et al. (50) demonstrated that Abp118 produced by L. salivarius UCC118 in vivo protects mice against L. monocytogenes infection. Two other bacteriocins analogous to Abp118 have since been identified by comparative genome hybridisation analysis from L. salivarius DPC6488: salivaricin L and T. Both bacteriocins demonstrated inhibitory activity towards L. delbrueckii subsp bulgaricus LMG 6901 with salivaricin L additionally inhibiting L. monocytogenes NCTC 11994 and L. innocua DPC3572 (51). 



Secretory IgA

The production of IgA is an important strategy utilised by the GI tract to generate immune protection in a non-inflammatory mode (52). IgA dimers (secreted by intestinal B cells located in Peyer’s patches or lamina propria) interact with the polymeric IG receptor (pIgR) on the basolateral surface of epithelial cells, translocate to the surface of the epithelial cells and are released as sIgA (53). sIgA primarily promotes the maintenance of suitable commensal bacterial communities in the gut by binding dietary antigens and potential pathogens in the mucus and down-regulating the expression of pro-inflammatory bacterial epitopes on commensal bacteria (54). Furthermore, sIgA enhances the intestinal barrier by blocking microbial components involved in epithelial adherence, facilitating intraepithelial defence against pathogens and microbial products and enabling antigen sampling (55). In addition, locally released IgA dimers function to remove micro-organisms that have breached the epithelial barrier by facilitating their removal or promoting their clearance by binding to the CD89 receptor on immune cells such as dendritic cells, neutrophils and other phagocytes (56). Although commensal bacteria are believed to induce sIgA expression in the GI tract the mechanisms are not well understood, although there appear to be differences in the microbes responsible for small intestine and large intestine sIgA induction (57). Various Lactobacillus strains including L. paracasei MCC1849, L. gasseri SBT2055, and L. plantarum AYA are known to increase sIgA levels in the small intestine  (58–60). In a clinical trial of children 12 to 24 months old, supplementation with L. plantarum IS-10506 increased sIgA faecal titres and a significant positive correlation was observed between this and TGF-β1/TNF-α ratios (61). The authors propose a probiotic induced immune activation of TGF-β1, which in turn increases the production of sIgA.



Epithelial Cell Barrier

As previously described, IECs form a monolayer of cells which act as a physical barrier between the external environment of the gut lumen and the host’s immune system. The integrity of this barrier is ensured by tight junctions (TJ) which are multi-protein complexes that bind the cells tightly together as well as adherens junctions, gap junctions and desmosomes. TJs are located towards the apical side of the epithelial cells. They consist of transmembrane proteins (claudin, occludin, and junctional adhesion molecules) which interact extra-cellularly with similar proteins of TJs in neighbouring cells and intra-cellularly with the cells own cytoskeleton via zonula occludens (ZO) proteins and filamentous actin (62). Loss of TJ integrity has been observed in chronic inflammatory disease, and mechanisms of disrupting TJ proteins in order to breach the GI barrier have been observed in infection by enteric pathogens such as C. difficile, E. coli, Salmonella Typhimurium, C. rodentium, Vibrio cholera among others (62). It has been demonstrated that L. rhamnosus GG ATCC 53103 up-regulates ZO-1, claudin and occludin expression in Caco-2 cells (63). This probiotic strain has been observed to increase levels of ZO-1 expression and enhance distribution of claudin-1 protein as a protective mechanism against enterohemorrhagic E. coli O157:H7 infection (64). Increased expression of ZO and occludin was also observed using various L. plantarum strains (L. plantarum WCSF1, CGMCC 1258, and MB 452) (65–67). L. plantarum WCSF1 administration into the duodenum of healthy human subjects increased ZO-1 and occludin staining in the vicinity of TJ structures via activation of TLR-2 (65). The addition of a TLR-2 agonist PCSK to Caco2 monolayers in vitro increased staining of occludin in TJ regions and was protective against epithelial barrier disruption. TLR-2 ligand binding leads to PKC activation which has been demonstrated to cause translocation of tight junction components (68) thereby it is likely that barrier integrity is enhanced by alterations to composition of tight junction proteins rather than an increase in these proteins. Lactobacillus species may also stabilise adherens junctions by increasing expression of E-cadherin, as well as by strengthening the E-cadherin/β-catenin complex (which connects adherens junctions to the cytoskeleton) via enhanced phosphorylation of β-catenin (69). In a clinical study of small intestine barrier function, biopsy samples demonstrated that L. plantarum strain TIFN101 and to a lesser extent L. plantarum WCFS1 and CIP104448, modulated an increase in gene expression of TJ and adherens junction proteins (70).



Competitive Resistance 

Lactobacilli also aid intestinal barrier resistance to invading pathogens by competing for binding sites on IECs, glycoproteins in the mucus layer or to the plasminogen of extracellular matrix (71). In order to facilitate the necessary interactions with host cells, Lactobacillus species display various different components on their outer surface. These may include cell wall proteins, S-layer proteins, pili proteins, and moonlight proteins (72) (see Figure 2). These surface proteins facilitate adhesion of Lactobacilli to the host, for example LPXTG proteins found in several Lactobacillus strains are cell surface proteins covalently bound to the peptidoglycan layer and can bind to both mucus and epithelial cells (73). Several Lactobacillus strains possess a crystalline, glycoprotein surface layer, also known as the S-layer, non-covalently anchored to the peptidoglycan cell wall (74). The S-layer S-proteins of L. acidophilus ATCC 4356 have demonstrated anti-viral activity against alphavirus and flavivirus infection of 3T3 cells by blocking pathogen adhesion to C-type Leptin receptors (DC-SIGN) an attachment factor which strongly promoted viral infection (75). Further work is required to elucidate the mechanism for this, which may be multi-faceted, though the time-dependant aspect of the anti-viral function may indicate that S-layer proteins are activating downstream anti-viral signalling pathways.




Figure 2 | Representation of the Lactobacillus cell surface structure including important effector molecules.



Pili are long protein structures, first observed in a non-pathogenic bacteria in L. rhamnosus GG, which protrude from the bacterial cell playing a major role in adhesion to the epithelium. In L. rhamnosus GG (ATCC 53103) SpaC pili have been demonstrated to out-compete the pathogenic Enterococcus faecium (76).

Moonlighting proteins are multifunctional proteins in which one polypeptide chain performs more than one unrelated biochemical or biophysical function (77). In Lactobacilli, moonlighting proteins may have a primary function as intracellular proteins but are also found on the cell surface where they facilitate adhesion, for example, L. plantarum 299v (78), L. acidophilus (79), L. reuteri ZJ617 (80), display GAPDH on their surface to mediate adhesion and colonisation of the GI tract. So far in the case of L. plantarum 299v it has been demonstrated that this results in competitive exclusion and displacement of pathogenic bacteria (81). The mechanism for the secretion of moonlighting proteins to the cell surface has not yet been elucidated.

L. rhamnosus R0011 and L. acidophilus R0052 adhere to Hep-2 and T84 intestinal cell lines in vitro preventing the binding of enterohemorrhagic E. coli and enteropathogenic E. coli (82). In Caco-2 cells, various strains of L. reuteri (LR5, LR6, LR9, LR11, LR19, LR20, LR26, and LR34) have been shown to adhere and inhibit and displace the binding of E. coli ATCC 25922, S. Typhi NCDC 113, L. monocytogenes ATCC 53135, and E. faecalis NCDC115 (83). It should be noted that competition for binding sites is species and strain -specific; L. rhamnosus ATCC 53103, L. gasseri DSM 20243, L. casei ATCC 393 and L. plantarum ATCC 14917 pre-treatments did not block enterohemorrhagic E. coli binding to human colon epithelial cell line C2BBe1 cells (although the L. rhamnosus strain prevented internalisation of E. coli into the cell line) (84). In a chronic stress model in vivo, pre-treatment with L. helveticus R0052 and L. rhamnosus R0011 reduced commensal adherence and translocation (85). Interestingly, in a hemorrhagic shock model in vivo, L. rhamnosus LMG P-22799 but not L. fermentum NumRes2 reduced bacterial translocation and cytoskeleton rearrangement despite both strains displaying similar pathogen exclusion properties in vitro in Caco2 cells (86). Indeed, L. fermentum NumRes2 increased bacterial translocation, primarily Lactobacillus spp., to the spleen highlighting the need for careful characterisation of the effects of individual.




Lactobacillus spp. and Gastrointestinal Infection

Understandably, the beneficial impact on gut health is one of the most widely studied topics in probiotic research. As discussed in the previous section, Lactobacilli protect the intestinal barrier from infection by promoting mucus production and barrier-related proteins, secreting anti-microbial substances such as SCFAs, bacteriocins and hydrogen peroxide which inhibit the growth of or kill pathogens, by modulating the host’s immune response to pathogens, and preventing adherence of pathogens and competing for binding sites. Thus, Lactobacilli are capable of preventing intestinal damage caused by certain bacterial infections. Lactobacillus probiotics have been demonstrated to inhibit the development of infection by pathogenic bacteria, such as C. difficile and C. perfringens (87), Campylobacter jejuni (88), S. Enteritidis (89), E. coli (90), Staphylococcus aureus (91), and Yersinia (92), among others. Two major GI disorders resulting from infection, H. pylori infection and antibiotic-associated diarrhoea, have been shown to greatly benefit from Lactobacillus probiotics and are outlined below.


H. pylori Infection and Lactobacilli

H. pylori infection is one of the most common bacterial infections in the world with more than half of the global population infected; though prevalence ranges from 24% in Oceania to 70% in Africa (93). H. pylori infects the epithelial lining of the stomach causing disorders such as peptic ulcer disease, chronic gastritis, and gastric cancer although many infected individuals are asymptomatic (94). Twenty percent of infected patients develop symptomatic gastritis, gastric or duodenal ulcers, gastric adenocarcinoma, or non-Hodgkin’s gastric lymphoma. The current recommended treatment for H. pylori infection involves multiple antibiotic drugs as well as a proton pump inhibitor however the effectiveness of this treatment is decreasing as H. pylori antibiotic resistance rises. The addition of a Lactobacillus probiotic (L. casei DN-114 001 (OAC-LC) and L. casei Shirota separately) and an L. acidophilus LB postbiotic have been shown to improve the efficacy of this therapy in various randomised controlled trials (95–97), however some trials have found no or only slight beneficial effects (98–101). Although the probiotic L. johnsonii NCC533 failed to eradicate H. pylori infection when administered alone, it did decrease inflammatory scores and urea breath test (used for the diagnosis of H. pylori infection) values (102, 103).

Cell-free spent culture supernatants (CFCS) derived from L. casei Shirota exhibited pH-dependant bactericidal activity against H. pylori in vitro (104). The CFCS of L. johnsonii NCC533 and L. acidophilus LB both resulted in the loss of H. pylori viability (105–107). Furthermore, the CFCS from these three Lactobacillus strains resulted in altered morphology of H. pylori bacteria to U-shaped or coccoid forms which are dormant forms of the bacteria with the coccoid form being less capable of colonising and inducing inflammation (108, 109). L. johnsonii NCC 533 and L. casei Shirota are also known to produce bacteriocins which are active against H. pylori (110). H. pylori is a spiral-shaped bacterium with multiple flagella allowing it to swim in the gastric mucus layer and interact with epithelial cells, an ability which is required for colonisation in the stomach (111). L. casei Shirota has been demonstrated to cause H. pylori to lose its flagellar motility due to transformation into dormant forms with no flagella and also by secretion of small anti-microbial compounds which inhibit swimming ability (104). Similarly, L. johnsonii NCC 533 also secretes compounds that inhibit the swimming ability of H. pylori (112). In order to survive in the low pH of the stomach, H. pylori expresses urease as a surface protein to neutralise the surrounding acidic environment. CFCSs from L. acidophilus LB and L. johnsonii La1 have been demonstrated to reduce urease activity of H. pylori (105, 106). In terms of adherence, L. acidophilus CFCS prevented the adhesion of H. pylori onto human HT-29 cells resulting in the death of adhering cells and reducing the urease activity of remaining adherent cells causing their lysis (105).



Antibiotic-Associated Diarrhoea and Lactobacilli

Antibiotic-associated diarrhoea (AAD) results from disruption of the normal microbiota of the gut by antibiotics with symptoms ranging from mild diarrhoea to more serious disease like pseudomembranous colitis (PMC) (113). AAD occurs in 5-30% of patients receiving antibiotics either during antibiotic therapy or up to 2 months after cessation of treatment. One of the major pathogens associated with AAD is C. difficile, responsible for 10-30% of normal AAD cases and 90-100% of severe cases such as PMC (114). Although other microbes including C. perfringens, S. aureus and Klebsiella oxytoca are associated with this disorder, they are not common (113). As the cause for AAD is known to be disruption of the normal intestinal microflora, and also due to the fears surrounding anti-microbial resistance, recent therapeutic research has focused on the use of probiotics or faecal microbiota transplantation to restore microbial equilibrium (115, 116). Though the mechanism of action of probiotics is not explicitly known in this case their efficacy seems to be maintenance of gut flora, out-competing pathogenic bacteria, preservation of intestinal barrier function and potentially immunomodulation. Treatment with several Lactobacillus strains including L. rhamnosus GG (ATCC 53103) and L. gasseri have been shown to be effective as a preventive measure for AAD (117). However, the effects are strain-dependent. A systematic review examined 51 randomised controlled trials and found that L. rhamnosus GG was significantly more effective than other probiotics, however L. casei species were most effective against C. difficile infection (118). Another recent review demonstrated similar results in children concluding that L. rhamnosus GG (ATCC 53103) can be safely given to prevent AAD and additionally to manage symptoms of acute gastroenteritis (119).




Lactobacillus spp. and Intestinal Inflammation

In humans, the immune system can be divided into the innate immune system and the adaptive immune system. Innate immunity is the first line of immune defence and is a non-specific response which acts as an immediate reaction to pathogens. Phagocytic cells such as natural killer (NK) cells, macrophages, monocytes and neutrophils recognise pathogenic targets and engulf and destroy them. Antigen presenting cells (APC) such as dendritic cells (DC) maybe activated via the innate response and in turn activate the adaptive immune response. The adaptive immune response relies largely on activation and differentiation of B and T cells. B cells recognise antigens via B cell receptors and act by secreting antibodies (humoral immunity). T cells recognise antigens via T cell receptors and differentiate into T helper cells (Th; CD4+) or cytotoxic T cells (CD8+). Th cells recognise antigen via MHC class I complexes and CD8+ cells do this via MHC class II complexes. Th cells differentiate into Th1 or Th2 effector cells which activate and regulate macrophages (Th1) and B cells (Th2) while CD8+ cells convert into cytotoxic T cells. In the GI tract the immune system is made up of the epithelial layer, the lamina propria and the gut associated lymphoid tissue. The GALT is populated by B and T cells as well as plasma cells, macrophages and M cells. APCs in Peyer’s patches take IgA antigen from epithelial cells to activate T cells and also transport it to lymphoid tissue of the lamina propria and mesenteric lymph nodes. M cells present in Peyer’s patches of the small intestine transport antigens, macromolecules, micro-organisms and inert peptides from the gut lumen into the tissue via adsorptive endocytosis. These antigens may then activate the innate and adaptive immune systems.

As alluded to in the previous sections, Lactobacilli play an immunological role within the GI tract of the host, strengthening the intestinal barrier and conferring protection from potential pathogens. Lactobacilli can interact with both the innate and adaptive immune response systems via micro-organism-associated molecular patterns (MAMPs) interacting with pattern recognition receptors such as Toll-like receptors (TLRs), nucleotide-binding oligomerization domain (NOD) receptors and C-type lectins expressed on immune cells or on tissues including intestinal epithelium (120). The Lactobacillus cell envelope comprises several types of molecules which act as MAMPs including the peptidoglycan multi-layer, teichoic acids (lipoteichoic acid (LTA) bound to the cell membrane and wall teichoic acid bound to the peptidoglycan layer), exopolysaccharides (EPS) along with cell surface adhesion molecules previously discussed (see Figure 2). The immunomodulatory effect of Lactobacilli is achieved with the release of cytokines, including interleukins (IL), tumour necrosis factors (TNF), interferons (IFN), transforming growth factor (TGF), and chemokines from immune cells (121). The inflammatory process depends on pro-inflammatory versus anti-inflammatory cytokines and in this way probiotics may act in an immunoregulatory or immunostimulatory manner. Immunoregulatory probiotics decrease inflammatory responses protecting the host against autoimmune diseases, inflammatory bowel disease and allergy and are characterised by IL-10 and regulatory T cell (Treg) production. IL-10 is an anti-inflammatory cytokine produced by monocytes, T cells, B cells, macrophages, NK cells and DCs to inhibit pro-inflammatory cytokines, chemokines and chemokine receptors protecting against intestinal inflammation. Immunostimulatory probiotics defend the host against infection and cancer development activating NK cells and developing Th1 cells via IL-12 production, and also defend the host against allergy by balancing Th1 and Th2 production. Mounting evidence would suggest that probiotic Lactobacilli have the potential to prevent or treat certain inflammatory conditions (122).

The activation of specific immune receptors by MAMPs on Lactobacillus species has been characterized to an extent. Peptidoglycan of L. casei Shirota, L. johnsonii JCM 2012 and L. plantarum ATCC 14917 has been shown to down-regulate IL-12 production via TLR2 (123). Peptidoglycan from L. rhamnosus CRL1505 demonstrated an enhancement of innate and adaptive immune responses ameliorating the Th2 response when administered nasally in mice (124). LTA of L. plantarum has been shown to elicit an anti-inflammatory response in both human and porcine intestinal epithelial cells via inhibition of IL-8 (125, 126). The knockout mutant for the SpaCBA pilus of L. rhamnosus GG demonstrated that not only are these pili essential for adhesion but also the knockout demonstrated an increase in IL-8 likely via LTA TLR2 signalling which suggests an immunomodulatory role for this adhesion molecule (127). The protective exopolysaccharide layer has also demonstrated immunomodulatory capabilities with EPS from L. rhamnosus RW-9595M inducing macrophage production of IL-10 and no induction of TNF-α, IL-6, or IL-12 (128) and L. plantarum 14 EPS decreasing the IL-6 and IL-8 production in response to an enterotoxigenic E. coli challenge in porcine epithelial cells (129). In mice, EPS derived from L. delbrueckii subsp.bulgaricus OLL1073R-1 fermented yogurt had an immunostimulatory effect, activating natural killer (NK) cells and inducing IFN-γ production in the spleen (130).

Some immunomodulatory effects are mediated by the metabolites of Lactobacillus, such as SCFAs, in particular, propionate, acetate, and butyrate. These postbiotics bind to specific receptors on intestinal epithelial cells to inhibit pro-inflammatory activity and Treg suppressive effects of neutrophils and macrophages (131–133). Indeed butyrate enemas have demonstrated efficacy and become an accepted treatment for diversion colitis though this is believed to be due to a relaxation effect on smooth muscle (134).Lactobacilli are also capable of producing antioxidants like glutathione (GSH) and can induce reductions in oxidative stress. Two strains of L. bulgaricus (L. delbrueckii subsp. bulgaricus B3 and A13) have been demonstrated to reduce lipid peroxidation, increase measurements of antioxidant enzymes, and reduce oxidative stress in a rat model of colitis (135). In a mouse model of gastric damage L. fermentum Suo significantly reduced malondialdehyde (MDA; a measure of oxidative damage) concentrations and serum concentrations of IL-6, IL-12, TNF-α, and IFN-γ (136). L. casei 114001 administered to rats increased the antioxidant capacity of plasma, liver and intestines and decreased MDA plasma concentration (137). In healthy human subjects, L. casei capsules administered with prebiotic inulin significantly decreased MDA and glutathione disulphide (GSSG; another measure of oxidation) concentrations and increased concentrations of antioxidant indicators: GSH, total GSH (GSHt) and free sulfhydryl group (-SH) in the plasma (138). Pre-treatment with L. acidophilus NCDC15 with inulin and L. rhamnosus GG MTCC 1408 with inulin in a model of colon cancer in mice lead to a reduction in MDA and an increase in antioxidants GSH-reductase, GSH-peroxidase and superoxide dismutase as well as fewer dysplastic changes (139).

Lactobacilli may also modulate the immune system by secretion of proteinaceous compounds. Proteins p40 and p75 released from L. rhamnosus GG ATCC 53103 both activated the Akt signalling pathway, inhibiting TNF-a –induced apoptosis in human and murine colonic epithelial cells and murine colon explants (140). Pre-treatment with L. rhamnosus GG milk prior to induction of dextran sulphate sodium –induced colitis in mice significantly reduced colonic inflammation and injury, suppressing cytokine-induced apoptosis and reducing H2O2-induced disruption of TJs. Depletion of two soluble proteins found in L. rhamnosus milk, p40 and p75, abolished these anti-inflammatory effects (141). L. rhamnosus GG ATCC 53103 increased production of the heat-shock proteins HSP25 and HSP72 in murine colon cells via secretion of soluble peptides which function via activation of MAPK signal transduction pathway (142).

There have been many reports of Lactobacilli influencing the immune system while also enhancing the intestinal barrier. In vitro, L. acidophilus PZ1138, L. fermentum PZ1162, and L. paracasei LMG P-17806 induced expression of human β-defensin-2 gene in Caco-2 cells via modulation of nuclear factor kB (NF-kB) and the activator protein 1 (AP-1) resulting in IL-8 expression (42). L. salivarius Ls33 peptidoglycan induced anti-inflammatory IL-10 production, and stimulated Treg responses via NOD2 rescuing symptoms in a tri-nitrobenzene sulfonic acid (TNBS) -induced colitis murine model (143). Enteral administration of L. rhamnosus GG decreased inflammation in the developing mouse colon, attenuating pro-inflammatory MIP-2 and TNF-α concentrations in an IL-10 receptor-dependent manner (144). In Caco-2 cells L. plantarum WCSF1 has been shown to enhance ZO-1 trafficking to TJ regions in a toll-like receptor (TLR)-2-dependent manner (65). In a porcine intestinal cell line, L. rhamnosus GG ATCC 7469 pre-treatment increased ZO-1 and occludin protein expression in a TLR-2-dependent mechanism and also attenuated enterotoxigenic E. coli –induced increases in TNF-α via a partly TLR-2-mediated mechanism (145).

Lactobacilli may interact with enterocytes, DCs, Th1, Th2 and Treg cells in their immunomodulatory capacity in the intestine. Studies in vitro and in vivo demonstrated that L. paracasei and L. acidophilus strains induced early innate and adaptive immune responses in developing mice and rats in terms of phagocytosis, polymorphonuclear cell recruitment and TNF-α, IL-6, IL-10, IFN-γ production in a TLR-dependent mechanism (146). Homogenates prepared from several probiotics including L. rhamnosus GG ATCC53103, L. rhamnosus LC-705, L. acidophilus NCFB-Lb1748, and L. bulgaricus ATCC 11842 have demonstrated the ability to suppress peripheral blood mononuclear cell proliferation and L. acidophilus homogenates also down-regulated expression of IL-2 and IL-4 (147). In a mouse model of colitis where IL-10-deficient mice were infected with H. hepaticus, the combination of L. paracasei 1602 and L. reuteri 6798 reduced mucosal inflammatory cytokines TNF-α and IL-12 and also reduced intestinal inflammation (148). In an in vitro model, L. sakei LTH681 induced the inflammatory cytokines IL-1β, IL-8 and TNF-α in Caco-2 cells while L. johnsonii La1 failed to induce pro-inflammatory cytokines and instead induced production of anti-inflammatory TGF-β (149). Co-culture of ileal explants from patients with Crohn’s disease with L. casei DN-114001 and L. bulgaricus LB10 resulted in decreased TNF-α expression as well as decreased numbers of CD4+ T cells within the inflamed mucosa (150). CFCS from L. acidophilus ATCC 4356, L. casei ATCC 334, L. lactis ATCC 11454 and L. reuteri ATCC 55148 down-regulated IL-8 expression in human HT-29 cells and had differing strain-dependent efficacies in decreasing pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) and in increasing anti-inflammatory IL-10 production in LPS-stimulated monocyte-derived macrophages (151).

Inflammatory bowel disease (IBD) is an example of an intestinal inflammatory disease which may be modulated by Lactobacilli probiotics. IBD is a chronic, relapsing and remitting disorder characterised by inflammation of the GI tract with two main classifications: Crohn’s disease and ulcerative colitis. Although the cause of IBD is unclear, dysbiosis of the GI microbiota is a feature of the disorder and it is believed probiotics may have a therapeutic benefit by restoring microbial balance and also by immunomodulation (152). Data from both in vitro and in vivo studies in animal models of colitis are extremely promising in terms of reducing inflammatory markers and decreasing colitis severity (153–155), however the same cannot be said for clinical trials of probiotics in IBD. Although it would appear that probiotics have beneficial effects in inducing remission and increasing remission times in UC (156) this has not yet been demonstrated for CD (157). A meta-analysis recently showed that L. rhamnosus GG displayed no beneficial effects in IBD patients, though VSL#3 (a combination of eight lactic acid bacteria strains - of which four are Lactobacilli) was better than placebo in terms of a higher remission rate and lower relapse rate (158). Similarly, another recent meta-analysis and systematic review concluded that a combination of Lactobacillus probiotics and prebiotics were effective in UC, although probiotics in general were not effective in CD (159). Further randomised, placebo controlled, clinical trials will be required to clarify the role of Lactobacilli in IBD and to elucidate the most beneficial strain, dose, and mode of administration.



Conclusion and Future Perspectives

There is increasing evidence to suggest that commercial and clinical use of probiotics is outpacing proven science. A recent study in healthy human subjects given probiotic supplements indicated that the colonisation of the GI tract featured person, region and strain -specific differences. In some individuals colonisation did not occur with the GI tract demonstrating colonisation resistance to the probiotics. The authors conclude that considering the transient, individualised effect of probiotics, the development of new personalised probiotic approaches is merited (160).

Despite the ever-increasing prevalence of probiotic use, there are also many limitations and unknowns (161–163). Data from research trials on efficacy of probiotics in the treatment and prevention of disease can often have conflicting results with similar studies pointing to opposing conclusions. These confusing data are somewhat to be expected and may be accounted for given the extremely complex nature of host – probiotic – microbiota interactions. One must allow for the unique individual differences in human microbiota composition, due to age, health, diet etc., which may affect the response to the intervention and may even account for adverse effects. Risks associated with probiotic use are generally concerned with the safety of vulnerable patient cohort such as the elderly or the immunocompromised. Thorough elucidation of mechanistic properties and host interactions will required in order to determine the probiotic strains and required intake levels required to achieve the desired health outcomes. It is also of note particularly for probiotic use in healthy individuals, and indeed for mechanisms requiring microbe-host interaction, that evidence indicates that probiotics are unlikely to be capable of maintaining colonisation in the host with any differences in microbiota composition being transient and dependent on continued probiotic intake. In terms of study design, it is often the case that mechanistic observations are founded in in vitro cell populations which cannot give the full picture of host and microbiota interactions. These are not always supported by in vivo observations in animal models which themselves may be flawed given incompatibilities or inconsistencies between human and animal microbiomes. On top of this the variety of available and potential new probiotics is vast and, as we have seen, beneficial effects can be species or strain specific and may require combination with other probiotics or prebiotics to be effective. Additionally, it is often the case that probiotic trials are initiated and funded by components of the probiotic industry who have commercial interests and may have a motive to downplay adverse effects. Although systematic reviews and meta-analyses of existing studies go some way in trying to overcome biased or underpowered research and allow for observation of overall trends, they are not themselves immune from the introduction of bias. Large, long-term, multicentre randomised controlled trials of probiotics chosen based on mechanistic information with specific beneficial outcomes for specific human cohorts in mind and involving collaborations with non-affiliated groups should be the aim to truly separate the good from the ineffective or bad.

It is clear that we have a long way to go in understanding all of the complexities of the microbiota and the effects of probiotic bacteria for health. Far more in-depth clinical testing will be required in order to substantiate the health claims of commercially available probiotic health supplements. Further elucidation of the modes of action of beneficial probiotics in clearly defined subsets of populations will hopefully allow us to make better predictions about efficacy, improve clinical trial design and enable improvement in development of probiotic health strategies. Expansion in the field of bacterial-derived products i.e. postbiotics signals a more precise, effective and safer future for the probiotic health market. In the interim, those looking to improve their overall health by enhancing their GI microbial complexity might find it more advantageous to focus on consuming a healthy varied diet of grains, fruit, vegetables and fermented foods such as miso, nattō, kimchi and sauerkraut.
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While a range of methods for stool collection exist, many require complicated, self-directed protocols and stool transfer. In this study, we introduce and validate a novel, wipe-based approach to fecal sample collection and stabilization for metagenomics analysis. A total of 72 samples were collected across four different preservation types: freezing at -20°C, room temperature storage, a commercial DNA preservation kit, and a dissolvable wipe used with DESS (dimethyl sulfoxide, ethylenediaminetetraacetic acid, sodium chloride) solution. These samples were sequenced and analyzed for taxonomic abundance metrics, bacterial metabolic pathway classification, and diversity analysis. Overall, the DESS wipe results validated the use of a wipe-based capture method to collect stool samples for microbiome analysis, showing an R2 of 0.96 for species across all kingdoms, as well as exhibiting a maintenance of Shannon diversity (3.1-3.3) and species richness (151-159) compared to frozen samples. Moreover, DESS showed comparable performance to the commercially available preservation kit (R2 of 0.98), and samples consistently clustered by subject across each method. These data support that the DESS wipe method can be used for stable, room temperature collection and transport of human stool specimens.




Keywords: microbiome, wipe, metagenomics, DESS, stool collection



Introduction

There is a complex interplay between diet, the microbiome, and the metabolome that plays a central role in human biology and health (1–5). The detection and identification of biomolecules produced in microbial communities from samples is widely used for monitoring disease and aspects of overall health (6). Microbial surveillance of the gut is necessary to capture the relationship between diet, the microbiota, and microbially produced metabolites. The dynamic nature of the taxonomic communities with respect to dietary influences requires collection methods that can be easily and quickly utilized by the subjects for increased compliance and longitudinal at-home profiling. Stable transportation and delivery of biomolecules is also critical for the analysis of these samples. As such, low cost and efficient collection, storage, and delivery of biomolecules are critical for studies of the diet-microbiome relationship and the field of medical diagnosis.

For human gut microbiome analysis, recent advances in sequencing techniques and bioinformatics have increased our knowledge of the complex microbial communities and their interactions. It is now well established that these microbes play important roles in relation to inflammation (7), metabolic disease (8, 9), mental disorders (10, 11), aging (12, 13), and several other diseases and health conditions (14–18). However, different approaches to sample processing can introduce human error variability or technical biases through inappropriate sample handling or storage. For example, fecal microbiota sequencing profiles have been shown to change significantly during ambient temperature storage after 48 hours (19, 20). While performing nucleic acid extraction on fresh samples immediately after collection is impractical, freezing and storing samples (without using stabilization buffer) at −20°C, −80°C, or below, is considered to be standard practice when preserving microbial composition for sequence-based analysis at clinical settings (21–24). However, this is difficult to achieve in many situations, such as sampling in remote areas, and thus may dramatically increase the costs of such studies. While some studies have investigated in detail the rapid deterioration of fecal samples that have been stored at room temperature for several days prior to lab processing (19, 25–27), there are few methods to address such issues.

Previously, authors have examined various collection methods and stabilization reagents (i.e., methods that include: no additive, 95% ethanol, RNAlater Stabilization Solution, fecal occult blood test cards, and fecal immunochemical test tubes). And although the stability of all these methods and the technical reproducibility were relatively high, the intraclass correlation coefficients were below 0.6 for metrics related to relative abundance (28). In another comparative analysis of the following collection methods: immediate freezing at −20°C without preservative, OMNIgene GUT, 95% ethanol, RNAlater, and Flinders Technology Associates (FTA) cards, the authors concluded that although all methods were comparable to immediate freezing without preservative, there were differences in gut microbiome metrics and specific species abundances (29).

In addition to these technical limitations and potential loss of data analysis accuracy after sequencing, the stool specimen collection itself can be challenging, and many individuals find the process difficult and not user-friendly (30), limiting adoption of microbiome testing and reducing the amount of relevant data that is collected to link observations to diet and phenotypes such as immune responses. Challenges include embarrassment, fear of results, concerns around hygiene and contamination, discretion and privacy, and lack of information. A 3-year randomized trial of 997 participants found that discomfort with the collection of a stool sample is the most frequently cited barrier for participation in fecal test-based screening. Furthermore, the study found that having a choice of screening methods significantly increases (13% vs. 43%) patient adherence (31).

A 2016 study, spanning 15 individuals and over 1,200 samples, provided the most comprehensive view to date of storage and stabilization effects on stool. It suggested that 95% ethanol can preserve samples sufficiently well at ambient temperatures for periods of up to 8 weeks, and includes the types of variation often encountered under field conditions, such as freeze-thaw cycles and high-temperature fluctuations. In addition, a solution containing dimethyl sulphoxide, disodium EDTA, and saturated NaCl (DESS) was originally used for various applications in the preservation entire soil/sediment samples or as a storage medium for microbial community analysis (32–34). Such preserved material can be easily stored for months at room temperature and provide an efficient, cost-effective method with widespread applications for microbiome studies.

To address such technical errors and biases in sample collection methods, as well as to enhance the user experience of stool sample collection, we have designed a practical and user-friendly fecal sample collection kit that includes a dissolvable wipe (e.g., ethanol-soluble film), in which the biological sample is dissolved in a DNA stabilizing solution (DESS). The film, solution, and biological sample are disposed of in a sealable container. Therefore, people can collect their fecal samples as easily as using toilet paper after defecation. The DNA stabilizing solution ensures that the microbiomic community structure is well-preserved during ambient temperature transportation and storage, and the microbiome DNA is extracted from the fixed microbes and used for further laboratory analysis when the samples arrive at the laboratory. In addition, the dissolvable characters of the wipe ensure that all the microbes contact the stabilizing solution adequately when the sample is collected. The primary objective of this study is to assess the extent to which our novel approach to fecal sample collection and stabilization could maintain microbiota composition compared to the following methods: immediate freezing (-20°C), preservation with a commercially available kit, and storage at room temperature (RT).



Results


Study Summary

The study was set up to directly compare the quality of metagenomic sequencing of samples collected by the microbiome wipe against a current commercially available approach, positive controls (snap frozen at -20°C), and negative controls (room temperature without any stabilization) (Figure 1). Six subjects were recruited to participate in the study to validate the wipe capture method. Two males and four females enrolled in the study (Supplemental Table 1). The median age was 42 ± 10.8. Three subjects were white, non-Hispanic and three subjects were black, non-Hispanic. The average BMI across the cohort was 27.8 ± 7.6 kg/m2. Four preservation methods were used to process the samples for metagenomics sequencing: freezing (-20°C), room temperature storage, a commercial preservation kit (Zymo DNA shield; room temperature), and DESS DNA preservation (room temperature). Three replicates per subject for each preservative were collected for a total of 72 samples. A total of 71 samples were successfully sequenced with an average of 8 million sequencing reads and a range of 3 to 38 million reads. One sample from the commercial preservation kit cohort was removed from the analysis due to sequencing failure (no library). The amount of DNA captured by wipe was found to be comparable to other collection and extraction methods. The average DNA yields from extraction were 98.2 ± 49.1ng/uL for DESS, 44.6 ± 42.7ng/uL for the commercial preservation kit, 286 ± 175.8ng/uL for the -20°C samples, and 122.3 ± 95.1ng/uL for the room temperature samples (Supplemental Table 2).




Figure 1 | Study Design. Six participants were enrolled in the study and collected stool samples (Bristol Scale Type 3 and 4) for metagenomics/microbiome analysis. The samples were processed using four different preservation techniques: freezing at -20°C, stored at room temperature (RT). Zymo DNA Shield (RT), and DESS (RT). A total of 72 samples were then sequenced with next-generation sequencing and analyzed for taxa and metabolic profiles. Created with BioRender.com.





Sample Similarity

A t-SNE analysis across sample types and subjects showed clear clustering by each individual across the cohort, wherein each subject was isolated and separated from one another based on their unique microbiome signature (Figure 2). Interestingly, wipe samples in the DESS clustered more closely with the frozen samples and the commercial preservation kit’s samples. Meanwhile, in most subjects, the negative control samples that were stored at room temperature cluster together separately from the other preservation types. Supplementals Figures 1, 2 further demonstrates this finding in a dendrogram and PCoA plot respectively, showing clustering by subject and divergence of room temperature samples compared to the other sample types.




Figure 2 | Sample Similarity. A t-SNE plot displaying sample comparisons and clustering. Sample types are denoted by different colors and subjects by different shapes. Six distinct clusters are shown, one for each subject, and froze, wipe in DESS, and commercially processed samples cluster together while room temperature samples cluster separately from the other preservation types.





Taxonomic Profiles

Taxonomic assignments of reads to each domain of life were then examined for their relative distributions across the sample types. As expected, Bacteria was the predominant domain (>99% relative abundance) captured by the microbiome analysis across all subjects (Figure 3A). Subject 1 had some more hits to Archaea (<l%) than others, Subjects 4 and 6 had some samples with Eukaryota hits, and Subject 5 had some samples with viral hits (most <1%) (Figure 3B). Commensal gut flora including Firmicutes, Bacteroidetes, and Actinobacteria, were the top phyla across all samples, with some room-temperature samples also having Proteobacteria, particularly in Subject 4. Overall, no significant changes were found in phylum, class, order, family, genus ranks for any of the collection methods compared to the -20°C samples after correcting for subject and taxa in question (linear multivariate model, p > 0.5 for all collection methods). On species level only the room temperature samples showed significant difference compared to the frozen sample (p = 0.033), with the wipe sample and commercial sample not showing any significant differences (p > 0.5 for both). Generalized unifrac distance within the subject’s -20°C samples (intra-group) to their samples collected by the wipe or commercial kit (inter-group) were not statistically significantly different (p > 0.1), whereas the room temperature samples had significant differences (p = 2.18x10-18).




Figure 3 | Taxonomic Profiles. Relative abundances of (A) Domains and (B) Phyla across the different subjects and sample types. Correlation plots comparing the relative abundances of wipe in DESS vs frozen samples (C) and commercial DNA preservation vs frozen samples (D).



Figures 3C, D highlight the correlation of the subject’s microbiome profile across different domains comparing wipe DESS preparation to frozen and the commercial kit to frozen, respectively (p < 2.2x10-16 for the sample Pearson correlation based on a t distribution). There is an increased relative abundance of human DNA seen in wipe samples compared to the commercial kit (Figure 3C), however, this is expected due to increased skin contact with the wipe and still negligible compared to the predominance of reads matching to bacteria (Figure 3A).



Diversity Metrics

The metagenomic data were then examined for two metrics of species diversity (Figure 4). The Shannon index metric showed a similar range (2.7-3.8) across all sample types, but the wipe in DESS (median 3.2) had more comparable levels to the commercial preservation method (3.1) and gold standard frozen samples (3.2), than the room temperature storage (2.9). There were no statistically significant differences between the Shannon diversity of the -20°C samples to the wipe or the commercially available kit samples (p > 0.5), with the room temperature samples showing significantly decreased entropy (p = 0.013). The median species richness (151-159), however, was more comparable across all preservation techniques (Figure 4B) and there were no significant differences between the -20°C samples and the other collection methods (p > 0.3 for all groups). Supplemental Table 3 has a statistical summary of these diversity metrics including means and standards of deviation.




Figure 4 | Diversity Metrics. (A) Shannon index and (B) Species richness diversity metrics across sample types.





Intra- and Inter-Sample Comparisons

Taxonomic profiles comparing the different preservation methods showed that DESS has a very strong correlation with the frozen samples and compares favorably to the currently used commercial kit (Figure 5). The Pearson correlation of taxa log abundance with intra-group and inter-group comparisons. DESS was found to be very similar to the -20°C frozen samples when considering replicate-to-replicate variability (frozen-to-frozen correlation = 0.92, frozen-to-DESS correlation = 0.91) (Figure 5A). Furthermore, Figures 5B, C highlight Pearson correlations calculated by median log10 relative abundances and median HUMAnN functional pathway scores, respectively (Supplemental Figures 3, 4). These analyses demonstrate strong intra-sample correlation across the wipe samples (p < 2.2x10-22), as well as strong inter-sample correlation between the wipe and frozen samples (p < 2.2x10-22). These correlations are even comparable to the correlation found between the commercial preservation and frozen samples (Figures 5B, C). Figures 5D, E highlight each subject’s taxonomic relative abundance comparing wipe to frozen and commercial preservation to frozen samples respectively. They further demonstrate that the wipe in DESS preservation method has a high positive correlation with the taxonomic profiles of the gold standard frozen preservation, and is comparable to the commercial preservation method.




Figure 5 | Intra- and Inter-sample Sample Comparisons. Pearson correlation by (A) Taxa log abundance with intra- and inter-group comparisons, (B) Median log10 relative abundances, (C) Median HUMAnN pathway scores, and correlation plots comparing the relative abundances found in (D) Wipe vs Frozen and (E) Commercial preservation vs Frozen samples.






Discussion

This study demonstrates the use of a wipe-based capture method to collect stool samples for microbiome/metagenomics taxonomic and functional metabolite analysis, making collection from large numbers of people simpler and more user-friendly. The DESS wipe preservation method showed comparable performance to a commercial DNA/RNA preservation kit, and was also very similar to the gold standard frozen samples for most metrics, namely the taxonomic classification abundances had strong correlation (R2 > 0.96, p = 2.2x10-22 of the species abundances), functional pathway classification (R2 > 0.99, p = 2.2x10-22 of the pathway scores), and had no significant differences of alpha diversity (p > 0.5) nor beta diversity (p > 0.1, generalized unifrac distance of wipe to the frozen sample, compared against the intra-group variability in the frozen samples). Both the DESS and the commercial preservation method showed significantly higher Shannon diversity compared to the room temperature negative control (p < 0.05).

Although the quality and significance of standard microbiome metrics are comparable across the wipe method, gold standard, and other commercial methods, further validation and better understanding of the bacterial to human DNA ratio in a broader population can be addressed in future studies. This will involve including non-healthy subjects such as samples from people with gut conditions (i.e. bloody diarrhea, IBS, blood in the stool, colorectal cancer, hemorrhoids, etc.) where human DNA is more present in the stool (35, 36), to further assess the performance of the wipe and integrity of microbiome analysis. Recruiting subjects with GI conditions such as constipation and diarrhea will further test the efficacy of the wipe. Moreover, subjects with different disease statuses and infections will be important to test, specifically patients with irritable bowel syndrome, IBD, Clostridium difficile infection, etc. There are also other collection methods and preservation techniques to compare with the wipe method for future studies (37). Finally, RNA preservation and isolation for metatranscriptomics analysis poses its own set of unique challenges (38) and future studies will be needed to assess the wipe capture in DESS preservation for RNAseq analysis.

This study provides validation evidence for a wipe-based collection and RT transport method for gut microbiome sampling and metagenomics sequencing analysis. Such a method may enable easier access to sampling, testing, and metagenomics implementation in clinical trials, home use, or even in remote environments, especially given the stability of the method when shipped at room temperature. Indeed, wipe-based collection and processing offers a more user-friendly approach to collecting stool samples for microbiome analysis. Its ease-of-use design and simple instructions (just wipe and place into the tube) should enable easy integration with commercial stool collection kits and future biomedical studies and trials. Importantly, simplified collection protocols that eliminate tasks that most people do not like (such as scooping their own feces for sampling) provides the opportunity to greatly increase adoption of microbiome testing in clinics and at-home testing. Increasing adoption generates enhanced data resources to the scientific community for discovery. Indeed, tools and methods such as these can be applied to help deploy metagenomics analysis approaches for a wide range of both research and clinical applications to learn more about the interplay between diets, microbiota, bacterial metabolites and host to elucidate the role this complex system plays in intestinal health and disease.



Methods


Study Design

A total of 6 healthy subjects were enrolled in this pilot study. The inclusion criteria to be enrolled in the study included: age >18; Bristol Stool Scale type 3 and 4 (normal), agree to collect and donate the feces, and the ability to understand and write English. Exclusion criteria included people with constipation, slightly dry, or diarrhea feces (Bristol Stool Scale types 1-2, 5-7), pregnant or breastfeeding females, history of alcohol, drug, or medication abuse, known allergies to any substance in the study product, current diagnosis of inflammatory bowel disease (Crohn’s Disease or Ulcerative Colitis), and currently taking any medication that may interfere with defecation.



Sample Collection and Processing

Fecal collection kits were created and mailed to enrolled subjects with clear instructions on sample collection. A total of 12 samples were collected by each subject yielding a total of 72 samples to be processed. Four preservation methods were used to process the samples for metagenomics sequencing: freezing (snap frozen at -20°C), room temperature storage, Zymo DNA shield kit (room temperature), and DESS DNA preservation (room temperature) (Supplemental Table 2). The DESS wipe kit utilizes a sterile DESS solution made up of 0.25M disodium EDTA pH 8.0, 20% dimethyl sulfoxide (DMSO), and saturated sodium chloride (NaCl). We have utilized DESS because in previous microbial community analyses, DESS has been shown to preserve the structure of microbial communities better than other preservatives [Ref.1 belo (32). In another study, although all preservation methods examined for bacterial community sampling were biased towards G+C DNA rich microorganisms, DESS (within the liquid-based category) outperformed the card-based methods (33). Moreover, studies have demonstrated that the constituents of DESS including DMSO and EDTA are frequently used in the deactivation of microorganisms (36).

The wipe sheet is a polyvinyl alcohol film, 8cm x 8cm, similar size as/a little bit smaller than a piece of toilet paper. The volume of preservative is 30 mL. We advised participants to ensure that the size of each sample is around 1 peanut size and shake well until the wipe and stool particles are fully dissolved/dispersed. All the samples are shipped at room temperature except the samples meant for freezing which were shipped on dry ice. It took several days to up to a week for the shipment. When the samples arrived in the lab, all the samples were put into a fridge (4°C) except for the frozen samples which were put in a -20°C freezer.



Microbiome Sequencing and Analysis

DNA was extracted from all samples using QIAgen PowerSoil Pro Kit. 150 ng of genomic DNA input was used for library preparation with the Illumina DNA Prep kit following manufacturer’s protocol. Indexed libraries were pooled at equimolar concentration and sequenced as 150bp single end reads in an Illumina NextSeq 550 platform. Samples were sequenced as paired-end 150bp for a mean depth of 8.0 million reads per sample (min: 2.9M, max:38.9M). 5 positive plate controls that contain accurately characterized microbial communities (ZymoBIOMICS Microbial Standard) and 5 plate negative controls (final resuspension buffer from the DNA isolation step in a sterile container) were sequenced alongside the samples to control. Resulting sequences were trimmed by Trimmomatic (39), and then aligned to human genome reference using bwa (40). Taxonomic annotation was performed by utilizing KrakenUniq (41) and subsequently Bracken (42) on a database that includes all bacterial, archaeal, viral, fungal references from RefSeq along with human reference. The lowest common ancestor taxonomic annotations were adjusted within the lineage until at least 10% of the unique k-mers belong to a specific clade and not its parent, then filtered for at least 10 reads and a minimum Bracken adjusted relative abundance of 0.005%. Pearson correlation was calculated as taking the log abundances of the species (or other relevant ranks) and comparing these between two samples. Summary Pearson correlation coefficients were calculated by taking the median of all groupwise comparisons of the minimum Bracken different replicates across the different collection methods, these were calculated within each subject individually. The functional annotations for genes were performed by using HUMAnN3 with the UniRef90 clusters, and summarized as MetaCyc v19.1 pathways by HUMAnN3 (43). The alpha diversity analysis was performed using Shannon entropy and species richness on the Bracken results of each replicate. Beta diversity was calculated as generalized unifrac distance between the samples (44). Statistical analyses of beta diversity were performed by comparing the within-group distance to inter-group distances. The distance matrix from generalized unifrac metric were fed into t-distributed stochastic neighbor embedding (t-SNE) to project the samples into a 2 dimensional space (45).
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The intestinal immune system and microbiota are emerging as important contributors to the development of metabolic syndrome, but the role of intestinal dendritic cells (DCs) in this context is incompletely understood. BATF3 is a transcription factor essential in the development of mucosal conventional DCs type 1 (cDC1). We show that Batf3-/- mice developed metabolic syndrome and have altered localization of tight junction proteins in intestinal epithelial cells leading to increased intestinal permeability. Treatment with the glycolysis inhibitor 2-deoxy-D-glucose reduced intestinal inflammation and restored barrier function in obese Batf3-/- mice. High-fat diet further enhanced the metabolic phenotype and susceptibility to dextran sulfate sodium colitis in Batf3-/- mice. Antibiotic treatment of Batf3-/- mice prevented metabolic syndrome and impaired intestinal barrier function. Batf3-/- mice have altered IgA-coating of fecal bacteria and displayed microbial dysbiosis marked by decreased obesity protective Akkermansia muciniphila, and Bifidobacterium. Thus, BATF3 protects against metabolic syndrome and preserves intestinal epithelial barrier by maintaining beneficial microbiota.
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Introduction

The prevalence of obesity has been increasing over the past few decades and has been recognized as a major public health challenge. Worldwide, an estimated 2.1 billion adults are overweight of which 600 million are obese (1, 2). Obesity is often associated with the development of metabolic syndrome and increased risk of a variety of chronic diseases including type 2 diabetes, cardiovascular diseases, cancer, and non-alcoholic fatty liver disease (3–8). Metabolic syndrome is a cluster of conditions that includes central obesity, insulin resistance, dyslipidemia, and hypertension (3, 9). While an imbalance of energy intake and expenditure (i.e., diet and lack of exercise) is the major driver of obesity, additional factors contribute to the development of obesity: genetic predisposition, gut microbiota, and host immunity (10–15). The precise mechanisms leading to the development of metabolic syndrome and particularly the involvement of the mucosal immune system are incompletely understood. Growing evidence implicates the intestinal microbiota as an important driver in the development of metabolic syndrome (12, 16, 17). One of the early events in this process has been attributed to a high-fat diet-induced impaired mucosal barrier function, also referred to as “leaky gut” (18–21). As a consequence, intestinal luminal bacteria and their products enter the systemic circulation leading to chronic low-grade inflammation that has been shown to have a profound effect on normal insulin sensitivity (12, 17, 20). Recently, obesity-associated hyperglycemia has also been demonstrated to disturb intestinal epithelial tight-junctions resulting in impaired barrier function (22). That the intestinal microbiota itself are a driver of the development of metabolic syndrome has been supported by the observation that mice raised under germ-free conditions are resistant to the development of obesity and insulin resistance (15, 23, 24). In contrast, transfer of intestinal bacteria from obese to lean mice or reconstitution of germ-free mice induced metabolic syndrome in recipient mice (25). Interestingly, IgA is the most abundant antibody secreted into the intestinal lumen and has been proven to be a key regulator of commensal microbial communities (26). High IgA coating preferentially identifies colitogenic members of the microbiota, that confer susceptibility to the development of colitis, and result in the development of obesity (27, 28). Early recognition of intestinal bacteria crossing from the lumen to the lamina propria is crucial in preventing systemic inflammation and its metabolic consequences and is accomplished by cells of the innate immune system. Toll-like receptors (TLRs) that recognize different bacterial components or downstream signaling molecules, including the inflammasome, have been associated with an increased risk in the development of metabolic syndrome in humans and mice demonstrating the importance of these pathways in the development of metabolic syndrome (14, 15, 29–31). While these studies clearly demonstrate a relationship between diet, intestinal microbiota, immune responses, chronic inflammation, and metabolic syndrome, the exact mechanisms linking the host immune system and intestinal microbiome leading to the development of metabolic syndrome are not well understood.

Intestinal lamina propria conventional dendritic cells (cDCs) play an essential role in mucosal homeostasis, sensing of invading microorganisms, initiation of adaptive immune response, and development of oral tolerance to dietary antigens (32–35). Intestinal cDCs are highly heterogenous and can be subdivided based on the expression of CD103 and CD11b into three major subsets CD103+CD11b- (cDC1), CD103+CD11b+ (cDC2), CD103-CD11b+, and one minor CD103- CD11b- cDC subset (33, 36–40). While the development of all these subsets is dependent on the transcription factors Zbtb46 and FLT3L, each subset is also dependent on specific transcription factors. Developmentally, cDC type 1 (cDC1) are dependent on the expression of the transcription factors BATF3, IRF8, and ID2 while cDC type 2 (cDC2) are dependent on IRF4, KLF4, and Notch-2 (38, 41, 42). Accordingly, Batf3-/- mice lack CD8α+ DCs in lymphoid organs and CD103+ cDC1s in non-lymphoid organs, particularly in the intestine (43–45). Intestinal CD103+ cDC1 are important for the development of oral tolerance to dietary antigens and the induction of FoxP3+ regulatory T cells (Tregs). However, Batf3-/- mice do not develop spontaneous intestinal inflammation and maintain a normal population of Tregs in the lamina propria and mesenteric lymph nodes (MLN), suggesting a redundant role of DC subsets in maintaining intestinal homeostasis (43). The mechanisms by which intestinal DC subsets influence intestinal barrier function and homeostasis in the context of the development of metabolic syndrome remain unclear.

In this study, we investigated the role of BATF3 in maintaining intestinal barrier and development of metabolic syndrome. Here, we demonstrate that BATF3-deficiency leads to the development of metabolic syndrome as characterized by insulin resistance, blood glucose and serum insulin levels, increased body weight and white adipocyte size, and development of hepatosteatosis. Hyperinsulinemia and hypercholesteremia were the first metabolic changes observed in lean Batf3-/- mice and were associated with a decrease of IgAhigh coated fecal bacteria and intestinal dysbiosis. 16S ribosomal RNA (rRNA) sequencing revealed a significant decrease in the abundance of Akkermansia muciniphila, Mucispirillum schaedleri, and Bifidobacterium and an increased abundance of Bacteroides sp. in non-obese Batf3-/- mice. Mechanistically, we observed altered cellular localization of the tight-junction proteins occludin-1, ZO-1, and claudin-2 in intestinal epithelial cells leading to increased intestinal permeability in obese Batf3-/- mice. Moreover, intestinal enteroids generated from Batf3-/- mice had reduced regenerative potential compared to WT mice. Impaired intestinal barrier function was associated with an increase in the percentage of lamina propria cDC2 and CD11c+ mononuclear phagocytes (MNPs) and increased expression of IL-1β, IL-18, and TNFα. Treatment of obese Batf3-/- mice with the glycolysis inhibitor 2-deoxy-D-glucose (2-DG) improved intestinal barrier function and reversed the intestinal inflammatory phenotype to WT levels. In addition, treatment with broad-spectrum antibiotics prevented the development of metabolic syndrome, low-grade intestinal inflammation, impaired intestinal barrier function, and normalized insulin tolerance in Batf3-/- mice suggesting that intestinal microbiota are essential in the development of metabolic syndrome and the pro-inflammatory phenotype in Batf3-/- mice. Our data suggest that deficiency of the transcription factor BATF3 results in phenotypical changes of IgA-coating of bacteria, microbial dysbiosis, and impairs intestinal epithelial barrier function, leading to low-grade inflammation that contributes to the development of metabolic syndrome.



Materials and Methods


Mice

C57BL/6J, Batf3-/- (B6.129S(C)-Batf3tm1kmm/J; stock # 013755), and Irf8-/- (B6(Cg)-Irf8tm1.2Hm/J; stock # 018298) mice were purchased from the Jackson Laboratory. Batf3-/- were backcrossed to C57BL/6J mice to establish WT and Batf3-/- colonies from the heterozygote littermates. Mice were maintained under SPF conditions. All animal studies were approved by the Cedars-Sinai Medical Center Animal Care and Use Committee (IACUC protocol # 5487).



Insulin Tolerance Test (ITT)

ITT was performed on 8- or 16-week-old mice. After overnight fasting, blood glucose levels were measured via tail puncture using a glucose monitoring system (Easy touch). Mice were injected intraperitoneal (i.p.) with human insulin (1 U/kg) (Millipore Sigma). Blood glucose concentrations were recorded at 0, 15, 30, 60, and 120 min. after i.p. injection. Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was calculated using fasting blood glucose and serum insulin values in the following equation: HOMA-IR = [(fasting insulin) x (fasting glucose)/405] (46).



Depletion of the Gut Microbiota by Antibiotic Treatment

Mice received antibiotic treatment from the time of weaning until 16 weeks of age. A combination of four antibiotics (1 g/l ampicillin, 500 mg/l vancomycin, 1 g/l neomycin sulfate, 1 g/l metronidazole) was added to the drinking water and changed once per week (47, 48).



2-Deoxy-D-Glucose (2-DG) Treatment

Sixteen-week-old mice were treated twice daily with i.p. injection of 2-DG (5 mg/mouse; Sigma-Aldrich) for 10 days as previously described (49).



Quantification of Food Intake

Food consumption was measured over a 24 h time period twice a week and normalized to the number of mice in the cages per day. A minimum of five cages by genotype were measured every week from 8 to 16 weeks of age.



Serum Insulin and Total Cholesterol Measurements

Eight- or 16-week-old mice were fasted overnight, and blood was collected by retro-orbital bleeding. Serum was stored at -80°C until use. Serum insulin concentrations were measured by ELISA according to the manufacturer’s instructions (Crystal Chem, Elk Grove Village, IL, USA). Serum total cholesterol concentrations were measured using cholesterol fluorometric assay according to the manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI, USA).



FITC-Dextran Assay

In vivo colonic epithelial barrier permeability was measured using FITC-Dextran (average MW 3000-5000; Sigma-Aldrich). Briefly, mice were fasted overnight and gavaged with FITC-Dextran (50 mg/100 g), and serum was collected 3 hours after gavage. Fluorescence was measured at an excitation wavelength of 485 nm and emission wavelength of 538 nm on a SpectraMax i3 spectrometer (Molecular Devices).



Isolation of Mononuclear Cells From Lamina Propria and Flow Cytometry Analysis

Lamina propria mononuclear cells (LPMC) were isolated from the large intestine as previously described (50). Single cell suspensions were stained with antibodies or corresponding isotype controls. All antibodies were purchased from Thermo Fisher Scientific: anti-CD11c (N418), anti-MHC-II (M5/114.15.2), anti-CD11b (M1/70), anti-CD103 (2E7), and anti-F4/80 (BM8). Cells were acquired by flow cytometry using an LSR II analyzer (BD Biosciences). Samples were analyzed using FlowJo software (TreeStar Inc.). The following gating strategy was used to analyze LPMC: immune cells were gated based on forward and side scatter excluding cell aggregates. Then DC subsets were gated on MHCII+CD11c+ and cDC1 and cDC2 identified as CD103+CD11b- and CD103+ CD11b+, respectively. CD11c+ MNPs were gated on CD11b+CD11c+ and identified as F4/80+.



Isolation of Intestinal Epithelial Cells (IEC)

Small intestinal IEC were isolated from WT or Batf3-/- mice as described (50). Briefly, after cleaning, small intestines were cut in small pieces and incubated in HBSS/5 mM EDTA/1 mM DTT/5% FCS in a shaking water bath for 20 min at 37°C. Tissue pieces were then vortexed and filtered through cell strainers. IEC were stained with EpCam (Invitrogen; clone: G8.8) and CD45 (eBioscience; clone: 104) antibodies and sorted as CD45-EpCam+ on a FACSAria III cell sorter. RNA was isolated and mRNA expression of Batf3, Irf8, and Muc2 was analyzed by qPCR as described below.



Analysis of Adipocyte Size

Adipocyte sizes were quantified as described (51). One hundred adipocytes were analyzed per mouse using ImageJ software.



Acute Dextran Sulfate Sodium (DSS) Colitis

Colitis was induced in female mice with 2.6% DSS drinking water ad libitum for 7 days followed by one day of regular drinking water before being euthanized. Body weights were recorded daily during colitis induction and recovery phases of the experiment. H & E sections of cecum, colon, and rectum were scored by a trained observer blinded to the genotypes and treatments as described (52).



High Fat Diet (HFD)

Female and male WT and Batf3-/- mice were either maintained on normal chow diet (25% kcal from fat; LabDiet, 5LJ5) or HFD (60% kcal from fat; Envigo, TD.06414) starting at 8 weeks of age to 16 weeks of age.



Immunofluorescence Staining and Confocal Microscopy

Intestines were excised from 8-week-old mice and immediately fixed in 10% neutral buffered formalin followed by paraffin-embedding. Tissue sections were deparaffinized, boiled in citrate buffer (10 mM Sodium Citrate, 0.05% Tween-20; pH 6.0) for antigen-retrieval, blocked with hydrogen peroxide, and incubated with primary antibodies against Occludin (Thermo Fisher Scientific, 40-4700), ZO-1 (Thermo Fisher Scientific, 61-7300), or Claudin-2 (Abcam, ab53032) overnight. Fluorophore-conjugated secondary antibodies were incubated for 1 h. Images were captured with TCS SP5 X confocal microscope (Leica). Whole mount enteroid staining was performed as previously described (53). Briefly, enteroids were fixed in 4% paraformaldehyde, blocked with PBS/0.1% Triton-x-100/0.2% BSA (enteroid wash buffer), and incubated either with rabbit anti-ZO-1 (1:100), rabbit anti-Claudin-2 (1:200), or rabbit anti-occludin (1:50) in combination with goat anti-E-cadherin (R&D Systems, AF648, 1:200) antibodies overnight at 4°C. The enteroids were incubated overnight with donkey anti-goat AF 594 (Life technology, A11058, 1:500) and Donkey anti-rabbit Dylight 650 (Abcam, ab96922, 1:500) followed by nuclei staining with Hoechst 33342 dye (Thermo Fisher Scientific, 62249). The enteroids were mounted on glass slides using fructose-glycerol solution. Images were acquired using Leica Stellaris 8 confocal microscope and fluorescence intensity was analyzed using Fiji ImageJ software.



ELISA

For colonic secreted cytokines, excised colons were flushed with ice-cold PBS and 5-10 mm tissue sections were cultured in RPMI-1640 medium supplemented with 10% FBS, 50 μg/ml gentamicin, 0.25 μg/ml amphotericin B, 100 U/ml Penicillin G, 0.1 mg/ml Streptomycin, and 50 μM β-mercaptoethanol. Supernatants from 24 h cultures were removed, cleared of debris by centrifugation, and stored at -80°C until analysis. Cytokine concentration in culture supernatants were assayed by ELISA for murine IL-1β (eBioscience), and IL-18 (RayBiotech) according to the manufacturer’s instructions. Concentrations of secreted cytokines were normalized to the dry weight of the tissue sections.



Quantitative RT-PCR (qPCR)

Total RNA was isolated using RNeasy kits and reverse transcribed into cDNA with Omniscript RT kit (both Qiagen). QPCR was performed using the Mastercycler® ep realplex2 System (Eppendorf). Platimum® Quantitative PCR SuperMix-UDG (Invitrogen) and TaqMan probes and primers were used for Actb, Il1b, Tnfa, Il6, and SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad) was used for Batf3, Muc2, Irf8, 16S rRNA, A. muciniphila, M. schaedleri, Bifidobacterium spp., and Bacteroides sp. (Supplemental Table). mRNA expression of target genes was normalized to the expression of Actb. The relative gene expression was calculated by the 2-ΔΔCt method.



Extraction of Fecal DNA, 16S rRNA Sequencing, and Analysis of Fecal Microbiota by Quantitative PCR (qPCR)

Fecal samples were collected from female and male 8-week-old WT and Batf3-/- mice, snap-frozen, and stored at -80°C. DNA was isolated using the DNeasy PowerSoil DNA Isolation Kit (Qiagen) following the manufacturer’s protocol. The V4 region of the 16S gene was amplified and barcoded using 515f/806r primers and 250x2 bp sequencing was performed on an Illumina MiSeq system. Raw data were processed using DADA2 scripts in R platform and quality-filtered reads (~50,862 reads per sample) were used to identify amplicon sequence variants (ASV) by closed reference picking against the Silva database (54). Abundance of selected bacterial strains were confirmed by qPCR using 25 ng of fecal bacterial DNA and specific 16S rRNA primers for Mucispirillum schaedleri (ASF457), Akkermansia muciniphila, Bifidobacterium, Bacteroides sp. (ASF519) (primer sequences are listed in Supplemental Table). qPCRs were performed in duplicate using SsoAdvanced Universal SYBR® Green Supermix. Relative abundance for each strain was quantified by normalizing the quantity of each specific 16S rRNA gene to the total amount of 16S bacterial DNA. 16S rRNA sequences generated in this study are publicly available. This data can be found here: ENA, accession number PRJEB50182 (https://www.ebi.ac.uk/ena/browser/home).



Culture of Intestinal Enteroids

Enteroid cultures were performed using ileal crypts isolated from WT, Batf3-/-, and Irf8-/- mice as described previously (55). Briefly, ileum was collected, washed in ice-cold PBS without Ca2+ and Mg2+, cut longitudinally, luminal content was washed out with ice-cold PBS, and tissues were cut into 2-3 mm pieces. Pieces were washed in PBS with intermittent mixing to remove villi. Next, tissue pieces were agitated in PBS containing 2 mM EDTA for 20 min at room temperature. Next, tissue pieces were placed in PBS containing 0.1% BSA, gently vortexed for 30-60 s, and filtered through a 70 µm cell strainer to remove tissue pieces. This step was repeated for a total of three times and fractions 2 and 3 were collected and pooled. The filtrates containing crypts were centrifuged, washed with PBS containing 0.1% BSA, and resuspended in Advanced Dulbecco’s modified eagle medium (DMEM)/F12 medium. Matrigel® (Corning, 50% vol/vol) was added to the crypts and seeded into 48-well plates. After polymerization of Matrigel®, Intesticult organoid growth media (Stem cell Technologies) was added. Medium was replaced every 2-3 days. Images were acquired using Zeiss Axio Observer.Z1 inverted microscope on days 1, 4, and 6. Sixty to 100 enteroids were used for quantification of enteroid surface area and de novo bud formation on day 6. Enteroid surface area was calculated using ZEN2 software. For enteroid formation potential, live, intact, and viable enteroids were counted on day 6 and normalized to counted enteroids on day 1 of the same well. On day 6, RNA was extracted by using RNeasy Micro kit according to the manufacturer’s instructions (Qiagen).



Quantification of IgA+ Coated Fecal Bacteria

Fecal pellets were collected from 8-week-old WT and Batf3-/- mice and reconstituted in 1 ml PBS containing 1% BSA (w/v) overnight at 4°C. Samples were processed as described (27). In brief, fecal bacteria were used for IgA staining and cell-free supernatants of fecal matter were used for IgA ELISA. Secreted IgA concentrations were normalized to the total weight of fecal pellets. For flow cytometry analysis of IgA-coated bacteria, bacterial suspensions were stained with PE-anti-IgA (eBioscience) or corresponding isotype control followed by staining with Sytox Green. Samples were acquired by flow cytometry using an LSR II analyzer (BD Biosciences) and analyzed using FlowJo software (TreeStar Inc.). The following gating strategy was used: bacteria were gated based on forward and side scatter excluding cell aggregates followed by gating on Sytox Green+ IgAlow or Sytox Green+ IgAhigh.



Statistics

The data are represented as mean ± standard error of the mean (SEM), or standard deviation (SD) as indicated with the number of mice (n) specified in the figure legends. Data were pooled from at least two independent experiments. The unpaired two-tailed Student t-test or Mann-Whitney-U test was applied as indicated. Differences were considered significant at p < 0.05. For microbiome analysis, alpha diversity metrics included Faith’s phylogenetic diversity (Faith’s PD) metric, Chao1, and Shannon index. The significance of differences in alpha diversity was calculated by t-tests and non-parametric Wilcoxon signed rank tests. Beta diversity was calculated using square root Jensen-Shannon divergence and visualized by principal coordinates analysis. Association of microbial genera with Batf3-/- mice were evaluated using DESeq2 in R, which employs an empirical Bayesian approach to shrink dispersion and fit non-rarified count data to a negative binomial model (56). P-values for differential abundance were converted to q-values to correct for multiple hypothesis testing (< 0.05 for significance) (57).




Results


Batf3-/- Mice Develop Metabolic Syndrome

To evaluate the role of BATF3 in the development of metabolic syndrome, we first administered standard chow and measured the percentage of weight gain of WT and Batf3-/- mice from the age of 8 to 16 weeks (Figure S1A). We observed that Batf3-/- mice had greater weight gain over time compared to WT mice (Figures 1A, B). The difference in weight gain between WT and Batf3-/- mice was significant as early as 11 weeks of age and observed in both female and male mice (Figure S1B). Interestingly, the increased body weight in Batf3-/- mice was not associated with increased food intake (Figure S1C). Furthermore, we observed an increase in the size of abdominal fat deposits and a trend toward greater weight of gonadal fat tissue but no change in the weight of livers in Batf3-/- compared to WT mice (Figures 1C, S1D, E). Increased body weight in Batf3-/- mice was associated with increased abdominal white adipocyte size (Figures 1D, E), and spontaneous development of hepatosteatosis (Figures S1E, F). In addition to the development of obesity in Batf3-/- mice, we also observed symptoms of metabolic syndrome in Batf3-/- mice. We observed an increase in serum total cholesterol (Figure 1F), and fasting insulin levels (Figure 1G) in Batf3-/- mice as early as 8 weeks of age, which preceded the development of obesity, and increased fasting blood glucose levels in Batf3-/- mice compared to WT mice at 16 weeks of age (Figure 1H). Next, we determined the homeostatic model assessment for insulin resistance (HOMA-IR) score, which takes into consideration the fasting blood glucose and serum insulin concentrations and gives a score for early insulin resistance (HOMA-IR > 1.9, early insulin resistance; > 2.9, significant insulin resistance) (46). At 8 weeks of age Batf3-/- mice had a significantly higher HOMA-IR score than WT mice but it did not reach the threshold for insulin resistance of 1.9 (Figure 1I). However, at 16 weeks of age Batf3-/- mice had a HOMA-IR score of 4.6, while WT mice had a HOMA-IR score of 0.8, indicating insulin resistance in Batf3-/- mice (Figure 1I). To confirm our findings, we performed insulin tolerance tests in 8- and 16-week-old mice. Batf3-/- mice had significantly higher blood glucose concentration after i.p. injection of insulin compared to WT mice at 16 weeks, indicating insulin resistance in these mice (Figures 1J, K). These findings suggest that an early increase in total cholesterol and serum insulin concentration in Batf3-/- mice might contribute to the development of insulin resistance and metabolic syndrome.




Figure 1 | Batf3-/- mice develop metabolic syndrome. (A) Body weight gain as percentage of the initial weight at 8 weeks (n = 4/group). (B, C) Representative images of WT and Batf3-/- mice (B) and abdominal cavity (C) indicating gonadal white adipose tissue (GWAT; black arrow heads) at 6 months of age. (D) Representative H&E staining of GWAT at 16 weeks of age (Scale bar, 100 μm). (E) Quantification of adipocyte sizes (100 adipocytes/mouse; n = 4-6/genotype). (F) Serum total cholesterol concentrations after overnight fasting (8 weeks, n = 7-9/genotype; 16 weeks, n = 4-8/genotype). (G–I) Serum insulin concentrations (G), fasting blood glucose concentrations (H), and homeostatic model assessment for insulin resistance (HOMA-IR) score (I) at 8 and 16 weeks of age (8 weeks, n = 7-9/genotype; 16 weeks, n = 4-8/genotype). (J, K) Insulin tolerance test (ITT) (J) and area under the curve (AUC) analysis of ITT (K) in WT and Batf3-/- mice at 16 weeks of age (n = 9-11/genotype). Data are represented as means ± SD. Statistical significance was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.005.





BATF3-Deficiency Leads to a Loss of Intestinal Barrier Integrity

Leaky gut has been associated with inflammatory bowel diseases (IBD) and development of metabolic syndrome. Several studies have suggested that loss of the intestinal barrier could lead to translocation of bacteria and an increase of bacterial metabolites in the blood (16). To assess the role of BATF3 in maintaining intestinal barrier, we quantified intestinal permeability in vivo by gavaging WT and Batf3-/- mice with FITC-dextran and measuring FITC-dextran levels in the serum (Figure 2A). At 16 weeks of age, Batf3-/- mice had significantly higher serum FITC-dextran concentrations than WT mice, indicating that intestinal permeability was significantly increased in Batf3-/- mice. However, at 8 weeks of age, Batf3-/- and WT mice had similar serum FITC-dextran concentrations (Figure 2A). Tight junctions are multiprotein complexes that regulate intestinal permeability. Several studies suggest that obesity and hyperglycemia could lead to alterations of tight junctions (20, 22, 58). To examine if such alterations occurred in Batf3-/- mice, we analyzed the localization of several tight junction proteins by immunofluorescence staining of cecal sections from 16-week-old Batf3-/- and WT mice (Figure 2B). Interestingly, the tight junction protein Occludin is localized mainly at the cell membrane in WT mice, however, in Batf3-/- mice, Occludin is localized predominantly in the cytoplasm. Furthermore, the membrane expression of ZO-1 is reduced in Batf3-/- mice compared to WT mice. Finally, Claudin-2 is localized at the membrane surface and the cytoplasm in Batf3-/- mice while it is only present at the cell surface in WT mice (Figure 2B). Next, we assessed the regenerative potential of intestinal epithelial cells ex vivo using intestinal enteroid cultures (59). Crypts were isolated from the ileum of 4-month-old WT and Batf3-/- mice and cultured for 6 days. We observed a smaller size of the spherical crypts (spheroids) on days 1 and 4 in Batf3-/- mice compared to WT mice (Figure 2C). Furthermore, surface area was significantly reduced for enteroids developed from Batf3-/- mice compared to WT mice (Figure 2D) suggesting regenerative defects. Moreover, we observed that the enteroid formation potential was significantly reduced in Batf3-/- compared to WT enteroids (Figure 2E). Lastly, enteroids that developed from Batf3-/- mice have significantly fewer numbers of crypts per enteroid (Figure S2A) and the percentage of enteroids with zero or one bud were significantly higher compared to enteroids from WT mice (Figure 2F). Conversely, the percentages of enteroids with four or more buds were significantly higher in WT compared to Batf3-/- mice (Figure 2F). Collectively, these data indicate regenerative defects in ex vivo enteroid cultures from Batf3-/- mice. To determine if these defects might be due to a cell-intrinsic role of BATF3 in intestinal epithelial cells (IEC), we measured Batf3 mRNA expression of whole ileal tissue, isolated primary IEC, and enteroids from WT and Batf3-/- mice. Batf3 was undetectable in IEC or enteroids developed from WT or Batf3-/- mice at steady state, while we were able to detect Batf3 in whole ileal tissue from WT but not Batf3-/- mice (Figures S2B, C). Muc2 was readily expressed in WT and Batf3-/- primary IEC demonstrating the successful isolation of IEC. To assess if enteroids developed from Batf3-/- mice had similar defects in tight-junction proteins compared to cecal tissues from Batf3-/- mice in vivo, we used immunofluorescent stainings for tight junction proteins ZO-1, Occludin, and Claudin-2 and quantified fluorescent intensities in enteroids. Fluorescent intensity was significantly reduced for ZO-1 and Occuldin in enteroids from Batf3-/- mice compared to WT enteroids, while Claudin-2 fluorescent intensities are similar in WT and Batf3-/- mice (Figures S2D, E). To better understand the role of cDC1 in maintaining intestinal homeostasis, we used mice deficient in the transcription factor IRF8 which interacts with BATF3 in cDC1 development. Consistent with previous publications, Irf8-/- mice lack lamina propria cDC1 similar to Batf3-/- mice (Figure S2F) (60). We observed that IRF8 was also expressed in whole ileal tissue, but in contrast to BATF3, IRF8 was expressed in intestinal organoids, and isolated IEC (Figure S2G). However, lack of IRF8 did not affect enteroid surface area, enteroid formation potential, or the numbers of crypts per enteroid compared to enteroids derived from WT mice (Figures S2H-J). Furthermore, percentages of buds per crypt were similar between enteroids from Irf8-/- mice and WT mice (Figure S2K). Taken together, our results demonstrate an important role for BATF3 in maintaining intestinal homeostasis and suggests that this role is independent of its expression in epithelial cells at least under homeostatic conditions.




Figure 2 | BATF3-deficiency leads to a loss of intestinal barrier integrity. (A) Intestinal permeability assay measuring serum concentration of FITC-labeled dextran in WT and Batf3-/- mice 3 h post FITC-dextran gavage at 8 and 16 weeks of age (8 weeks, n = 9-10/genotype; 16 weeks, n = 5/genotype). (B) Representative cecal immunofluorescence images of Occludin, ZO-1, Claudin-2 (all red), counterstained with DAPI (blue) at 16 weeks of age (Scale bar, 50 μm). White arrows indicate apical expression of Occludin, and ZO-1 on the intestinal epithelial layer. White arrow heads indicate membrane expression of Claudin-2 in WT (left panel), and cytosolic expression in Batf3-/- mice (right panel). (C) Representative phase contrast images of the ileal enteroids developed from WT and Batf3-/- mice captured on days 1, 4, and 6 using inverted microscope. Three independent experiments were performed (n=3/group) (Scale bar, 100 µm). (D–F) Characterization of enteroids on day 6 for (D) enteroid surface area, (E) enteroid formation potential, and (F) de novo crypt formation (budding). Three independent experiments were performed (n = 60-100 enteroids/genotype/experiments). Data are represented as means ± SD (A) or ± SEM (D, E). Statistical significance was determined by unpaired t-test (for analyzing enteroid surface area, and % enteroid formation potential) or by Mann-Whitney-U test (for de novo crypt formation, and FITC-dextran assay). *p < 0.05, ***p < 0.005.





BATF3-Deficiency Leads to a Shift Toward a Pro-Inflammatory Phenotype in the Lamina Propria

Next, we characterized the innate immune cells composition within the large intestinal lamina propria (LP) of WT and Batf3-/- mice at 8 and 16 weeks of age. At 8 weeks of age, we observed an almost complete loss of cDC1, as expected, but no significant changes in the percentages of cDC2 or pro-inflammatory CD11c+ MNPs in Batf3-/- compared to WT mice (Figures S3A, B). Lack of cDC1 was not associated with spontaneous intestinal inflammation as shown by H&E stainings of the cecum of WT and Batf3-/- mice at 8 and 16 weeks of age (Figures S3C, D). However, at 16 weeks we observed reduction of cDC1, and a concomitant significant increase in the percentages of cDC2 and CD11c+ MNPs in Batf3-/- mice compared to WT mice in the LP (Figures 3A, B, S3E, F). The partial recovery of cDC1 abundance in 16-week-old Batf3-/- mice might be due to the inflammatory milieu in the LP as has been shown during infections in Batf3-/- mice (61). As an increase of CD11c+ MNPs is often associated with low-grade inflammation, we next analyzed the expression level of pro-inflammatory cytokines by qPCR in cecal tissue. Batf3-/- mice had increased expression of the pro-inflammatory cytokines Tnfa and Il1b, but not Il6 (Figure 3C). Next, we analyzed secretion of IL-1β and IL-18 in ex-vivo colonic explants. Batf3-/- explants had a significant increase in secretion of IL-1β and IL-18 compared to WT explants (Figure 3D). Taken together, these findings demonstrate that the lack of BATF3 leads to an increase in pro-inflammatory innate immune cells and increased expression of pro-inflammatory cytokines in the large intestinal LP.




Figure 3 | BATF3-deficiency leads to a shift toward a pro-inflammatory phenotype in the lamina propria. (A, B) Quantification of colonic lamina propria cDC1, and cDC2 (A), and CD11c+ MNPs, percentage of cells (left panel), total number of cells per large intestine (right panel) (B) of WT and Batf3-/- mice at 16 weeks (WT, n = 9; Batf3-/-, n = 7). (C) mRNA expression of indicated genes in the cecum of 16-week-old mice measured by qPCR. All data were normalized to expression of Actb and represented as fold changes compared to WT mice (n = 4/group). (D) IL-1β and IL-18 secretion from colon explants of WT and Batf3-/- mice at 16 weeks measured by ELISA (n = 4/group). (E–G) WT and Batf3-/- mice were fed a HFD from 8 to 16 weeks of age. (E) Fasting blood glucose levels during HFD. (F, G) Quantification of cDC1, and cDC2 (F), and CD11c+ MNPs, percentage of cells (left panel), total number of cells per large intestine (right panel) (G) of 16-week-old WT and Batf3-/- mice on normal chow or HFD (NC: n = 7-9/group; HFD: n = 3-5/group). Data are represented as means ± SD. Statistical significance was determined by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.005.





High-Fat Diet Exacerbates DSS-Induced Acute Colitis in Batf3-/- Mice

Next, we determined if BATF3-deficiency also impacts diet-induced obesity. We administered a high-fat diet (HFD, 60% of total calories from fat) to WT and Batf3-/- mice from 8 to 16 weeks of age (Figure S4A). HFD resulted in comparable total body weights at 16 weeks in WT and Batf3-/- mice (Figure S4B). However, we observed an increased fasting glucose, increased liver weight, and hepatosteatosis in Batf3-/- mice (Figures 3E, S4C, D). In contrast to normal chow, the size of white adipocytes was not significantly different between WT and Batf3-/- mice on HFD (Figures S4E, F). Interestingly, HFD feeding led to a significant increase in the percentage of cDC1, and CD11c+ MNPs in WT, but a decrease of CD11c+ MNPs in Batf3-/- mice compared to normal chow (Figures 3F, G). Furthermore, we observed significantly reduced percentage of cDC1 in Batf3-/- mice on normal chow, as expected, and on HFD, but did not observe any differences in cDC2 between Batf3-/- mice and WT mice on HFD (Figure 3F). To elucidate the impact that metabolic syndrome and barrier dysfunction in Batf3-/- mice might have on susceptibility to DSS colitis, we administered an HFD to WT and Batf3-/- mice from 8 to 16 weeks of age followed by 7 days of DSS drinking water (Figures S5A). Acute DSS colitis in mice that were fed a HFD did not lead to significant differences in body weight, but resulted in more proximal inflammation in Batf3-/- compared to WT mice with rectal sparing, a phenotype that is reminiscent of human Crohn’s disease (Figures 4A, B, S5B). Batf3-/- mice have significantly higher histological scores in the cecum and lower scores in the rectum compared to WT mice (Figure 4B). Similar to what we observed under normal chow, Batf3-/- mice have an increased percentage of cDC2 and CD11c+ MNPs compared to WT mice in the LP (Figures 4C, D), increased levels of IL-1β and IL-6 (Figures 4E, F), and increased size of white adipocytes (Figures S5C, D). TNFα is not significantly different between WT and Batf3-/- mice under HFD with acute DSS colitis (Figure S5E). HFD alone also increased the expression of IL-1β and TNFα  in WT and Batf3-/- mice, respectively (Figures 4E, S5E). However, we only observed significant differences in the expression of TNFα, but neither IL-1β, nor IL-6 between WT and Batf3-/- mice on HFD alone (Figures 4E, F, S5E). These data support our hypothesis, that metabolic syndrome and the shift to a pro-inflammatory LP phenotype observed in Batf3-/- mice contribute to the increased susceptibility of injury induced colitis in Batf3-/- mice.




Figure 4 | High-fat diet exacerbates DSS-induced acute colitis in Batf3-/- mice. (A) Representative H&E staining of cecum and rectum from WT and Batf3-/- mice receiving high fat diet (HFD) for 8 weeks followed by 7 days of DSS drinking water (Scale bar, 100 μm). (B) Histological scores for cecum, colon, and rectum (n = 6-9/genotype). (C, D) Percentages of lamina propria cDC1, cDC2 (C), and CD11c+ MNPs, percentage of cells (left panel), total number of cells per large intestine (right panel) (D) measured by flow cytometry (n = 3-4/genotype). One representative experiment out of two independent experiments is shown. (E, F) mRNA expression of Il1b (E) and Il6 (F) in the cecum of 16-week-old mice on normal chow, receiving HFD, and receiving HFD and 7 days of DSS as measured by qPCR. All data were normalized to expression of Actb and represented as fold changes compared to WT mice (NC: n = 4/genotype; HFD: n = 3-5/genotype; HFD + DSS: n = 6-9/genotype). Data are represented as means ± SD. Statistical significance was determined by Student’s t-test. *, p < 0.05, **, p < 0.01, ***, p < 0.005.





The Development of Metabolic Syndrome in Batf3-/- Mice Is Dependent on Intestinal Microbiota

The gut microbiota are a known contributor to metabolic function and has been linked to the development of human metabolic syndrome (12, 62). The interplay between intestinal microbiota and immune responses has been shown to be critical in preventing dysbiosis and subsequently metabolic syndrome. To investigate the role of intestinal bacteria in the development of metabolic syndrome in Batf3-/-, we treated WT and Batf3-/- mice with broad-spectrum antibiotics (Abx) from the time of weaning until 16 weeks of age (Figure S6A). WT mice showed no differences in weight gain with Abx treatment (Figure 5A). In contrast, in Batf3-/- mice treated with Abx, weight gain was completely reduced to weight gain seen in WT mice treated with or without Abx (Figure 5A). This was accompanied by a reduction of fasting glucose, insulin, and total cholesterol levels in Batf3-/- mice to WT levels (Figures 5B, S6B, C). Furthermore, insulin tolerance of Batf3-/- mice treated with Abx was similar to WT mice treated with Abx (Figure 5C). Treatment with Abx also restored impaired intestinal permeability of Batf3-/- mice to WT level as measured by serum FITC-dextran (Figure 5D). Furthermore, treatment with Abx significantly reduced the percentage of LP cDC2 and CD11c+ MNPs in Batf3-/- mice to percentages comparable to WT mice (Figures 5E, F). The reduced percentages of cDC2 and CD11c+ MNPs in Abx treated Batf3-/- mice was accompanied by a significant reduction in expression of IL-1β, and TNFα in the cecum of Batf3-/- mice (Figure 5G). In summary, these data show an important role of the intestinal microbiota in the development of metabolic syndrome and pro-inflammatory LP phenotype observed in Batf3-/- mice.




Figure 5 | Commensal bacteria contribute to the development of metabolic syndrome in Batf3-/- mice. (A) Body weight gain as percentage of the initial weight at week 8 (NC: n = 4/genotype; Abx: n = 4-5/genotype). (B) Fasting blood glucose concentrations (NC: n = 4/genotype; Abx: n = 4-5/genotype). (C) Insulin tolerance test (ITT) in WT and Batf3-/- mice at 16 weeks of age treated with Abx (NC: n = 4/genotype; Abx: n = 4-5/genotype). (D) FITC-dextran serum concentration at 16 weeks of age (NC: n = 4/genotype; Abx: n = 4-5/genotype). (E, F) Percentage of colonic lamina propria cDC1, cDC2 (E), and CD11c+ MNPs, percentage of cells (left panel), total number of cells per large intestine (right panel) (F) measured by flow cytometry (NC: n = 4/genotype; Abx: n = 4-5/genotype). (G) mRNA expression of Il1b, Tnfa, and Il6 in the cecum of 16-week-old mice on normal chow, with or without Abx as measured by qPCR. All data were normalized to expression of Actb and represented as fold changes compared to WT mice (NC: n = 4/genotype; Abx: n = 4-5/genotype). Data are represented as means ± SD. Statistical significance was determined by Student’s t-test (A-C, E-G), or Mann-Whitney-U test (D). *p < 0.05, **p < 0.01, ***p < 0.005.





BATF3-Deficiency Leads to Altered IgA-Coating of Bacteria and Intestinal Dysbiosis Preceding the Development of Metabolic Syndrome

To further investigate the role of intestinal microbiota in the development of metabolic syndrome in Batf3-/- mice, we performed 16S rRNA gene sequencing on 8-week-old WT and Batf3-/- mice before the onset of metabolic syndrome. We observed significantly altered microbiome composition in fecal samples of Batf3-/- compared to WT mice using principal coordinates analysis (PCoA) with significant separation of WT and Batf3-/- clusters independently of the sexes of the mice (Figure 6A). Furthermore, alpha diversity was significantly reduced in Batf3-/- compared to WT mice as analyzed by Chao1 and Shannon alpha diversity indices (Figures 6B, C). Decreased intestinal bacterial diversity has been associated with increased inflammation and obesity (29, 30, 63). At the phylum level, Batf3-/- mice had a lower abundance of Firmicutes, Verrucomicrobia, Actinobacteria, and a higher abundance of Bacteroidetes compared to WT mice (Figure S7A). At the genus level, Batf3-/- mice have a higher abundance of Prevotellacea, Bacteroides, Lactobacillus, and a lower abundance of Akkermansia and Bifidobacterium (Figure S7B). Next, we used a negative binomial model to identify differentially abundant microbial genera. Akkermansia muciniphila, Mucispirillum schaedleri, Angelakisella, and Bifidobacterium were most differentially abundant with a high abundance in WT mice while Parabacteroides, Prevotellaceae, and Lactobacillus were more abundant in Batf3-/- mice (Figure S7C). The abundance of A. muciniphila, a mucolytic bacterial species, has been negatively correlated with obesity and metabolic syndrome in animal models and humans (64–68). We confirmed our 16S rRNA data in a larger cohort by qPCR. At 8 weeks of age Batf3-/- mice had a significantly increased abundance of Bacteroides sp. and decreased abundance of A. muciniphila, M. schaedleri, and Bifidobacterium (Figure 6D). We next investigated mechanisms that could contribute to microbial dysbiosis. We isolated intestinal fecal contents from WT and Batf3-/- mice to determine the percentage of total IgA-coated, IgAhigh/low-coated bacteria, and fecal secretory IgA (sIgA). Batf3-/- mice had a significantly lower percentage of total IgA and IgAhigh-coated bacteria compared to WT mice, while the percentage of IgAlow-coated bacteria was similar (Figures 6E, F, S7D). Furthermore, fecal secreted IgA was significantly reduced in Batf3-/- mice compared to WT mice (Figure 6G). Our data suggest that BATF3-deficiency leads to altered IgA-coating of bacteria, and intestinal dysbiosis that could contribute to the development of metabolic syndrome.




Figure 6 | BATF3-deficiency leads to intestinal dysbiosis preceding the development of metabolic syndrome. (A) Principal Coordinates Analysis (PCoA) of fecal microbiota of 8-week-old WT and Batf3-/- mice fed standard chow with consideration for genotype and sex of mice (n = 10/genotype). (B, C) Chao1 index (B) and Shannon index (C) of fecal microbiota of 8-week-old WT and Batf3-/- mice (n = 10/genotype). (D) Quantification of relative abundance of Mucispirillum schaedleri, Akkermansia muciniphila, Bifidobacterium, Bacteroides sp. in fecal samples of 8-week-old WT and Batf3-/- mice by qPCR (n = 17-19/genotype). (E) Representative flow cytometry plots of IgA coated fecal bacteria isolated from WT and Batf3-/- mice. (F) Quantification of IgAlow, IgAhigh and total IgA coated bacteria in feces of WT and Batf3-/- mice at 8 weeks of age (n =15/genotype). (G) Secreted IgA from fecal samples of WT and Batf3-/- mice at 8 weeks of age measured by ELISA (n = 15/genotype). Data are represented as means ± SD (A, D, F, G) or median (bar), interquartile range (box), and range (whisker) (B, C). Statistical significance was determined by Adonis test (A), or Student’s t-test (B–D, F, G). *p < 0.05, **p < 0.01, ***p < 0.005.





Treatment With 2-DG Reverses the Inflammatory Phenotype and Impaired Barrier Function in Batf3-/- Mice

To assess whether the hyperglycemia that we observed in Batf3-/- mice contributes to the impaired intestinal barrier and subsequent pro-inflammatory phenotype in Batf3-/- mice, we treated 16-week-old WT and Batf3-/- mice with 2-DG, an inhibitor of glucose metabolism, for 10 days (Figure 7A). Treatment with 2-DG reduced serum concentration of FITC-Dextran in Batf3-/- mice to levels similar of WT mice (Figure 7B), suggesting an improvement in intestinal epithelial barrier function. Moreover, treatment with 2-DG restored the percentage of cDC2 and CD11c+ MNPs of Batf3-/- mice to levels seen in WT mice without a major impact on cDC1 (Figures 7C, D). Treatment of Batf3-/- mice with 2-DG significantly reduced the expression level of TNFα and IL-6 in Batf3-/- mice comparable to WT expression levels (Figure 7E). These findings suggest a key role of epithelial glucose metabolism in the impairment of the intestinal barrier in Batf3-/- mice contributing to the development of metabolic syndrome in these mice.




Figure 7 | Treatment with 2-DG restores intestinal barrier integrity and reverses the inflammatory phenotype in Batf3-/- mice. (A) Schematic of 2-DG treatment of 16-week-old WT and Batf3-/- mice. (B) FITC-dextran serum concentration of WT and Batf3-/- mice before and after treatment with 2-DG (n = 9-10/genotype). (C, D) Percentages of lamina propria cDC1, cDC2 (C), and CD11c+ MNPs, percentage of cells (left panel), total number of cells per large intestine (right panel) (D) measured by flow cytometry (n = 9-10/genotype). (E) mRNA expression of Il6, Tnfa, and Il1b in the cecum of mice treated with 2-DG for 10 days as measured by qPCR. All data were normalized to expression of Actb and represented as fold changes compared to WT mice (n = 9-10/genotype). Data are represented as means ± SD. Statistical significance was determined by Student’s t-test (C–E), or Mann-Whitney-U test (B). *p < 0.05, **p < 0.01, ***p < 0.005.






Discussion

The intestinal immune system and its interaction with intestinal microbiota has emerged as an important player in the development of metabolic syndrome (12, 16, 69). Multiple factors contributing to the development of metabolic syndrome converge at the site of the intestinal barrier: absorption of nutrients from diet, gut microbiota, and the intestinal immune system (17, 69). While changes in the composition of the intestinal immune system under high fat diets have been observed and associated to the development of an impaired intestinal barrier, the exact mechanisms of specific intestinal DC subsets contributing to metabolic changes that lead to a leaky barrier and associated low-grade inflammation and metabolic syndrome are largely unknown. Here, we identified the transcription factor BATF3 as an important contributor to the complex interactions between mucosal cDCs, intestinal microbiota, epithelial cells, host immune responses, and metabolism. Our study identified BATF3 to be important in orchestrating intestinal epithelial barrier function and an anti-inflammatory milieu during homeostasis. BATF3-deficiency leads to early changes in IgA-coating of bacteria, intestinal microbiota composition, hyperinsulinemia, and hypercholesterolemia under normal caloric intake. The metabolic changes lead progressively to the development of obesity, hyperglycemia, and metabolic syndrome. Hyperglycemia fragilized the large intestinal epithelial barrier by disturbing the localization of several tight-junction proteins leading to increased intestinal permeability. We also observed a significant shift in the population of lamina propria DC subsets and macrophages toward a pro-inflammatory phenotype leading to low-grade inflammation. Previous observations of BATF3-dependent cDC1s being most abundant in the colon is consistent with our findings of impaired colonic permeability, tight junction alterations, and pro-inflammatory milieu (70). Our findings demonstrate that BATF3 is required to maintain a healthy intestinal barrier and prevent the development of intestinal dysbiosis and chronic low-grade inflammation that contributes to the development of metabolic syndrome.

The earliest metabolic changes that we observed in Batf3-/- mice were increased serum insulin and total cholesterol, which preceded impaired intestinal barrier function, obesity, and changes in lamina propria immune composition. Serum lipids and free fatty acids can induce insulin resistance and impaired glucose metabolism, and can also activate inflammatory pathways in innate immune cells via TLR4 recognition of these lipids (71). At later time-points, we observed impaired intestinal barrier integrity and a concomitant shift toward a pro-inflammatory milieu in the lamina propria that included an increase in CD11c+ MNPs. While adipose tissue M1 macrophages are associated with obesity and insulin resistance, the overall numbers of small intestinal macrophages are increased in human obesity but their contribution to disease development and progression is less clear (72, 73). Moreover, a previous study investigating the role of DCs in obesity and insulin resistance used CD11c depletion strategy, which depletes the majority of intestinal cDC subsets with different functions (74). Using Batf3-/- mice with a specific depletion of lamina propria CD103+ cDC1 suggests a role for this subset in the development of metabolic syndrome and the pro-inflammatory phenotype.

Hyperglycemia has been demonstrated to markedly interfere with homeostatic intestinal epithelial barrier function by altering the expression and localization of adherence and tight junction proteins (22). We demonstrate that Batf3-/- mice present with impaired intestinal barrier function at 16 weeks of age, which is associated with the development of insulin resistance and hepatosteatosis. Mechanistically, treatment of obese Batf3-/- mice with the glycolysis inhibitor 2-DG for 10 days restored intestinal barrier integrity, significantly decreased the low-grade inflammation, and reversed the shift in DC subsets and macrophages in the lamina propria of these mice. Although the treatment with 2-DG for 10 days may not be sufficient to reverse the metabolic syndrome in these mice, it demonstrates the central role of glucose metabolism in intestinal epithelial cells to the loss of barrier integrity and pro-inflammatory phenotype in the gut of Batf3-/- mice. 2-DG is a non-specific glycolysis inhibitor and treatment will impact many biological processes in addition to its effect on IEC. A previous publication has demonstrated that hyperglycemia can directly impact IEC function in vitro and in vivo and that 2-DG blocks this effect in vivo. Our data demonstrate a decrease in epithelial barrier permeability and a shift of inflammatory DC/Macrophages in Batf3-/- mice toward a WT phenotype, but there may be other contributing factors in our model.

Alteration in intestinal microbiota have been associated with the development of obesity and metabolic syndrome (25). Several mechanisms have been proposed for how microbiota induce the development of obesity and metabolic syndrome, including digestion of nutrients, storage of body fat, and efficiency of energy harvesting from the diet (23–25). Obesity-associated dysbiosis of microbiota has also been linked to increased permeability and gut inflammation (18–20). Alterations in IgA-coating of luminal bacteria are associated with changes of microbial composition leading to the development of obesity (27, 75). The sensing of dysbiosis and bacterial products by innate immune cells via TLRs and down-stream signaling pathways will trigger chronic inflammation and metabolic syndrome. Although several TLRs and down-stream signaling molecules including MyD88, and NLRPs have been implicated in the development of obesity, these proteins are broadly expressed on intestinal DCs, macrophages, and T cells (15, 30, 76–78). However, the role of specific lamina propria cell types that potentially lead to and/or detect dysbiosis, and breach of the intestinal barrier in the context of obesity are not clearly defined. Here, we show that Batf3-/- mice display microbial dysbiosis characterized by an increased abundance of Bacteroides sp. and decreased abundance of A. muciniphila, M. schaedleri, and Bifidobacterium. The abundance of A. muciniphila is inversely correlated with obesity, type 2 diabetes, and metabolic syndrome, and supplementation with A. muciniphila improved several metabolic parameters in obese human volunteers (65, 79–81). In HFD-induced obesity in mice, oral administration of A. muciniphila could reverse metabolic syndrome including fat-mass gain, metabolic endotoxemia, adipose tissue inflammation, and insulin resistance without influencing food intake (65, 82). Moreover, A. muciniphila-derived extracellular vesicles could regulate the expression of tight-junction proteins and decrease intestinal permeability in vivo and in Caco-2 cells (83, 84). Protective effects against devolvement of obesity have been attributed to Bifidobacterium animalis ssp. in mouse models of HFD-induced obesity by the production of short chain fatty acids and their effects on adipocyte metabolism and host energy expenditure (85–87). Lachnospiraceae and their metabolites, short chain fatty acids, also mitigate HFD-induced obesity, insulin resistance, and intestinal inflammation (30). Interestingly, while a direct link to metabolic function has not been established for M. schaedleri, colonization protects against salmonella infection by competing for anaerobic respiration substrates and down-regulating the type 3 secretion system of S. enterica serovar Typhimurium (88). Taken together, these studies and our findings suggest that changes in the abundance of specific bacteria in Batf3-/- mice may trigger or contribute to the development of metabolic syndrome. This hypothesis is supported by our data, demonstrating that antibiotic treatment of Batf3-/- mice prevented the development of metabolic syndrome and low-grade inflammation. Thus, BATF3 plays an important role in preventing the development of metabolic syndrome through a microbiome-dependent mechanism.

Previous studies using Batf3-/- mice did not observe any spontaneous development of intestinal inflammation or increased susceptibly to DSS colitis which is consistent with our findings in 8- and 16-week-old Batf3-/- mice (43) (Figures S3C, D). However, we hypothesized that in the context of obesity, BATF3-deficiency may increase susceptibly to acute DSS colitis. To exclude any confounding effects of obesity on its own, we administrated HFD to WT and Batf3-/- mice. On HFD, Batf3-/- mice had a higher susceptibly to cecal inflammation during acute DSS colitis compared to WT mice. Our data suggest that BATF3 plays a protective role in the development of intestinal inflammation under conditions of metabolic syndrome. Interestingly, a sizable subgroup of patients with IBD are obese and visceral adiposity has been associated with an increased risk of IBD-related complications and poor response to medical therapy suggesting an integrated relationship between obesity and the pathogenesis of IBD (89).

A recent study demonstrated that BATF3 is expressed by intestinal epithelial cells in a model of colitis-associated colon cancer and in human cancer cell lines (90). We did not detect Batf3 mRNA expression in ex vivo cultures of enteroids generated from WT mice which is consistent with a previous publication (90). Our data suggest, that in WT mice BATF3 was mainly expressed by lamina propria immune cells rather than IEC under steady state conditions. Although enteroids did not express BATF3, enteroid formation potential was significantly reduced in Batf3-/- mice compared to WT mice, which could be explained by either cell-intrinsic defects of tight junction proteins or the cell-extrinsic microenvironment imprinting on the regenerative potential of Batf3-/- enteroids. Previous publications have demonstrated that enteroids derived from patients with IBD recapitulated histological and functional features of the primary tissues, including the absence of acidic mucus secretion and aberrant adherens junctions in the epithelial barrier by mechanisms involving epigenetic modifications such as DNA methylation in intestinal stem cells (91–93). We observed changes in the expression and localization of tight junction proteins ZO-1 and Occludin in enteroids derived from Batf3-/- mice that recapitulate our in vivo findings.

BATF3-dependent DCs are mainly present as tissue–resident and migratory DCs characterized as CD103+CD11b− in the lamina propria while in lymphoid organs BATF3-dependent DCs express CD8α (43). Although our study focused on the consequences of deficiency in BATF3-dependent cDC1s in the lamina propria, a role of BATF3-dependent DCs in other organs that contribute to metabolic syndrome can’t be excluded. Batf3-/- mice have been recently shown to be more susceptible to the development of steatohepatitis after administration of high sucrose diet by mechanisms that include BATF3-dependent hepatic cDC1 regulation of inflammatory cell influx and lipid metabolism (94). Furthermore, BATF3 expression has been reported in other cell types, including regulatory T cells, CD4+ TH9, and CD8+ T cells (95–98). In addition to Batf3-/- mice, we also examined Irf8-/- mice as a genetic model lacking cDC1. Irf8-/- mice did not develop metabolic syndrome and we did not observe any deficiency in enteroid formation, most likely because the defects in enteroid formations in Batf3-/- mice are driven by metabolic changes including hyperglycemia. The additional lack of monocytes/macrophages in Irf8-/- mice most likely contributes to a different microbiota compared to Batf3-/- mice which only lack cDC1.

A recent study investigated the role of BATF3 and cDC1s in the regulation of adipose tissue homeostasis (99). The authors demonstrate that the abundance of cDC1s in visceral fat tissue is reduced in HFD fed mice and that BATF3-deficiency and the loss of cDC1 results in the development of obesity during ageing. Mechanistically, BATF3-deficiency caused adipose tissue inflammation characterized by an increase in M1-like adipose tissue macrophages and TNFα expression and a decrease of invariant NKT (iNKT) cells that precedes the development of obesity. Treatment with FLT3L, which leads to the expansion of cDC1 but also to a lesser degree of cDC2 in adipose tissue, reduced weight gain, hyperlipidemia, and increased the abundance of iNKT cells. Depletion of iNKT cells in the context of FLT3L treatment resulted in a loss of the protective effects. These data suggest, that the cDC1-iNKT cell axis controls adipose tissue homeostasis.

In summary, we demonstrate that BATF3 plays a protective role in the development of metabolic syndrome by mechanisms involving the intestinal microbiome, regulation of intestinal epithelial cell homeostasis, and prevention of low-grade intestinal inflammation.
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Dietary fibers contribute to structure and storage reserves of plant foods and fundamentally impact human health, partly by involving the intestinal microbiota, notably in the colon. Considerable attention has been given to unraveling the interaction between fiber type and gut microbiota utilization, focusing mainly on single, purified fibers. Studying these fibers in isolation might give us insights into specific fiber effects, but neglects how dietary fibers are consumed daily and impact our digestive tract: as intrinsic structures that include the cell matrix and content of plant tissues. Like our ancestors we consume fibers that are entangled in a complex network of plants cell walls that further encapsulate and shield intra-cellular fibers, such as fructans and other components from immediate breakdown. Hence, the physiological behavior and consequent microbial breakdown of these intrinsic fibers differs from that of single, purified fibers, potentially entailing unexplored health effects. In this mini-review we explain the difference between intrinsic and isolated fibers and discuss their differential impact on digestion. Subsequently, we elaborate on how food processing influences intrinsic fiber structure and summarize available human intervention studies that used intrinsic fibers to assess gut microbiota modulation and related health outcomes. Finally, we explore current research gaps and consequences of the intrinsic plant tissue structure for future research. We postulate that instead of further processing our already (extensively) processed foods to create new products, we should minimize this processing and exploit the intrinsic health benefits that are associated with the original cell matrix of plant tissues.
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Introduction

Human health is substantially influenced by the food we eat. One food component that especially gained attention during recent years is the indigestible backbone of our plant foods: dietary fibers that cannot be directly utilized by our body. Dietary fibers appear to be an all-round talent reducing all-cause-mortality and protecting against different types of cancer, type 2 diabetes and cardiovascular diseases (1). The hypothesis that fibers have a crucial place in maintaining human health is not new. Already in the 1960’s, Denis Burkitt developed the dietary fiber hypothesis placing dietary fibers at the origin of numerous diseases occurring in high-income countries with a Western lifestyle (2, 3). At that time, many beneficial effects of fibers were linked to gut microbiota-independent effects. These were based on physicochemical properties of fibers, like retaining water, which increases stool bulk and speeds up transit time, or bile-acid binding, which reduces cholesterol levels (2). Gut microbiota-dependent health benefits of fibers where hypothesized, but could not be determined as the present culture-independent high-throughput tools and mechanistic insights were lacking (2, 4, 5). This has changed during the last 25 years (3). As dietary fibers are not broken down by human endogenous enzymes these are passed down to the lower gut where they are utilized by the gut microbiota, mainly consisting of bacteria residing in the colon (6). The gut bacteria thereby produce various metabolites, most importantly short-chain fatty acids (SCFA) that mediate some of the microbiota-dependent effects of fibers (7–9). These effects can range from locally interacting with epithelial and immune cells affecting barrier function and gut homeostasis (8–10) to peripherally impacting organs either by receptor-binding or by exerting direct effects (7, 11). As a consequence, modulating gut microbiota activity and composition by fiber intake holds potential new therapeutic avenues. In this context, distinct fiber types have been studied to elucidate their specific microbiota-dependent and -independent effects on human health (12). This has led to a continuous effort to further narrow down the underlying fiber-microbiota interactions in vitro and to understand the specific molecular make-up of fibers as for instance leading to the immunomodulatory potential of different fiber chain lengths and structural features (13, 14). These efforts, however, follow a reductionist approach that considers fibers as loose entities (15–17). This single-fiber-approach is in line with Western food processing and food design practices but neglects the original form in which fibers are present and consumed during our evolution: as part of whole foods and often only minimally processed.

Here we elaborate on the need to change our understanding of dietary fibers to unlock their full potential to modulate gut microbiota in relation to human health. We explain how dietary fibers exist in nature and discuss how this holistic view differs from the current approaches. Finally, we explore the existing intervention studies of intrinsic fibers in relation to human health and discuss potential consequences for future research avenues.



Current view of dietary fibers: single, isolated components and their impact

Dietary fiber is an umbrella term for a group of polymers that are structurally and chemically very different. Numerous sugar molecules, such as glucose, xylose, mannose, galactose, arabinose and rhamnose are linked together by various glycosidic bonds following a specific or random pattern creating linear or branched structures that can be further decorated with phenolic acids or linked to other compounds (18, 19). For instance, inulin and starch consist of linear repetitions of a single molecule (fructose and glucose monomers, respectively). In contrast, rhamnogalacturonan – a type of pectin – is a highly branched molecule with various side-chains of different monomers (20). What makes them dietary fibers is the common trait of their bonds not being broken by human endogenous enzymes.

The enormous variation in fiber structures brings along physicochemical properties that are often classified into “soluble versus insoluble”. This classification, despite being widely used, is only based on fiber content analysis of foods rather than functional behavior of the fibers in the human gut (21–25). Functional fiber properties are therefore better described in terms like bulking, viscosity and fermentability (23). Fermentation of the different fibers by the gut microbiota requires microbes to have at their disposal a set of enzymes that can break down the specific chemical linkages and types of molecules (6, 26). An often-observed feature of microbial communities is functional redundancy, meaning that taxonomically different members of the gut microbiota can perform similar functions, e.g. break down the same type of fiber (6, 27, 28). Microbes within the gut microbiota community can assist each other via cross-feeding, with primary degraders cleaving polymers into smaller compounds that can be further broken down by others and finally be converted into SCFA (6, 28–30). Since the vast majority of the gut microbiota consists of mainly anaerobic bacteria, these are the main contributors of the fiber degradation, occasionally supported by the action of methanogens that convert generated hydrogen into methane (29, 31). While some of these bacteria are adapted to metabolize a wide range of polymers, others appear to be more specialized (6, 28). Moreover, specific bacteria have been coined to be so-called “keystone” species as they are unique players in the metabolic networks for the breakdown of compounds or the production of specific metabolites (6).

Multiple intervention studies with isolated, single fibers have been reviewed elsewhere (32–38). The emerging picture is that i) a range of different fibers are able to stimulate a more diverse range of gut bacteria (39), and ii) chemically and structurally complex fibers can be used to specifically target bacteria relevant for human health (40–42). Using this approach, efforts have been made to define differences in the fine structure of fibers and relate these to the specific gut microbiota response and health outcomes (12, 39, 43). For instance, in a recent human trial wheat bread was enriched with a variety of fibers like wheat dextrin, micronized wheat bran, oat flakes and bran, inulin, locust bean gum and pectin, which to some degree decreased cholesterol, insulin and HOMA-IR levels and these changes were linked to an increase in the gut microbiota able to break glycosidic bonds (44). Similarly, another recent human trial in overweight individuals linked the gut microbiota’s ability to ferment arabinoxylan but not crystalline cellulose to an observed increase in satiety (45). Moreover, in vitro assessment of different fast-fermentable fiber types indicated a delayed fermentation rate for some fibers when presented in a mix instead of alone (46). A delayed fermentation rate is hypothesized but not yet shown to be a desired feature for the therapeutic application of fibers in the treatment of irritable bowel syndrome (23). All these studies have as a common principle that they rely on single fibers or fiber extracts that have been isolated from the plant tissue they originate from. Understanding the isolated effects of these single fiber types has its place in determining trophic chain interactions between microbes (29) and to unravel underlying mechanisms for specific fiber applications in e.g. the medical field (47). However, looking at fibers as isolated components overlooks one aspect of dietary fibers: how we eat them.



Intrinsic fibers: complexly intertwined three-dimensional structures

When we discuss dietary fibers, we mainly think of them as single, loose compounds. However, this contrasts with their “natural form” - the form already recognized by Burkitt to entail the crucial health benefits of fibers. The bulk of fibers we eat are not single, isolated fibers, but part of plant foods like vegetables, fruits, seeds, nuts, legumes and grains (22, 48–51). We consume the tissues of these plants, which are made up from a matrix of plant cells (52). The backbone of this matrix are dietary fibers that are complexly intertwined into a three-dimensional network creating plant cell walls (52). These plant cells can further encapsulate other fibers that are stored in the vacuoles, which are either fructans or starch serving the plant as reserve for growth (53, 54). During recent years, awareness has risen that the existence of this three-dimensional plant cell matrix has important consequences for digestibility and health while very likely exerting different effects than the single, isolated fibers. For this purpose, a distinction was made between isolated fibers and fibers in their natural, three-dimensional form. The latter fibers were termed “intrinsic fibers” (22) referring to these as being an intrinsic part of the plant cell wall.


Make-up of intrinsic fibers

The make-up of plant cells follows a common principle, which consists of three main building blocks: cellulose, hemicellulose and pectin (Figure 1A) (52, 55). Cellulose is considered as basic scaffold of the cell wall, being a linear polymer of β(1→4) linked glucose units that align into rigid microfibrils. These microfibrils are reinforced by hemicellulose (Figure 1A), which is a group of structurally very diverse polymers with either glucose-xylose (xyloglucans), a glucose (mixed-linkage glucans) or xylose (xylan) or mannan backbones (24, 56). To these backbones other sugar molecules and also phenolic acids can be linked, such as the hemicellulose type arabinoxylan (56, 57). Finally, pectin serves like a filler giving the cellulose-hemicellulose scaffold stability, controlling permeability and together creating a matrix that can retain water (Figure 1A) (55, 58). Similarly to hemicellulose, also pectin is a group of structurally diverse polymers, which have a linear galacturonic acid backbone (homogalacturonans) or a galacturonic acid and rhamnose backbone (rhamnogalacturonans) that can be further decorated with side-chains forming complexly branched polymers (Figure 1A) (20, 24, 59). It is essential to understand that these different polymers are physically entangled and partly also chemically bound to each other, despite the fact that their precise organization is still not fully understood (55). These complex structures form together three-dimensional plant cells that are glued together by pectin, which fills the intercellular space between connecting plant cells (55). Besides the fiber polymers, plant cell walls also contain small amounts of proteins (arabinogalactan proteins) and minerals (52, 55). Finally, certain specialized cell-types are reinforced with lignin, which is a dietary fiber consisting not of sugars but of different types of phenolic phytochemicals that are complexly linked (52, 55). While all plants share these common aspects of the plant cell wall, their make-up differs depending on the type of plant (e.g. monocots versus dicots; see below), its maturation or ripeness and especially food processing (18, 52, 58). Even within plants, differences in cell types exist between the tissue we consume (such as leaf, root, fruit, stem, seed) and within these tissues (52, 56).




Figure 1 | Intrinsic make-up of dietary fibers in plant foods (A) Dietary fibers are the backbone of plant foods that we consume, like grains, legumes, fruits, vegetables, nuts and seeds. The intrinsic make-up of plant tissue is created by the plant cell wall fibers cellulose, hemicellulose and pectin. Cellulose (green) forms fibrils, which are stabilized by hemicellulose (orange) and further strengthened by pectin (blue) forming a complexly intertwined three-dimensional structure. While cellulose is a structurally simple molecule made of glucose molecules that are β(1→4) linked, hemicellulose and pectin are two groups of structurally very diverse cell wall fibers. An abundant hemicellulose in dicot plants (like legumes) is xyloglucan, while monocot plants (grains) have higher amounts of mixed linkage β-glucans (e.g. oats) and arabinoxylans (e.g. wheat). Pectin can either consist of linear chains of monomers (homogalacturonan), that can be esterified and further decorated with other sugars (xylogalacturonan) or of several molecules with side-chains made of other compounds (rhamnogalacturonans). (B) The complex cell wall fiber structure encapsulates various other nutrients in the plant vacuole like storage carbohydrates, which can be either fructan – a dietary fiber with a fructose backbone - or starch. Starch is stored in starch granules, which are found in vegetables and fruits like potatoes and (unripe) bananas. Other fruits and vegetables’ plant cells contain vacuoles mainly filled with water and other nutrients (e.g. small sugars). Nuts contain lipid bodies that are embedded within the vacuole in a protein matrix, while in legumes starch granules are embedded in the protein matrix. Finally, in contrast to the beforementioned dicot plants, grains, which are monocots, have different plant cell walls but also have starch granules embedded in a protein matrix. This starch-protein matrix is surrounded by the so-called aleurone layer, the seed coat and the pericarp that form together the so called bran. (C) Dietary fibers can be processed in various ways that either disintegrate or maintain the three-dimensional plant tissue matrix. Common approaches in the industry are to extract and purify dietary fibers into single fibers creating (new) ingredients that are used to create new food products. Cooking and other domestic processing types maintain the tissue matrix to different extents but can generally provide intact plant cell wall structures. Finally, we propose that similar to domestic processing, plant foods should be minimally processed such that the plant cell wall structure and overall plant tissue matrix are maintained. The latter opens avenues for new, convenient and minimally processed fiber products that exploit the health benefits of the intrinsic plant structure, while aligning with the need for more sustainably produced, plant-based food solutions. Created with BioRender.com.



As hemicellulose and pectin are groups of very heterogenous polymers, the specific types of these fibers that are present in the plant cell walls distinguish different plant types (52, 58). Vegetables, fruits, nuts, seeds and legumes belong to the dicots, that have so-called type I cell walls, while grains are monocots having type II cell walls. Type I cell walls of dicots contain xyloglucan as the most abundant hemicellulose and the hemi-/cellulose network is further stabilized by pectin, which has been reported to make up a third of the cell wall weight (18, 52). In contrast type II cell walls of monocots, have no or very low amounts of pectin and the abundant hemicelluloses are β-glucan and arabinoxylan (52, 58). Rice is one of the grains that contains some pectin, while oats and barley are particularly rich in β-glucan, and wheat, maize and rye in arabinoxylan (57). Another distinguishing feature of grains is the coating that covers the grain kernel. This outer coating consists of several layers known as the aleurone layer, the seed coat and the pericarp, which together form what we know as “bran” (see Figure 1B) (60). Bran is therefore not a homogenous compound but contains different cell types that have a different ratio of hemicellulose types than the starchy endosperm (57).

The three-dimensional capsules that are created by the cell wall fibers contain the plant cell with its vacuole in which other nutrients like lipids, proteins and carbohydrates as well as phytochemicals are stored (Figure 1B) (53). Depending on the plant type, the encapsulated contents can profoundly differ. For instance, plants store reserve carbohydrates in their vacuoles. These can either be fructans (54), or starch, which is stored in the form of starch granules (Figure 1B). While fructans classify as dietary fibers as their glycosidic bonds cannot be broken down by human endogenous enzymes, most types of starch can be digested with some resistant to digestion due to their physical state (resistant starch). Many vegetables and fruits have plant cells whose vacuoles are filled with mainly water, which maintains the internal pressure (turgor) and keeps an open cell structure that provides the food product its characteristic crispiness/crunchiness (Figure 1B). The vacuoles also contain other small molecules, such as sugars and phytochemicals (53). In legumes and nuts the vacuoles are filled with a protein matrix, embedding starch granules and lipid bodies, respectively (Figure 1B). Finally, the starch granules in grains are also embedded in a protein matrix within the cell walls (Figure 1B).

The three-dimensional make-up of plant cells, the physical and chemical entanglement and the encapsulation of other fibers and nutrients have important consequences for the gut microbes’ ability to access the individual fibers. Food processing can substantially influence and destroy these intrinsic structures and is used to extract, isolate and purify single fibers. Moreover, in contrast to these isolated fibers, during upper gut digestion the cell wall fibers do not simply dissolve and become freely available as isolated components but remain to a considerable extent within their intertwined matrix. Hence, the make-up of the plant food cell matrix, food processing and digestion influence how intrinsic dietary fibers are altered in the gut and fermented by the gut microbiota.



Food processing impacts the intrinsic fiber make-up

Whether a fiber can be classified as intrinsic fiber and how further digestive processes influence its digestive fate depends largely on its processing. As intrinsic fibers are an intrinsic part of the plant cell wall whole, raw foods, like unprocessed apples, bananas, cucumbers, tomatoes etc. contain by definition intrinsic fibers. However, any form of processing - industrial as well as domestic - can alter this three-dimensional structure (19, 24, 52, 58, 61, 62) and whether a fiber is still an intrinsic fiber needs careful checking of the applied methodology.

In general, food processing has as aim to preserve foods, increase digestibility or extract compounds that can be used to create new foodstuffs. To do so, a plethora of techniques can be applied which include mechanical (physical), chemical, thermal and enzymatic processing as well as high pressure, ultrasound and microwave technologies (61, 63). While industrial processing often aims at extracting single fibers for specific food applications, domestic processing is usually gentle and does not fully disintegrate the intrinsic fiber structures (Figure 1C). The effects of different processing techniques on the physicochemical properties (64) of fibers as well as cell wall integrity and overall cell structure has been reviewed by others (19, 24, 52, 58). Hence, here we give only a small overview of these techniques to provide a basic understanding of their consequences for intrinsic fibers.

Possibly the most gentle food processing techniques in terms of safeguarding the overall intrinsic tissue structure are drying, freezing and freeze-drying, which aim to conserve food products. While drying leads to shrinkage of the cell tissue, freezing and freeze-drying maintain the open cell structure, but the respective plastic changes of drying and water crystals formed during freezing can induce cracks in the cell wall (65). However, the extent of the caused damage depends on the applied conditions. Consequently, despite cell wall cracks the overall tissue is largely maintained reducing the possible release of intracellular components. Similarly, hydrothermal processing can maintain the overall tissue structure, while inducing more profound damage to cell walls mainly by affecting pectin (24). Boiling or steaming can result in swelling of cell walls and dissolution of pectin (24, 52). When pectin leaks out of the intercellular space it weakens the overall cohesion between cells. This can then lead to separation of plant cells, but also to cell wall rupture. Moreover, leaking of pectin increases the space between the fibers within cell walls, which is called cell wall porosity (24, 52, 58). Dry thermal treatments like baking, roasting or popping are more violent processing types, fundamentally damaging the cell wall, but can also maintain overall tissue structure (52).

Mechanical (physical) destruction, like milling/grinding, generally break cell walls releasing the encapsulated contents (52, 58, 66). The finer the particle size, the less likely it is that whole plant cells are still present and the more likely that parts of the three-dimensional organization of cell walls have undergone physical destruction. Fine milling of the starchy endosperm of grains for instance leads to complete disruption of plant cells, breaking the protein-starch matrix and releasing the enclosed starch granules (Figure 1B) (19). Similarly, the complex structure of bran can be substantially destructed with fine milling (49). In this context we want to highlight that despite the suggestive name, whole grain products do not necessarily provide intrinsic fibers (35, 67). The reason is that for the production of whole grain products, first the components bran, germ and the starchy endosperm are separated and each of these components is milled (25, 67). After processing, these fractions are reconstituted together, which allows the product to be defined as whole grain (67). Hence, when we read about whole grain products, we refer to the processed and reconstituted fractions of the whole grain instead of the intact grains (67–69). The intact cells in grains have, however, specific effects on starch accessibility and the gelatinization during heating and thereby impact whether starch escapes upper gut digestion becoming available to the colonic microbiota (52, 70).

In summary, mechanical processing, either domestic or industrial, has major detrimental effects on the intrinsic fiber structure and for instance, dried, pulverized fibers likely do not behave like dried fibers that have undergone minor mechanical destruction. Nevertheless, in these powdered preparations, cell-wall parts might still be present, but their particle size might be very small, increasing the accessibility for gut bacteria. Finally, extrusion, a processing technique where food is subjected to high pressure, high shear and high temperature, is one of the most violent processing techniques (62) as it can completely degrade even the rigid cellulose fibrils (71).

In order to produce single, isolated fibers further extensive extraction techniques are needed that separate the specific fibers from the three-dimensional plant cell matrix (61, 63). Some of these fibers are water-extractable like certain arabinoxylans, which are hence termed “soluble”, while others need the application of enzymatic, gravitational and/or chemical treatments in order to be extracted (57, 63). During these extensive extraction processes, a variety of waste streams are created that might still contain valuable residual fibers and intracellular components. However, the integrity of these structures depends on the harshness of the applied processing. Therefore, fiber products that are based on waste streams might or might not contribute intrinsic fibers. While in some cases the waste streams can be valorized (72, 73), in many cases the production of fibers have a considerable carbon foot print and do not contribute to a circular economy (61, 74).

It is crucial to realize that when we investigate the isolated behavior of single dietary fibers, we in fact study fibers that have undergone extensive processing in order to be released, separated and purified from plant cells (61). It is highly doubtable, that the effects and behaviors of these isolated fibers sufficiently reflect that of intrinsic fibers (52). To illustrate this, we will below describe the impact of intrinsic fibers on digestibility in vitro followed by insights from human interventions.



Implications of intrinsic fibers on digestion

It is clear that food processing substantially impacts how fibers behave in the gut during digestion (24). While the behavior of isolated, single fibers has extensively been studied, the digestive fate of plant tissues is far less understood. The limited research that assessed plant tissue and single plant cells has focused more on the upper gut mainly relying on in vitro models and animal in vivo models. There are some studies that assessed human ileostomy effluents (with carrots) (75) or ileal samples (with white beans) (76), but very few studies followed the digestion of intrinsic fibers until the colon (77). Here, we will only highlight the main consequences of upper gut digestion for intrinsic fiber structures and refer the reader to the comprehensive reviews by others (19, 24, 52, 58, 78).

Our general understanding of digestion is the breakdown of food matrices into their building blocks and subsequent absorption. However, when consuming plant food tissues with an intact cell matrix, the constituents will not simply dissolve as they are intertwined within the cell wall and in this form not readily water-soluble under physiological conditions (24, 25). Similarly, encapsulated compounds cannot dissolve directly into the gut environment and will be shielded from immediate digestion, delaying their breakdown. In general, the orogastric processes lead to size reduction of plant tissue fractions, and dissolution of certain water-soluble pectins (52). During chewing, plant tissues are degraded into smaller sizes, which depending on the physical state of the plant type (hard, soft), ripeness and preparation methods (like cooking), happens by cell rupture (hard foods) or separation along the cell walls (soft foods) (24, 52, 58). Hence, a mix of differently sized particles containing intact and broken cells and their contents arrives in the stomach. There, further particle breakdown can occur by the mechanical gastric forces. It is generally believed that particles smaller than a few millimeters pass unchanged into the small intestine and, hence, intact plant cells can arrive into the small intestine. Larger structures are retained for further size reduction (called gastric sieving) (58). However, whether this also applies to soft plant tissue is not clear. Pectin can leak from the intercellular spaces (24, 52, 58) and thereby reduce overall cohesion within plant particles. Whether also water-extractable hemicelluloses, like arabinoxylan, can leak out is not known but rather unlikely (24, 57). That means that plant particles with intact cells arrive in the colon. Indeed this has been confirmed from analysis of ileostomy effluents and ileal samples (75, 76). The mixture of broken and intact cells is available to the gastric and small intestinal digestive enzymes to be degraded further, but released fructans and certain resistant starches will resist digestion. Due to pectin leakage cell wall porosity might increase. However, based on available literature, the diffusion of enzymes into intact cells and the diffusion of nutrients out of the cell is believed to be limited by the cell wall pore size (52, 58). Interestingly, the presence of plant cell wall material has been shown to reduce enzymatic breakdown of starch due to adsorption of α-amylase to the plant cell material (19, 52, 58).

In cases of mild food processing, the fractions of intact plant tissue that we swallow likely arrive in the colon in a rather intact state, mainly affected by chewing and dissolution of pectin (Figure 1C). Hence, the bacteria in the colon are confronted with a mix of plant tissue particles, intact plant cells and broken cell wall material and its contents. Dissolved fibers, like released fructans or starch (and possibly leaked pectin) can be directly used by the gut bacteria. However, since bacteria are too large to diffuse into intact plant cells, these must spatially interact with the plant tissue, to access intertwined polymers such as pectins and hemicelluloses. All these digestive aspects make it obvious that the breakdown and consequent physiological behavior of intrinsic fibers cannot or can only partly be explained by that of their isolated single counterparts (49, 52).



Gut microbial intrinsic fiber breakdown

The number of studies that have investigated the microbial breakdown of intrinsic fibers in the colon is impressively low especially regarding human in vivo studies. From in vitro studies we have a fair understanding of which type of bacteria and bacterial enzymes are generally involved in metabolizing specific isolated fiber types (38, 79). The different enzymes employed by gut bacteria can be classified according to carbohydrate-active enzymes classes (CAZymes; see www.cazy.org (80)), and bacteria differ in the number and type of enzymes they have, as thoroughly reviewed elsewhere (26). The most abundant microbial enzyme class are glycoside hydrolases, cleaving neighboring sugar and non-sugar moieties. Other less abundant enzymes are polysaccharide lyases specialized in the cleavage of uronic acid moieties as present in pectins, and carbohydrate esterases cleaving off esterified groups as present in pectins and hemicelluloses. These enzymes may be assisted by other so-called carbohydrate binding modules or auxiliary activities (80). The bacterial enzymes involved in storage carbohydrate breakdown are relatively well established, like the GH13 subclass for starch and the GH32 subclass for fructan utilization (26), and the discovery of enzyme systems to disintegrate the cell wall fibers pectin (81) and hemicellulose is ongoing (82). However, our knowledge on how gut bacteria interact with the most robust compound of the plant cell wall, the cellulose microfibrils, is still very limited (6, 29). While amorphous cellulose is believed to be partly utilized by employing a complex enzyme system, crystalline cellulose has been reported to be not fermentable (6, 29). Bacteria were found to adhere to cell walls on almond particles (77) and coarse wheat bran (83) recovered from human feces, which indicates that bacteria possibly use the crystalline cellulose backbone for particle adherence (29, 84). A small set of studies tried to identify the bacterial communities colonizing these plant tissue fractions (84–87). Bacteria recovered from plant particles in human feces differed in the detected phyla compared to the liquid fraction (84, 85). Moreover, the type of recovered particles (bran versus resistant starch, differently processed brans) impacted which bacteria adhered to them (86, 87). Based on these observations the breakdown of plant cell walls is believed to be initiated by primary degraders able to interact with the insoluble plant cell material. Subsequently, material is released from cell wall compounds which other bacteria use to cross-feed (6, 29, 84). Some studies have addressed these plant cell-bacteria biofilms and the action of bacterial enzymatic systems that would be needed to degrade cell walls (29, 88, 89). However, how exactly the spatial interaction of these cooperations would look like and how plant cells are exactly opened-up by gut bacteria is unclear. Future research distinguishing between particulate and liquid fecal phases and using imaging techniques combined with identifying bacterial communities will offer exciting insights into these aspects.

It is generally believed that fermentable fibers are readily metabolized in the proximal colon. However, if readily fermentable fibers are not in isolation but either part of plant cell walls or encapsulated by them, the fermentation rate is likely to be slowed down. This has indeed been supported by the results of in vitro experiments. For instance, in vitro assessment of plant cell-encapsulated cereal starches revealed that microbial enzymatic activity was first directed towards cell wall fiber degradation (pectin, xylan and cellulose) followed later by the slow degradation of starch and involving different microbial communities (90). Accessible intracellular material from broken cells also impacts the fermentation kinetics of plant cell walls, as demonstrated in vitro with differently processed wheat bran. A reduced SCFA production was found in wheat bran from which remaining starch fractions had been enzymatically removed (87). In the same experiment, the effect of fine milling was demonstrated with micronized (very finely milled) bran leading to higher initial SCFA production in vitro compared to unmodified bran. This observation had been made previously and attributed to a higher bacteria-to-surface ratio with smaller particle sizes (91). However, at the end of the fermentations, SCFA levels were similar (87, 91, 92), but the ratios between SCFA differed, with larger bran particles producing more butyrate (91, 92). This is particularly interesting since more extensive processing of bran, such as extrusion, is considered desirable as it makes the constituents more accessible for microbial fermentation by degrading the three-dimensional bran structure. However, this may reduce the potentially health-promoting butyrate production (57, 93, 94). In summary, the intrinsic structural features of the plant cells likely slow down fiber fermentation, inducing a lag phase (58), but do not necessarily reduce the absolute amount of SCFA produced. Consequently, there is a gradual release of SFCA, which means that SCFA production is not restricted to the proximal colon but spread throughout the whole colon, including its distal parts benefitting local, mucosal health. This likely translates into beneficial systemic, peripheral effects as distal SCFA infusion in vivo has shown to induce more pronounced effects on biomarkers than proximal (95). Also delayed fermentation has been proposed as a desired feature of fibers in the treatment of irritable bowel syndrome but lacks presently experimental verification (23). In summary, the delayed fermentation of intrinsic fibers presents a highly relevant feature that isolated, single fibers do not have.



Insights from existing human studies

Whether the observed features of intrinsic fibers in vitro also occur in vivo and how these effects are reflected in health outcomes is not yet clear. To advance our insight, we summarized human intervention studies that investigated the effect of intrinsic fibers on gut microbiota composition and activity and/or related metabolic and bowel function outcomes (Table 1; extended version in Supplementary Table S1). We included randomized-controlled trials (no acute testing, patient-control or single-arm designs) published during the last 20 years. These trials either assessed diets based on whole foods or used one specific food (including vegetables, fruits and nuts) either in its fresh, cooked or dried form. If whole foods were further processed during the study to be incorporated into meals we did include those as well, but excluded pulverized versions of food products as the mechanical processing extensively destroys the plant matrix. Similarly, we excluded fruit and vegetable pastes, juices or extracts as these underwent extended processing. For each study we have presented the processing type based on the reported information as to understand the impact on the intrinsic fiber structure. We did not include studies using waste-stream products as the level of information on the applied processing is generally insufficient to decide whether intrinsic structures are maintained or not. Based on provided information on fold-changes in relative abundance of gut microbial taxa we estimated the modulatory potential to be either small (<1.5-fold), moderate (1.5 - 2.5-fold) or large (>2.5-fold), which is summarized in an extended version of Table 1 (Supplementary Table S1).


Table 1 | Human intrinsic fiber studies.



Whole food interventions are particularly relevant in the context of intrinsic fibers as subjects do not consume one but a variety of differently processed intrinsic fibers. Most of these studies (Table 1, Diets) have in common that they emphasize whole grains, fruits and vegetables often combined with legumes and nuts (96), specific types of grains and berries (98) as well as dairy and animal products, while others can be more restricted (macrobiotic diet) (100). These diets have been linked to numerous beneficial health outcomes, like improvements in markers of cognitive function (97), inflammation (97), lipid (98–100) and glucose metabolism (98, 100), and in subjects adhering to these diets these changes were associated with increased levels of gut microbial taxa involved in fiber breakdown and short-chain fatty acid production (e.g. Faecalibacterium spp.; Supplementary Table S1).

Although strictly speaking wheat bran is not necessarily an intrinsic fiber as its intactness largely depends on the degree of processing, we also included old and recent wheat bran studies (Table 1, Bran). Bran has been investigated in the 1970’s and 1980’s for its modulatory effect on lipid metabolism and bowel function and current approaches potentially provide insights into underlying gut microbiota modulation. Especially the early studies assessed processing effects, like different milling degrees and concluded that only coarse bran reduced transit time and intraluminal pressure (Supplementary Table S1) (101). Also hydrothermal processing (cooking) impaired effectiveness of wheat bran and only raw but not cooked bran influenced bowel function (Supplementary Table S1) (102). Surprisingly, with the available high-throughput technologies only very limited effects of bran on gut microbiota composition and activity were observed in a recent study with bran of different particle sizes (Supplementary Table S1) (103). However, also in bread-based interventions and acute settings few effects are found (123, 124), likely linked to the applied processing (fine milling, and enzymatic treatment). Moreover, bran and enclosed starch might have a synergistic function in the whole kernel, as in isolation they have been found to distinctly and differently impact gut microbiota (125, 126). For instance, intake of resistant starch increased the relative levels of Ruminococcaeae and decreased members of the Lachnospiraceae family, while wheat bran induced the opposite effect (125, 126). In contrast, two whole-kernel barely interventions with or without brown rice (104, 105) and a coix seed intervention (106) did modulate gut microbiota response by increasing health-associated fiber-degraders such as Bifidobacterium, Roseburia or Faecalibacterium spp. and further impacted metabolic outcomes, like decreasing inflammatory markers (Table 1, Grains; Supplementary Table S1). This indicates that the whole kernel of grains likely acts differently than the separated, milled and reconstituted kernel fractions in whole-grain products. Moreover, this confirms the notion described above that whole grain products do not necessarily provide intrinsic fibers (35, 67).

Nuts are another increasingly studied source of intrinsic fibers as their plant cells are filled with lipid bodies (Figure 1B). Information on lipid-degrading gut bacteria is limited and, generally, the amount of fat reaching the colon is believed to be low as most fats we consume are of animal origin or extracted from plants (oil) (127). Lipid bodies in nuts, however, resist upper gut digestion (77, 128, 129). Consequently, studying the impact of nuts on the gut microbiota is of interest and a considerable number of studies assessed the modulatory potential of especially walnuts and almonds in various processed forms, as has been reviewed comprehensively (130). Indeed, nuts generally appear to exert moderate effects on various taxa, yet these effects are not consistent within and between nut types (Supplementary Table S1). One study assessed the effect of different almonds preparations and as expected their most processed form, which was almond butter, had only a small to moderate modulatory effect on the affected taxa when consumed (Supplementary Table S1) (109). In contrast, chopped and roasted almonds exerted the largest modulatory effect on the affected taxa (109). It is tempting to hypothesize that increased particles size improves but roasting impairs the efficiency of the intrinsic matrix disintegration in the upper gut (128, 129), which in turn impacts gut microbial breakdown. Unfortunately, these nut studies did generally not assess other parameters like fecal SCFA or bowel function (Table 1, Nuts).

To the best of our knowledge only one human study tried to assess the difference between isolated and intrinsic fiber structure in adult volunteers (111). In this study canned chickpeas were compared to raffinose (Table 1, Legumes & Seeds). While the intactness of the plant cell structure was likely already impaired in the canned chickpeas, we hypothesize that this was even further reduced by mechanical processing, as both fiber types were incorporated into soups and desserts. Both fibers slightly affected the gut microbiota composition compared to control, with the suggestion that chickpea induced a decrease of ammonium-producing strains (111). Another study assessed a variety of whole seeds, legumes and wheat grains mixed together and compared them against their ground form incorporated into meals (112). Both types of meals improved bowel function but only the meals with unground seeds, legumes and grains increased fecal butyrate as well as total SCFA (Supplementary Table S1) (112).

Vegetables have been rarely investigated in their intrinsic form and fruits are mainly assessed dried, but not fresh (Table 1, Vegetables). This might be due to the fact that more attention has been given to their phytochemicals, which require cell breakage to be released from the vacuole. Two studies assessing cooked cruciferous vegetables prepared in various dishes observed modulation of the gut microbiota composition, but did not indicate how affected taxa related to fecal SCFA levels and other outcomes (Supplementary Table S1) (113, 114). Recently, we reported on the intake of dried chicory root cubes (approximately 3 mm rib), as a palatable preparation of this root vegetable high in inulin-type fructans (115). The product had major effects on gut microbiota composition and activity, inducing a butyrogenic trophic chain including Bifidobacterium and Anaerostipes spp. and improved bowel function (Supplementary Table S1). Of note, fecal SCFA levels were highly increased to an extent never observed with isolated inulin. While the variation of blood glucose levels was reduced by the dried chicory root, fasting plasma markers were only slightly impacted, which we found to relate to baseline gut microbiota composition (115). Interestingly, a single-arm trial, using meals based on inulin-rich vegetables (e.g. onion, Jerusalem artichoke, leeks), did not observe changes in fecal SCFA levels despite a major increase in Bifidobacterium spp. (131). This could relate to the low dosage (~15 g/day fresh vegetable) and damage to cell walls by cooking, releasing encapsulated inulin already in the proximal colon.

There are some studies that investigated various effects of fresh fruits like avocado, mango and kiwi and dried fruits like prunes, raisin and dates (Table 1, Fruits). Similarly to nuts, avocados are plant foods rich in fat, but despite their high fat content have been found to decrease circulating triglyceride levels and concomitantly increase fecal fat and bile acid output (116, 117). While fiber can exert these positive effects on lipid metabolism by microbiota-independent effects and the small intestinal microbiota is known to impact bile acid metabolism (8, 132), the role of the colonic microbiota is not yet understood. As avocado intake was reported to increase levels of bacteria normally related to a diet high in fat from animal foods (e.g. Bilophila (133)) and associated with negative health outcomes, future studies will shed light onto the microbiota-mediated health benefits of these intrinsic fibers (Supplementary Table S1) (116, 117). Many other fruit studies have focused on the application of intrinsic fibers to stimulate bowel function, and for a comprehensive overview hereof we refer the reader to others (134). Unfortunately, the majority of these fruit studies did not address the gut microbiota and its products, such as butyrate and other SCFA (119, 135, 136). One recent study compared mango to an equal fiber dose of psyllium (Supplementary Table S1) (118). Psyllium likely relieves constipation by microbiota-independent effects as only a minimal impact on gut microbiota composition and SCFA production has been reported (137). In contrast, the mango fruit improved bowel function and also increased fecal SCFA and decreased IL-6 levels (Supplementary Table S1) (118). Also intake of dried raisins improved bowel function and increased fecal SCFA (Supplementary Table S1) (122). These results suggests that (dried) fruits that are metabolizable by the gut microbiota in the colon have microbiota-dependent health impacts related to their intrinsic fibers.

Overall, human intervention studies assessing intrinsic fibers confirm that these fibers impact the gut microbiota in various ways despite the possible physical barrier and complexity of the plant cell matrix. The majority of the reported effects on gut microbiota composition and activity is small to moderate, with exception of the dried chicory root particles that had major effects (Table 1, Vegetables). Moreover, few studies assessed changes in gut microbiota composition and activity together with metabolic markers and bowel function, which makes the translation of the observed effects challenging. In future it is important to investigate the effect of processing including particle size of intrinsic fibers evaluated against isolated, single fibers.




Conclusions and considerations for future research

Modulating the gut microbiota using dietary fibers is an exciting field likely resulting in new therapeutic avenues to maintain and improve human health. Research on fiber-microbiota interactions has followed for years a reductionist approach based on the concept that isolated fibers are needed to understand how dietary fibers impact human health. However, during digestion dietary fibers do not simply dissolve from the plant tissues making them available to the gut microbiota as single components. Instead, plant tissue fractions are maintained and their complexly intertwined cell walls and encapsulated fructans and starch polymers arrive in the colon. These intrinsic fibers likely slow down colonic bacterial fermentation as the gut bacteria cannot spatially access all cell wall fibers and encapsulated contents. Thereby fiber-derived SCFA production is likely spread throughout the entire length of the colon, notably the distal colon with described health benefits (95, 138). However, how these processes evolve is barely understood. Research assessing intact plant tissue fractions and cells has focused mainly on the upper gut. Few studies have assessed the further breakdown of intrinsic fibers in the colon and are mainly based on in vitro or animal in vivo data. Hence, there is a clear lack of human in vivo data on the utilization of intrinsic fibers by the gut microbiota. Future research should focus on understanding (i) how intrinsic fiber structures differ from isolated single fibers in their fermentation kinetics, (ii) how the gut microbiota spatially colonizes intrinsic fiber particles and cooperates with other bacteria in the liquid and mucosal environment, and (iii) how intrinsic fibers from different plant sources and their processing affects microbial breakdown and related human health outcomes. Finally, with the shift from animal-based to more sustainable, minimally-processed plant-based diets we should put considerable effort in the understanding how plant cell-encapsulated proteins and fats affect the gut microbiota in the distal colon in contrast to animal-derived equivalents.

Food processing can fundamentally affect the intrinsic fiber structure (Figure 1C). Elucidating how different domestic preparation techniques (e.g. raw versus cooked in water versus steamed vegetables) affect health status by modulating the gut microbiota is an exciting field that has rarely been explored (75, 139). In this context it is also important to be reminded that food processing per se is not health-detrimental. Certain foods are barely digestible without any processing and for specific populations, e.g. those suffering from malnutrition or diseases, food processing is crucial. However, in the Western population that consumes an abundance of highly (over)processed foods, the increased digestibility has resulted in negative health outcomes related to obesity and welfare diseases (140). Unsurprisingly, focusing on assessing the isolated effects of fibers and relying on them to create new food designs stimulates food processing and the production of waste streams but not necessarily promotes the development of healthy foods. As fibers in their unextracted, minimally processed form of the intrinsic plant cell matrix provide health benefits by naturally encapsulating ingredients and slowing down dietary fiber fermentation, we need to rethink the way we use dietary fibers in healthy food design. Hence, we postulate that future food designs should rather reduce the extent of food processing and move towards exploiting the intrinsic plant cell matrix, which we find in any plant food (Figures 1A–C). By doing so, we might not only reduce the level of food processing, but also reduce waste and create new healthy products that are in line with more sustainable and plant-based oriented diets.
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The intestinal tract is an ecosystem in which the resident microbiota lives in symbiosis with its host. This symbiotic relationship is key to maintaining overall health, with dietary habits of the host representing one of the main external factors shaping the microbiome-host relationship. Diets high in fiber and low in fat and sugars, as opposed to Western and high-fat diets, have been shown to have a beneficial effect on intestinal health by promoting the growth of beneficial bacteria, improve mucus barrier function and immune tolerance, while inhibiting pro-inflammatory responses and their downstream effects. On the contrary, diets low in fiber and high in fat and sugars have been associated with alterations in microbiota composition/functionality and the subsequent development of chronic diseases such as food allergies, inflammatory bowel disease, and metabolic disease. In this review, we provided an updated overview of the current understanding of the connection between diet, microbiota, and health, with a special focus on the role of Western and high-fat diets in shaping intestinal homeostasis by modulating the gut microbiota.
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Introduction

The gastrointestinal (GI) tract is covered by a single layer of epithelial cells that act as a selectively permeable barrier allowing the absorption of dietary nutrients, microbial metabolites, electrolytes, and water from the lumen into the circulation, while maintaining an effective defense barrier against luminal microorganisms (1, 2). The GI tract harbors a complex and dynamic population of microbes encompassing bacteria, archaea, eukarya and viruses, collectively referred to as the gut microbiota, which has co-evolved with its host in a symbiotic relationship (3, 4). Although the gut microbiota comprises trillions of microbes, the relative sterility of blood and host tissue relies on an intact gut barrier, which acts as the gatekeeper of our health (5). Additionally, apart from acting as a selective barrier, the intestinal epithelium orchestrates the communication between intestinal microbes and the mucosal innate and adaptive immune system (1, 6). The microbiota and its metabolites regulate various aspects of gut immunity, and is thus critical for maintaining mucosal homeostasis (7, 8). The intestinal epithelial cells (IECs) protect the underlying tissues from commensal microbes and/or invading pathogenic microorganisms by secretion of a mucus layer which acts as an additional layer of physical defense of the host, and a habitat for bacteria providing binding sites and energy sources (9). The mucus also acts as a diffusion barrier for anti-microbial peptides (AMPs) released by Paneth cells and other epithelial cells, and immunoglobulin A (IgA) derived from mucosal B cells that prevents microbes from reaching the epithelium (10). Diet is one of the primary factors that influences gut microbiota composition, diversity, and functionality, which in turn have a strong impact on mucus properties, mucosal immunity, and thereby intestinal homeostasis (11, 12). The aim of this review is to summarize the current knowledge regarding the interplay between the diet, microbiota, mucus, and the intestinal immune system with a particular focus on the impact of Western and high-fat (HF) diets on the gut microbiota, and how shifts in the composition and functionality of the microbiota can compromise intestinal homeostasis.



Gut microbial ecosystem and its composition

The primary colonization of the GI tract begins at birth with the acquisition of microbes from the environment, mainly from the maternal vagina and the skin. The number of microorganisms that reside in the human gastrointestinal tract has been estimated to be 1013, a number that is similar to the number of human cells (13). However, the genes encoded by the human gut microbiota, known as the microbiome, are 100-fold more abundant than the genes of the human genome (14). 16S rRNA and metagenomics studies have revealed that the majority of gut microbiota sequences belong to the Bacteria, which is the predominant kingdom in the human adult gut microbiota (15–17). The human gut microbiota is mainly composed by two dominant bacterial phyla: gram-positive Firmicutes and gram-negative Bacteroidetes representing 85-90% of the total microbiota, whereas Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia are minor costituents (15, 18, 19). Microbial density and diversity increase steadily along the GI tract from the proximal to the distal intestine, a process affected by host features and microbial community dynamics (20). The duodenum harbors 103 microbial cells per gram of intestinal content, and increasing densities/diversities are found in the jejunum (104 cells per gram), ileum (107 cells per gram), and colon (1012 cells per gram) (21). Gut microbiota composition also differs transversally from the lumen to the mucosa as demonstrated in both mice and human studies (15, 22, 23). In physiological conditions, the microbiota offers many benefits to the host, which include fortifying the intestinal epithelium, harvesting energy from undigested and unabsorbed nutrients, defending against pathogens, and regulating host immunity (24). However, several environmental (e.g., dietary patterns, antibiotics) and intrinsic (e.g., breast feeding, genetic background) factors can impact the gut microbiota composition and its structural, protective and metabolic functions (11). Additionally, other factors such as oxygen gradients, mucus properties, and the host immune system influence the transversal distribution pattern of the microbiota (23, 25, 26). Over the last years, the microbiota has emerged as a key regulator of host metabolism and health (25). There are several mechanisms by which the microbiota can regulate host metabolism and health, many of which can be ascribed to microbial metabolites (27). Among these bacterial metabolites, the most studied are the short-chain fatty acids (SCFAs) that are produced by bacterial fermentation of indigestible nutrients (i.e., dietary fibers and complex carbohydrates). The role of SCFAs in the regulation of metabolic function and intestinal homeostasis will be detailed in the next sections of this review. In addition to bacteria, another intricate kingdom that co-colonizes the human GI tract is composed of a substantial quantity of viruses collectively referred to as the gut virome (28). Viruses of bacteria, called bacteriophages (phages), are significantly more abundant than eukaryotic viruses, and the estimated phage-bacterial ratio in the human gut is believed to be 1:1 (29). Emerging studies have shown that phage-driven alterations of the microbiota composition by direct interactions or potentially via the human immune system have been associated with several diseases (e.g., inflammatory bowel disease, cancer, obesity) (28–30). However, little is known about the phage-mucus interactions, and therefore the present review only covers the mucus-bacteria feedback system of the gut. 



Diet and gut microbiota: Learning from human and murine models

Diet is a key discriminant in shaping health and aging trajectories with these effects being also mediated by the ability of nutrient quality and quantity to modulate gut microbiota composition and metabolic function (31). Indeed, in addition to providing the energy and the nutrients needed to sustain the cellular processes required for daily life (31), dietary components are also instrumental factors in modulating the microbial communities in the gut (32). In addition to the plethora of the effects exploited by the gut microbiota on host health, the intestinal microbiota community also regulates the mucus barrier function (12, 33). In light of this, dietary-driven modulations of the gut microbiota will also be reflected upon the gut mucus barrier function and the overall intestinal health (34) (Figures 1A, B). However, not all diets are equal, and it is established that different dietary patterns exert distinct effects on the gut microbiota. In agreement with this, a diet rich in fiber including galacto- and fructo-oligosaccharides (two important groups of prebiotics) and resistant starch strongly impacts the composition, diversity and metabolic function of the microbiota (35). To this end, dietary fiber provides a plethora of substrates for fermentation reactions carried out by specific species of microbes (e.g., Bifidobacterium, Faecalibacterium) that express the adequate enzymatic machinery to break down these complex carbohydrates and to produce SCFAs (e.g., acetate, butyrate, propionate). The SCFAs in turn exert beneficial effects on cardio-metabolic (36) and gut health (37), including promoting mucus barrier function (38, 39) (Figure 1A). Prompted by these evidences, a move towards a diet high in dietary fiber, low in glycemic index carbohydrates, long-chain saturated fatty acids, animal protein (i.e., red and processed meat), and sugar referred to as the Mediterranean diet (hereafter, MD), has been associated with the prevention of cardiovascular and metabolic diseases, and many other diseases (40, 41). The consumption of a MD has been shown to increase the levels of the fiber-degrading Faecalibacterium prausnitzii and genes associated with microbial carbohydrate degradation and butyrate metabolism in a population at risk for cardio-metabolic disease (42). An increased levels of fecal SCFAs, Prevotella and fiber degrading Firmicutes was also observed in healthy overweight and obese subjects with a high-level adherence to a MD (43). The importance of the dietary fiber (referred to as microbiota accessible carbohydrates, MACs) intake was also demonstrated in mice colonized with a human microbiota and showed that a low-MAC diet resulted in a reduction in microbial diversity in just three generations, which could not be brought back when mice were fed a normal MAC diet (44). Additionally, deprivation of dietary fiber was also associated with deleterious effects on the intestinal mucus layer by the gut microbiota (45–47), further highlighting the importance of dietary fiber for our health and gut microbiota ecosystem.




Figure 1 | The impact of dietary patterns on gut microbiota and intestinal health. A schematic overview depicting the importance of diet and dietary constituents in discriminating between a healthy (A) or an unhealthy (B) state of the gut barrier function by modulating the composition and functionality of the gut microbiota.



In contrast to a fiber-rich diet, hypercaloric diets high in long-chain saturated fatty acids and ω-6, sugar and low in dietary fiber, referred to as the Western diet (WD) and HF diet in the case of animal models have not only been widely recognised for their detrimental effects on cardio-metabolic health, but also negatively affect the gut microbiota composition and functionality (11, 48–50) (Figure 1B). A key feature of both the WD and the HF-diet, is the high intake of dietary lipids especially in the form of triglycerides. Of note, dietary triglycerides differ in terms of their fatty acid composition (saturated vs unsaturated), which in turn represents a further discriminant dictating the effects of lipids on the gut microbiota. In mice, lard, which is rich in long-chain saturated fatty acids, promotes an increase in Bacteroides and Bilophila as compared to fish oil which is rich in unsaturated fatty acids and particularly ω-3 which promotes an increase in Bifidobacterium, Lactobacillus and Akkermansia muciniphila (51). Despite the majority of the lipids being digested and absorbed in the upper intestine, a high lipid intake, as in the case of HF-diets, in animal models promoted a decrease in bacteria count and a shift in microbiota species abundance (52). Indeed, when given to mice, HF-diets have been reported to increase the Firmicutes to Bacteroidetes ratio (52–54). Additionally, HF-diets have been shown to reduce gut bacteria promoting intestinal health, such as Akkermansia muciniphila, Bifidobacterium spp., Bacteroidetes spp., Lactobacillus spp. and Clostridiales spp., while increasing gut bacteria associated with defective gut barrier function, such as Oscillibacter spp. and Desulfovibrio spp (48) (Figure 1B). Disrupted gut barrier integrity results in increased gut permeability to luminal bacterial components such as lipopolysaccharide (LPS) resulting in chronic low-grade inflammation typical of obesity and related metabolic comorbidities (55–57). In addition to microbial activation of the intestinal immune system, the inflammation is also fuelled by saturated fatty acids overload, which by themselves are able to elicit pro-inflammatory responses (58). These effects translated in the development of metabolic aberrations, particularly given the role of low-grade chronic inflammation in impairing insulin sensitivity (59). Nevertheless, as already mentioned, WD and HF-diets are generally low in dietary fiber, therefore it is difficult to discern whether the observed effects on the gut microbiota are due to the deprivation of dietary fiber, or the high sugar and fat intake. In response to this conundrum, the effects of a WD and HF-diets on the gut microbiota were mitigated by the supplementation of dietary fibers, further supporting their prominent role in gut health (39, 60–62).

The metabolic activity and composition of the gut microbiota can also be modulated by dietary protein. Diets with a high protein/carbohydrate ratio may exert promising effects in preventing obesity and improving glycemic control as described in animal models (63, 64) and humans (65, 66), even though the effects of these dietary patterns on metabolic health in human remain controversial (67, 68). However, proteins, especially if consumed in excess are able to negatively influence the microbiota. In humans, a high-protein diet was found to decrease butyrate-producing bacteria and fecal butyrate levels (69), and decrease the abundance of beneficial bacteria like Bifidobacterium, Roseburia and Eubacterium rectale (70, 71). Despite these findings, it must be taken into consideration that the impact of protein on the gut microbiota is dictated by the amino acid composition and their relative abundance. Amino acids can in fact be metabolised by the microbiota resulting in the production of a wide array of metabolites which, in turn, affect the health of the host. In line with this, different amino acids exert different effects on the gut microbiota. For example, methionine restriction in mice results in an increase in SCFA-producing bacteria and inflammation-inhibiting bacteria with a concomitant decrease in inflammation-promoting bacteria (72). To the same extent, the protein source represents another variable underpinning the effects of dietary proteins on the gut microbiota. Indeed, vegetable proteins have been shown to increase Bifidobacterium and Lactobacillus, an effect which may also be dependent on the fact that vegetable source of proteins also represent a source of dietary fiber, as opposed to some animal proteins which combine a lack of fibers with high-levels saturated fatty acids (73).

Besides the role of nutrients, other food ingredients are also emerging as potent modulators of the gut microbiota. Of these, dietary emulsifiers like carboxymethylcellulose and polysorbate-80 have been shown to impact the gut microbiota composition increasing the susceptibility to colitis and the metabolic syndrome in animal models (74). Overall, the changes in the gut microbiota elicited by emulsifiers produced a shift in gut bacteria in a manner to promote and sustain intestinal inflammation (75) (Figure 1B). However, although numerous emulsifiers increased the pro-inflammatory potential of the gut microbiota ex vivo, these effects were not induced by all commonly used emulsifiers (76). In this regard, carrageenans and gums were shown to alter microbiota density, composition as well as the expression of pro-inflammatory molecules (76). Altogether, findings from both pre-clinical and clinical studies highlight the importance of diet, nutrients, and food ingredients in the modulation of the gut microbiota, resulting in either beneficial or detrimental health outcomes.



The intestinal barrier

The intestinal barrier is multi-tiered, including the mucus layer, the epithelial layer and the underlying immune system (Figures 2A, B). At this interface, appropriate host-microbiome interactions play an important role in maintaining intestinal homeostasis throughout life (77). Disturbance to any of these layers by several factors such as dietary-driven changes in the gut microbiota composition, antibiotics usage, and genetic susceptibility, is associated with the onset of chronic disease including inflammatory bowel disease, extra intestinal autoimmune disease, metabolic disorders such as diabetes and obesity and allergic disease (78, 79). This section of the review will focus on the organization and composition of the different parts of the intestinal barrier in the steady state.




Figure 2 | A general overview of the mucus layer in the small and large intestine. The mucus layer is a key component of the intestinal barrier. It is mainly composed of mucin glycoproteins produced and secreted by the intestinal goblet cells. The small intestine is characterized by a loose and unattached mucus layer containing antimicrobial products that limit penetration by bacteria (A), whereas the large intestine presents a dense and firmly attached mucus layer converted to a looser structure at the luminal side via endogenous proteolysis (B). AMPs, anti-microbial peptides.




The mucus layer

The mucus layer, produced by specialised secretory goblet cells (GCs) in the epithelium covers the intestinal tissue to provide lubrication and protection against the luminal material, especially the microbiota. Mucus homeostasis is crucial for health and its dysregulation in either the small intestine or the colon causes or correlates with various diseases. Indeed, mucus accumulation and bacterial overgrowth due to loss of bicarbonate secretion is evident in cystic fibrosis, and lost mucus barrier properties and increased bacterial burden at the epithelium in the colon correlate with the inflammatory bowel disease ulcerative colitis (UC) (80–83). Thus, an understanding of factors that impact mucus homeostasis is needed in order to maintain a good “gut health”. External factors can alter mucus-related properties and as the major external factor affecting the intestine, diet can have profound effects on the mucus barrier. Mucus associated effects induced by the diet can be direct on the mucus or the epithelium (84–87) but perhaps more importantly indirect by influencing the microbiota which in turn can have strong effects on the intestinal mucus, which will be further discussed in the last part of this review (39, 45, 88–91).

The properties and thickness of the mucus layer varies along the GI tract to facilitate the physiological function in each location (33, 92, 93). The small intestinal mucus has been described as loosely organized to allow for efficient nutrient absorption along the full length of the villi protrusions (92, 94) (Figure 2A). To maintain a protective barrier against luminal bacteria and digestive enzymes, the small intestinal mucus is fortified by AMPs secreted from crypt-base residing Paneth cells and enterocytes at the base of the villi, IgA secreted by plasma B cells, and endogenous enzyme inhibitors (94–96) (Figure 2A). In the small intestine, the thickness of mucus layer covering the follicle associated epithelium of Peyer’s patches has been shown to be thinner as compared to the surrounding epithelium, which likely facilitates antigen and particle uptake by small intestinal M cells (97). Only a thin separating mucus layer covers the proximal colon of mice, and bacteria can be seen in close contact with the epithelium, as evident by histology (92, 98, 99). However, the mechanisms allowing the close proximity of bacteria to the epithelium in the proximal colon remains to be defined (100). As the luminal material solidifies during its distal transport, a separating mucus barrier is formed, distancing the fecal matter and the microbiota from the underlying tissue (98, 99). Thus, in the distal parts of the colon of both human and rodents, the epithelium is protected by a mucus barrier which physically separates the luminal microbiota from the tissue surface (93, 101, 102). However, mucus material can also be seen intermixed with the microbiota in the outer regions of fecal pellets, where it is thought to provide a nutrient rich ecological niche for some bacteria (20, 22, 101). This “inner” and “outer” mucus thus creates a two-layered mucus structure in the distal colon (80, 92, 93, 101) (Figure 2B). The conversion from the inner to the outer mucus layer is dependent on endogenous proteolytic activity, but bacterial proteolysis could play an additional role (101, 103) (Figure 2B).



Mucus composition

The mucus is composed by a core set of about 30 proteins, most of which are produced by GCs, including mucin 2 (MUC2), chloride channel accessory-1 (CLCA1), Fc fragment of IgG binding protein (FCGBP) and zymogen granule protein 16 (ZG16) (83), as well as lipids, ions, and water (which makes up for approximately 95%) (104). The MUC2 glycoprotein is the main structural component and creates a net-like scaffolding backbone of the mucus along the GI-tract by oligomerization of its terminal ends (105, 106). MUC2 is a very large protein (>5000 amino acids) with two mucin characteristic PTS-domains, rich in proline, serine and threonine, which becomes heavily O-glycosylated by glycosyltransferases in the secretory pathway. The added glycans makes up for approximately 80% of the molecular weight in the mature protein (107). More than 100 different glycan structures have been identified in intestinal MUC2 (108). The distribution of different glycans is region and species specific, adding additional layers of complexity to the mucus barrier (109, 110). Apart from protecting the MUC2 protein backbone from proteolysis and giving MUC2 its gel properties by binding water, the glycans attached to MUC2 provide microbial adhesion sites and a nutritional source in the outer mucus layer (111–114). The glycan composition on MUC2 can thus provide a strategy for the host to select commensal bacteria, but can also be utilized by both commensal and pathogenic bacteria (115–117). Microbiota dependent degradation of mucin glycans induced by a low-fiber diet increases the susceptibility to Citrobacter rodentium infection in mice (45), indicating the importance of Muc2 glycosylation in protection against pathogenic bacteria. Shortened and less complex glycans have been identified in patients with active ulcerative colitis (118). It does, however, remain unknown whether the observed alterations are a cause, or an effect of the inflammation, and further investigations are needed to elucidate these mechanisms.



Mucosa and mucus-associated microbiota

The bacterial diversity of the mucosa-associated bacteria is on par with that of the luminal microbiota, but the composition differs (39, 119). In general, mucosa-associated bacteria have a higher abundance of the phylum Firmicutes compared to Bacteroides both in humans and rodents (120). Although the inner mucus layer appears mostly sterile by histological examination, Bergström et al., detected appreciable levels of bacterial 16S in mucus collected in inter-pellet regions, indicating that some bacteria, especially so called mucus specialists, indeed can colonize this barrier, which was also evident by ex vivo imaging (119). Additionally, bacterial analyses of mucosal samples from laxative treated patients indicate their presence in mucus from the different sampling sites in the large intestine, as well as in the distal ileum (121). A couple of studies have demonstrated the presence of a crypt-specific microbiota in both mouse and human colon characterized by a low density of bacterial community dominated by Acinetobacter spp. in mouse and generally enriched for Proteobacteria capable of aerobic metabolism in both human and mouse (122, 123). It should however be noted that this was restricted to the proximal colon in mouse, and only affected a small number of colonic crypts in human. It is possible that the number of bacteria in the inner mucus layer and colonic crypts differ between strains/vivariums, reflecting differences in mucus quality controlled by the gut microbiota. Furthermore, in physiological conditions, mucin-degrading specialists (e.g., Akkermansia muciniphila and, Bacteroides thetaiotaomicron) live in mutual coexistence with host, and the rate of mucus degradation is balanced with the rate of mucus synthesis, resulting in a dynamic and stable mucus structure that is of fundamental importance for our “gut health”. Only few bacterial species have the enzymatic machinery for initiating partial or full mucin degradation, including A. muciniphila, Bacteroides thetaiotaomicron, B. bifidum, Bacteroides fragilis, Ruminococcus gnavus, and Ruminococcus torques (120). These mucin-specialist degrade the mucin protein, which possibly leads to the availability of oligosaccharides for other bacteria that do not harbour the correct enzymes for this process allowing bacterial cross-feeding and mucosal health (47, 120). An example is the interaction between the B. thetaiotaomicron (B.theta) and the Faecalibacterium prausnitzii. Wrzosek et al., have shown that B. theta, an acetate producer, increased goblet cell differentiation, expression of mucus-related genes, and mucus glycosylation in mono-colonized rats. In contrast when B.theta-mono-colonized rats were supplemented with Faecalibacterium prausnitzii, an acetate consumer and butyrate producer, the increase in goblet cell differentiation and the alteration in mucus glycan profile was reduced, thus maintaining an appropriate structure and composition on the gut epithelium (124). Moreover, additional studies are needed to elucidate the role of the mucosa-associated microbiota in regulation of intestinal homeostasis as this microbial community is located closely to the host.



The intestinal immune system

Although the intestinal epithelium with its mucus layer act as the first layers of defense against the potentially harmful agents that pass through our GI tract, this is not an absolute barrier. Indeed, dietary and microbial antigens, and metabolites readily pass the mucus layer and epithelium and enter the lamina propria (LP) where they are sampled and sensed by the intestinal immune system (125, 126). In the intestine, the immunological challenge lies in how to accurately discriminate between harmless and harmful foreign antigens, and failure to respond adequately to the large variety of antigens that pass through the GI tract results in chronic inflammatory conditions such as food allergy and inflammatory bowel diseases (127, 128). The ability of the immune system to mount appropriate responses to the luminal content is to a large extent regulated by the composition of the content itself which influences the immune status of the host. The intestinal immune system can be divided into innate and adaptive immunity, where dendritic cells (DCs), macrophages, neutrophils, mast cells, eosinophils, basophils, natural killer T cells (NKT) and innate lymphoid cells (ILCs) make up the innate arm of immunity, and T and B cells make up the adaptive arm. During steady state, adaptive and innate immune responses in both the small intestine and colon promote tolerance and inhibit pro-inflammatory responses allowing us to live in symbiosis with our microbiota and tolerate the food we eat. Tolerance to the luminal content is to a large extent dependent on induction and maintenance of T regulatory cells (Tregs), a subset of CD4+ T helper cells (Th) that suppresses effector T cell responses, and by plasma cells that secrete large quantities of IgA directed towards luminal antigens (129). Innate immune cells such as macrophages and DCs contribute to maintaining a local environment promoting tolerance and induce adaptive immune responses. Tissue resident LP macrophages produce the anti-inflammatory interleukin (IL)-10, and prostaglandins that promote local tolerance in the LP, and migratory LP-DCs traffic to small intestine and colon draining lymph nodes following antigen acquisition where they promote de novo Treg induction (130, 131). Other innate cells such as eosinophils, more known for their role in pathological conditions such and allergic disease (132), were recently shown to contribute to intestinal homeostasis by stimulating and maintaining IgA producing plasma cells, and by regulating LP Treg and DC populations as mice lacking eosinophils were shown to have reduced number of LP Tregs and CD103+ tolerogenic DCs (133).




Microbial regulation of the intestinal homeostasis, lessons from the use of germ-free mice

The role of the microbiota in regulation of the mucus layer is an area of continuous research, and a large proportion of the current knowledge comes from studies using germ free (GF) mice, and mono-colonization or conventionalization of GF mice. In this section we will describe how the absence or the re-introduction of microbes in murine models affect development and regulation of the mucus barrier, and intestinal immunity.


Mucus and microbes

The first evidence on the importance of microbes in the regulation of the intestinal mucus layers was demonstrated in a conventionalization experiment using GF mice. The authors discovered that in the GF ileum, the mucus was attached to the epithelial surface in contrast to conventionally raised (Convr) mice in which the mucus is easily aspirated, a process shown to be regulated by microbial activation of meprin β, an enzyme involved in detachment and release of mucus in the small intestine (90, 134). In the GF colon, the mucus was thinner and more penetrable to bacterium sized fluorescent beads as compared to Convr mice, and the amount of Muc2 was lower in the GF colon as compared to Convr colon (90). Furthermore, the glycosylation pattern of Muc2, the overall expression levels of glycosyltransferases, and the length of the glycans were shown to differ between the two groups (90, 110). It has also been shown that single bacterial species (i.e., B. theta and Faecalibacterium prausnitzii) can promote colonic epithelial homeostasis by modifying goblet cell differentiation, expression of mucus-related genes, and mucin glycosylation (124). Johansson at al., have also shown that gut microbiota colonization of GF mice, and normalization of mucus properties is a slow process (90). Their results showed that it takes about 6 weeks for the colon inner mucus layer to become fully impenetrable to bacteria and bacteria sized beads, and 8 weeks for the microbiota to reach the composition of Convr mice (90). Noticeably, a normalizing change in several mucus parameters correlated with a shift in the ratio between Firmicutes and Bacteroides in the mucus (90). The importance of the microbiota in modulating the mucus phenotype was also illustrated in a comparison of two C57BL/6 mouse colonies with the same genetic background housed in different rooms of the same vivarium. The two colonies were characterized by a divergence in their gut microbiota composition as well as in their mucus phenotypes (88). One colony had mucus that was impenetrable to bacteria or bacterium sized fluorescent beads, whereas the other colony had an inner mucus layer penetrable to bacteria and beads (88). These divergences were traced back to the gut microbiota, since transfer of cecal microbiota from the two colonies to GF mice, was able to transfer the respective mucus properties. Analysis of the gut microbiota composition demonstrated that mice with an impenetrable mucus layer had increased amounts of the Erysipelotrichi class (mainly the genus Allobaculum), whereas mice with a penetrable mucus layer had increased levels of Proteobacteria and TM7 bacteria in the distal colon mucus (88). In a study of inflammasome-deficient mice, the mucus barrier function in Il18-/- mice was found to be dependent of the microbiota and could be either transferred or lost upon co-housing with different wild-type mice. Two fecal bacteria strains: the Bacteroidales family S24-7 (Muribaculaceae) and the genus Adlercrutzia were identified to be consistently and positively correlated with inner mucus layer function (89). Volk et al., have also provided further detailed information regarding correlative and causative relations between bacteria and mucus properties when pooling public dataset of different experiments (89). Additionally, feeding mice a WD induced a bloom of the Proteobacteria Helicobacter and a lower relative abundance of S24-7 family and Bifidobacteria, which correlated with a microbiota-dependent loss of mucus barrier function (39). Re-introduction of Bifidobacteria corrected certain aspects of the mucus dysfunction, but did not completely restore the mucus properties. These findings through a pre-clinical approach highlight three important points: (i) it is the selective increase in certain bacterial species and their specific functions rather than changes to the entire microbial community that regulates the properties of the inner colon mucus barrier, (ii) housing conditions are critical cofounding factors when investigating microbe-mucus interactions, and a standardized approach should be considered when comparing animal studies, (iii) time is of importance when analyzing bacterial-host interaction in GF and Convr mice.

The mechanisms by which microorganisms regulate mucus properties involve both bacterial metabolites such as SCFAs and secondary bile acids, and microbial components that bind pattern recognition receptors such as toll-like receptors (TLRs) expressed by GCs (135). Among the several SCFAs, butyrate has been shown to increase the production of MUC2 in cultured intestinal epithelial cells (136), and stimulates mucus release from the rat colon (86, 137). In addition to SCFAs, other classes of bacterial metabolites involved in the regulation of the mucus properties are the secondary bile acids. One example is deoxycholic acid (DCA), which has been shown to induce MUC2 expression in cultured colonic epithelial cells (138, 139). However, there are many controversial results associating bile acids with improvement of gut barrier function, and further investigations are required to elucidate their role in regulation of gut health (2). Like the bacteria metabolites, exposure of colonic tissues to high concentrations of bacterial products such as LPS and peptidoglycan (PGN), induces mucus secretion in both GF and Convr mice (140). Furthermore, mice lacking the TLR adaptor protein MyD88 present a decreased production of mucus, impaired goblet cell responses and reduced antimicrobial activity against Citrobacter rodentium infection (141). To the same extent, mice lacking the flagellin receptor, TLR5 deficient mice, have a disorganized mucus structure as compared to wild-type mice and an increased abundance of Proteobacteria in close contact with the epithelial surface (26). Altogether, these in vitro and in vivo studies indicate the importance of microbes or their metabolites and components, and host TLRs in maintaining mucosal health.



Microbial regulation of intestinal immunity

It is well established that adaptive immune responses are immature in both the small and large intestine of GF as compared to Convr mice. GF mice have reduced size of Peyer’s patches and reduced numbers of IgA producing plasma cells, LP T cells, and intra epithelial lymphocytes (IELs) (142–144). With respect to innate immunity, less is known about the role of the microbiota in regulation of the respective cell types, and observations differ between studies, possibly related to variations in the microbiota composition of the Convr control group. Colonic macrophages, DCs, and mast cells have been reported to be immature and reduced in numbers in GF mice as compared to Convr mice, suggesting a stimulatory role of the microbiota in driving proliferation and maturation of these cell types (145, 146). In contrast, eosinophil and NKT cell numbers have been reported to be increased in GF mice pointing towards a suppressive role of the microbiota in regulation of these cells (147). However, despite the observed increase in eosinophil numbers in GF mice, the cells appear inactive as they express less of eosinophil peroxidase (148, 149).

To further dissect the role of specific members of the microbiota in regulation of gut immunity, mono-colonization or colonization of GF mice with a limited consortium of bacteria have been used to study the role of the microbiota in regulation of both adaptive and innate immunity. In the context of microbial regulation of tolerance to the luminal content, studies have demonstrated that bacteria from the Clostridium genus cluster IV and XIVa promote induction of FoxP3+ Tregs in the colon (150). As mentioned previously, Clostridia species are well known for their ability to metabolize dietary fibers into SCFAs, and catabolize tryptophan into the ahryl carbon receptor (AhR) ligands indole and indole derivates, and it is considered that most effects of Clostridia on regulation of intestinal immunity is mediated via these metabolites. SCFAs regulate immune cell function by two main pathways 1) by activating G protein coupled receptors (GPRs): GPR41, 43 and 109A, and by acting as histone deacetylase (HDAC) inhibitors. HDACs are enzymes that regulate gene expression and thereby affect a variety of functions including proliferation and differentiation (151, 152). In the colon, SCFAs promote induction of Foxp3+ Tregs via HDAC inhibition, and by activation of GPR43 (153, 154). Feeding GF mice with SCFAs was shown to increase FoxP3 and Il10 expression, and increase the suppressive effect of Tregs (155). Butyrate has also been shown to inhibit the Th17 transcription factor RoRγt, and IL-17 production in vitro (156). Thus, in the colon, SCFAs promote tolerance via Treg induction and inhibition of Th17 responses. In contrast, SCFAs have not been shown to induce Treg responses in the small intestine, however other bacterial metabolites such as secondary bile acids (e.g., 3-oxolithocholic acid) and tryptophan catabolites (e.g., indole) that bind the AhR stimulate Treg induction and inhibit Th17 responses in both the small intestine and colon (157–159). SCFAs have also been shown to stimulate IgA production by intestinal B cells, and increase LP-DC expression of indoleamine 2,3-dioxygenase 1 (IDO1) and aldehyde dehydrogenase 1A2 (Aldh1A2) which promote conversion of naïve T cells into Tregs, thus, further promoting an environment favoring tolerance over inflammation (160, 161). Collectively these findings underscored the importance of the microbiota in regulation of maturation of intestinal immunity and immune homeostasis.




Dietary patterns: The determining factor for the intestinal homeostasis

It is now well established that early nutrition can influence the development of the gut microbiota (162), and immediately after birth, breast milk or infant formula or a combination of both is our primary diet. Human milk oligosaccharides (HMOs) which are the most abundant components in breast milk cannot be digested by the human infant, but because of their structural similarity to mucin-glycans, they can be used as a primary carbon source by several bacterial strains (e.g., Bifidobacterium species, members from the genus Bacteroides) implicated in the initial colonization of our intestine, with beneficial effect on our mucosal, immune, and metabolic health during later life (163, 164). Both in vitro and in vivo studies have highlighted the ability of HMOs and HMO-compounds (i.e., 2′ -fucosyllactose) to modulate mucins expression and the secretory function of GCs (165, 166). HMOs can directly control intestinal immunity by decoying receptors of pathogenic bacteria and viruses, thereby preventing their binding on intestinal cells and the onset of a disease (167). Transitioning from milk based to solid food, and the introduction of fiber to our diet, the pivotal metabolic substrate for the gut microbiota, induce the production of SCFAs. As mentioned previously, these gut-microbiota-derived metabolites and especially butyrate can improve mucus barrier function via modulation of MUC2 production and expression (26) (Figure 1A). Moreover these bacterial metabolites act as ligands for GPR43, GPR41, and GPR109A that in addition to being expressed by immune cells also are expressed by epithelial cell, primarily cells of the secretory lineage (168). Activation of these receptors triggers the release of enteric peptide hormones including glucagon-like peptides 1 and 2 and peptide YY, which regulate several metabolic functions such as improvement of the gut barrier, metabolic inflammation, and gut transit time (25).

In contrast to diets high in dietary fiber that promote intestinal health, WD and HF-diets that often are low in dietary fiber, have been associated with loss of mucus barrier function, impaired immune homeostasis, and increased susceptibility to chronic inflammatory diseases including inflammatory bowel diseases and food allergies (46, 169). These effects have largely been related to loss of SCFAs production, but studies have also demonstrated a direct toxic effect of dietary fatty acids on T cells in vitro (170). As mentioned previously, high intake of WD and HF diet, is associated with an altered and less diverse gut microbiota composition (48, 171), which in turn contribute to an impaired mucus barrier (39, 172). Similar observations have been made in mice treated with dietary emulsifiers (74, 173) (Figure 1B). Lack of dietary fiber induces a shift in the gut microbiota composition toward the utilization of host-glycans such as those provided by mucins as energy source, with deleterious consequences on the mucus barrier (174, 175), and with an expansion and activity of colonic mucus degrading bacteria (i.e., Akkermansia muciniphila and Bacteroides caccae) and a decrease in fiber-degrading bacteria (i.e., Eubacterium rectale and Bacteroides ovatus) both in fecal samples, the colonic lumen, and the mucus layer, resulting in an increased susceptibility to gastrointestinal pathogen infections in mice (45) (Figure 1B). Nowadays, particular attention is given to the mucin specialist Akkermansia muciniphila, whose abundance is reduced in mice exposed to increased dietary fat content. This observation is of interest, since Akkermansia muciniphila supplementation in both mice and humans has been linked to improved health outcomes and gut barrier function (176, 177), further reinforcing the idea that the presence of certain bacteria in our gut is of fundamental importance for our health. With respect to the effect of WD and HF diets on intestinal immunity, HF diet has been associated with loss of both Treg and Th17 populations in the small intestine, while in the colon HF diet has been associated with Th2 skewing, and increased susceptibility to allergic disease (178–180) (Figure 1B). Altogether, these findings emphasize that dietary patterns, bacteria and bacterial components contribute to maintaining gut homeostasis.



Conclusions and future perspectives

In this review we have highlighted the importance of the interplay between the resident microbiota and the host in regulation of intestinal homeostasis, and how this interplay is influenced by the dietary habits of the host. It is well established that diets with a high fiber content, and low amounts of fat and sugar promote a microbiota that has beneficial effect on intestinal health by stimulating intestinal mucus barrier function and promoting immune tolerance over inflammation. On the contrary, diets low in fiber, and high in fat and sugar have been shown to promote a microbiota associated with development of intestinal and extra-intestinal diseases such as food allergy, inflammatory bowel disease and metabolic disease. Despite the established role of the diet and microbiota in regulation of intestinal health, many fundamental questions remain to be answered and the challenges ahead lies in 1) identify the molecular mechanisms involved in mucus impairment, 2) further characterization of the bacteria and bacterial metabolites that influence goblet cell function and mucus properties, 3) establish the importance of different type of goblet cells in the control of mucus production and intestinal immunity, 4) assessment of the role of peripheral organs such as the liver in regulation of the mucus barrier via production of bioactive compounds further metabolized by the microbiota, 5) characterization of the mechanisms by which specific dietary components influences intestinal homeostasis, and how diet induced changes in the microbiota influences the ability of the intestine to maintain tolerance to the luminal content, 6) evaluation of the therapeutical potential of dietary fiber/bacterial metabolite supplements in restoration of mucus barrier defects and loss of oral tolerance, and 7) deeper investigation of the phage-mucus interactions.
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Hemp seed significantly modulates the endocannabinoidome and produces beneficial metabolic effects with improved intestinal barrier function and decreased inflammation in mice under a high-fat, high-sucrose diet as compared with linseed
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Omega-3 fatty acids support cardiometabolic health and reduce chronic low-grade inflammation. These fatty acids may impart their health benefits partly by modulating the endocannabinoidome and the gut microbiome, both of which are key regulators of metabolism and the inflammatory response. Whole hemp seeds (Cannabis sativa) are of exceptional nutritional value, being rich in omega-3 fatty acids. We assessed the effects of dietary substitution (equivalent to about 2 tablespoons of seeds a day for humans) of whole hemp seeds in comparison with whole linseeds in a diet-induced obesity mouse model and determined their effects on obesity and the gut microbiome-endocannabinoidome axis. We show that whole hemp seed substitution did not affect weigh gain, adiposity, or food intake, whereas linseed substitution did, in association with higher fasting glucose levels, greater insulin release during an oral glucose tolerance test, and higher levels of liver triglycerides than controls. Furthermore, hemp seed substitution mitigated diet-induced obesity-associated increases in intestinal permeability and circulating PAI-1 levels, while having no effects on markers of inflammation in epididymal adipose tissue, which were, however, increased in mice fed linseeds. Both hemp seeds and linseeds were able to modify the expression of several endocannabinoidome genes and markedly increased the levels of several omega-3 fatty acid–derived endocannabinoidome bioactive lipids with previously suggested anti-inflammatory actions in a tissue specific manner, despite the relatively low level of seed substitution. While neither diet markedly modified the gut microbiome, mice on the hemp seed diet had higher abundance of Clostridiaceae 1 and Rikenellaceae than mice fed linseed or control diet, respectively. Thus, hemp seed-containing foods might represent a source of healthy fats that are not likely to exacerbate the metabolic consequences of obesogenic diets while producing intestinal permeability protective effects and some anti-inflammatory actions.
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1 Introduction

Omega-3 fatty acids (FAs) are found in seafood, leafy vegetables, as well as in nuts and seeds such as linseeds and hemp seeds, being derived from elongation and desaturation of alpha-linolenic acid (ALA) (18:3 ω-3) (1). Historically, the ratio of dietary omega-6 to omega-3 FAs was close to 1, whereas, today, it has increased to 20:1 in Western diets, making it at odds with the diet on which human beings evolved (2). Indeed, several nutritional studies show that a high omega-6/omega-3 FA ratio has a direct link to the “obesity epidemic,” (3, 4) with an increasing number of studies supporting the cardiometabolic health benefits of a diet rich in omega-3 FAs. Most studies focus on eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), indicating that these FAs are linked to a lower risk of developing various aspects of the metabolic syndrome and cardiovascular disease (5, 6). These benefits are suggested to be linked to anti-inflammatory activity resulting from the displacement of the pro-inflammatory, omega-6 FA arachidonic acid from phospholipids membranes (7, 8) and downregulation of the inflammasome in various tissue, including adipose tissue (9). It also appears that omega-3 FAs exert part of their health benefits by modulating the endocannabinoid system (ECS) and the gut microbiome, both of which are key regulators of several aspects of cardiometabolic health and energy metabolism.

The ECS plays a pivotal role at both central and peripheral levels to generally decrease metabolism and increase energy storage in several organs (10) as well as decrease inflammation (11). Endocannabinoids (ECs; N-arachidonoylethanolamine [AEA] and 2-arachidonoylglycerol [2-AG]) are long-chain arachidonic acid (AA)–derived signaling lipids generally produced on demand from phospholipid precursors (12) and originally found to activate cannabinoid receptors type 1 and type 2 (CB1 and CB2) (13). The modification of the omega-6/omega-3 ratio modulates the levels of AEA and 2-AG as well as the levels of related lipid signaling mediators that make up the expanded ECS, or endocannabinoidome (eCBome), which is composed of AEA and 2-AG and their endogenous congeners (the N-acylethanolamines [NAEs] and 2-monoacylglycerols [2-MAGs], respectively, which can contain various omega-3, -6, and -9 unsaturated FAs as well as saturated FAs) and other analogues, their several receptors and metabolic enzymes (14). An obesogenic diet rich in omega-6 increases AEA and/or 2-AG tissue concentrations and signaling (15–18) due primarily to an increase in the levels of esterified AA (19) and changes in the expression of their anabolic and catabolic enzymes (20) as well as an increase in CB1 receptor levels (16). Conversely, an increased consumption of omega-3 FAs decreases the levels of these ECs and increases the levels of the DHA- and EPA-containing NAEs, that is, N-docosahexaenoylethanolamine (DHEA) and N-eicosapentaenoylethanolamine (EPEA), in conjunction with improved metabolic parameters in rodents and humans (19, 21–24). Thus, it is surmised that the positive health effects of long-chain omega-3 FAs derive, at least in part, from the modulation of the ECS (25, 26). Furthermore, enhancement of the tissue concentrations of omega-3-derived NAEs (and possibly 2-acylglycerols), which have decreased affinity for CB1 receptors and exert anti-inflammatory actions via a regulation of pro-inflammatory cytokine and nitrous oxide levels (27), possibly also by being converted into anti-inflammatory epoxides (28), has been postulated as a potential mechanism for some of the actions of dietary omega-3 FAs (7).

The microbiome is directly modulated by dietary changes, with obesogenic diets linked to dysbiosis and a decreased bacterial diversity (29). Furthermore, the study from Pu S. and colleagues, showed that serum lipopolysaccharide (LPS) levels were higher in mice fed with lard compared with those fed with fish oil, indicating that microbial factors are present in the periphery contributing to white adipose tissue inflammation (30). By modifying the diet with supplementation with omega-3 FAs from fish oil and krill oil, the gut microbiota composition can be restored (31). Fish oil consumption increases relative abundance of Akkermansia muciniphila, which is a mucin-degrading, gram-negative bacterium inversely correlated with overweight, obesity, and diabetes, in both murine (32) and human (33) studies, and has been suggested to exert beneficial immune-modulatory actions (34).

Recently, a bidirectional interaction between the gut microbiome and the ECS has come to light that is relevant to metabolic health (35). The eCBome changes, such as increased CB1 expression and 2-AG levels, accompanying an obesogenic diet are associated with an altered microbiome (36, 37). Furthermore, germ-free mice show many changes within the eCBome, several of which are reversed with reintroduction of the microbiome in to the gut (38), whereas desensitization of CB1 within a genetic model that harbors increased 2-AG levels prevents diet-induced obesity in conjunction with specific alterations to the microbiome (39). The CB1 receptor and eCBome bioactive lipids are involved in regulating intestinal permeability through the regulation of tight junction levels, with increased CB1 activity increasing permeability, allowing inflammatory molecules (such as LPS) to cross the epithelial cells of the intestine and reach the bloodstream (37). In the same way, the gut microbiome changes induced by an obesogenic diet increase gut barrier permeability, thereby causing increased circulating levels of LPS, which, in turn, modulate the eCBome (40).

Hemp seeds (Cannabis sativa) represent a potentially important food crop for individuals with low consumption rates of omega-3 FAs and fiber. Whole hemp seeds are very rich in essential fatty acids (EFAs) and other polyunsaturated fatty acids (PUFAs), including the omega-6 FA linoleic acid (LA) and the omega-3 FAs ALA and stearidonic acid (SDA), which can more easily be converted to EPA (41, 42). This latter point may explain, in part, why daily supplementation with 30 ml of hemp seed oil was found to produce positive cardiometabolic effects in humans (43).

On the basis of all the above, we set out to examine the effects of whole hemp seeds on the development of obesity, insulin resistance, and various metabolic and inflammatory parameters in a high-fat/high-carbohydrate diet-induced obesity murine model and to correlate the observed changes to concurrent modifications of the eCBome and gut microbiota. We compared the effects of whole hemp seeds with whole linseeds, which have already been investigated in this context (44).



2 Materials and methods


2.1 Animals, housing, and diets

All studies were carried out at “Institut Universitaire de Cardiologie et Pneumologie de Québec” (IUCPQ, QC, Canada). Six-week-old male C57BL/6J (48 mice) were divided randomly into four groups (Supplementary Figure 1) after 1 week of acclimatization to the animal facility and access to regular chow diet. All the mice were provided with water ad libitum and housed individually on a regulated daylight cycle. For the experimental protocol, the control group was fed a diet containing 10% fat, 20% protein, and 70% carbohydrates (LFLS). All other groups were fed an obesogenic high-fat/high-sucrose (HFHS) diet composed of 45% lipids, 20% protein, and 35% carbohydrates without or with the substitution of whole linseeds (Lin group) or whole hempseeds (Hemp group) (Supplementary Figure 2). Fifteen percent of the fat intake in the substituted diets was derived from the seeds. The quantity of seeds supplemented was determined first, based on a study by Demizieux et al., which showed that this rate is sufficient to obtain a beneficial effect for Linseeds (21), and second, on the idea that we can mimic a clinical study with 15% of fat coming from seed, because it represents 37 g of whole Finola hemp seeds and that can easily be consumed daily. The hempseeds (Finola) were provided by Nature’s Decision, and the different diets were made by Research Diet USA. The study was approved by the Institutional Review Board of the Laval University for the protection of animals (license #2018101-1).

Body weight and food intake were assessed twice a week. Body composition (lean mass, fat mass, and water content) was determined by nuclear magnetic resonance (NMR) using a CBruker’s Minispec Analyzer at weeks 0 and 8. The liver weights of animals were determined after sacrifice.



2.2 Oral glucose tolerance test and intestinal permeability assay

After 8 weeks on the diet, mice were fasted 6 h prior to an oral glucose-tolerance test (OGTT). A total of 2 µl/g of 50% dextrose solution was administrated by gavage, and blood glucose was measured from the tail at 0, 15, 30, 60, 90, and 120 min. Blood samples were collected during all-time points for insulin determination; measured with the ultrasensitive mouse ELISA kit (ALPCO). The HOMA-IR was determined using the following formula: area under the curve of fasting insulinaemia (ng/ml) x area under the curve of fasting glycemia (mg/dl).

During the OGTT, we evaluated the intestinal permeability by the measurement of sulfonic acid fluorescence. Sulfonic acid solution (150 µl) (mix 1.5-mg sulfonic acid with 150 µl of 0.5% carboxymethylcellulose sodium salt [CMC] for each mouse) were administered with the dextrose solution. Plasma (5 µl) was pipetted, each well of a black 96-well plate with optical bottom placed on ice. Before reading the plate, 150 µl of 0.5% CMC was added to each well and the content was mixed by pipetting. The plate was read on a plate reader with excitation/emission 485/528 nm.



2.3 Tissue collection and measurement of circulating factors

Mice were sacrificed 1 week after the OGTT to eliminate possible effects of stress on the eCBome analysis. After 12 h of fasting, intracardiac blood samples were taken in tubes, which contain EDTA (K3) from animals during deep isoflurane anesthesia followed by cervical dislocation. Then, mice were dissected to collect tissues, including liver, muscle, and adipose tissue. Plasma levels of cholesterol, triglycerides, and HDL cholesterol were measured by the biochemical analysis platform of the Quebec Heart and Lung Institute by colorimetry (Siemens Dimension Vista1500). Ghrelin, GIP, GLP-1, insulin, glucagon, resistin, IL-6, TNF-α, adiponectin, leptin, IFN-γ, IL-17, IL-10, IL-1β, and PAI-1 were assessed via Bio-Rad bioplex assays (Bio-Plex Pro™ Mouse Diabetes Standard 8-Plex+Adiponectin, and Bio-Plex Pro™ Mouse Cytokine Standard 23-Plex, Group I).



2.4 Liver triglyceride measurement

To measure the hepatic triglyceride levels, 50 mg of liver were used for a standard chloroform-methanol Folch lipid extraction as previously described (45), and triglycerides were measured by commercial kit (Randox Laboratories, Crumlin, UK).



2.5 Analysis of eCBome mediators by HPLC-MS/MS

Lipids were extracted from tissue samples according to the Bligh and Dyer method (46) with slight modifications. Tissues were processed and analyzed randomly and blindly. Briefly, the samples of each mouse were powdered in liquid nitrogen, and about 10 mg was homogenized in 1 ml of a 1:1 Tris-HCl 50 mM (pH 7): methanol solution containing 0.1M acetic acid and 5 ng of deuterated standards. The hypothalamus followed the same steps but were directly homogenized in the 1:1 Tris-HCl solution with a tissue grinder and not powered in liquid nitrogen. Chloroform (1 ml) was then added to each sample, which was then vortexed for 30 s and centrifuged at 3,000g for 5 min. The organic phase was collected, and another 1 ml of chloroform was added to the inorganic one. This was repeated twice to ensure the maximum collection of the organic phase. The organic phases were pooled and evaporated under a stream of nitrogen and then suspended in 50 µl of mobile phase containing 50% of solvent A (water + 1mM ammonium acetate + 0.05% acetic acid) and 50% of solvent B (acetonitrile/water95/5 + 1 mM ammonium acetate + 0.05% acetic acid). Each sample (40 μl) was finally injected onto an HPLC column (Kinetex C8, 150 × 2.1 mm, 2.6 μm, Phenomenex) and eluted at a flow rate of 400 μl/min using a discontinuous gradient of solvents A and B (47). The quantification of eCBome-related mediators (Supplementary Table 1) was carried out by HPLC system interfaced with the electrospray source of a Shimadzu 8050 triple quadrupole mass spectrometer and using multiple reactions monitoring in positive ion mode for the compounds and their deuterated homologs.

In the case of unsaturated monoacyl-glycerols, the data are presented as 2-monoacylglycerols (2-MAGs) but represent the combined signals from the 2- and 1 (3)-isomers, because the latter are most likely generated from the former via acyl migration from the sn-2 to the sn-1 or sn-3 position.



2.6 Gene expression analysis

For each mouse, about 50 mg of each tissue was used for RNA extraction using the RNeasy Tissue Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions and eluted in 30 μl of UltraPure Distilled Water (#10977035, Invitrogen, CA, USA). Tissues were processed randomly and blindly. The concentration and purity of RNA were determined by measuring the absorbance at 260 and 280 nm, and RNA integrity was assessed by an Agilent2100 Bioanalyzer using the Agilent RNA6000 Nano Kit (#5067-1511, Agilent Technologies, CA, USA). One microgram of total RNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (#4368814, Applied Biosystems, CA, USA) in a reaction volume of 20 μl.

Sixty-five nanograms total of starting RNA were used to evaluate the expression of the 52 eCBome-related genes and four housekeeping genes (Supplementary Table 2; includes information on the function of the genes under investigation) using a custom-designed qPCR-based TaqMan Open Array on a QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific, CA, USA) following the manufacturer’s instruction as described previously (38). Twenty-four samples (six per group) were analyzed randomly. Gene expression levels were evaluated by the 2ΔΔCt method and represented as fold increase with respect to baseline (LFLS group) within each tissue.



2.7 Microbiome analysis

Mouse feces were collected by placing individual mice into an empty sterile cage and allowing them to defecate naturally; feces were collected within 30-min,snap frozen on dry ice and then stored at −80°C until processed. DNA was extracted from feces from n = 7–12 mice per diet and time point using the QIAmp PowerFecal DNA kit (Qiagen, Hilden, Germany) according to the manufacturers’ instructions. The DNA concentrations of the extracts were measured fluorometrically with the Quant-iT PicoGreen dsDNA Kit (Thermo Fisher Scientific, MA, USA), and the DNAs were stored at −20°C until 16S rDNA library preparation. Briefly, 1 ng of DNA was used as template, and the V2–V3 region of the 16S rRNA gene was amplified by polymerase chain reaction (PCR) using the QIAseq 16S Region Panel protocol in conjunction with the QIAseq16S/ITS 384-Index I (sets A, B, C, and D) kit (Qiagen, Hilden, Germany). The 16S metagenomic libraries were eluted in 30 µl of nuclease-free water, and 1 µl was qualified with a Bioanalyser DNA 1000 Chip (Agilent, CA, USA) to verify the amplicon size (expected size ~600 bp) and quantified with a Qubit (Thermo Fisher Scientific, MA, USA). Libraries were then normalized and pooled to 2 nM and denatured and diluted to a final concentration of 6 pM. Sequencing (2 × 300 bp-paired end) was performed using the MiSeq Reagent KitV3 (600 cycles) on an Illumina MiSeq System (Illumina, CA, USA). Sequencing reads were generated in less than 65 h. Image analysis and base calling were carried out directly on the MiSeq. Data were processed using the DADA2 pipeline (48), and taxonomic assignation was done against the Silva v132 reference database. The operational taxonomic units that were present in fewer than three samples were filtered out, and bacterial abundances were normalized using the cumulative sum scaling (CSS, MetagenomeSeq R package) (49). Microbiota composition was assessed by calculating alpha and beta-diversity indexes obtained using the Phyloseq R package, and intra- and inter-individual variations in microbial composition using PERMANOVA (vegan R package) (50). Differential abundance testing of individual taxa was performed using two-way analysis of variance (ANOVA) followed by Tukey’s HSD post-hoc test to generate p-values.



2.8 Statistical analysis

All the statistical analyses (except for microbiome analysis; see above) were performed with GraphPad Prism (version 8.0.1), assessing normality with the Shapiro–Wilk test and identifying outliers using the ROUT test before going on to perform either ANOVAs followed by Tukey’s multiple comparisons tests or Kruskal–Wallis tests followed by Dunn’s multiple comparison tests.




3 Results


3.1 The effect of whole hemp seed and linseed substitution on anthropometric and metabolic parameters affected by HFHS diet-induced obesity

To investigate the effects of whole hemp seed dietary substitution on diet-induced obesity and the gut microbiome-eCBome axis, we set up an 8-week protocol in which animals were fed either an LFLS diet, HFHS diet, or an HFHS diet supplemented with either linseeds (Lin) or hemp seeds (Hemp) (Supplementary Figure 1). Mice were distributed such that there were no significant differences between the groups in fat mass, lean mass, and fluid mass before the mice were transferred to experimental diets (Supplementary Figure 3A). After switching the mice to the experimental diets, all groups fed the HFHS diets gained significantly more weight compared with LFLS group after 1 week and, from week 6, the Lin group started to gain significantly more weight than Hemp and HFHS groups (Figure 1A). To investigate whether the differences in weight gain were a result of differences in food intake between groups, we monitored this parameter twice a week. From week 2, the LFLS group consumed significantly fewer calories than all the HFHS groups. At week 8, the Hemp group started to consume significantly less energy than the Lin group (Figure 1B). After 8 weeks, we reassessed the fat and lean masses of the mice relative to the start of the diet; all of the HFHS groups had significantly increased fat mass as compared with the LFLS group; however, interestingly, the Hemp group had significantly less fat than the Lin group (Figure 1C). Lean mass was also increased in all HFHS groups, with the Lin group having significantly more lean mass than all other groups (Figure 1C). When correcting the fat or the lean mass by the total weight of the mice, we observed increases in all HFHS groups as compared the LFLS controls, but no differences between the HFHS groups were identified (Supplementary Figure 3B).




Figure 1 | Diet-induced changes in weight gain and body composition. (A) Weight gain in g: #significant difference between LFLS versus all the groups fed with HFHS diet (p < 0.05); *significant difference between Lin group versus Hemp and HFHS groups (p < 0.05). (B) Daily food consumption in Kcal: #significant difference between LFLS versus all the groups fed with HFHS diet (p < 0.05). *significant difference between Lin group versus Hemp group (p < 0.05). (C) Body composition changes (difference between week 0 and week 8 in g). *p < 0.05; **p < 0.01; ****p < 0.00001.



We then assessed glucose handling within the mice by administering an OGTT. The LFLS group had lower blood glucose levels at each time point measured as compared to the HFHS groups, with no differences observed between the latter, and area under the curve analysis showed the same pattern (Figure 2A). The measurement of insulin levels during the OGTT time course mirrored the results obtained for glucose levels; however, when we calculated the areas under the curves, only the Lin group was found to be significantly higher than the LFLS group (Figure 2B). The calculation of a HOMA-IR from the above curves found that all the HFHS groups had increased values with respect to the LFLS group (Figure 2C).




Figure 2 | Glucose and insulin homeostasis after 8 weeks of HFHS diets. (A) Glycemic excursion curves during OGTT (left, significant difference between LFLS vs. all the groups fed with HFHS diets) with the corresponding area under the curve analysis of glucose (right); (B) Insulinemic excursion curves during OGTT (left, significant difference between LFLS vs. all the groups fed with HFHS diets) and the corresponding area under the curve analysis; (C) HOMA-IR calculated using glucose and insulin AUCs (area under the curve) from OGTTs. *p < 0.05); **p < 0.01; ***p < 0.001); ****p < 0.00001). (D) Intestinal permeability as measure by sulfonic acid levels in blood after administration with the OGTT: #significant difference between LFLS versus HFHS group (p < 0.05). *significant difference between Hemp versus HFHS group (p < 0.05).



In order to determine whether the diets affected intestinal permeability, we co-administered sulfonic acid during the OGTT. The LFLS group exhibited the lowest intestinal permeability as determined by the level of sulfonic acid within the blood at each time point. At the 30-min peak of sulfonic acid levels, however, we detected significantly lower levels in the Hemp group versus the HFHS group (Figure 2D), suggesting that hemp seed substitution induced an improvement in intestinal permeability.

We also measured the effects of the different diets on several biochemical parameters in mice that were fasted for 12 h before sacrifice. In line with the results from the OGTT demonstrated above, the Lin group had higher fasting glucose levels than both the LFLS and the HFHS groups, whereas the HFHS and Hemp groups showed no such increase (Figure 3A). No significant differences in plasma triglyceride levels were observed among the groups (data not shown); however, triglyceride levels were significantly increased only within the livers of the Lin group compared with the LFLS group (Figure 3B). This coincided with the Lin group also having significantly heavier livers than the LFLS group (Figure 3B). All of the HFHS groups had significantly higher total cholesterol levels than the LFLS group, with the Lin group having lower total cholesterol than the Hemp group (Figure 3C). This was apparently contributed to by lower HDL cholesterol within the Lin versus the Hemp group (Figure 3C); however, the HDL/total cholesterol ratio was not different between groups (data not shown).




Figure 3 | Assessment of metabolic parameters, cytokines, and adipokines after 8 weeks of HFHS diets. (A) Fasting glucose levels; (B) liver triglyceride content and weight; (C) total cholesterol and HDL levels; (D) circulating levels of adipokines; (E) circulating levels of PAI-1; (F) epididymal (EPAT) and sub-cutaneous (SCAT) levels of TNF-α and IL-10. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.00001.





3.2 The effect of whole hemp seed and linseed substitution on hormones, inflammatory cytokines, and markers of fat browning and lipid metabolism

Within 12-h fasted animals, we did not detect any significant differences between the groups in basal ghrelin, GIP, GLP-1, or insulin plasma levels (data not shown). Adiponectin levels where highest in the Lin group, being the only group to have a statistically significant increase over the LFLS group (Figure 3D), whereas resistin levels were increased in all the HFHS groups compared with the LFLS group (data not shown). Leptin levels were significantly higher in the HFHS and Lin groups versus LFLS, but not in the Hemp group, compared with the LFLS group (Figure 3D). Despite this, there were no differences between the levels of any of these factors between the different HFHS groups.

We also assessed different inflammatory mediators within the plasma of mice. TNF-α, IFN-γ, IL-17, IL-10, IL-6, and the IL-1β levels were not significantly different among groups (data not shown). Interestingly, however, PAI-1 levels were significantly increased in the Lin and HFHS groups versus the LFLS group, but not in the Hemp group (Figure 3E). When we went on to look at the gene expression if these cytokines in adipose tissue depots, we found that, in epididymal adipose tissue (EPAT), IL-10 and TNF-α gene expression were only increased in the Lin versus the LFLS group (Figure 3F), whereas no differences were found in PAI-1 or IL-6 expression among the groups (data not shown). In subcutaneous adipose tissue (SCAT), TNF-α expression was increased in all the HFHS groups versus LFLS, whereas no differences were found in IL-10, IL-6, and PAI-1 gene expression among the groups (Figure 3F and data not shown).

We also evaluated the gene expression of browning markers in various adipose tissue depots. No differences in Pparg1a, Prdm16, or Ucp1 expression were observed in brown adipose tissue (BAT) between the different groups (data not shown). In the EPAT, Cidea expression had decreased expressed in all the HFHS versus the LFLS groups, and Pparg1a was decreased in the Lin versus the LFLS groups (Supplementary Figure 4), but no differences in Prdm16 and Ucp1 were observed among the different groups (data not shown). In the SCAT, Cidea and Pparg1a expression was decreased in in all the HFHS groups versus the LFLS group (Supplementary Figure 4), whereas, again, no differences were found in Prdm16 and Ucp1 expression (data not shown). Evaluating the gene expression of lipid metabolism enzymes in the EPAT and the SCAT revealed that Acc1, Atgl, Hsl, and Scd1 were all downregulated in the HFHS versus the LFLS groups (Supplementary Figure 5).



3.3 eCBome gene expression and mediator-level results

To assess the direct effects of the different diets on the eCBome, we measured eCBome gene expression and mediator levels in the muscle, hypothalamus, liver, BAT, SCAT, and EPAT, because it is well established that endocannabinoids and related lipids play important roles in each of these tissues with respect to the regulation of various aspects of metabolism (7, 10, 12, 16, 18, 20, 25) and plasma (lipid levels only). As expected, we observed important changes in eCBome signaling with the hemp seed and linseed supplemented diets, which are rich in PUFAs.


3.3.1 Genes encoding eCBome receptors

Receptor gene expression and response to the diets was different from one tissue to another. Within the BAT, we observed changes in the expression of Cnr1 and Cacna1h, where Cnr1 (encoding CB1) was more highly expressed in all the HFHS group compared with the LFLS group, but this increase was rendered non-significant in the Hemp and Lin groups. In the EPAT and the SCAT, we saw changes in the expression of Cnr2 (encoding CB2), which was more strongly expressed in the HFHS and Lin versus the LFLS group in the EPAT and more strongly expressed in the Hemp and Lin versus the LFLS group in the SCAT. In the SCAT Trpv2 and Trpv4, gene expression was increased in the HFHS group compared with the LFLS group but not in the Hemp or Lin groups. In the liver, Pparg expression was increased in the HFHS group versus the LFLS group and, again, the addition of hemp seed or linseed rendered the difference insignificant. No significant differences were found in the muscle and hypothalamus (Figure 4).




Figure 4 | eCBome receptor and enzyme expression measured by qPCR array in brown adipose tissue (BAT), epididymal adipose tissue (EPAT), subcutaneous adipose tissue (SCAT), hypothalamus (HYPO), liver, and muscle. Statistically significant differences between the high-fat high sucrose groups (HFHS, Hemp, or Lin) versus the LFLS group are indicated with a “+” (increase in expression) or “−” (decrease in expression); p < 0.05. Yellow boxes indicate significant difference between Hemp and Lin; green boxes indicate significant differences between Hemp or Lin and HFHS; p < 0.05.





3.3.2 N-acylethanolamine anabolic enzymes

Regarding the N-acylethanolamine (NAE) anabolic enzymes, differences were also observed among the various tissues and, here, we focus on those changes that might explain the observed changes in mediator levels. For the BAT, we observed that Gde1 expression was decreased in the Hemp group compared with LFLS, whereas Inpp5d expression increased in the Hemp and Lin groups versus LFLS. Most changes were observed in the EPAT, where the expression of five enzymes was altered, with Gde1 and Ptges being less expressed in all HFHS groups compared with LFLS group and Napepld being decreased in the Hemp versus LFLS group. Conversely, Ptpn22 expression was increased in all the HFHS groups compared with LFLS group. Abhd4 expression decreased in the Lin compared with Hemp group (Figure 4). In the SCAT, changes were observed for the expression of two enzymes only: Gde1 expression decreased, whereas Inpp5d expression increased in the Lin compared with LFLS group. For the liver, both Fam213b and Napepld expression increased in the Lin group, being higher compared with all the other groups for Fam213b, but only versus the LFLS group for Napepld. Finally, in the muscle, Gde1 expression was increased in the Lin compared with the Hemp group (Figure 4).



3.3.3 N-acylethanolamine catabolic enzymes

For the BAT, Ptges expression was lower in the HFHS and Hemp groups versus Lin. In EPAT, Ptges was less expressed in the HFHS group compared with LFLS group. Concerning the SCAT, Naaa expression was increased in the HFHS versus LFLS group, an effect that as not observed in Hemp or Lin. The liver had decreased Faah expression only in the Hemp versus the LFLS group. Within the hypothalamus, Faah expression was decreased in the Lin versus LFLS group (Figure 4).



3.3.4 2-Monoacylglycerol anabolic enzymes

For the BAT, Dagla expression was decreased in the Hemp group versus HFHS and LFLS groups. In the EPAT, the changes were mostly found in the HFHS groups, where Daglb was more expressed in the Lin versus the LFLS group. Concerning the SCAT, Daglb expression was increased in all the HFHS groups compared with LFLS. For the hypothalamus, Dgke was decreased in the Lin group versus the LFLS and Plcb1 was decreased in Lin versus HFHS and LFLS. Finally, in the muscle, Dagla was more expressed in the Lin versus the Hemp group (Figure 4).



3.3.5 2-Monoacylglycerol catabolic enzymes

In the BAT, Mogat1 was less expressed in HFHS and Lin group versus LFLS. In the EPAT, Enpp2 and Mogat1 were decreased in the HFHS groups versus the LFLS group. Abhd6 and Ces1d expression was decreased, whereas Abhd12 expression was increased, in the Lin compared with the LFLS group. Concerning the SCAT, Abhd6 expression was lower in all the HFHS groups compared with LFLS, whereas Mogat1 expression was decreased in Hemp. In the liver, Enpp2 increased in the HFHS and Lin groups versus the LFLS but not in the Hemp, in which expression was significantly lower than in HFHS. Abhd16a and Abhd6 expression was higher only in the Lin than the LFLS group. Mogat1 expression was stronger in all the HFHS groups than the LFLS group. In the hypothalamus, Alox12 expression was increased in the Hemp compared with the HFHS group (Figure 4).

Together, the above data emphasize how different eCBome anabolic and catabolic enzyme expression may contribute to alterations in both omega-3 PUFA- and omega-6 PUFA-derived mediator levels within in a tissue- and treatment-dependent manner.



3.3.6 eCBome mediators

eCBome mediator levels were measured in the BAT, EPAT, SCAT, liver, hypothalamus, muscle, and plasma. As expected, important changes in eCBome mediator concentrations under the Hemp and Linseeds supplemented diets, which are rich in PUFAs.

The assessment of FA levels showed an increase in omega-3 and a decrease in the omega-6 FAs in several tissues of the mice fed the supplemented diets. In the adipose tissues (BAT, EPAT, and SCAT), the liver, the muscle, and the hypothalamus the omega-3 FA SDA and at least one other omega-3 FA (EPA, DPA and/or DHA) increased in the Hemp and the Lin versus the LFLS group and, in fact, were almost always increased in comparison to the HFHS group (Supplementary Figure 6). These changes were not observed in plasma, where instead DHA was found to be decreased in the Hemp and Lin groups compared with HFHS. While the omega-6 FAs assessed (AA and LA) were less affected, they were decreased in the Lin group, in the BAT and muscle, compared with the LFLS group.

Likewise, at least two of the omega-3 FA-containing NAEs (EPEA, DPEA, and DHEA) increased in the Hemp and Lin groups in almost all the tissues; whereas the omega-6 derived NAE, AEA, decreased in all the tissues (except the EPAT and hypothalamus) of the Lin group (Figure 5). AEA was also decreased by hemp seed substitution in the liver (where it is known to be a driver of hepatosteatosis), both with respect to LFLS and HFHS. The omega-6 DPA-containing DPEA decreased in the Hemp group in the BAT, EPAT, and the muscle (where linseed substitution decreased it as well.




Figure 5 | eCBome bioactive lipid mediator levels in plasma, brown adipose tissue (BAT), epididymal adipose tissue (EPAT), subcutaneous adipose tissue (SCAT), hypothalamus (HYPO), liver, and muscle. Statistically significant differences between the high-fat high sucrose groups (HFHS, Hemp, or Lin) versus the LFLS group are indicated with a “+” (increase in expression) or “−” (decrease in expression); p < 0.05. Green boxes indicate significant differences between Hemp or Lin and HFHS; p < 0.05.



For the 2-MAGs (Figure 5), once again, at least one of the omega-3 FA containing 2-MAGs (2-SDG, 2-EPG, 2-DPG, and/or 2-DHG) increased in the Hemp and Lin groups in all the tissues, whereas the omega-6-FA-containing 2-AG decreased in the Lin group in the BAT and liver.

Taken together, these data indicate that eCBome mediator levels are sensitive to even a relatively low level of dietary substitution with either hemp seed or linseed, effectively increasing the levels of omega-3 FA-derived eCBome lipid mediators. In particular, SDA and to a less broad extent 2-SDG, levels were remarkably higher in tissues of the Hemp group (Figure 5; Supplementary Figures 6, 7).




3.4 Hemp seed and linseed substitution effects on gut microbiota

We next assessed the gut microbiota of feces from the mice on first on the chow diet and then in response to the dietary changes. Metataxonomic profiling showed that the overall gut microbiota architecture was different between the period on which they were fed the chow diet (week 0) and after LFLS, HFHS, Hemp, and Lin diets (week 8); however, Shannon alpha diversity and Firmicutes: Bacteroidetes phylum ratios were not found to be affected (Supplementary Figure 8). Differential abundance testing of family taxa identified Akkermansiaceae, Bifidobacteriaceae, Clostridiaceae 1, Eggerthellaceae, Enterococcaceae, Peptostreptococcaceae, Pseudomonadaceae, Staphylococcaceae, and Streptococcaceae abundance to have been increased in one or more of the diets after 8 weeks of being taken off chow (i.e., in the LFLS, HFHS, Hemp, and Lin groups at week 8 as compared with week 0), whereas the Anaeroplasmataceae and Lactobacillaceae family abundances decreased (Supplementary Figure 9). We then attempted to identify the differences at the family level after 8 weeks of the experimental diets. Differential abundance testing identified changes in only two families: Clostridiaceae 1, which was more abundant in Hemp versus Lin, and Rikenellaceae was more abundant in the Hemp and HFHS versus the LFLS group (Supplementary Figure 10).




4 Discussion

We postulated that partial substitution of the fat in an HFHS diet with hemp seed, being a rich source of omega-3 FAs, would have benefits on health in part by modulating the eCBome and the gut microbiome. We found that, toward the end of the study, the Lin group gained significantly more weight than the HFHS group, whereas hemp seed substitution had no effect on body weight. This difference may be due to the fact that the Lin group tended to consume more calories than the HFHS and Hemp group and, at the end of the study, consumed significantly more calories than the Hemp group. Concomitantly, the Lin group had the highest fat mass of all the groups and significantly more fat than the Hemp group. Accordingly, leptin levels, which are a reflection of the amount of fat mass (51), were significantly higher in Lin group compared with the LFLS group, whereas the Hemp group showed no difference. Similarly, adipose-derived adiponectin plasma levels were significantly elevated in the Lin group but not in the HFHS or Hemp groups. These results are consistent with the observation that linseed substitution increased weight gain in our mice and suggest that, at least within our experimental conditions, this dietary regimen exacerbates weight gain. This increase in weight gain makes it difficult to assess the effects of our linseed diet on the subsequent metabolic parameters assessed and discussed below, as it is not possible to distinguish effects observed in the Lin group as being the result of the linseeds themselves, or simply the increased weigh gain that they induced. Interestingly, Shafie et al. recently showed that whole linseed substitution increased weight gain in rats in a corn starch diet and tended to do the same in a high carbohydrate, high-fat diet (44).

In conjunction with the Lin group having the highest weight, glycemia was also highest in the Lin group, whereas the HFSH and Hemp groups did not differ from the LFLS control. Consequently, the AUC of insulin levels during the OGTT was significantly higher only in the Lin versus the LFLS group. Despite this, all HFHS groups had similar glucose levels during the OGTT, together suggesting that the Lin group had a higher level of insulin resistance as compared with the HFHS and Hemp groups and was likely approaching a diabetic state, whereas the other HFHS groups were likely prediabetic. Accordingly, the HOMA IR index, which is positively correlated with insulin resistance (52), was higher in all HFHS groups, with the HFHS and Lin groups having the highest level of statistical significance as compared with the LFLS group. Thus, in accordance with it having significantly less fat than the Lin group, the Hemp group appeared to have less severe insulin resistance compared with the Lin group. Furthermore, the Lin group was also the only one showing increased levels of liver TGs and weight with respect to the LFLS group, which may be related to the above mentioned worsening of glucose handling given the link between liver fat levels and insulin resistance (53).

Despite hemp seed substitution having no effect on weight gain or adiposity as compared to the HFHS group it decreased sulfonic acid uptake, indicating that it preserved intestinal barrier integrity. Intestinal barrier breakdown is a feature of obesity and contributes to increased adipose tissue inflammation and circulating inflammatory cytokine levels (54). Interestingly, the assessment of circulating inflammatory parameters showed that PAI-1, which is upregulated by pro-inflammatory cytokines such as TNF-α (55) and increased in obesity and in diabetes and is involved in thrombosis, atherosclerosis as well as ischemic cardiovascular events (56, 57), was significantly higher in the Lin and HFHS groups, but not in the Hemp group, versus the LFLS group. Thus, it appears that hemp seed substitution mitigated the HFHS-induced increase in PAI-1 levels, even though it only showed a trend toward a decrease as compared to the HFHS group. This may have been due to the fact that the study was under-powered to allow for the detection of a statistically significant decrease. Regardless, PAI-1 augments mucosal damage (58), thus it is possible that hemp seed substitution, by rendering the HFHS-mediated increase in PAI-1 non-significant, may preserve mucosal integrity, which would be interesting to investigate in future studies.

In line with the increased adiposity observed in the Lin group, in the EPAT, IL10, which is linked to insulin resistance in the adipose tissue (59), and TNF-α, a pro-inflammatory cytokine that plays a role in the pathophysiology of insulin resistance (60), were increased in the Lin, but not Hemp, group versus the LFLS group. It should be noted however, that these results are driven by relatively few animals within the Lin group, and thus should be interpreted with caution; regardless, they are consistent with the data presented above on the effects of linseeds on weight gain in mice on an HFHS, suggesting that whole linseed substitution is pro-obesogenic, resulting in increased weight gain and expression of inflammatory markers associated with excessive fat accumulation, while hemp seeds do not produce this effect. However, the link between increased intestinal barrier integrity and decreased circulating PAI-1 levels in the hemp seed group does not appear to be linked to modification of Tnf-α expression within adipose tissue depots. The low efficacy of linseed substitution against the effects of a high-fat diet was reported also by Shafie et al. (44), who showed that whole linseeds are less effective than linseed components at reversing diet-induced metabolic syndrome in rats. On the other hand, the protective results observed in the Hemp group are partially in agreement with those reported by Opyd et al. (61), who showed that hemp seeds were more effective than hemp oil at regulating lipid metabolism in obese Zucker rats. We, however, were unable to detect any beneficial effects in either the Lin or Hemp groups on total cholesterol levels in mice, which may be due to species-specific differences or the use of our diet-induced obesity model as compared with a genetic model. That being said, it was interesting to note that while the Lin group had significantly lower total cholesterol levels as compared with the Hemp group, this difference appears to be driven by “healthy” HDL cholesterol in the Lin group, lower levels of which are associated with increased risk of the development of metabolic syndrome including increased fasting glucose levels (62).

It is important to note that all the HFHS diets were isocaloric with very similar energetic proportions from protein (20%), carbohydrates (35%), and fat (45%) from fat and that they had similar fiber content (Supplementary Figure 2). However, we cannot exclude the possibility that the diets differed significantly in the quantity and quality of macro and micronutrients, such as minerals, vitamins, polyphenols etc. which may have affected our results. As mentioned above, the substituted amount of seeds was established on the one hand, on the basis that this amount of linseeds was shown to be sufficient to result in effects in mice (21), and on the other hand, on the idea that a clinical study could be performed with 15% of dietary fat coming from seeds, because this represents about 37 g of whole hemp seeds that can be easily consumed daily. While the seed substitution resulted in demonstrable changes, many statistically insignificant trends were observed, which may have translated to significant results should a less severe HFHS diet has been used, or had we extended the study beyond 8 weeks, because, for example, the Lin group only became heavier than the HFHS group in the last 2 weeks.

As expected, important changes in eCBome signaling under the hemp and linseed substituted diets, which are rich in PUFAs, were found in the present study. The ECS generally decreases energy expenditure and increases energy storage in several organs through the elevation of AEA and/or 2-AG levels and CB1 receptor activation (10). However, the ECS is now considered as part of a much larger signaling system, the eCBome, which, with its over 100 lipid mediators and about 13 molecular targets (including the PPARs, thermosensitive TRP channels such as TRPV1, and orphan GPCRs such as GPR119), is also deeply involved in energy metabolism control but often in ways opposite to endocannabinoid/CB1 signaling (63). Mediators whose ultimate precursors are omega-3 FAs such as the EPEA and DHEA (24), have targets that are being actively investigated in the framework of inflammation (11). In fact, there is a competition between the omega-6 and omega-3 FA precursors in the production of the corresponding eCBome mediators, such as NAEs and 2-MAGs, because all members of these two families of lipids share the same anabolic enzymes (14). As a consequence, the higher the intake of omega-6 FAs and their precursors such as LA, the more such FAs will be esterified into phospholipids wherefrom NAEs and 2-MAGs are biosynthesized, and the same applies to dietary omega-3 FAs and their precursors such as ALA (64). In line with this, our results show a general increase in the omega-3 FAs and a decrease in the omega-6 FAs, and similar changes in their respective NAEs and 2-MAGs, in several tissues coming from mice fed the diets substituted with Lin or Hemp seeds. In particular, the omega-3 FAs, SDA, EPA, DPA, and DHA increased in the Hemp and the Lin groups versus the LFLS group, whereas the omega-6 FAs AA and LA decreased in almost all the tissues of mice belonging to the Lin group. Likewise, the omega-3–derived NAEs, EPEA, DPEA, and DHEA increased in Hemp and the Lin groups, whereas the omega-6 NAEs, AEA, and DPEA decreased in either only the Lin or both the Hemp and Lin groups, respectively. Concerning the 2-MAG results, once again, the omega-3–derived 2-SDG, 2-EPG, 2-DPG, and 2-DHG increased in both the Hemp and Lin groups, whereas the omega-6 2-AG decreased in the Lin group. Regarding our above considerations on omega-3 and omega-6FAs, it must be emphasized that we did not measure here the levels of such FAs esterified to phospholipids, which act as eCBome mediator biosynthetic precursors, but only the free FAs, which may also reflect the enzymatic hydrolysis of the corresponding eCBome mediators. Regardless, our study shows just how sensitive the eCBome is to relatively minor changes in dietary fat intake, given that only 15% of the fat in the HFHS diet was replaced by hemp or linseed-derived fat. This level of substitution is roughly equivalent to an average sized human consuming only 2 tablespoons of seeds a day approximately, suggesting that it can similarly affect eCBome levels in humans, as shown in studies usually using fish- and krill-derived FAs (22, 65).

Indeed, although the alterations in the tissue levels of eCBome mediators observed in our study can be explained mostly by the effects of the substituted diets on the levels of the ultimate precursors of such mediators, changes in the expression of eCBome anabolic and catabolic enzymes may also contribute to such alterations. The hemp seed diet downregulated the expression of Napepld (a main anabolic enzyme for NAEs) mRNA levels versus the LFLS diet in the EPAT, and Dagla (a major anabolic enzyme for 2-MAGs) mRNA levels versus the HFHS and LFLS diets in the BAT, and versus the Lin diet in the muscle; both genes encode for ECS anabolic enzymes. Conversely, the linseed diet generally increased anabolic enzyme and decreased catabolic enzyme expression. In the liver, Napepld mRNA levels increased in the Lin versus the LFLS group and, in the EPAT, Daglb (a main enzyme, which biosynthesizes 2-MAGs) mRNA levels were higher in Lin versus the LFLS group. Moreover, in the hypothalamus, FAAH (which degrades NAEs and to a lesser extent 2-MAGs) expression was decreased in the Lin versus LFLS group. These data suggest that the contribution of metabolic enzyme expression to the diet-induced alterations in NAE and 2-MAG levels observed here might be different depending on the administered diet, with anabolic enzymes contributing to either omega-6– or omega-3–derived mediator levels during hemp seed or linseed substitution. Given the opposite changes often observed in omega-3 versus omega-6 PUFA-derived NAEs, it would be interesting to hypothesize that NAE biosynthetic enzymes contribute less than availability of NAE ultimate precursors to NAE tissue concentrations, and that different anabolic enzymes may contribute to omega-3 (i.e., Gde1, Napepld, and Abdh4, but not in the liver or muscle) versus omega-6 PUFA-derived (i.e., Inpp5d) NAEs. While with respect to 2-MAGs, in some tissues (EPAT, muscle), Dagla or Daglb may contribute to increased levels of omega-3 PUFA-derived 2-MAGs in the treated groups, and Daglb to increase MAGs in the SCAT following HFHS diets. These intriguing hypotheses will need to be investigated in future studies.

Interestingly, SDA and the corresponding MAGs, 1 (3)- or 2-SDG, increased significantly in the Hemp and Lin groups in the different tissues, and especially in the adipose tissue. SDA is a rare omega-3 FA in nature and mainly contained in Hemp (66, 67) and other seeds (68). Several clinical and fundamental studies reported the beneficial effect of SDA substitution in improving lipid profiles such as dyslipidemia (41, 42), atherosclerosis (69), cardiovascular disease (70), hepatic steatosis (71), inflammation (72), and cancer (73). Our results suggest that SDA, and possibly its metabolites, might be partly responsible for the blunting of the increase in PAI-1 levels observed in response to the HFHS by hemp seed substitution, an increase that was unaffected by linseed substitution. While 1/2-SDG levels were similarly affected in the Hemp and Lin groups, except in muscle where Hemp resulted in a significant increase over Lin, differences in other SDA-derived metabolites (i.e., N-straeridonoylethanolamine; SDEA) may be present within the mice, which we were not able to measure at the time of this study. However, we have since developed the methodology to quantify this eCBome mediator and have found that murine cells are able to produce SDEA in response to incubation with SDA (data not shown, manuscript in preparation).

A recent meta-analysis on the rate of mortality associated with levels of omega-3 FAs highlighted how mortality for all causes as well as for cardiovascular disease and cancer is inversely correlated to the levels of circulating long chain (20–22 carbon) omega-3 FAs but not to those of ALA (74). These findings are in agreement with the poor conversion of ALA to SDA and, hence, to EPA and DHA because of the lack of an efficacious desaturase enzyme in humans and other mammals (75), and highlight the potential importance of dietary SDA. This omega-3 FA, by bypassing the necessity of such conversion, and being in turn converted to EPA and DHA (partly), might ensure amounts of C20–22 omega-3 FAs (and their metabolites) that are optimal to counteract several chronic societal disorders and, hence, act as a surrogate of dietary EPA and DHA. Future studies will need to address the question of whether also 1- and 2-SDG and SDEA (the latter of which, however, we cannot detect here) play beneficial actions against metabolic disorders, and whether such actions are due to anti-inflammatory effects similar to those reported for DHEA and EPEA.

Concerning the gut microbiota results, the metataxonomic analysis performed here showed that only few differences can be induced by hemp seed or linseed substitution versus the LFLS or HFHS diets. The paucity of the observed changes might be due to the fact that our control (LFLS) diet did not contain considerable amounts of fiber, as in typical chow diets. Thus, the amount of seed may not have been sufficient to overcome the changes induced by the experimental diets over chow. Alternatively, possibly contrasting effects of hemp seed fiber, FA or protein contents may explain the small effect on fecal microbiota composition given that previous studies with linseed oil found that linseed oil substitution within a high-fat diet improved gut microbiota diversity, reducing the abundance of the Firmicutes phylum in mice (76). A recent study with hemp seeds found improved gut microbiota profile by decreasing the relative abundance of E. coli and increasing that of Bifidobacterium and Lactobacillus species after 11 weeks of dietary intervention in mice (77). At any rate, we did observe here some differences at the family level, where the Clostridiaceae 1 was more abundant in Hemp versus Lin group, and Rikenellaceae was more abundant in the Hemp and HFHS versus the LFLS group. The interpretation of these results seems difficult due to the paucity of information on the role in metabolism and inflammation of these two families; however, Clostridiaceae 1 abundance has been found to correlate with increased mucosal thickness in association with decreased inflammation (78), which may be of relevance to the decreased intestinal permeability we observed in mice fed hemp seeds. Furthermore, while contradictory evidence exists with respect to the association of Clostridiaceae with obesity, this family has recently been reported to be more abundant in lean mice (79) and humans (80) as well as being associated with decreased type 2 diabetes (81). A previous study in piglets showed that fish oil alleviates inflammation and parenteral nutrition-associated liver diseases and intestinal injury while concomitantly increasing Rikenellaceae (82), a family also associated with anti-inflammatory actions against ulcerative colitis (83). It is important to note that the microbiomes of mice and humans are not particularly similar and may very well react overall differently to any given dietary component: This makes generalizing difficult, especially given that few families were identified in our studies has having responded to the diets. Furthermore, our analyses did not identify specific genera that can account for the different abundances of the above families. Regardless, our study supports the notion that whole hemp seeds have potentially beneficial prebiotic characteristics, which may be further enhanced through fermentation (84, 85). The contribution of individual hemp seed components responsible for the above discussed effects remain to be identified in future studies, however, with SDA and SDA-rich oils being of particular interest to metabolic health and effects on the microbiome (manuscript in preparation).

In conclusion, the results of this study suggest that whole linseed substitution of an HFHS diet results in increased weight gain and adiposity, which likely results in the worsening of some metabolic and inflammatory parameters, a worsening that is not observed when using instead hemp seed substitution. Hemp seed substitution of the HFHS, in addition to having no effect on weight or adiposity, instead abrogated HFHS-induced elevation of inflammatory markers in association with improved gut permeability. However, eCBome modulation was similar with the two diets, even though Linseeds contain three times more omega-3 FAs than hemp seeds. In fact, the observed metabolic and inflammatory marker changes were associated with a general decrease in AEA and an increase in omega-3 FA containing endocannabinoidome bioactive lipids. Additionally, more beneficial effects on the gut microbiome by the hemp seed versus linseed substitution may have been partly unnoticed in our study, due to the comparison with a LFLS diet instead of a chow diet, which might also explain some of the differences observed here between the two diets, especially in relation to the inflammatory profile of the adipose tissue. Thus, hemp seed-containing foods might represent a source of healthy fats and effective nutrients that are not likely to exacerbate the metabolic consequences of the commonly consumed, obesogenic diets in Western societies, while producing some anti-inflammatory actions.



Data availability statement

All 16S sequencing data has been deposited in the NCBI with SRA accession number of PRJNA809548.



Ethics statement

The animal study was reviewed and approved by Institutional Review Board of the Laval University for the protection of animals (license # 2018101-1).



Author contributions

Conceptualization, CS; investigation, RB, CMan, SL, CMar and NF; writing, RB, CS and VD review and editing, NF, CS and VD visualization, RB, SL and CS; supervision, CS and VD project administration, RB; funding acquisition, CS and VD. All authors have read and agreed to the published version of the manuscript.



Funding

RN was supported by a Mitacs grant (IT15195) obtained in partnership with Nature’s Decision, who also provided the hemp seeds via Igor Kovalchuk (University of Lethbridge, Canada). VD is the holder of the Canada Excellence Research Chair on the Microbiome-Endocannabinoidome Axis in Metabolic Health (CERC-MEND) at Université Laval, funded by the Federal Tri-Agency of Canada. VD is the recipient of two Canada Foundation for Innovation grants (37392 and 37858) which supported this work. Computing was performed on Compute Canada infrastructure (RRG2734).



Acknowledgments

We wish to acknowledge the efforts of Ida Sogaard Larsen who aided in completion of OGTTs and Bruno Marcotte who aided in completion of Bioplex analysis.



Conflict of interest

The 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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.882455/full#supplementary-material



References

1. Simopoulos, AP. An increase in the omega-6/Omega-3 fatty acid ratio increases the risk for obesity. Nutrients (2016) 8(3):128. doi: 10.3390/nu8030128

2. Simopoulos, AP. Genetic variation and evolutionary aspects of diet a papas (Ed.), antioxidants in nutrition and health. Boca Raton: CRC Press (1999) p. 65–88.

3. Birch, EE, Hoffman, DR, Castañeda, YS, Fawcett, SL, Birch, DG, and Uauy, RD. A randomized controlled trial of long-chain polyunsaturated fatty acid supplementation of formula in term infants after weaning at 6 wk of age. Am J Clin Nutr (2002) 75:570–80. doi: 10.1093/ajcn/75.3.570

4. Guesnet, P, Pugo-Gunsam, P, Maurage, C, Pinault, M, Giraudeau, B, Alessandri, JM, et al. Blood lipid concenttrations of docosahexaenoic and arachidonic acids at birth determine their relative postnatal changes in term infants fed breast milk or formula. Am J Clin Nutr (1999) 70:292–8. doi: 10.1093/ajcn.70.2.292

5. Khan, SU, Lone, AN, Khan, MS, Virani, SS, Blumenthal, RS, Nasir, K, et al. Effect of omega-3 fatty acids on cardiovascular outcomes: A systematic review and meta-analysis. EClinicalMedicine (2021) 38:100997. doi: 10.1016/j.eclinm.2021.100997

6. Jang, H, and Park, K. Omega-3 and omega-6 polyunsaturated fatty acids and metabolic syndrome: A systematic review and meta-analysis. Clin Nutr (2020) 39(3):765–73. doi: 10.1016/j.clnu.2019.03.032

7. Batetta, B, Griinari, M, Carta, G, Murru, E, Ligresti, A, Cordeddu, L, et al. Endocannabinoids may mediate the ability of (n-3) fatty acids to reduce ectopic fat and inflammatory mediators in obese zucker rats. J Nutr (2009) 139(8):1495−501. doi: 10.3945/jn.109.104844

8. Hals, PA, Wang, X, Piscitelli, F, Di Marzo, V, and Xiao, YF. The time course of erythrocyte membrane fatty acid concentrations during and after treatment of non-human primates with increasing doses of an omega-3 rich phospholipid preparation derived from krill-oil. Lipids Health Dis (2017) 16:16. doi: 10.1186/s12944-017-0414-9

9. Li, J, Zhang, H, Dong, Y, Wang, X, and Wang, G. Omega-3FAs can inhibit the inflammation and insulin resistance of adipose tissue caused by HHcy induced lipids profile changing in mice. Front Physiol (2021) 12:628122. doi: 10.3389/fphys.2021.628122

10. Silvestri, C, and Di Marzo, V. The endocannabinoid system in energy homeostasis and the etiopathology of metabolic disorders. Cell Metab (2013) 17(4):475–90. doi: 10.1016/j.cmet.2013.03.001

11. Meijerink, J, Balvers, M, and Witkamp, R. N-acyl amines of docosahexaenoic acid and other n–3 polyunsatured fatty acids – from fishy endocannabinoids to potential leads. Br J Pharmacol (2013) 169(4):772–83. doi: 10.1111/bph.12030

12. Banni, S, and Di Marzo, V. Effect of dietary fat on endocannabinoids and related mediators: consequences on energy homeostasis, inflammation and mood. Mol Nutr Food Res (2010) 54(1):82−92. doi: 10.1002/mnfr.200900516

13. Mechoulam, R, Ben-Shabat, S, Hanus, L, Ligumsky, M, Kaminski, NE, Schatz, AR, et al. Identification of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid receptors. Biochem Pharmacol (1995) 50(1):83−90. doi: 10.1016/0006-2952(95)00109-D

14. Di Marzo, V. New approaches and challenges to targeting the endocannabinoid system. Nat Rev Drug Discov (2018) 17:623–39. doi: 10.1038/nrd.2018.115

15. Piscitelli, F, Carta, G, Bisogno, T, Murru, E, Cordeddu, L, Berge, K, et al. E_ect of dietary krill oil supplementation on the endocannabinoidome of metabolically relevant tissues from high-fat-fed mice. Nutr Metab (Lond) (2011) 8:51. doi: 10.1186/1743-7075-8-51

16. Osei-Hyiaman, D, DePetrillo, M, Pacher, P, Liu, J, Radaeva, S, Bátkai, S, et al. Endocannabinoid activation at hepatic CB1 receptors stimulates fatty acid synthesis and contributes to diet-induced obesity. J Clin Invest (2005) 115:1298–305. doi: 10.1172/JCI200523057

17. Alvheim, AR, Malde, MK, Osei-Hyiaman, D, Lin, YH, Pawlosky, RJ, Madsen, L, et al. Dietary linoleic acid elevates endogenous 2-AG and anandamide and induces obesity. Obes (Silver Spring) (2012) 20:1984–94. doi: 10.1038/oby.2012.38

18. Matias, I, Petrosino, S, Racioppi, A, Capasso, R, Izzo, AA, and Di Marzo, V. Dysregulation of peripheral endocannabinoid levels in hyperglycemia and obesity: E_ect of high fat diets. Mol Cell Endocrinol (2008) 286:S66–78. doi: 10.1016/j.mce.2008.01.026

19. Banni, S, Carta, G, Murru, E, Cordeddu, L, Giordano, E, Sirigu, AR, et al. Krill oil significantly decreases 2-arachidonoylglycerol plasma levels in obese subjects. Nutr Metab (Lond) (2011) 8(1):7. doi: 10.1186/1743-7075-8-7

20. Bluher, M, Engeli, S, Kloting, N, Berndt, J, Fasshauer, M, Batkai, S, et al. Dysregulation of the peripheral and adipose tissue endocannabinoid system in human abdominal obesity. Diabetes (2006) 55:3053–60. doi: 10.2337/db06-0812

21. Demizieux, L, Piscitelli, F, Troy-Fioramonti, S, Iannotti, FA, Borrino, S, Gresti, J, et al. Early low-fat diet enriched with linolenic acid reduces liver endocannabinoid tone and improves late glycemic control after a high-fat diet challenge in mice. Diabetes (2016) 65(7):1824−37. doi: 10.2337/db15-1279

22. Piscitelli, F, Carta, G, Bisogno, T, Murru, E, Cordeddu, L, Berge, K, et al. Effect of dietary krill oil supplementation on the endocannabinoidome of metabolically relevant tissues from high-fat-fed mice. Nutr Metab (2011) 8(1):51. doi: 10.1186/1743-7075-8-51

23. Berge, K, Piscitelli, F, Hoem, N, Silvestri, C, Meyer, I, Banni, S, et al. Chronic treatment with krill powder reduces plasma triglyceride and anandamide levels in mildly obese men. Lipids Health Dis (2013) 12:78. doi: 10.1186/1476-511X-12-78

24. Castonguay-Paradis, S, Lacroix, S, Rochefort, G, Parent, L, Perron, J, and Martin, C. Dietary fatty acid intake and gut microbiota determine circulating endocannabinoidome signaling beyond the effect of body fat. Sci Rep (2020) 10:15975. doi: 10.1038/s41598-020-72861-3

25. Silvestri, C, and Di Marzo, V. Second generation CB1 receptor blockers and other inhibitors of peripheral endocannabinoid overactivity and the rationale of their use against metabolic disorders. Expert Opin Investig Drugs (2012) 21(9):1309−22. doi: 10.1517/13543784.2012.704019

26. Wainwright, CL, and Michel, L. Endocannabinoid system as a potential mechanism for n-3 long-chain polyunsaturated fatty acid mediated cardiovascular protection. Proc Nutr Soc (2013) 72(4):460−9. doi: 10.1017/S0029665113003406

27. Meijerink, J, Balvers, M, and Witkamp, R. N-acyl amines of docosahexaenoic acid and other n-3 polyunsatured fatty acids - from fishy endocannabinoids to potential leads. Br J Pharmacol (2013) 169(4):772–83. doi: 10.1111/bph.12030

28. McDougle, DR, Watson, JE, Abdeen, AA, Adili, R, Caputo, MP, Krapf, JE, et al. Anti-inflammatory ω-3 endocannabinoid epoxides. Proc Natl Acad Sci (2017) 114(30):E6034–43. doi: 10.1073/pnas.1610325114

29. Kasselman, LJ, Vernice, NA, DeLeon, J, and Reiss, AB. The gut microbiome and elevated cardiovascular risk in obesity and autoimmunity. Atherosclerosis (2018) 271:203–13. doi: 10.1016/j.atherosclerosis.2018.02.036

30. Pu, S, Khazanehei, H, Jones, PJ, and Khafipour, E. Interactions between obesity status and dietary intake of monounsaturated and polyunsaturated oils on human gut microbiome profiles in the canola oil multicenter intervention trial (COMIT). Front Microbiol (2016) 7:1612. doi: 10.3389/fmicb.2016.01612

31. Cui, C, Li, Y, Gao, H, Zhang, H, Han, J, Zhang, D, et al. Modulation of the gut microbiota by the mixture of fish oil and krill oil in high-fat diet-induced obesity mice. PloS One (2017) 12:e0186216. doi: 10.1371/journal.pone.0186216

32. 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 USA (2013) 110:9066–71. doi: 10.1073/pnas.1219451110

33. Karlsson, CJL, Onnerfält, J, Xu, J, Molin, G, Ahrné, S, and Thorngren-Jerneck, K. The microbiota of the gut in preschool children with normal and excessive body weight. Obes (Silver Spring) (2012) 20:2257–61. doi: 10.1038/oby.2012.110

34. Ansaldo, E, Slayden, LC, Ching, KL, Koch, MA, Wolf, NK, Plichta, DR, et al. Akkermansia muciniphila induces intestinal adaptive immune responses during homeostasis. Science (2019) 364(6446):1179–84. doi: 10.1126/science.aaw7479

35. Cani, PD, Plovier, H, Van Hul, M, Geurts, L, Delzenne, NM, Druart, C, et al. Endocannabinoids–at the crossroads between the gut microbiota and host metabolism. Nat Rev Endocrinol (2016) 12(3):133−43. doi: 10.1038/nrendo.2015.211

36. Everard, A, and Cani, PD. Diabetes, obesity and gut microbiota. Best Pract Res Clin Gastroenterol (2013) 27:73–83. doi: 10.1016/j.bpg.2013.03.007

37. Muccioli, GG, Naslain, D, Bäckhed, F, Reigstad, CS, Lambert, DM, Delzenne, NM, et al. The endocannabinoid system links gut microbiota to adipogenesis. Mol Syst Biol (2010) 6:392. doi: 10.1038/msb.2010.46

38. Manca, C, Boubertakh, B, Leblanc, N, Deschênes, T, Lacroix, S, Martin, C, et al. Germ-free mice exhibit profound gut microbiota-dependent alterations of intestinal endocannabinoidome signaling. J Lipid Res (2020) 61(1):70–85. doi: 10.1194/jlr.RA119000424

39. Dione, N, Lacroix, S, Taschler, U, Deschênes, T, Abolghasemi, A, Leblanc, N, et al. Mgll knockout mouse resistance to diet-induced dysmetabolism is associated with altered gut microbiota. Cells (2020) 9(12):2705. doi: 10.3390/cells9122705

40. Cani, PD, Plovier, H, Van Hul, M, Geurts, L, Delzenne, NM, Druart, C, et al. Endocannabinoids–At the crossroads between the gut microbiota and host metabolism. Nat Rev Endocrinol (2016) 12:133–43. doi: 10.1038/nrendo.2015.211

41. Surette, ME, Edens, M, Chilton, FH, and Tramposch, KM. Dietary echium oil increases plasma and neutrophil long-chain (n-3) fatty acids and lowers serum triacylglycerols in hypertriglyceridemic humans. J Nutr (2004) 134(6):1406–11. doi: 10.1093/jn/134.6.1406

42. Kawabata, T, Shimoda, K, Horiguchi, S, Domon, M, Hagiwara, C, Takiyama, M, et al. Influences of stearidonic acid-enriched soybean oil on the blood and organ biochemical parameters in rats. Prostaglandins Leukot Essent Fatty Acids (2013) 88(2):179–84. doi: 10.1016/j.plefa.2012.11.004

43. Rodriguez-Leyva, D, and Pierce, GN. The cardiac and haemostatic effects of dietary hempseed. Nutr Metabol (2010) 7:32. doi: 10.1186/1743-7075-7-32

44. Shafie, SR, Wanyonyi, S, Panchal, SK, and Brown, L. Linseed components are more effective than whole linseed in reversing diet-induced metabolic syndrome in rats. Nutrients (2019) 11(7):1677. doi: 10.3390/nu11071677

45. Anhe, FF, Nachbar, RT, Varin, TV, Trottier, J, Dudonné, S, Barz Le, M, et al. Treatment with camu camu (Myrciaria dubia) prevents obesity by altering the gut microbiota and increasing energy expenditure in diet-induced obese mice. Gut (2018) 68(3):453–64. doi: 10.1136/gutjnl-2017-315565

46. Bligh, EG, and Dyer, WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol (1959) 37:911–7. doi: 10.1139/y59-099

47. Everard, A, Plovier, H, Rastelli, M, Hul, MV, de W. d’Oplinter, A, Geurts, L, et al. Intestinal epithelial n -acylphosphatidylethanolamine phospholipase d links dietary fat to metabolic adaptations in obesity and steatosis. Nat Commun (2019) 10:457. doi: 10.1038/s41467-018-08051-7

48. Callahan, BJ, McMurdie, PJ, Rosen, MJ, Han, AW, Johnson, AJA, and Holmes, SP. DADA2: High-resolution sample inference from illumina amplicon data. Nat Methods (2016) 13:581–3. doi: 10.1038/nmeth.3869

49. Paulson, JN, Stine, OC, Bravo, HC, and Pop, M. Differential abundance analysis for microbial marker-gene surveys. Nat Methods (2013) 10(12):1200–2. doi: 10.1038/nmeth.2658

50. Anderson, MJ. In Wiley StatsRef: Statistics reference online (2017). American Cancer Society. Available at: http://onlinelibrary.wiley.com/doi/abs/10.1002/9781118445112.stat07841 (Accessed June 26, 2019).

51. Münzberg, H, and Morrison, CD. Structure, production and signaling of leptin. Metabolism (2015) 64(1):13–23. doi: 10.1016/j.metabol.2014.09.010

52. Salgado, AL, Carvalho, Ld, Oliveira, AC, Santos, VN, Vieira, JG, and Parise, ER. Insulin resistance index (HOMA-IR) in the differentiation of patients with non-alcoholic fatty liver disease and healthy individuals. Arq Gastroenterol (2010) 47(2):165–9. doi: 10.1590/s0004-28032010000200009

53. Bugianesi, E, Moscatiello, S, Ciaravella, MF, and Marchesini, G. Insulin resistance in nonalcoholic fatty liver disease. Curr Pharm Des (2010) 16(17):1941–51. doi: 10.2174/138161210791208875

54. Cheru, L, Saylor, CF, and Lo, J. Gastrointestinal barrier breakdown and adipose tissue inflammation. Curr Obes Rep (2019) 8(2):165–74. doi: 10.1007/s13679-019-00332-6

55. Hou, B, Eren, M, Painter, CA, Covington, JW, Dixon, JD, Schoenhard, JA, et al. Tumor necrosis factor α activates the human plasminogen activator inhibitor-1 gene through a distal nuclear factor κB site *. J Biol Chem (2004) 279(18):18127–36. doi: 10.1074/jbc.M310438200

56. Srikanthan, K, Feyh, A, Visweshwar, H, Shapiro, JI, and Sodhi, K. Systematic review of metabolic syndrome biomarkers: A panel for early detection, management, and risk stratification in the West Virginian population. Int J Med Sci (2016) 13(1):25–38. doi: 10.7150/ijms.13800

57. Jung, RG, Motazedian, P, Ramirez, FD, Simard, T, Di Santo, P, Visintini, S, et al. Association between plasminogen activator inhibitor-1 and cardiovascular events: a systematic review and meta-analysis. Thromb J (2018) 16(1):12. doi: 10.1186/s12959-018-0166-4

58. Kaiko, GE, Chen, F, Lai, CW, Chiang, IL, Perrigoue, J, Stojmirović, A, et al. PAI-1 augments mucosal damage in colitis. Sci Transl Med (2019) 11(482):eaat0852. doi: 10.1126/scitranslmed.aat0852

59. Acosta, JR, Tavira, B, Douagi, I, Kulyté, A, Arner, P, Rydén, M, et al. Human-specific function of IL-10 in adipose tissue linked to insulin resistance. J Clin Endocrinol Metab (2019) 104(10):4552–62. doi: 10.1210/jc.2019-00341

60. Borst, SE. The role of TNF-alpha in insulin resistance. Endocrine (2004) 23(2-3):177–82. doi: 10.1385/ENDO:23:2-3:177

61. Opyd, PM, Jurgoński, A, Fotschki, B, and Juśkiewicz, J. Dietary hemp seeds more effectively attenuate disorders in genetically obese rats than their lipid fraction. J Nutr (2020) 150, Issue 6:1425–33. doi: 10.1093/jn/nxaa081

62. Feig, JE, Rong, JX, Shamir, R, Sanson, M, Vengrenyuk, Y, Liu, J, et al. HDL promotes rapid atherosclerosis regression in mice and alters inflammatory properties of plaque monocyte-derived cells. Proc Natl Acad Sci (2011) 108(17):7166. doi: 10.1073/pnas.1016086108

63. Kim, H-Y, and Spector, AA. Synaptamide, endocannabinoid-like derivative of docosahexaenoic acid with cannabinoid-independent function. Prostaglandins Leukot Essent Fatty Acids (2013) 88:121–5. doi: 10.1016/j.plefa.2012.08.002

64. Clark, TM, Jones, JM, Hall, AG, Tabner, SA, and Kmiec, RL. Theoretical explanation for reduced body mass index and obesity rates in cannabis users. Cannabis Cannabinoid Res (2018) 3(1):259–71. doi: 10.1089/can.2018.0045

65. Forteza, F, Bourdeau-Julien, I, Nguyen, GQ, Guevara Agudelo, FA, Rochefort, G, Parent, L, et al. Influence of diet on acute endocannabinoidome mediator levels post exercise in active women, a crossover randomized study. Sci Rep (2022) 12(1):8568. doi: 10.1038/s41598-022-10757-0

66. Callaway, JC. Hempseed as a nutritional resource: an overview. Euphytica (2004) 140:65–72. doi: 10.1007/s10681-004-4811-6

67. Porto, CD, Decorti, D, and Tubaro, F. Fatty acid composition and oxidation stability of hemp (Cannabis sativa l.) seed oil extracted by supercritical carbon dioxide. Ind Crops Prod (2012) 36(1):401–4. doi: 10.1016/j.indcrop.2011.09.015

68. Baker, EJ, Miles, EA, Burdge, GC, Yaqoob, P, and Calder, PC. Metabolism and functional effects of plant-derived omega-3 fatty acids in humans. Prog Lipid Res (2016) 64:30–56. doi: 10.1016/j.plipres.2016.07.002

69. Forrest, LM, Boudyguina, E, Wilson, MD, and Parks, JS. Echium oil reduces atherosclerosis in apoB100-only LDLrKO mice. Atherosclerosis (2012) 220(1):118–21. doi: 10.1016/j.atherosclerosis.2011.10.025

70. Kuhnt, K, Fuhrmann, C, Köhler, M, Kiehntopf, M, and Jahreis, G. Dietary echium oil increases long-chain n-3 PUFAs, including docosapentaenoic acid, in blood fractions and alters biochemical markers for cardiovascular disease independently of age, sex, and metabolic syndrome. J Nutr (2014) 144(4):447–60. doi: 10.3945/jn.113.180802

71. Botelho, PB, Mariano Kda, R, Rogero, MM, and de Castro, IA. Effect of echium oil compared with marine oils on lipid profile and inhibition of hepatic steatosis in LDLr knockout mice. Lipids Health Dis (2013) 12:38. doi: 10.1186/1476-511X-12-38

72. Arm, JP, Boyce, JA, Wang, L, Chhay, H, Zahid, M, Patil, V, et al. Impact of botanical oils on polyunsaturated fatty acid metabolism and leukotriene generation in mild asthmatics. Lipids Health Dis (2013) 12:141. doi: 10.1186/1476-511X-12-141

73. Subedi, K, Yu, HM, Newell, M, Weselake, RJ, Meesapyodsuk, D, Qiu, X, et al. Stearidonic acid-enriched flax oil reduces the growth of human breast cancer in vitro and in vivo. Breast Cancer Res Treat (2015) 149(1):17–29. doi: 10.1007/s10549-014-3212-3

74. Harris, WS, Tintle, NL, Imamura, F, Qian, F, Korat Ardisson, AV., and Marklund, M. Blood n-3 fatty acid levels and total and cause-specific mortality from 17 prospective studies. Nat Commun (2021) 12:2329. doi: 10.1038/s41467-021-22370-2

75. Brown, KM, Sharma, S, Baker, E, Hawkins, W, van der Merwe, M, and Puppa, MJ. Delta-6-desaturase (FADS2) inhibition and omega-3 fatty acids in skeletal muscle protein turnover. Biochem Biophys Rep (2019) 18:100622. doi: 10.1016/j.bbrep.2019.100622

76. Millman, J, Okamoto, S, Kimura, A, Uema, T, Higa, M, Yonamine, M, et al. Metabolically and immunologically beneficial impact of extra virgin olive and flaxseed oils on composition of gut microbiota in mice. Eur J Nutr (2020) 59(6):2411–25. doi: 10.1007/s00394-019-02088-0

77. Li, XY, Liu, YH, Wang, B, Chen, CY, Zhang, HM, and Kang, JX. Identification of a sustainable two-plant diet that effectively prevents age-related metabolic syndrome and extends lifespan in aged mice. J Nutr Biochem (2018) 51:16–26. doi: 10.1016/j.jnutbio.2017.09.003

78. Wlodarska, M, Willing, BP, Bravo, DM, and Finlay, BB. Phytonutrient diet supplementation promotes beneficial clostridia species and intestinal mucus secretion resulting in protection against enteric infection. Sci Rep (2015) 5:9253. doi: 10.1038/srep09253

79. Qin, Y, Roberts, JD, Grimm, SA, Lih, FB, Deterding, LJ, Li, R, et al. An obesity-associated gut microbiome reprograms the intestinal epigenome and leads to altered colonic gene expression. Genome Biol (2018) 19(1):7. doi: 10.1186/s13059-018-1389-1

80. Peters, BA, Shapiro, JA, Church, TR, Miller, G, Trinh-Shevrin, C, Yuen, E, et al. A taxonomic signature of obesity in a large study of American adults. Sci Rep (2018) 8(1):9749. doi: 10.1038/s41598-018-28126-1

81. Chen, Z, Radjabzadeh, D, Chen, L, Kurilshikov, A, Kavousi, M, Ahmadizar, F, et al. Association of insulin resistance and type 2 diabetes with gut microbial diversity: A microbiome-wide analysis from population studies. JAMA Netw Open (2021) 4(7):e2118811. doi: 10.1001/jamanetworkopen.2021.18811

82. Chen, S, Xiao, Y, Liu, Y, Tian, X, Wang, W, Jiang, L, et al. Fish oil-based lipid emulsion alleviates parenteral nutrition-associated liver diseases and intestinal injury in piglets. JPEN J Parenter Enteral Nutr (2021) 46(3):709–20. doi: 10.1002/jpen.2229

83. Schmidt, NS, and Lorentz, A. Dietary restrictions modulate the gut microbiota: Implications for health and disease. Nutr Res N Y N (2021) 89:10–22. doi: 10.1016/j.nutres.2021.03.001

84. Nissen, L, Casciano, F, Babini, E, and Gianotti, A. Prebiotic potential and bioactive volatiles of hemp byproduct fermented by lactobacilli. LWT (2021) 151:112201. doi: 10.1016/j.lwt.2021.112201

85. Nissen, L, di Carlo, E, and Gianotti, A. Prebiotic potential of hemp blended drinks fermented by probiotics. Food Res Int (2020) 131:109029. doi: 10.1016/j.foodres.2020.109029



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 © 2022 Ben Necib, Manca, Lacroix, Martin, Flamand, Di Marzo and Silvestri. 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.




REVIEW

published: 04 October 2022

doi: 10.3389/fimmu.2022.954339

[image: image2]


Possible role of gut microbes and host’s immune response in gut–lung homeostasis


Sonakshi Rastogi 1, Sneha Mohanty 1, Sapna Sharma 2* and Prabhanshu Tripathi 1*


1 Food Drug and Chemical Toxicology Division, Council of Scientific and Industrial Research (CSIR)-Indian Institute of Toxicology Research, Lucknow, Uttar Pradesh, India, 2 Institute of Biosciences and Biotechnology, Shri Ramswaroop Memorial University, Barabanki, Uttar Pradesh, India




Edited by: 

Maria José Rodríguez Lagunas, University of Barcelona, Spain

Reviewed by: 

Medha Priyadarshini, University of Illinois at Chicago, United States

Xiaoyu Hu, Jilin University, China

*Correspondence: 

Prabhanshu Tripathi
 p.tripathi1@iitr.res.in 

Sapna Sharma
 sapnasharma.fobs@srmu.ac.in

Specialty section: 
 This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology


Received: 27 May 2022

Accepted: 07 September 2022

Published: 04 October 2022

Citation:
Rastogi S, Mohanty S, Sharma S and Tripathi P (2022) Possible role of gut microbes and host’s immune response in gut–lung homeostasis. Front. Immunol. 13:954339. doi: 10.3389/fimmu.2022.954339



The vast diversity of microbial communities reside in various locations of the human body, and they are collectively named as the ‘Human Microbiota.’ The majority of those microbes are found in the gastrointestinal and respiratory tracts. The microorganisms present in the gastrointestinal and the respiratory tracts are called the gut microbiota and the airway microbiota, respectively. These microbial communities are known to affect both the metabolic functions and the immune responses of the host. Among multiple factors determining the composition of gut microbiota, diet has played a pivotal role. The gut microbes possess enzymatic machinery for assimilating dietary fibers and releasing different metabolites, primarily short-chain fatty acids (SCFAs). The SCFAs modulate the immune responses of not only the gut but other distal mucosal sites as well, such as the lungs. Dysbiosis in normal gut flora is one of the factors involved in the development of asthma and other respiratory disorders. Of note, several human and murine studies have indicated significant cross-talk between gut microbiota and lung immunity, known as the gut–lung axis. Here, in this review, we summarize the recent state of the field concerning the effect of dietary metabolites, particularly SCFAs, on the “gut–lung axis” as well as discuss its impact on lung health. Moreover, we have highlighted the role of the “gut–lung axis” in SARS-CoV-2 mediated inflammation. Also, to analyze the global research progress on the gut–lung axis and to identify the knowledge gap in this field, we have also utilized the bibliographic tools Dimension database and VOS viewer analysis software. Through network mapping and visualization analysis, we can predict the present research trend and the possibility to explore new directions.
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Introduction

The vast diversity of microbial communities reside symbiotically on and within various sites of the human body, like the skin, gastrointestinal tract, oral cavity, respiratory tract, and genital organs; these are collectively known as the “Human Microbiota” (1). The term “microbiota” refers to microbes in a given habitat, whereas the term “microbiome” is used when their genes are also under consideration. Most of the literature uses them interchangeably, and we are also using both terms interchangeably in the review. The microorganisms present in the gastrointestinal and the respiratory tract are known as the gut microbiota and the airway microbiota, respectively (2, 3). These microorganisms belong to archaea, protozoa, viruses, eukaryotes, and predominantly bacteria, which are known to regulate the immune responses and metabolic functions in our body (1). The composition of the gut microbiota is largely determined by the diet (4). The gut microbes possess enzymatic machinery for assimilating dietary fibers which are indigestible by humans, releasing different metabolites as a by-product (5). Emerging evidence supports the role of these microbial metabolites in tuning the immune system of the host (innate as well as adaptive) to maintain the homeostasis between tolerance and response (6). Among metabolites, short-chain fatty acids (SCFAs) are the most extensively studied and are reported to modulate the immune response of not only the gut but other distal mucosal sites as well, such as the lungs (7) Any disturbance in the dynamics of the host–microbe relationship mediated by SCFA is associated with a multitude of health conditions affecting both the gut and the lung, such as asthma, allergy, and cystic fibrosis (8). Micro-aspiration of gut microbes or mobilization of activated immune components via the bloodstream or lymph can also affect lung immune responses (9). Dysbiosis in normal gut microbiota is one of the important factors in the consideration of the development of asthma and other respiratory disorders. Of note, several human and murine studies indicate a significant connection between gut microbiota and lung immunity, known as the gut–lung axis (10). Here, in this review, we have summarized the recent state of the field concerning the effect of dietary metabolites, particularly SCFAs, on the “gut–lung axis” as well as discussed its impact on lung health. Besides, we have highlighted the role of the “gut–lung axis” in virus-mediated inflammation such as SARS-CoV-2 infection.

In order to analyze the research progress on gut-lung axis research and to identify the knowledge gap in this field, we exploited the bibliographic tools available online. Published articles on this subject were collected based on an advanced search system with a defined search strategy using keywords “gut–lung axis” and “SCFAs” from the dimension database. A total number of publications were obtained from the dimension database on 4 February 2021. Results demonstrated that a total of 6,656 publications, seven grants, 501 patents, and two clinical trials were conducted on this topic in the last 20 years (2003–2022) as observed in Figure 1. Assessing the research activities in the last 20 years, clearly proves the growing interest of researchers worldwide in the gut-lung axids with progressive increase in publications (2017—384 publications, 2018—826 publications, 2019—784 publications, 2020—999 publications, and 2021—1,757 publications) in the last 5 years. After importing the data retrieved from the Dimension database, further bibliometric analysis was done using the VOS viewer visualization tool step by step as follows: import the source file, adjust the time slicing, set up the selection criteria and unit of analysis for each analysis. Moreover, the co-citation analysis identifies the relatedness of items and is determined based on the number of times they were cited together. Furthermore, the cluster analysis helps to recognize the structure of research, such as countries or institutes of this research. Using clustering statistics, the proximity of the relationship among items (frequency of co-occurrence within the document) can be determined. These similar relationships are collected to form clusters whose views are independent. In the present study, cluster analysis was performed based on both co-authorship and citation analysis using the VOS viewer. For co-authorship analysis, every circular circle is called a node and represents a research article, and the lines that link nodes represent the co-reference. Figure 2 represents the network visualization of bibliographic coupling among countries. The minimum number of publications for a country was set at 10. Out of 86 countries, 51 met the threshold. The network map showed countries currently working on this topic around the globe. All the countries were linked in nine clusters, with a total of 1,275 links. The frequency of citation is proportional to the thickness of the ring. The author and year of publication of the citation are labeled on that node.




Figure 1 | Year-wise trend in the publication for the last 20 years (2003–2022).






Figure 2 | Network visualization map showing bibliographic coupling of the countries conducting research in the field of gut–lung axis and SCFAs collectively. Connecting line thickness is directly proportional to the coloration strength among the countries. The percentage of association is presented by node and its size. The network map was generated using VOS viewer visualization software.



In Figure 3, representing the network map, it is presumed that a total of 2,828 citations with 841 citation links among 90 researchers were clustered into nine clusters worldwide. The results of this study depend on literature screened from the Dimension core collection database and an attempt being made to recollect the available literature and present it in a systematic way using the VOS viewer. Moreover, using the results obtained from network mapping and visualization analysis, we can predict the present research trend and explore new directions. This study will pave the way for research groups to identify collaborators.




Figure 3 | Network visualization map of co-cited references. Network visualization map of terms in published articles in literature related to the gut–lung axis and SCFAs collectively. The map shows four clusters represented in four different colors. Nodes with similar colors represent a cluster of related citations. The network map was generated using VOS viewer visualization software.





The gut microbiome

The population of commensal microbes reaches its maximal density in the gastrointestinal compartment, forming the richest ecosystem, collectively referred to as the “gut microbiota” (2). Members of gut microbiota are known to develop intricate trophic relationships among themselves and their human host; and mostly belong to Eukarya, Archaea, Viruses, and Bacteria (1). Among gut microbes, Bacteroidetes and Firmicutes are the most abundant phyla, followed by Actinobacteria, Tenericutes, Fusobacteria, Proteobacteria, and Verrucomicrobia (2). A growing literature with scientific evidence ascertains that the initial colonization of gut microbes start immediately after birth and is driven by various factors, primarily the feeding mode of the infant (breast-fed or formula-fed) (11). Human breast milk constitutes human milk oligosaccharides (HMOs) that selectively shape the gut microbes (12). In breast-fed infants, the taxonomic diversity of the gut include higher Lactobacilli, Bifidobacteria, Streptococci, and Staphylococci, while in formula-fed infants, more abundance of Proteobacteria, Clostridia, and Bacteroides was observed (12). The alterations in the compositional diversity during neonatal life have been associated with diseased states in infants that are manifested at later stages of life, such as asthma, inflammatory bowel disease, and metabolic disorders (13). Thus, it is presumed that early gut microbiota composition is responsible for disease progression in later life and that the foundation for a stable adult gut microbiota depends largely on the dietary pattern of infants (13). Early colonization activates the recruitment of several types of immune cells that in turn interact with the epithelial layer of the gut to develop a bridge capable of accumulating the microbes inside the lumen (14). The regulatory mechanisms prevent the unwanted inflammatory responses that may lead to a diseased state in the host (14). In the later stages of life, alterations in gut microbial composition depend upon multiple factors, such as diet, age, lifestyle, frequent infections, medication, hospitalizations, immune strength, and changed gut physiology (15).

Numerous reports are available that indicate that indicate appropriate symbiotic host–microbial interaction greatly contributes to host immune homeostasis and synthesis of micronutrients and vitamins such as thiamine, biotin, riboflavin, cobalamin, pantothenic acids, and nicotine, which are useful for metabolism of both the host as well as the microbe (16). In addition to these, the epithelial cells of the intestine, including goblet cells, enterocytes, and paneth cells, produce numerous antimicrobial peptides like cathelicidins, C-type lectins, and defensins that inhibit the attachment of pathogens and commensals to the gut epithelium (17). The importance of the gut microbiome in the development of mucosal immunity was established by multiple studies comparing germ free (GF) and specific pathogen free (SPF mice) and reviewed in various literature where it was found that GF mice have fewer regulatory T cells (Tregs) and Ig-A secreting plasma cells in the lamina propria (18). In a study by Dickson et al., it was shown that gut microbiota are important in shaping the immune cell repertoire of the lung by directing the development of type 3 innate lymphoid cells (ILC3) (19). Another study from mice has shown that Vancomycin driven dysbiosis in gut microbiota lead to Th2- or Th1/Th17 driven lung diseases (20). In this context, it is assumed that the microbial composition plays a significant role in the host physiology.



The airway microbiome

Compared to the gut microbiome, studies involving airway microbiome are still limited. Recently, through next-generation sequencing techniques, it became clear that the pulmonary tract is not a sterile site and harbors distinct microbial species whose compositional diversity varies substantially between the upper and lower airways. (21). As evidenced by the prevalence of distinct genera in both the lungs and oral cavity, microbial communities in the lungs are partially seeded by microaspiration of the oral microbiome. Among them, species belonging to Prevotella, Streptococcus, and Veillonella are the most common (3). The predominant phyla in the oropharynx are anaerobes such as Firmicutes, Spirochaetes, Bacteroidetes and aerobes such as Rothia, Neisseria, Actinomyces, and Streptococcus while in the lungs is Bacteroidetes and Firmicutes among healthy individuals (9). The community composition also includes other native residents such as saprophytic protozoa, primarily Trichomonas tenax and Entamoeba gingivalis and fungi such as Saccharomyces cerevisiae and Candida albicans (22, 23).The dynamic spectrum of airway microbiota largely rely on its interaction with host diet, nutrition, immune system, genetic predisposition, recurrent infection, hormonal factors, and tobacco smoking (22). In tobacco smoking subjects, lower abundance of genus Prevotella and phylum Firmicutes (genera Megasphaera and Veillonella) is reported (22).

In contrast to the gut, which contains approximately 1011 to 1012 bacteria per gram of tissue, microbial biomass in healthy lungs is significantly less (103 to 105 bacteria per gram of tissue). Though both the respiratory and gastrointestinal tracts are covered with mucus, their micro-anatomical features and origin are distinct (24). Also, the respiratory tract is rich in oxygen (aerobic), whereas the GI tract is anaerobic (24). The temperature of the gut is constant (37°C) from esophagus to large intestine, while the temperature of the pulmonary tract has a gradient from ambient temperature to core body temperature in the lungs (24). Considering the above differential features, the gut and the airways have distinct microbial flora.

Similar to gut microbiota, the establishment of airway microbiota also starts immediately after birth and reaches to a mature compositional diversity in the first three post-natal months. (25). In healthy human lungs, the abundance of rich and diverse microbial communities is determined by the balance of three aspects: (1) removal of commensals from the airways; (2) immigration of bacteria into the airways; and (3) the relative growth rates of bacteria found in the airways that largely depend upon conditions prevailing in different regions of the respiratory tract (19). Elimination of microbes is driven by cough, host immune response, and mucociliary clearance. Ecological factors in the airways like oxygen tension, pH, nutrient availability, temperature, local microbial competition, activation of host inflammatory cells, and pulmonary epithelial cell interactions impact the airway microbiome (19, 26).

The mature airway microbiome has significant implications in development and regulation of adaptive and innate immune responses; therefore, the investigation of airway dysbiosis in the prognosis of multiple pulmonary diseases, primarily chronic obstructive pulmonary disease (COPD), asthma, interstitial respiratory disorders, and idiopathic pulmonary fibrosis is imperative. Nowadays, many research groups have focused on the comparison between the airway microbiota in healthy subjects and those with patients complaining of chronic lung diseases, primarily asthma, lung cancer, COPD, fibrosis idiopathic pulmonary disease, and cystic fibrosis (27, 28). A relative study on microorganisms present in the oral cavity and the lower airways of asthmatic and non-asthmatic patients has contributed to the characterization of microbial signatures associated with diseased states. As evidenced, the Proteobacteria phylum represented by pathogenic genera, such as Haemophilus, Neisseria, and Moraxella, dominated in patients with asthma as compared to non-asthmatic patients (29). Similarly, genera of Klebsiella that also lie within the phylum Proteobacteria were higher in subjects suffering from chronic asthma, while the phylum Actinobacteria was associated with augmentation of disease symptoms (30). These studies recognize the causal connection, which if harnessed, can be exploited as an intervention in treating asthma. Patients with severe neutrophilic asthma receive high inhaled corticosteroid (ICS) doses, leading to airway dysbiosis (31). Importantly, combined treatment of ICSs and oral glucocorticoids resulted in the enrichment of Proteobacteria and Pseudomonas species and a depletion in abundance of Prevotella, Bacteroidetes, and Fusobacteria in their airways (32). For instance, the phylum Actinobacteria was correlated with steroid responsiveness (FKBP5 expression) at the molecular level (30). These scientific studies propound the intricate cross-talk between the drug and the inflammatory milieu of the host in determining the airway microbial diversity of asthmatic patients on corticosteroid treatment. Studies also proved that the loss of airway microbiota diversity is correlated with indices of alveolar inflammation, affecting immunogenic, anatomic, and physiologic features of chronic respiratory diseases in the host (33). Furthermore, advanced approaches are needed to confirm the role of the microbiota of the host as biomarkers for prognosis of diseases and to decipher novel therapeutic interventions that are capable of replenishing airway dysbiosis effectively.



Crosstalk between gut microbes and lungs

The maintenance of the immune system largely depends on gut microbial diversity, which provides metabolites that are responsible for immune system priming and maturation. Also, environmental factors, particularly antibiotic treatment, diet, and emotional stress, can change the gut microbes with reduced diversity of propitious microbial species and overgrowth of virulent strains (34). To elaborate, loss of gut–lung crosstalk is associated with increased susceptibility to airway infections and disorders, such as allergies (35). The importance of the gut–lung axis is demonstrated in patients suffering from GI tract disorders and was also found to be susceptible to disorders pertaining to the pulmonary tract (35). Studies showed a higher risk of asthma in subjects with dysbiosis. In the early life of humans, the lower abundance of bacteria belonging to Akkermansia, Bifidobacteria, and Faecalibacteria in the gastrointestinal tract is associated with greater chances of asthma and atopy (36). Murine and human studies suggest the importance of an early developmental stage in infants where commensals in the gut are responsible for immune response development (36). In addition to allergic airway diseases, studies have also reported the defensive action of gut microbiota against several bacterial and viral respiratory infections by regulating adaptive and innate immune responses (35). Though most of the studies focus on the single way interaction from the gut to the lung, there are chances of crosstalk in the reverse way too. Certain pulmonary disorders, such as asthma, COPD, and cystic fibrosis (CF), are linked with perturbations in both the airway and gastrointestinal microbiota (10). A pulmonary infection in mice tends to indirectly induce intestinal dysbiosis. The resulting change in gut microbiota composition induces inflammation and enteropathy through the enrichment of genus Enterobacteriaceae and the loss in Lactococci and Lactobacilli population (10). Thus, for maintaining homeostasis and educating the host immune response, efficient interaction between the gut and the lungs is pivotal. The detailed pathways highlighting the gut impact on lung health and vice versa are now being studied. There are multiple contributing factors that tend to exert their functional role in establishing the gut–lung axis, which includes both microbial components and their metabolites (7). Among these components, SCFAs are the most important immunomodulatory metabolites with demonstrated protective efficacy in humans suffering from airway inflammation (7). Among children at one year of age, high levels of SCFAs, particularly propionate and butyrate in feces, have been correlated with less atopic sensitization and reduced chances of developing asthma in later years of life (8). In murine models, supplementation with SCFAs is associated with a lower airway inflammatory response in murine models (7). Thus, microbial metabolites play a significant role in the amelioration of pulmonary diseases, particularly by influencing the immune responses of the host.



SCFAs regulate immune responses

Results from several studies on laboratory animals and human cohorts have documented multiple endogenous and exogenous factors like diet, genetics, and age to impact the compositional diversity of the gut microbiota. Among the significant contributing factors, diet is one of the most appealing options for adjunct therapy in gut dysbiosis (37). Diet affects gut microbial dynamics as well as overall health, suggesting a “Diet–Microbiota–Immunity” link (4). A multitude of experimental results indicate the association of high fiber diets with reducing the levels of inflammatory markers (IL-6 and CRP) in serum (38). Regular intake of dietary fibers increases the production of bacterial metabolites, particularly; short-chain fatty acids (SCFAs) (5). These metabolites modulate the immune responses of the host and provide protection against allergic inflammation in the lungs (5). These findings emphasize the importance of diet, microbial metabolites, and gut microbiota in determining lung immune responses. Dietary fibers are unbranched and branched polysaccharides containing monosaccharide chains that are indigestible in the lumen of the small intestine of the host owing to the paucity of appropriate enzymes (39). Diverse classes of dietary fibers are present, and they differ in their ability to undergo fermentation in the gut. Soluble dietary fibers such as inulin, oligofructose, cornstarch, and psyllium have more fermentability and generate a larger quantity of SCFAs in the colonic lumen, while insoluble dietary fibers such as hemicellulose and cellulose have reduced fermentation capacity, thus producing fewer SCFAs (5). Soluble dietary fibers, with greater fermentability potential, serve as an energy source for certain groups of gut bacteria, thereby supporting their growth in the GI tract (39). One of the comparative studies conducted between European and African children, reported higher prevalence of genus Prevotella in the gut of African children with fiber rich diet while European children reported enrichment of the genus Bacteroides in their gut as they were on protein and fat rich diet (40). The fiber rich diet of African children led to enrichment of microbial species, such as Xylanibacter and Prevotella, that express genes for carrying out fermentation of fibrous components, resulting in the secretion of SCFA (e.g., propionate, acetate, and butyrate) (40). A diet enriched with fiber not only change the gut microbial diversity but also influence the airway microbiota.

In order to balance a microbe–host mutualistic relationship in the colonic lumen, the direct interaction between commensal microbes and the epithelial layer is reduced by the secretion of mucus, antimicrobial peptides, and immunoglobulin A (sIgA). The SCFAs play a very important role in maintaining and establishing mucosal immunity in the host by modulating different aspects of these defense lines. To exemplify, SCFAs were reported to promote goblet cells differentiation and mucus production, production of intestinal IgA by augmenting plasma B-cell metabolism and fortifying tight junction permeability, thereby enhancing intestinal epithelial barrier function in the gut of the host (41). In addition to this, SCFAs also sustain intestinal homeostasis by stimulating anti-inflammatory mechanisms. One of the important mechanisms of immunosuppression involves T regulatory (Treg) cells. Mice lacking Treg cell activity were more prone to the development of intestinal inflammation. The Treg cells produce high amounts of the anti-inflammatory cytokine, IL-10, that is needed for maintenance and induction of Treg cells at the molecular level (42). Oral administration of SCFAs stimulates the proliferation of Treg cells in the colonic lumen. Butyrate and propionate fortified diets in mice were found to increase the Treg cell population in the colon (43). The elevated Treg cell population was confined to the neuropillin 1-negative (Nrp1) subset, clearly highlighting the role of butyrate in the differentiation (induction) of naïve T cells into Treg. Also, butyrate elicits production of aldehyde dehydrogenase 1a (Aldh1a) and IL-10 in dendritic cells (DC) and macrophages, thereby inducing differentiation of naïve T cells into Treg cells through the GPR109A signaling pathway (42). Butyrate also suppresses colonic inflammation by inducing transcription of IL-18 (44). Mice lacking GPR109A reported reduced levels of IL-18 in their colon and are marked with higher number of Prevotellaceae family of bacteria as compared to wild type (WT) mice. Both GPR109Aand GPR43 activate pathways to maintain intestinal inflammation and/or gut microbiota.

In the gut, the microbial SCFAs formation leads to a reduced pH of the lumen, which results in inhibition of the growth of enteropathogens. Bifidobacteria produce SCFAs, particularly acetate and butyrate (45, 46). Among SCFAs, butyrate has been prominently known for its anti-inflammatory potential (6). In the gut lumen, the concentration ratio is approximately 15:25:60 butyrate (C4): propionate (C3): acetate (C2), respectively (6). The dietary fibers are fermented into butyrate in a multistep process which is mediated by anaerobic microbes in the colonic lumen, particularly belonging to Clostridium clusters IV and XIVa (Roseburia intestinalis DSM14610 and Anaerostipescaccae DSM14662) and Bifidobacterium (47). After their production as metabolites in the colon, SCFAs are transported into the colonic tissues, which is mediated by several mechanisms, such as either through diffusion, or via transport proteins (HCO3−/SCFA exchange or sodium-coupled monocarboxylate transporter-1).The presence of different types of SCFAs in the peripheral and local milieu is known to exert numerous pleiotropic functions, which include maintaining and reinforcing intestinal–epithelial integrity as well as alleviating inflammatory responses in the GI and respiratory tract of mammals (48). The understanding of how SCFAs derived from commensals associate the gut with the lung is still unexplored. However, SCFAs are known to interact either directly or indirectly with different cells, such as epithelial and lymphocytes.

So far, the underlying mechanisms of SCFAs include two main signaling pathways. Most notably, the direct immune action of SCFAs is through the involvement of G protein-coupled receptors (GPCRs) (48). Among GPCRs, primarily GPR109A (NIACR1), GPR41 (free fatty acid receptor 2, FFAR3), and GPR43 (FFAR2) are differentially expressed by different cell types and tissues (48, 49). Following ligand binding, the GPCRs are coupled to distinct downstream effector molecules, i.e., Gi/o or Gq, thereby resulting in additional complexity to SCFA induced GPCR signal transduction, leading to different outcomes in cellular functions and responses in different cell types (50). Through this G protein receptor-based signal transduction, inflammatory responses are activated. The activation involves several protein kinases, such as phosphoinositide 3 (PI3K)-kinases, mitogen-activated protein (MAP) kinases, and mammalian target of rapamycin (mTOR) (51). Also, SCFAs modulate immune responses by downregulating the gene expression of histone deacetylase (HDAC) in different tissues (52). The suppressive effect of SCFAs is mediated by either diffusion or carrier/transporter proteins (H+-coupled carrier SLC16A1 proteins, Na+-coupled monocarboxylate transporter SLC5A8) (53). GPR43 is also involved in the suppression of colonic inflammation through the β-arrestin2 upregulation that impedes the activity of NF-κB. The opposing roles of GPR43 were discerned in the study where mice deprived of GPR43 activity were found to be susceptible to inflammation in the colon (53). Taken together, SCFAs perform pleiotropic functions in different cells and tissues. The SCFA ligands GPR109A and GPR43 and signaling proteins activate LRR, NACHT, and PYD domain-containing protein 3(NLRP3) inflammasome activation, which supports cellular repair mechanisms. Lack of NLRP3 inflammasome activation in mice leads to a higher susceptibility to developing colon cancers. Notably, dietary fiber-mediated colonic inflammation involves activation of NLRP3 accompanied by GPR43 signaling and K+ efflux (54). Another study demonstrated that chronic colitis induced mice lacking GPR43 were more resistant to developing colonic inflammation than the WT group (55). Considering the reasons for these conflicting reports, it can be deduced that the presence of diverse gut microbiota may be one of them. The two signaling proteins, GPR41 and GPR43, play a role in the clearance and/or colonization of some gut microbes, if not all, which in turn either suppress or promote inflammation in the colon (56). Also, another mechanistic approach of SCFAs in regulating inflammation is mediated by activation of colonic forkhead box P3 (Foxp3)+ Treg cell differentiation involving GPR43 signaling proteins (53). SCFAs modulate immune responses by upregulating the gene expression of histone H3 acetylation at the Foxp3 locus, bringing permissive chromatin structure that leads to greater gene accessibility for transcription. The recent findings stated the role in promoting gut homeostasis by upregulating fatty acid β-oxidation (FAO) pathway in colonic epithelial cells (53). There are several in vitro studies which have shown that the peroxisome proliferator-activated receptor gamma (PPARγ), which is a nuclear transcription factor, is induced by butyrate. The luminal anaerobiosis supports the viability of a butyrate-producing microbes, particularly belonging to the phyla Bacteroidetes and Firmicutes. Concomitantly, gut lumen hypoxia impedes the growth of dysbiotic microbes, largely facultative anaerobic bacteria belonging to the phylum Proteobacteria (54). Given their impact on the intestinal tract, SCFAs can also promote an accumulation of thymic peripheral Treg cells, which is associated with allergic airway diseases, particularly by acting as HDAC inhibitors. During respiratory infection caused by influenza, SCFAs serve as a substrate for FAO to increase cellular metabolism and function of CD8+ T cells. There is a vast literature available voicing and assuring the role of diet, microbiota, SCFAs, and immune response on the gut–lung axis, which are illustrated in Figure 4.




Figure 4 | Detailed mechanisms of gut microbiota in modulating lung immunity through the gut–lung axis. Fermentation of dietary fibers by the gut microbiota results in the production of metabolites, particularly SCFAs. SCFAs either directly migrate to lung tissues through the circulation and regulate pulmonary immunity or promote differentiation and activation of immune cells to produce cytokines and IgA. In the lungs, IgA promotes clearance of pathogens, Treg cells reduce lung inflammation and injury, and certain cytokines (such as TNF-α, IL-4, etc.) alter the immune environment.





Role of the gut microbes and metabolites on lung homeostasis

There are several studies available that confirm the role of gut microbiota in regulating immune responses at distal mucosal sites, particularly in the lungs (57). Both the gut microbes and their metabolites stimulate the mucosal immune responses at distal sites. Based on the functional properties and anatomy, the mucosal immune system acts both as an inductive site as well as an effector. The migration of cells from mucosal inductive site to effector site through the lymphatic system determine the mucosal immune responses in distant organs such as the gastro-intestinal tract, lung, etc. (57). The mucosal inductive sites form mucosa-associated lymphoid tissue (MALT), which is covered by microfold (M) cells that take up antigens present in the lumen of the intestinal mucosa and transfer them to dendritic cells (DCs), which in turn present antigens and initiate the mucosal T and B-cell responses. MALT is comprised of both nasopharyngeal associated lymphoid tissues (NALT) and gut-associated lymphoid tissues (GALT) (57). The GALT work as inductive sites and are comprised of organized lymphoid tissues (Peyer patches and mesenteric lymph nodes). Upon antigen exposure (like gut pathogens), GALT-DCs initiate differentiation of IgA-secreting plasma B cells (58). These differentiated IgA-producing plasma cells move out into the bloodstream and reach the gastrointestinal effector site (lamina propria) where they act against pathogenic microbes. Additionally, the gastrointestinal lamina propria region also contains plasma and memory CD4+ T helper cells, which promote the differentiation of IgA-producing B cells. The presence of gut microbiota is critical for controlling the induction and functioning of mucosal immunoglobulin A, as evidenced by studies where immunity and IgA production increase after colonization by gut commensals (58). As both induced T and B cells in Peyer’s patches move into the bloodstream and move to gastrointestinal and extra-intestinal sites like bronchial epithelium, it indicates the passing of “immunological information” between different organs. Also, bloodstream and/or lymph serve as connecting bridge between the gut (where primary sensitization occurs) and the affected site on the lung (58).

Soon after leaving the circulation, immune cells reside in mucosal effector regions in the body, such as the lung. In the lungs, they interact with high endothelial venules (HEVs). Interaction between adhesion molecules, VCAM-1 and α4β1 integrins as well as L-selectin and PNAd are required for the immune cell homing in lungs (59). The T effector memory (TEM) cells, which are formed in response to gut inflammation, express L-selectin/CD62L, which binds with PNAd ligands on the endothelial surface of the lungs as soon as they enter the systemic circulation (59). This demonstrates the migration of gut lymphocytes (IgA plasmablasts and TEMs) to lymphoid tissues of the lung. In line with the above-mentioned facts, it became apparent that the lung and gut together contribute to the mucosal immune system, and an inflammatory response in one of these organs may be reflected in the other organ as well.

The cellular components of the immune system homing in the gastrointestinal lamina propria and mesenteric lymph nodes are capable of neutralizing most of the translocating microbes (60). Most of the live microbes/pathogens as well as the fragments of dead bacteria move from the mesenteric lymphatic system and enter systemic circulation (61) where they can reach lungs and modulate immune response. Microbial metabolites like SCFAs, directly enter systemic circulation and affect lung. Interestingly, high-fiber-fed mice exhibited higher circulating SCFA levels and were found to be protected against allergic inflammation in the lungs, while low-fiber-fed mice showed lower circulating SCFAs and increased susceptibility to allergic pulmonary disease (62). To elucidate, higher SCFA levels are accompanied by a surge in dendritic cell differentiation and proliferation. Subsequently, dendritic cells seed the lungs with high phagocytic capacity and a reduced tendency to promote Th2 cell effector function (62).



Lung microbes influence gut health

Although the mentioned literature dealt with the impact of a complex gut community on pulmonary immune response, the other side still remains unexplored and is a potential area of research. However, till date, only limited studies have established the impact of lung pathogenic microbes on gut health. Few studies involved murine models of influenza, where acute H1N1 and H5N1 influenza A viruses (IAVs) were reported to develop gastrointestinal symptoms, mainly diarrhea and vomiting, owing to gut dysbiosis (63–65). This perturbation of the gut microbiota due to respiratory IAV infection also applies to humans where H7N9 subtype virus infection significantly reduces diversity and enhances the growth of microbes, especially Enterococcus faecium and Escherichia coli (66). Influenza-associated dysbiosis was functionally explored and fully characterized by Sencio and coworkers (2020), who reported the changes in gut (intestinal and cecal) microbiota and subsequent reduction in short-chain fatty acids (SCFAs) production upon sublethal infection with the H3N2 and H1N1 subtypes of influenza in a murine model. In mechanistic terms, diminished SCFA production (predominately acetate) was attributed in part to decreased food consumption, which is a characteristic feature of influenza alterations in the microbiota that compromise respiratory immune response against infection. Supplementation with acetate during influenza infection supported lung defenses against secondary pneumococcal infection in a free fatty acid receptor 2 (FFAR2)-dependent manner, thereby augmenting the lethal outcomes. Moreover, pharmacological activation of SCFA receptor FFAR2 aped the acetate effects and imparted protection against post-influenza pathogenic superinfections (67).

In the lungs, bacterial pneumonia caused by multidrug-resistant Pseudomonas aeruginosa or Staphylococcus aureus induces gastrointestinal enteropathy (68, 69). Moreover, bacterial pneumonia infection specifically by P. aeruginosa has been reported to curtail gastrointestinal epithelial cell proliferation by restricting the M-phase of the cell cycle (58, 70). In order to understand the “lung–gut” axis wherein chronic lung inflammation disturbs the gastrointestinal and blood microbiota composition, an important study was conducted on C57BL/6 mice (71). Acute lung injury induced by an intra-tracheal single dose of lipopolysaccharide showed higher cecum bacterial load and a reduction in bacterial diversity and load in bronchoalveolar lavage fluid (BAL). Notably, a study showed dysbiosis in the airway microbiota is accompanied by an increase in the microbial load in the gut, ultimately leading to the disruption in gut microbial diversity. This gut dysbiosis was attributed to the translocation of bacteria from the lungs into the intestine through the blood (71). Taken together, the lung–gut axis acts as a bilateral loop that is significantly activated by alterations in lung or gut immune responses (61).



Microbial metabolites interfere with SARS-CoV-2 infection

As already mentioned, microbial metabolites, specifically SCFAs in the gut, travel through the circulation and reach the lungs in a bilateral manner, mediating gut–lung axis crosstalk. Most notably, SCFAs from gut microbiota influence the bone marrow hematopoietic precursors, thereby reducing pulmonary inflammatory response. In light of that, it is plausible to assume that SCFAs may influence the host immune responses to viral infection, such as SARS-CoV-2. To date, according to the World Health Organization (WHO), SARS-CoV-2 has already infected more than 3.08 million people worldwide, with 5,492,595 deaths (https://covid19.who.int/). Growing evidence suggests that the SARS-CoV-2 not only targets the pulmonary tract but also infects the intestinal tract as found in the stomach, esophagus, duodenum, and in fecal samples from COVID-19 patients. High loads of replicating viruses were detected in biopsies from the gastrointestinal epithelial layer of the COVID-19 infected subjects (72). Persistent in the gut, SARS-CoV-2 causes diarrhea-like symptoms, which correspond to reduced compositional diversity and richness of the gut microbiota, delayed immune response, and viral clearance (73). Basically, gut microbiota and their metabolites modulate the gene expression of type I interferon receptors in pulmonary epithelial cells that secrete cytokines IFN-α and IFN-β on virus exposure, thereby impeding the replication of virus (74). In addition, signals derived from the gut microbiota also activate specific CD4+ and CD8+ T lymphocytes expressing pro-IL-18, pro-IL-1β, and NLRP3. This inflammasome activation leads to differentiation and migration of dendritic cells from the lungs to the draining lymph nodes after viral exposure (75). In antibiotic-treated mice, expression of IFN-gRI, MHC-I, CD86, and CD40 molecules in peritoneal macrophages is reduced during early response to viral infection, stating that gut microbiota signals the innate immune response prior to viral replication in the host (76). In brief, the gut–lung axis may influence the SARS-CoV-2 replication via 1) microbiota signals the migration of immune cells between mucosal surfaces, the gut and the lungs (77); 2) cytokines and growth factors produced in the gut mucosa reach the systemic circulation and act on mucosal tissues of the lungs in response to commensal microbiota (78); 3) the microbial metabolites, particularly SCFAs, are absorbed in the gut mucosa and attach to immune cell receptors in the pulmonary tract, thereby augmenting anti-viral responses in the lung by regulating mucosal immunity. This effect is known as “metabolic reprogramming” (78).

Pascoal et al., (79) used human intestinal biopsies and intestinal epithelial cells to investigate the impact of SCFAs in the infection by SARS-CoV-2. They did not observe any change in the entry or replication of SARS-CoV-2 in intestinal cells. Microbial metabolites had no effect on intestinal permeability for SARS-CoV2 related antigens and presented only minor effects on the production of anti-viral and inflammatory mediators. In contrast, Baradaran Ghavami et al., (80) discussed SCFA enhances the cellular amount of ATP molecules, acetyl-CoA, and plasma B-cell differentiation derived lipid biogenesis to induce IgAs and Neutralizing Antibodies (NAb) secretion against SARS-CoV-2 infection and modulate immune reactions. Similarly, Piscotta et al., (81) discovered small molecules using a cell-based SARS-CoV-2 infection assay. They screened culture broth extracts from a collection of phylogenetically diverse human-associated bacteria for the production of small molecules with antiviral activity. They purified three bacterial metabolites capable of inhibiting SARS-CoV-2 infection. These natural antiviral compounds exhibit structural and biological similarities to synthetic drugs that have been clinically examined for use against COVID-19.



Concluding remarks

So far, recent progress in host–microbe interaction studies has accentuated the role of microbial metabolites in maintaining tissue and immune homeostasis. Among these commensal-derived metabolites, SCFAs were found to be pivotal signaling molecules that play a significant role in inflammatory and protective immune responses within the gut and in the lungs. The systemic and local SCFA concentrations largely rely on fiber intake in our diets and on the gut commensals that possess the capacity to ferment these fibers. Thus, the fibers in diet are responsible for fostering the healthy gut microbiome by outnumbering the Bacteroides that are capable of enhanced SCFA fermentation. Detailed understanding of the protective role of SCFA in gastrointestinal and pulmonary inflammatory diseases has allowed treating patients by modulating their diet. The mechanistic approach of SCFAs in regulating inflammation is mediated by multiple pathways such as activation of colonic forkhead box P3 (Foxp3)+ Treg cell differentiation, inducing peroxisome proliferator-activated receptor gamma (PPARγ), upregulating fatty acid β-oxidation (FAO) pathway in colonic epithelial cells as well as promoting an accumulation of thymic peripheral Treg cells which is associated with allergic airway diseases, particularly by acting as HDAC inhibitors. However, further detailed studies are needed in the future to ascertain the role of SCFAs in other chronic inflammatory conditions such as autoimmunity and cancer. Taken together, the concept of the gut–lung axis has gained tremendous attention with the discovery of gut microbiota-derived SCFAs in priming the immune system against allergic and infectious responses in the airway. The gut–lung axis may also influence the SARS-CoV-2 replication, which is mediated by SCFAs that are absorbed in the gut mucosa and tend to attach to immune cell receptors in the pulmonary tract, thereby augmenting the anti-viral response in the lung by regulating mucosal immunity. This mechanistic explanation holds great potential for future therapies.
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Non-alcoholic fatty liver disease (NAFLD) is a complex and heterogeneous disorder considered a liver-damaging manifestation of metabolic syndrome. Its prevalence has increased in the last decades due to modern-day lifestyle factors associated with overweight and obesity, making it a relevant public health problem worldwide. The clinical progression of NAFLD is associated with advanced forms of liver injury such as fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). As such, diverse pharmacological strategies have been implemented over the last few years, principally focused on metabolic pathways involved in NAFLD progression. However, a variable response rate has been observed in NAFLD patients, which is explained by the interindividual heterogeneity of susceptibility to liver damage. In this scenario, it is necessary to search for different therapeutic approaches. It is worth noting that chronic low-grade inflammation constitutes a central mechanism in the pathogenesis and progression of NAFLD, associated with abnormal composition of the intestinal microbiota, increased lymphocyte activation in the intestine and immune effector mechanisms in liver. This review aims to discuss the current knowledge about the role of the immune response in NAFLD development. We have focused mainly on the impact of altered gut-liver-microbiota axis communication on immune cell activation in the intestinal mucosa and the role of subsequent lymphocyte homing to the liver in NAFLD development. We further discuss novel clinical trials that addressed the control of the liver and intestinal immune response to complement current NAFLD therapies.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a liver disorder characterized by fat accumulation in at least 5% of the liver cells in individuals without significant alcohol consumption (1) and no secondary causes of chronic liver disease such as hepatitis, medications, toxicants in the environment, parenteral nutrition, Wilson’s disease, and chronic liver disease (hemochromatosis, autoimmune liver disease, chronic viral hepatitis, fatty liver of pregnancy, and tyrosinemia) (2). NAFLD has become a term encompassing a clinicopathological spectrum ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), the more severe form of NAFLD that can lead to advanced fibrosis and cirrhosis. The global prevalence of NAFLD has increased over the last decades; a recent meta-analysis that included 363 studies from 40 countries or regions worldwide reported a pooled estimated prevalence of 29.38% (3). A population-based observational study including 21 regions and 195 countries reported a rise in prevalence from 8.2% in 1990 to 10.9% in 2017, demonstrating a global public health problem (4). NAFLD is commonly related to metabolic syndrome, which in turn is characterized by an increase in the risk of cardiovascular disease (CVD) (5). Interestingly, CVD is the leading cause of NAFLD-related deaths after cirrhosis (6). This evidence emphasizes the need for broad clinical management of the disease to reduce the associated cardiovascular risk.

Despite increasing advances in the understanding of the pathophysiology of NAFLD, the exact mechanisms involved in the progression towards liver damage remain unknown. The “two-hit” hypothesis has been postulated to explain the pathogenesis of NAFLD. Here, the first event or “hit” denotes an increase in lipolysis and the consequent accumulation of triglycerides in the liver (7). The second “hit” is subsequently generated by an imbalance between reactive nitrogen and reactive oxygen species, leading to increased inflammatory injury that is accompanied by the release of various cytokines that contribute to hepatocellular injury and fibrosis (8). In addition to this hypothesis, a decade ago, an alternative model of multiple parallel hits emerged that includes various factors, such as the interaction between the gut microbiota and immune system, that promote the progression from simple steatosis to NASH; these factors have not been wholly described thus far (9).

Elevated immune cell activation has been widely described in the pathophysiology of NAFLD (10). However, the main studies have been centered on evaluating the role of these inflammatory processes in the liver; the activation of the immune response in the gut and its impact on liver function are poorly described. The intestine comprises one of the most oversized compartments of the immune system that is continually exposed to antigens from the diet and the microbiota (11). The balance in the adequate activation of the immune response, either to pathogenic luminal antigens or to commensal tolerogenic stimuli, determines the type of activation of a chronic inflammatory response that could promote liver damage.

This review aims to provide an integrated overview of the current state of knowledge on the role of the immune response in NAFLD. We mainly focused on the innate and adaptive mucosal activation of the intestinal immune response in this disease as a part of the altered communication of the microbiota-gut-liver axis. In addition, based on this knowledge, we expose possible therapeutic targets directed at controlling hepatic and intestinal inflammation and adaptive immune responses.



The microbiota-gut-liver axis in the pathogenesis of NAFLD

The pathogenesis of NAFLD is complex and multifactorial, including genetic predisposition, obesity, insulin resistance, increased immune response, altered gut microbiota, and environmental factors such as diet. These factors configure metabolic syndrome, which is characterized by increased serum-free fatty acid, triglycerides, LDL, and total cholesterol and decreased HDL levels, as well as adipocyte dysfunction. The excess of free fatty acid in the liver leads to steatosis and lipotoxicity that induce mitochondrial dysfunction, oxidative stress, and endoplasmic reticulum stress (12). Accumulated evidence suggests that this oxidative stress process and consequent liver damage through activation of the liver immune response plays an important role in the pathogenesis of NAFLD (13). As result, the activation of these processes leads to a systemic low-grade inflammation with increased levels of cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, proposed as inflammatory markers of NAFLD (14).

In 1982, a positive correlation between intestinal bacterial overgrowth and hepatic steatosis was observed in patients, being the first evidence of the role of the intestinal microbiota in hepatic steatosis (15). Since then, the influence of the intestinal microbiota on the development of liver disease has been highlighted. Many research works have focused on studying NAFLD pathogenesis regarding the interaction between the gut microbiota and liver function (Figure 1). These studies even investigated the intermediary role of the gut immune system in the interplay between the microbiota and liver function. In this regard, it has been observed that microbiota composition is significantly influenced by genetic and environmental factors, such as diet, which induce metabolic changes in the activity of the gut microorganisms. The metabolites released by the microbiota promote inflammatory processes that contribute to the pathogenesis of the disease (16). Therefore, the interaction among the components of the microbiota-gut-liver axis defines the behavior of diverse dependent mechanisms, such as intestinal barrier function, systemic immune responses, and hepatic inflammation, all of which are seriously altered in NAFLD.




Figure 1 | The microbiota-gut-liver axis in NAFLD. Interaction diagram of the different mechanisms of the microbiota-gut-liver axis participating in the pathogenesis of NAFLD. (A) Intestinal gut barrier disruption and increased permeability have been demonstrated in patients with NAFLD along with the decreased expression of junctional adhesion molecule A, zonula occludens-1, and occludin. This alteration causes the transfer of pro-inflammatory products and PAMPs (such as LPS or PGN) to the liver circulation, configuring intestinal inflammation and endotoxemia. The translation of PAMPs causes TLR signaling in the mucosa, which leads to the activation of NLRP3. (B) Diet nutrient composition can affect the quantitative and qualitative composition of the gut microbiota, leading to intestinal dysbiosis and bacterial overgrowth, which impacts the immune response, favoring NAFLD progression. Dysbiosis contributes to the disruption of the intestinal barrier, increasing mucosal permeability, which produces more dysbiosis, thereby creating a vicious cycle. Another consequence of dysbiosis is the alteration in the homeostasis of microbe-derived metabolites, such as a decrease in SCFAs and an increase in BAs. (C) The liver is a vital organ in fat metabolization and undergoes many changes in patients with metabolic syndrome, including the over-accumulation of free fatty acid, activation of KCs due to and the TLR4 pathway, lipotoxicity, increased reactive oxygen species and cytokines, and finally, steatosis. Hepatic CCL5 expression levels have been shown to increase in NAFLD patients. The release of the chemokines CCL2 and CCL5 is crucial in the recruitment of lymphocytes to the liver. The migration of mesenteric lymph node cells into the liver is mediated by CCL5, which induces hepatic CD4+ T and CD8+ T cell activation, subsequently leading to liver injury and the progression of NAFLD. BA, Bile acid; CD, Cluster of differentiation; CCL, C-C motif chemokine ligand; KC, Kupffer cell; LPS, Lipopolysaccharide; NAFLD, Non-alcoholic fatty liver disease; NLRP3, NLR family pyrin domain containing 3; PAMP, pathogen-associated molecular pattern; PGN, Peptidoglycan; ROS, Reactive oxygen species; SCFA, Short-chain fatty acid; TLR, Toll-like receptor.



A loss of intestinal homeostasis induces changes in the diversity and composition of the gut microbiota that impact the mucosal immune response and promote NAFLD progression. Likewise, bacterial overgrowth in the small and large intestine has been observed in patients with NAFLD (17, 18), which has been associated with impairment of the intestinal barrier functions and an activated intestinal immune response in an NAFLD/NASH mouse model (19). In this regard, it is important to consider that the intestinal barrier controls the transport of substances from the gut to the enterohepatic circulation by preventing the translocation of pathogens and molecules, such as pathogen- and damage-associated molecular patterns (PAMPs and DAMPs). Its function involves diverse components, among them the mucus lining and an epithelial monolayer of specialized cells that are bound by junctional complexes. These complexes include tight junctions (TJs), which play a sealing role in the intercellular space to control paracellular passage (20). Increased intestinal permeability and elevated levels of inflammation are positively correlated with the onset and progression of NAFLD (21). Altered gut barrier function in this disorder is related to decreased expression of the TJ proteins zonula occludens-1 (ZO-1) and occludin (22). Under normal conditions, the liver exerts an immune vigilance role by supporting the clearance of bacterial products from the portal circuit. However, when intestinal barrier function is altered, LPS and other bacteria-derived compounds rise in the circulation, increasing the activation of toll-like receptors (TLRs) and other pathogen recognition receptors (PRRs) in the liver, thereby triggering inflammatory responses in this organ (23). Several studies have shown higher LPS content in the serum as well as hepatocytes in NAFLD patients (24, 25). In the liver, through its interaction with TLR4 expressed on resident hepatic macrophages known as Kupffer cells (KCs), LPS triggers a signaling pathway toward activating nuclear factor kappa B (NF-κB), which promotes the expression of pro-inflammatory cytokine genes such as IL-6. A higher number of TLR4-positive macrophages were observed in NASH patients in comparison to patients with simple steatosis and controls, where TLR4 expression was positively correlated with serum LPS levels (24). These data support that the restoration of intestinal permeability via microbiota modulation can be an attractive therapeutic target for NAFLD (26).

Intestinal dysbiosis induces alterations in the produced microbe-derived metabolites including short-chain fatty acids (SCFAs) and secondary bile acids (BAs). The role of each in NAFLD is described below.


The role of SCFAs in NAFLD

SCFAs are produced by anaerobic bacterial fermentation that influences the intestinal epithelial barrier function and immune response. It has been shown that SCFAs modulate the differentiation of several immune cells, such as macrophages, dendritic cells (DCs), and T regulatory cells (Tregs), and contribute to the control of some immune cell functions, like the phagocytic activity of macrophages (27). In this regard, murine colonic macrophages treated with oral butyrate, one of the most common SCFAs in the human intestine, enhanced their antimicrobial activity without an increased inflammatory cytokine response, suggesting that increased intestinal butyrate might represent a strategy to bolster host defenses without damaging tissue inflammation (28). Additionally, it has been demonstrated that butyrate, as well as the other common SCFAs acetate and propionate, can directly promote T cell differentiation into CD4+ T cells producing IL-17, interferon-γ, or IL-10, depending on the cytokine milieu (29). This evidence suggests that the intestinal microbiota, through the production of SCFAs, exerts a regulatory role on the immune response. In vitro studies in several cell types, including monocytes, macrophages, and KCs, have demonstrated that SCFAs suppress the LPS and cytokine-stimulated production of proinflammatory mediators, such as TNF-α, IL-6, and NO (30). Currently, only evidence based on animal models is available; a high-fat diet (HFD) mouse model study showed that the intragastric administration of sodium butyrate ameliorated HFD-induced hepatic steatosis, inflammation, and gut microbiota imbalance in the mice (31). In summary, these findings suggest that SCFAs regulate the development of inflammatory responses in NAFLD, have important anti-inflammatory activity, and may have a beneficial effect. Further research is necessary to determine the specific mechanism by which SCFAs affect the occurrence and development of NAFLD.



The role of BAs in NAFLD

The microbiota-gut-liver axis is essential to regulating systemic metabolism (32). BAs are steroid-derivative components of bile that participate in communication along this axis. They have a significant role in many physiological processes, such as the digestion and solubilization of lipids, the regulation of hepatic glucose levels, and inflammation (33). Under diverse pathological conditions, such as NAFLD, the size of the BA pool and its composition are altered. In patients with NAFLD, the serum’s total, primary, and conjugated BAs are significantly increased, with slight changes in unconjugated BAs. However, secondary BAs were observed to considerably increase in some studies and decrease in others (34). Thus, there is no clear consensus among the studies of hepatic BAs in patients with NAFLD. Despite these contradictory findings, limited clinical studies concluded that hepatic BA homeostasis is dysregulated in this pathology (34), which can be associated with alterations in the regulation of BA homeostasis by the dysbiotic intestinal microbiota. Increased intestinal permeability is associated with alterations in BA composition as well as metabolic endotoxemia and inflammation, which are common findings in patients with NAFLD (35). A study by Gupta et al. in a murine model of NAFLD demostrated that the use of sevelamer hydrochloride to sequester intestinal BAs decreased mucosal inflammation and improved intestinal barrier function. This was correlated with reduced liver injury and reduced hepatosteatosis, demonstrating the therapeutic potential of targeting BAs in NAFLD (36). This evidence suggests that the modulation of BAs and the microbiota can be a good therapeutic target in NAFLD.

In addition, impaired BA signaling has been shown to be an essential mechanism for NAFLD development (37). Through interaction with one of the BA receptors, the farsenoid X receptor (FXR), BA can increase insulin sensitivity and decrease hepatic gluconeogenesis and circulating triglycerides (38). In this regard, Yang et al. observed lower levels of hepatic FXR and elevated triglyceride levels in patients with NAFLD compared to normal controls (39).

Despite evidence that BA can directly modulate both innate and adaptive immune cell responses (40, 41), its role in NAFLD immunity is not well-explored. Diverse BA receptor agonists have attracted the attention as drug candidates for intestinal inflammation (42, 43); however, there are no clinical trials evaluating the targeting of this mechanism in NAFLD.




Gut mucosal immunity in NAFLD

The mucosa of the gastrointestinal tract (GIT) is the most extensive area of the immune system in the human body. Microbial colonization of the GIT in early life is crucial to the proper education and maturation of immune cells since it will determine an effective response against pathogens and tolerance to commensal antigens. The gut mucosal immune response occurs in two different compartments, namely the inductive and effector sites. The first site, in which the adaptive immune response occurs with the priming and differentiation of lymphocytes, includes the mesenteric lymph nodes (MLNs) and the gut-associated lymphoid tissues (GALT) consisting of Peyer’s patches (44) and isolated lymphoid follicles (ILFs), distributed along the small and large intestines (45). The second site comprises the epithelium and intestinal lamina propria, in which immune cells are located and activated to promote intestinal barrier functions (44). In a coordinated manner, both innate and adaptive responses are exerted at the two mucosal sites to respond against pathogenic insult and commensal stimuli.


Innate immune response

Oral substances absorbed in the intestine reach the liver via the portal circulation, continuously exposing this organ to potential antigens. Liver damage can be initiated and enhanced by a local intestinal immune response whose activation promotes inflammation and the migration of immune cells to the liver. The leaky gut processes contribute to intestinal inflammation (Figure 2). The loss of epithelial barrier integrity increases the translocation of microbial components to the lamina propria and liver, activating receptors that initiate signaling conducted by the gene expression of diverse elements of innate immunity. Systemic inflammation contributes to the pathogenesis of NAFLD, characterized by a high number of neutrophils and macrophages in the liver (46). This response leads to liver cell death that supports the disease’s progression (47). Moreover, diverse resident liver cells, like parenchymal hepatocytes and lymphoid and non-lymphoid cells play an essential role in the homeostasis of the liver immune response, apart from being involved in modulating NAFLD progression (48).




Figure 2 | The innate immune response of the gut in NAFLD. Environmental factors such as diet and obesity promote dysbiosis in the gut microbiota, leading to increased levels of PAMPs and impaired intestinal barrier function. The intestinal barrier dysfunction is characterized by the impaired function of several cells, such as goblet cells and Paneth cells, with decreased production of mucin and antimicrobial peptides, respectively. TJ structure and composition disruption also occurs, characterized by reduced ZO-1, ZO-2, and occludin expression. Additionally, alterations of antigen-presenting cell function occur, including decreased phagocytic capacity and increased antigen presentation. These alterations promote increased intestinal permeability and the translocation of PAMPs, leading to increased serum levels of pro-inflammatory cytokines and systemic inflammation. HFD, High-fat diet; IL, Interleukin; LPS, Lipopolysaccharide; NAFLD, Nonalcoholic fatty liver disease; PAMP, pathogen-associated molecular pattern; PGN, Peptidoglycan; TLR, Toll-like receptor; TNF, Tumor necrosis factor.




Intestinal barrier

The intestinal epithelium is a single layer of luminal lining cells in the gut, considered the most significant communication barrier between the internal and external environments (49). The intercellular surface in the epithelium includes diverse junctional complexes, among them desmosomes, adherens junctions (AJs), and TJs. While AJs and desmosomes are essential for the mechanical linkage of adjacent cells (49), TJs play a sealing role that controls the paracellular transport of luminal agents towards the lamina propia (49). It has been observed that the composition of TJ proteins in the small intestine is altered in NAFLD, with decreased expression of ZO-1 (21). As already mentioned, the intestinal microbiota influences intestinal epithelial integrity. In the HFD mouse model, oral treatment with Faecalibacterium prausnitzii, considered a bacterial indicator of a healthy gut, significantly increased the expression of the intestinal TJ protein-encoding Tjp1 gene that encodes the ZO-1 protein (50). Similarly, Briskey et al. showed significant liver steatosis and reduced expression of TJ proteins such as ZO-1 and ZO-2 in an HFD mouse model (51). Interestingly, in this study, probiotic supplementation mitigated the severity of steatosis by partially preventing TJ expression, suggesting that the modulation of TJs is a good strategy to reverse the progression of steatosis in NAFLD.

Other components of the intestinal barrier include the goblet cells and Paneth cells, which can secrete mucins that are part of the intestinal mucus (52) and antimicrobial peptides (53) that control bacterial load at the lumen (54, 55), respectively. These cells are in close interaction with a sizeable population of immune cells immersed in the epithelial layer, such as intraepithelial lymphocytes, which contribute to the first line of defense in the gastrointestinal mucosa (56). An alteration in the number and function of these cell components has been described in animal models of obesity and NAFLD patients. HFD-fed mice showed a decreased number of goblet cells in the ileal crypts and intestinal MUC2 expression (57, 58). These alterations were reversed through the administration of nuciferine, a bioactive component derived from the lotus leaf that could have a protective role in the epithelial layer (57). Additionally, resistin-like molecule β (RELMβ), expressed in the secretory granules of intestinal goblet cells, has been described to regulate gut microbiota composition, contributing to the maintenance of immune response the gut homeostasis. Increased intestinal expression and serum concentrations of RELMβ, which promote insulin resistance, have been observed in HFD-fed mice (59). Furthermore, RELMβ knockout mice were resistant to a methionine- and choline-deficient (MCD) diet, suggesting the contribution of increases in RELMβ to NASH development and raising the possibility that RELMβ is a novel therapeutic target for this pathology (60).

Paneth cells produce defensins (α and β), cathelicidins (LL-37/CRAMP), and C-type lectins (RegIII α/γ/β), which constitute the AMP gut repertoire. These AMPs control the interaction of the gut microbiota with the intestinal mucosa. Mice lacking RegIIIγ have been shown to display an altered mucus distribution that increases the proximity of microbiota to the intestinal epithelium, inducing inflammation in the ileal mucosa. As AMP promotes barrier integrity, a low number of Paneth cells impairs a proper bacterial defense and favors NAFLD progression (61). Moreover, the depletion of Paneth cells’ granules by intravenous dithizone, a zinc chelating agent, has been observed to ameliorate the severity of NAFLD in HFD-fed mice; this effect was associated with changes in gut microbiota composition (62). Furthermore, insufficiency of vitamin D is considered one of the risk factors for metabolic syndrome and NAFLD, which is associated with the decreased production of Paneth cell defensins. In this regard, HFD-fed mice with vitamin D deficiency (HFD+VDD) showed a decrease in the ileum-specific α-defensins of Paneth cells, associated with increased intestinal permeability and gut dysbiosis (58). In the same study, the oral administration of α-defensin-5 in the HFD+VDD model restored the eubiotic state, decreasing Helicobacter hepaticus, a bacteria that causes hepatitis and liver tumors in mouse models, and increasing Akkermansia muciniphila, a symbiotic bacteria, that restored metabolic disturbances (i.e., glucose levels, body mass, and liver fat content) (58). This evidence suggests a protective role for Paneth cell defensins in NAFLD development, mediated by the modulation of gut microbiota composition.



Pattern recognition receptors

A delicate interplay between the gut microbiota, epithelium, and immune cells in the mucosa allows for the maintenance of selective permeability in the intestine (Kolodziejczyk, 2019). PRRs, such as TLRs and NLRs, are responsible for recognizing molecular patterns inducing inflammatory responses that are crucial in the pathogenesis of NAFLD. The intestinal epithelial cells express several TLRs, including TLR1, TLR2, TLR4, TLR5, and TLR9 (63). Regarding the role of intestinal PRRs in NAFLD, upregulated signal activity of TLR4 has been observed in HFD-fed mice, which was associated with the elevated transcription of inflammatory cytokines such as IL-6 and IL-1β (64). TLR4 is expressed in immune cells, mainly of myeloid origin, including monocytes, macrophages, and DCs (65). TLR4 activation in these cells induces the release of inflammatory cytokines and chemokines that promote the further recruitment of innate immune cells to the intestinal mucosa (66). Among the receptors involved in the recruitment of immune cells, the chemokine receptor CX3CR1 is responsible for the maintenance of mononuclear cell populations in the lamina propria (67). It has been seen that CX3CR1 deficiency is associated with a reduced number of resident intestinal macrophages in HFD-fed mice. This finding was associated with an elevation in the translocation of bacterial components to the liver (68), demonstrating that innate cell turnover is essential for intestinal homeostasis and lessening the inflammatory damage in NAFLD.



Peroxisome proliferator-activated receptor

Due to the absence of pharmacological treatments for NAFLD, diverse receptors involved in controlling metabolic disturbances have been studied, among them the PPAR. Three isoforms of PPAR have been described: PPARα, located mainly in the liver; PPARδ (also known as PPARβ), in the skeletal muscle, adipose tissue, and skin; and PPARγ in adipose tissue (69). Free fatty acids, eicosanoids, and other complex lipids are endogenous ligands for PPAR. Once the ligand is bound, a heterodimeric complex with the nuclear retinoid X receptor (RXR) is formed.

Consequently, the expression of several genes and proteins involved in beta-oxidation, fatty acid absorption, adipogenesis, and adipocyte differentiation is upregulated to control the metabolism of lipids and glucose (70). The role of PPARs in innate and adaptive immunity has been widely described, which suggests that their modulation can be considered a target for NAFLD treatment. Activated PPARs regulate the expression of several inflammatory genes expressed in a wide variety of tissues and immune cells, such as macrophages, DCs, T cells, and B cells (71). Indeed, PPARα signal activation suppresses the inflammatory gene expression mediated by the NF-κB pathway, decreasing inflammatory cytokine secretion by diverse cell types. In addition, PPARα regulates the absorption of fatty acids, beta-oxidation, ketogenesis, and bile acid secretion (72). Based on these mechanisms, PPARα regulates the hepatic metabolism of fats (73) and glucose (74). A protective role of these receptors has been demonstrated for hepatic steatosis in the context of HFD-fed mice. Thus, PPARα KO mice developed more severe steatohepatitis with MCD diet compared to wild-type mice. Even treatment with a potent agonist for PPARα, wy-14643, prevented the accumulation of hepatic triglycerides as well as liver damage in wild-type mice but not the KO group (75). In this regard, PPARα activation prevents the accumulation of triglycerides by increasing the catabolism of fatty acids.

Moreover, regarding the the anti-inflammatory role of PPAR, studies have evidenced the inhibitory effect of the agonist of this receptor on the NF-κB signaling pathway (76). In this regard, Delerive et al. observed in primary human hepatocytes that synthetic PPARα activators, such as wy-14643 and fibrates, upregulate the expression of inhibitor of nuclear factor-kappa B alpha (IκBα) and reduce the binding activity of NF-κB to DNA; however, these effects not were observed in PPARα-null mice (77), supporting the use of PPARα agonists as a potential treatment for inflammatory diseases. Further studies are needed to evaluate the role of PPARα agonists in preventing and reversing the inflammatory damage in NAFLD progression.

Regarding the role of other PPAR isoforms, PPARδ is expressed mainly in the skeletal muscle, which regulates mitochondrial metabolism and beta-oxidation. It is localized in hepatocytes, KCs, and hepatic stellate cells in the liver, preventing inflammation and fibrosis (78). A study evaluating the role of PPARδ using the synthetic agonist GW501516 showed reductions in obesity development in the HFD-fed mouse model caused by improved insulin resistance and the prevention of lipid accumulation in the liver (79).

Furthermore, PPARγ ligands can inhibit the activation of macrophages and the production of inflammatory cytokines such as TNF-α, IL-6, and IL-1β (80). PPARγ is mainly expressed in adipose tissue, regulating adipocyte differentiation, adipogenesis, and lipid metabolism (81). Regarding innate immunity, its activation is involved in macrophage phenotype polarization, from M1 (inflammatory) to M2 (anti-inflammatory) (82). Additionally, PPARγ has also been implicated in colonic inflammation, having been identified as a target of mesalazine, a 5-aminosalicylate (5-ASA) (83). As previously reported, the proinflammatory activation of KCs contributes to the progression of NAFLD. In this regard, Lumeng et al. demonstrated that diet-induced obesity leads to a shift in the phenotype activation of macrophages from adipose tissue from M2 to M1, which contributes to insulin resistance (84) in an HFD-fed mouse model. Indeed, another study showed that HFD induced hepatic steatosis and the local proinflammatory response associated with the M1-predominant profiling of KCs. Macrophages and M1 KC activation are regulated by several transcription factors, among them NF-κB. Transcriptional regulation conduced by increased NF-κB signaling in the liver has been observed in HFD-fed mice, resulting in an M1 proinflammatory predominance. Thus, by PPARγ activation, M1 phenotype activation can be diverted to the M2 phenotype. In this regard, Luo et al. (2017) demonstrated a shift in lipid-induced macrophage polarization through the use of PPARγ agonists from M1 to the M2 phenotype mediated by a direct interaction between PPARγ and NF-κBp65. These findindings allow the conclusion that the PPARγ agonist could improve hepatic steatosis by M1 KC polarization in HFD-fed mice (85). In conclusion, diverse strategies focused on modulating PPARγ activity can be effective approaches to control the innate profiling that conduces the progression of inflammatory liver damage.




Adaptive immune response

Unlike innate immunity, the adaptive response induces highly specific responses against harmful antigens. The adaptative immune response starts with the antigen presentation process. The professional antigen-presenting cells (APCs), such as DCs, macrophages, and B cells, induce the activation and differentiation of mucosal T cells in the GALT (86). Consequently, the effector and memory CD4+ helper T cells and CD8+ cytotoxic T cells are generated (87). CD4+ T cells differentiate into Th1, Th2, Th17, Th9, Th22, follicular helper T (Tfh), and peripheral (p) Treg cells, while CD8+ T cells differentiate into Tc1 and Tc2, Tc17, Tc9, and CD8+ reg T cells as major subtypes in response to the cytokine profile that are received during priming (88, 89).


Dendritic cells

Increased activation of the adaptive immune response has been shown in NAFLD in both the intestinal and liver compartments. In this regard, intestinal DCs have emerged as essential mediators of immune responses in non-infectious chronic fibro-inflammatory conditions, such as pulmonary fibrosis, inflammatory bowel disease, and acute pancreatitis (90). Indeed, more DCs have been observed in the small intestine in HFD-induced NAFLD mice compared to normal diet-fed mice (91). Additionally, an MCD diet-induced NASH model in rats characterized by induced liver inflammation showed an increased number of macrophages and DCs in the ileal tissue (92). Specific DC subsets that are altered in NAFLD remain to be identified; therefore, further research is needed to distinguish their phenotype, location, and functional properties to identify specific new therapeutic targets. Altogether, this evidence suggests an increased number of APCs in NAFLD, which may correlate to increased lymphocyte activation.



T helper lymphocyte subsets

Th1 cells primarily produce IFN-γ and TNF-α, which activate macrophages and conduce cytotoxic CD8+ T cell responses, respectively, promoting the elimination of intracellular pathogens such as viruses and bacteria (93). In contrast, Th2 cells produce cytokines such as IL-4, IL-5, IL-9, IL-10, and IL-13, which promote humoral immune responses. A predominance of Th2 responses is observed in pathogenic processes such as allergy (94) and gastrointestinal helminth infections (95). Th17 cells produce IL-17 and IL-22, crucial for host protection against several extracellular pathogens (96). Additionally, Th17 cells secrete IL-22 and granulocyte-macrophage colony-stimulating factor (GM-CSF) to induce neutrophil recruitment (97). Despite Th17 cells playing a relevant physiological role in maintaining populations of commensal bacteria at the gut barrier, they are involved in the progression of many autoimmune diseases and inflammatory disorders (93), among them NASH (98). Th22 cells produce IL-22, IL-13, IL-26, TNF-α, and granzyme B and regulate different antimicrobial proteins produced by intestinal epithelial cells, such as β-defensin 2 (99, 100). It has been shown that Th22 cells may be involved in allergies, autoimmune diseases, intestinal diseases, and tumors (100). Additionally, Th9 cells predominantly secrete the pro-inflammatory cytokine IL-9, which provides immunity against helminths and antitumor immunity (101). pTreg lymphocytes are generated in response to antigen exposure by APCs at the site of inflammation, and their primary function is to promote mucosal tolerance (102). The numerous functions performed by each T cell population highlights its critical role in the intestine based on its specific abilities in controlling intestinal homeostasis, which requires a delicate balance between effector and regulatory responses (103). Furthermore, B cells differentiate into plasma cells that produce immunoglobulins (Igs) in response to direct antigen recognition by surface Igs. The principal Ig secreted by plasma cells is the IgA class, which contributes to intestinal mucosal immunity and barrier function (104).



T cell effector response

In addition to the altered number of APCs, an abnormal T cell effector response has been described in animal models and NAFLD patients. In animal models, an HFD has been demonstrated to induce a change in the percentage of intestinal immune T cell populations in diverse murine models. A study by Su et al. showed an increased CD4+/CD8+ ratio in the PP of rats fed an HFD for 12 weeks (105). Concerning CD4+ profile development in NAFLD, an increase in the level of IFNγ-producing Th1 cells has been reported in an HFD-fed mouse model compared to mice fed a normal diet (106). Similarly, Su et al. observed an increase in the Th1 cell proportion of CD4+ T cells and a reduction in the Th2 cell proportion of CD4+ T cells in the MLNs in the same HFD-fed mouse model (107). Additionally, the number of CD4+ and CD8+ T cells in the duodenal lamina propria was observed to be lower in NAFLD patients than in healthy subjects, indicating that intestinal immune function is impaired in NAFLD (108). Furthermore, the number of CD4+ and CD8+ T cells in the duodenal lamina propria was found to be lower in in NAFLD patients than in healthy subjects, indicating that intestinal immune function is impaired in NAFLD (108). In parallel, an increased Th1/Th2 ratio was consistently observed in liver samples, suggesting a relationship between the immune response in the intestine and the liver in NAFLD (107).

The pathogenic role of the Th17 profile response in NAFLD is controversial. An obesity-driven activation of the IL-17 axis is associated with the development and progression of NAFLD (109). Along with it, an increased proportion of Th17 cells in the full CD4+ T cell population has been reported in the MLNs in mice fed an HFD for 12 weeks (107). Conversely, a reduced proportion of Th17 cells within CD4+ T cells was detected in the small intestinal lamina propria of mice fed an HFD for 10 weeks compared to those fed a normal diet (110). Similarly, in the MLNs, a lower Th17 cell proportion of CD4+ T cells was found in the MCD diet-induced NASH mouse model compared to mice fed a normal diet (111). To these controverted findings, we can add that HFD-fed mice present increased IL-17-producing γδ T cells in the small and large intestinal lamina propria (106). Considering that γδ T cells participate in maintaining the integrity of the intestinal barrier by an interaction with enterocytes and other immune cells (112), the inflammatory role of the Th17 profile remains to be elucidated in this pathology. It is noteworthy that a similar dual role of γδ T cells in inflammation has also been reported in some murine models of colitis (113).



T regulatory cells

Intestinal Treg cells regulate mucosal immune responses through diverse mechanisms, including cell-to-cell contact suppression and the secretion of soluble suppressive factors, maintaining immune tolerance to dietary and microbiota components (114, 115). In HFD-fed mice, decreased levels of FOXP3+ Treg cells in the intestinal lamina propria (106) and a reduced proportion of CD4+/FOXP3+ cells in the MLNs compared to mice fed a normal diet (107) have been reported. In contrast, the MCD diet-induced NASH mouse model presented an increased FOXP3+ Treg cell proportion of CD4+ T cells in the MLNs compared to mice fed a normal diet (111). A therapeutic strategy based on oral anti-CD3 mAbs to elicit Treg induction has been explored in NASH treatment (116). This approach is based on the binding properties of the mAbs to the CD3/T cell receptor (TCR complex) of lamina propria T cells that trigger the upregulation of membrane-bound TGF-β and the conversion to the Th3 reg phenotype. Through the release of TGF-β and IL-10, Th3 cells contribute to the tolerogenic intestinal microenvironment (117).



Humoral response

Regarding the role of the gut humoral response, an altered density of IgA+ cells and full IgA content in the intestine have been observed in NAFLD. In particular, Su et al. observed increased levels of intestinal IgA in the small intestinal fractions of the 12-week scheme HFD rat model, which were associated with an impairment of gut barrier function demonstrated by a high serum level of endotoxin and D-xylose (105). In contrast, Matsumoto et al. demonstrated that MCD diet-fed mice had lower IgA+ cell numbers in the ileal and colonic tissues and decreased IgA content in the feces in comparison to a normal diet. Interestingly, these alterations were prevented by adding fructooligosaccharides to the diet, suggesting a feasible prebiotic role that modifies the gastrointestinal microbiota (118). In line with these results, another study reported a decrease in IgA content in the small intestine mucus in HFD-induced NAFLD rats (119). Considering the role of IgA as a soluble factor that controls the load and composition of the microbiota in the lumen, these results suggest that IgA deficiency contributes to the pathogenesis of liver diseases associated with an altered gut microbiota composition (120).





Gut lymphocyte migration in NAFLD

Intestinal lymphocyte recruitment from the bloodstream depends on sequential events of lymphocyte-endothelial cell adhesion molecule (CAM) interactions (121). Lymphocyte location in various intestinal compartments, such as the lamina propria and epithelia, is determined by specific homing pathways that are conducted by chemokines released by inflamed tissue. Cytokines and co-stimulatory molecules from mature DCs mediate the specific expression of CAMs in lymphocytes during the antigen presentation process. DCs loaded with specific antigens migrate to the secondary lymphoid tissue located proximal to the site of antigen entry, such as Peyer’s patches, MLNs, and ILFs. In the steady state, the intestinal T cells can be activated by retinoic acid-primed intestinal mucosa DCs (CD103+) to maintain a permanent lymphocyte pool population, principally in the small intestine. This activation induces the upregulation of α4β7 integrin and CCR9 receptors that are crucial for the migration of the lymphocytes toward the small intestine. Further, CCR9 upregulates α4β7 integrin expression via interaction with C-C motif chemokine ligand 25 (CCL25), which is selectively and constitutively expressed by intestinal epithelial cells. α4β7 integrin can bind the mucosal addressin cell adhesion molecule 1 (MAdCAM-1), which is strongly expressed on Peyer’s patches’ high endothelial venules, allowing the entry of lymphocytes from the bloodstream into the lamina propria (122). Despite the scarcity of information about the mechanism that controls the homing to diverse areas of the intestine, the anatomical distribution of lymphocytes is known to depend on the differential expression of CCR9 and retinoic acid availability. In contrast to the small intestine, CD8+ T cell homing to the large intestine involves the chemokine receptors CXCR3 and GPR15 α4β7 but not CCR9 (98, 123). It is worth noting that CXCR3, CXCR6, and CCR5 induce T cell trafficking to the liver to maintain lymphocyte permanency as a liver-resident cell phenotype (109).

The gut-primed lymphocytes can migrate to extra-intestinal tissues, such as the liver, lung, and skin. This process is highlighted in certain pathological conditions, such as inflammatory bowel disease (IBD) and NAFLD. In this regard, a “gut-lymphocyte homing” hypothesis has been proposed to explain the pathophysiology of NAFLD (Figure 3). This concept was initially proposed by Grant et al., who observed a strong association between primary sclerosing cholangitis (PSC) and IBD (124). In this regard, intestinal mucosal T cells were observed in the pool of liver-infiltrating lymphocytes of PSC patients, which were recruited by the aberrant expression of gut-specific CCL25 on the hepatic endothelium. These findings were in agreement with abnormal MAdCAM-1 expression in the hepatic endothelium of IBD patients, especially those with PSC comorbidity (125).




Figure 3 | The gut lymphocyte is homing in the NAFLD liver. Under physiological conditions, dendritic cells imprint gut-homing specificity on T cells in the Peyer’s patches or mesenteric lymph nodes by inducing the upregulation of α4β7 integrin and CCR9. Nevertheless, during NAFLD, the hepatic endothelium aberrantly expresses CCL25 and MAdCAM-1, allowing the pathologic recruitment of gut-primed lymphocytes into the liver. CCL25, C-C motif chemokine ligand 25; CCR9, C-C motif chemokine receptor 9; DC, Dendritic cell; MAdCAM-1, Mucosal addressin cell adhesion molecule 1; NAFLD, Nonalcoholic fatty liver disease.



In addition, recently, the MLN has been considered a potential source of liver lymphocytes in NAFLD (107, 126, 127), supporting the hypothesis of gut-lymphocyte homing in this pathology. In this regard, an increased number of CCR9+ cells in the liver and an elevated serum CCL25 level were observed in NASH patients in comparison to healthy controls, as well as an increased number of CCR9+ macrophages and CCR9+ hepatic stellate cells (HSCs) in a high-fat/high-cholesterol (HFHC)-diet mouse model. These findings were associated with liver disease severity and prevented by CCR9 antagonist treatment, suggesting that approaches orientated at blocking the CCR9/CCL25 axis can effectively prevent liver fibrosis progression (128). Furthermore, an increased proportion of Th1 and Th17 in MNL CD4+ T cells was observed in HFD-fed NAFLD mice, with increased in vitro chemotaxis of MNL CD4+ T cells to the liver extract from HFD-fed NAFLD mice (107).

Similarly, a high level of migration to the liver of adoptive-transferred, gut-derived lymphocytes from HFD-induced NAFLD donor mice to NAFLD recipient mice was observed compared to that in control recipient mice. This migration bias was associated with exacerbated liver damage. Upregulated CCL5 expression was observed in the liver of NAFLD recipient mice, along with CCL5 receptor CCR3 in transferred MLN immune cells. The MLN liver migration was inhibited by using a CCL5-blocking antibody in vitro (129). Additionally, the increased microbiota-driven intestinal and hepatic expression of MAdCAM-1 contributes to α4β7+ CD4+ T cell recruitment to the intestine and liver in murine steatohepatitis models (130, 131).

Interestingly, MAdCAM-1 and β7 have been reported to have opposing roles in liver-damaging progression, wherein the upregulation of MAdCAM-1 has been described as being pathogenic in contrast to the expression of β7, which appears to be protective in hepatic inflammation and the liver oxidative response (130). These shreds of evidence suggest that the increased propensity of gut lymphocytes to migrate to the liver in NAFLD can reinforce the inflammatory environment of liver injury. Thus, diverse strategies targeting the molecular mechanisms involved in the migration of activated immune cells in the intestinal environment to the liver, like MAdCAM-1, promise to reduce liver damage progression in this pathology.



The liver immune response

The contribution of the liver immune response to NAFLD progression has been widely described. In this regard, high activation of resident immune cells, hepatocytes, and sinusoidal endothelial cells plays a significant role in NAFLD pathogenesis by contributing to the chronic inflammatory status. Both innate and adaptive immune responses are involved in the onset of liver damage, reinforcing the recruitment of immune cells, such as monocytes, macrophages, neutrophils, innate lymphoid cells, and CD8+ and CD4+ T cells, to the site of inflammation (132, 133).


Innate immunity

The liver tissue is composed of diverse types of cells that are involved in liver immune responses. Hepatocytes constitute 60% of the liver mass and have a metabolic function and depurative role regarding waste products and substances harmful to the organism. In response to diverse stimuli, hepatocytes contribute to innate immune responses through their ability to produce and secrete various inflammatory proteins. Several innate receptors are expressed in hepatocytes. TLRs have been described to have significant roles in NAFLD pathogenesis (134). Elevated circulating LPS levels are observed in diverse NAFLD mouse models, associated with increased intestinal permeability and altered microbiota.

As resident macrophages in the liver, KCs are located in the hepatic sinusoids close to parenchymal and nonparenchymal cells. KCs act as sentinels in the sinusoidal barrier and prevent the spread of filtered products from the intestinal wall to the systemic circulation. KCs exert tolerogenic responses to gut-derived substances, commensal antigens, and death cell products under healthy conditions. Indeed, these cells are permanently exposed to low LPS levels from the gut microbiota that trigger the activation of inflammatory control mechanisms mediated by the release of IL-10 (135). However, under pathogenic conditions, KCs can switch to an inflammatory phenotype, acting as APCs and releasing pro-inflammatory mediators (cytokines, prostanoids, nitric oxide, and oxidizing agents) that contribute to liver inflammation (136–138). Increased activation of TLR4 signaling has also been observed for KCs during NAFLD development, with TLR4-mutant mice being resistant to this damaging process (139). In this regard, massive TLR4 stimulation in response to increased LPS levels from the portal circulation leads to KCs producing several chemokines, such as CCL2 (10). Likewise, a significantly increased expression of CCL5 was detected in the liver of HFD-fed mice, associated with significant hepatic steatosis (140). These findings agree with the increased CCL5 mRNA expression observed in liver samples from patients with fibrotic NASH compared with subjects with simple steatosis, suggesting that CCL5 expression is a marker of fibrotic liver disease (141). Both CCL2 and CCL5 are involved in the recruitment of lymphocytes to the liver (10). It has been shown that CD4+ T and CD8+ T cells activated in the MLNs can migrate to the liver, leading to liver injury, while CCL5 blockade prevents the recruitment of T cells. These findings suggest a crucial role for CCL5 in the migration of gut-derived lymphocytes in the NAFLD mouse model (129).

Additionally, augmented infiltration of LY6C2+ monocytes into the liver has been described, mediated by the CCR2–CCL2 interaction. This event is considered critical in steatohepatitis development and subsequent fibrosis progression (10, 142). A pro-inflammatory M1 phenotype can be induced in KCs by liver metabolic abnormalities. Under this condition, KCs perpetuate the effects of a high-fat diet by increasing triglyceride accumulation in hepatocytes and decreasing fatty acid oxidation and insulin responsiveness, which is attenuated by the neutralization of TNFα in vitro. Considering that the depletion of KCs limits the development of liver inflammation, insulin resistance, and alterations in hepatic lipid metabolism and fibrosis, this evidence suggests that KCs are a crucial intermediary in the cross-talk of immune-metabolic liver functions (143).

Natural killer (43) cells and natural killer T (NKT) cells are relevant components of the innate immune response in NAFLD. Both cells have a significant role in the progression of liver damage due to their cytotoxic impact and the promotion of pro-inflammatory responses, demonstrated in viral hepatitis and chronic liver inflammation (144). Liver-resident NKs possess immunophenotypic and functional characteristics that differ from peripheral NKs, sharing functional properties with the innate lymphoid cells of mucosal tissues (145). NKT cells reside in the sinusoids, playing an immune surveillance role, acting as sentinels, and eliminating pre-malignant senescent hepatocytes. Two subsets of NKTs have been described: a proinflammatory type I phenotype, principally activated by lipids, and type II, abundant in the livers of both mice and humans compared to the type I subtype. NK T cell types I and II have opposing immune functions, with a protective role described for type II cells in liver inflammation (146). Interestingly, HFD-fed NKT cell-deficient mice, lacking the NKT type I and II phenotypes, are prone to developing diet-induced obesity and metabolic perturbations due to increased inflammatory responses and steatosis in the liver (147). Unlike these effects, the systemic depletion of NK cells in an HFD mouse model of obesity decreased macrophage infiltration into the adipose tissue, reducing systemic inflammation and insulin resistance (148). This evidence suggests that NKT cells may be a therapeutic target in modulating metabolic disorders in the liver, among them NAFLD. Unlike NKT cells, NK cells’ role in metabolic disturbances, liver inflammation, and damaging progression remains controversial.

Lipotoxic lipid species induce hepatocyte damage and the release of neutrophil-recruiting chemokines, such as CXCL1 and IL-8 (149). The increased liver infiltration of neutrophils in NAFLD initiates and enhances inflammation, reinforcing the recruitment of macrophages and the interaction with APCs. Changes in neutrophil granular content and composition have been associated with diverse inflammatory processes in several NASH models (149). Myeloperoxidase (MPO), a pro-oxidant enzyme released by neutrophils, enhances macrophage cytotoxicity and promotes inflammation and fibrosis in HFD-fed mice. In contrast, MPO-deficient mice attenuate NASH development (150). Additionally, neutrophils promote insulin resistance and inflammation by releasing neutrophil elastase levels in HFD-fed mice (151). This evidence shows that the increased infiltration and activity of neutrophils contribute to the inflammatory damage in and progression of NAFLD. As for human models, increased neutrophils and elevated MPO plasma levels have been observed in patients with NASH compared with those with fatty liver. Thus, MPO activity in the liver is associated with increased inflammation in these patients (152).

Mast cells (MCs) have been highlighted as important regulators of pathogenic processes in liver disease progression (153). In NASH patients, the number of hepatic MCs positively correlates with the stage of fibrosis (154). This evidence suggests that the modulation of MCs may be another attractive therapeutic target for treating NASH.



Adaptive immunity

Regarding adaptive immune responses, it has been demonstrated that DC activation and its immune phenotype commitment are essential for the perpetuation of liver damage (127). Among the adaptive immune cells, DCs are responsible for initiating and limiting liver inflammation through their properties of presenting antigens to lymphocytes in the neighboring lymphoid organs as well as eliminating apoptotic and necrotic waste. The liver contains several types of DCs that are usually located surrounding the central veins and the portal system. In the normal liver, resident DCs exhibit an immature phenotype imprinted by a tolerogenic IL-10-enriched microenvironment (155). Under inflammatory conditions, DCs are recruited from the hepatic sinusoids to periportal areas. LPS and peptidoglycan induce the upregulation of costimulatory molecules, such as CD40, CD80, and CD86, and the release of inflammatory cytokines by hepatic DCs through TLR4/MD2 complex activation (156). The role of hepatic DCs in NAFLD pathogenesis is controversial due to liver population heterogeneity and differences in the mouse models of disease used in various studies (157). Although murine CD103+ DC subtype (classical type-1 DCs and cDC1s) influences the pro-and anti-inflammatory balance and protects the liver from metabolic and inflammatory damage (158), increased activation and abundance of these cell types have been observed in NAFLD patients, promoting inflammatory T cell reprogramming in NASH (159).

Regarding the role of liver B and T lymphocytes in NAFLD, increased infiltration of B2 cells and CD4+ and CD8+ T cells as well as elevated circulating antibodies have been observed in NASH (133). In terms of T cell subsets, an increase in Th1 and Th17 cells and a reduction in Treg levels in the liver have been observed in NAFLD patients compared to healthy controls, principally in patients with steatohepatitis compared with those with simple steatosis (133). Also, Th1, Th17, and CD8+ lymphocytes contribute to hepatic macrophage activation and NKT cell recruitment in NASH murine models (133). Additionally, increased γδT cell recruitment to the liver has been associated with the progression of steatohepatitis, mainly due to the IL-17-secreting subset (160). Considering that CD4, CD8, and γδ T cells can recognize microbial peptides and lipid antigens, this suggests that the overall stimulation of the intrahepatic T cell subsets can be directly influenced by the homeostasis of the gut microbiota (161).

Moreover, recent evidence supports that gut microbial factors drive the pathogenic function of B cells during NASH development. Fecal microbiota transplantation from humans with NAFLD into recipient mice induces the increased accumulation and activation of intrahepatic B cells, predominantly pro-inflammatory IgM+ IgD+ B2 cells (162). These findings suggest that the adaptive immune response is highly activated in NAFLD, associated with a decreased tolerogenic response and disease progression.




Treatments for NAFLD: Targeting the immune response

The current treatment for NAFLD focuses on improving patients’ lifestyles by promoting a healthy diet, physical activity, and weight loss. Despite compelling evidence of the effectiveness of these recommendations in reducing liver damage and even reversing liver fibrosis (163), low treatment adherence leads groups of patients to search for therapeutics directed at complementing current clinical protocols.

The first two drugs evaluated for NAFLD treatment were vitamin E and pioglitazone, an antidiabetic agent. Although there is diverse evidence of their beneficial effect on liver function and NASH resolution (164–166), the use of these drugs is limited due to the high risk of side effects under prolonged administration. Recently, two not yet fully approved hypoglycemic drugs, glucagon-like peptide-1 (GLP-1) agonists and sodium-glucose cotransporter-2 (SGLT-2), showed effectiveness in reducing liver inflammation and fibrosis, mainly in a subgroup of diabetic patients in phase II and III trials (167, 168). Moreover, different therapeutic approaches for liver diseases are focused on modulating the gut microbiota, including prebiotics and probiotics (169). The results of their evaluations support the benefit of this complementary strategy in NAFLD pharmacological therapy (170, 171).

There are several potential strategies to normalize altered hepatic metabolism in NAFLD. These include therapies aimed at reducing hepatic steatosis by modulating the lipid metabolism. BAs have been described as promising alternatives in NAFLD treatment. Since BAs regulate carbohydrate and lipid metabolism in the liver, approaches directed at increasing their function have resulted in an interesting strategy to reduce the liver metabolic overload and liver damage in NAFLD. By interacting with their nuclear receptor FXR, BAs can activate the gene expression of diverse components involved in the entero-hepatic metabolic pathways (172). Obeticholic acid (OCA), an analog of chenodeoxycholic acid, is a semi-synthetic BA with high affinity and selectivity for FXR that has been trialed in NASH. Along with FXR activation in the ileum, which induces the secretion of fibroblast growth factor 19 (FGF-19) and its subsequent transport to the portal system, OCA decreases the production of BAs, stimulates beta-oxidation, and decreases lipogenesis and gluconeogenesis in the liver (173). Randomized studies in patients with NASH have shown that OCA significantly improves steatosis, inflammation, ballooning, and liver fibrosis compared to placebo, with a low rate of side effects such as pruritus and an increase in LDL being the most frequent (174). These studies are consistent with previous multicenter, randomized, placebo-controlled trials in NASH patients (FLINT and REGENERATE) in which improvements in liver histology, including a decrease in the fibrosis stage, were achieved by the use of OCA (53, 175). The therapies described above are among those most frequently addressed in NASH. However, the modulation of the immune response has been little discussed in these studies.

The modulation of the immune response has been a secondary aim in NAFLD therapy since the main approaches are focused on reducing liver fat loading to lessen inflammation. However, few works focus on controlling the immune response at the intestinal level because most studies have been directed at the immune response in the liver. Thus, possible targets in the intestinal response would be interesting to study. To classify the immune targets explored in NAFLD, we have divided the strategies into treatments focused on controlling inflammation, including modulating agents of the innate immune response and receptors associated with inflammatory pathways, and those that control the adaptive immune response (Table 1).


Table 1 | Clinical trials of pharmacological approaches targeting the immune response in NAFLD.




Innate immune targeting approaches: The control of inflammation

The liver is exposed permanently to gut-derived endotoxins, such as LPS, that enter the enterohepatic circuit after passing across the intestinal epithelial barrier. LPS in the liver activates KCs by TLR4 signaling, provoking pro-inflammatory gene expression and the subsequent release of mediators that induce hepatic injury and fibrosis. Thus, strategies that block the TLR4 pathway appear promising to prevent the progression of liver inflammatory damage. A preclinical study in mice showed that KC depletion by the intravenous injection of clodronate liposomes reduced histological evidence of steatohepatitis and prevented the increase of TLR4 expression in the liver, which demonstrates that the link between KCs and TLR4 signaling plays a central role in the pathogenesis of steatohepatitis (176). Other studies also assessed this approach and focused on evaluating the impact of TLR4 signaling antagonists on liver damage. JKB-121, a non-selective opioid TLR4 antagonist, has been shown to prevent LPS-induced inflammatory liver injury in an MCD diet-fed rat model of NAFLD (177). Additionally, in vitro experiments have shown that JKB-121 could reduce the release of LPS-induced inflammatory cytokines and inhibit hepatic stellate cell activation (178). However, a randomized, double-blind, placebo-controlled phase II trial of JKB-121 showed unsatisfactory results, wherein JKB-121 did not improve the liver fat content and liver fibrosis biomarkers in patients with NASH compared to placebo (NCT02442687) (179). Given the multiple relevant biological pathways of TLR4 in the pathogenesis of NAFLD, further investigation of TLR4 inhibition is necessary (NCT02442687). In line with this evidence, a phase II study in NASH patients using a polyclonal antibody mixture specific to LPS and other pathogenic bacterial components (IMM-124E) did not produce any evidence of clinical benefit. The intervention could not reduce the liver fat content but decreased serum LPS levels and AST and ALT biomarkers associated with liver function (180).

Another therapeutic approach studied for NASH treatment is the inhibition of the activation of apoptosis signal-regulating kinase 1 (ASK1). Under pathological conditions, an increase in oxidative stress in hepatocytes induces ASK1 autocleavage, leading to increased p38/JNK pathway activation that worsens hepatic inflammation, apoptosis, and fibrosis (181). Selonsertib, a selective inhibitor of ASK1, was evaluated in a phase II clinical trial for NASH (NCT02466516) and improved liver fibrosis and decreased fibrosis progression rates over a 24-week treatment period, indicating its potential as an anti-fibrotic therapy (181). Specifically, 18 mg of selonsertib was shown to lead to improvements in 43% of patients in at least one stage of fibrosis, compared to 30% for selonsertib 6 mg. However, other phase III studies using selonsertib in NAFLD did not achieve the expected results at week 48 of treatment and were terminated (NCT03053050 and NCT03053063).

As discussed above, the role of PPARs in regulating the liver immune response has been well described. Multiple studies have been conducted to modulate PPAR nuclear activity by using receptor agonists. In a phase IIb study, elafibranor, a PPARα/δ dual agonist, resolved NASH after 52 weeks of treatment by reducing liver enzymes, steatosis, and systemic levels of inflammatory markers (NCT01694849) (182). Another phase III study (NCT02704403) using elafibranor showed reduced liver fibrosis stages in the subgroup of patients that reached NASH resolution compared to the group without NASH resolution; however, this study was suspended because it did not meet the primary endpoint. The drug did not worsen the fibrosis, but only 24.5% of patients who received elafibranor 120 mg achieved fibrosis improvement of at least one stage compared to 22.4% in the placebo group. In this regard, in a phase IIb trial, the pan-PPAR agonist lanifibranol demonstrated effectiveness in modulating inflammatory, metabolic, and fibrogenic pathways in NAFLD pathogenesis in patients with non-cirrhotic NASH who were treated for 24 weeks (183).

Since obesity is associated with the induction of pro-inflammatory profiling in gut-immune populations, anti-inflammatory therapies targeting the gut, such as mesalazine (5-aminosalicylate, 5-ASA), have been investigated in HFD-fed mouse models. Treatment with mesalazine reduced liver steatosis compared to the non-treated group (106). This finding suggests that controlling the inflammatory response in the intestine contributes to the lessening of the liver damage induced via the accumulation of fatty acids in the liver.



Adaptive immune response-based approaches

The adaptive immune response plays an essential role in liver damage due to the recruitment and migration of cells to the liver, leading to the generation of proinflammatory immune profiles responsible for the increased oxidative and inflammatory damage in NASH. Therapeutic strategies focused on modulating the activation of the adaptive immune response in the gut have been explored (116). An oral anti-CD3 monoclonal antibody treatment induced intestinal regulatory T cells that suppress the chronic inflammatory state associated with NASH. The anti-CD3 monoclonal antibody foralumab is currently in phase II of development (NCT03291249).

In NASH, several studies have focused on chemokine blockage to prevent the elevation of immune cell recruitment in the liver. Cenicriviroc is a dual antagonist that inhibits the CCR2/CCR5b chemokine receptors. This experimental drug can potently block the infiltration of pro-inflammatory monocytes and macrophages via the antagonism of CCR2. It also has antifibrotic activity in the liver due to the modulation of immune cells and hepatic stellate cells via CCR5 inhibition. A phase IIb multinational, randomized, double-blinded, placebo-controlled study has shown that patients with NASH treated with oral cenicriviroc had reduced circulating biomarkers of systemic inflammation, such as high-sensitivity C-reactive protein, IL-6, fibrinogen, and IL-1ß, as well as reduced monocyte activation, compared with the placebo group. These results suggest that cenicriviroc exhibited anti-inflammatory and anti-fibrotic effects at Year 1; specifically, twice as many subjects on cenicriviroc achieved improvement in fibrosis of ≥1 stage and no worsening of steatohepatitis compared to those on placebo (184). Despite the promising results obtained in the phase II trial, the phase III clinical study was interrupted early due to lack of efficacy (NCT03028740).




Discussion

The pathogenesis of NAFLD is complex and directly related to metabolic syndrome. Environmental factors including diet, lifestyle, obesity, insulin resistance, and psychosocial stress determine its development based on the individual characteristics of susceptibility, genetics, gut microbiota, and immune response of the patients. Metabolic syndrome establishment has several consequences in the tissues, such as increasing serum free fatty acid and cholesterol levels, leading to adipocyte dysfunction. This syndrome has hepatic implications due to the over-accumulation of free fatty acids, leading to lipotoxicity, the release of pro-inflammatory cytokines, and steatosis.

Gut-derived metabolites, whether dietary or microbial, are transported via the portal vein to the liver, continuously exposing this organ to potential antigens. Conversely, liver-derived factors, such as BAs, are transported to the gut, influencing gut microbiota composition and function. Liver diseases, including NAFLD, are associated with compositional and functional alterations of the gut microbiota, known as dysbiosis. Dysbiosis impacts the host’s immune and metabolic systems and intestinal barrier integrity. Metabolic mechanisms include effects on glucose and lipid metabolism, mainly mediated by changes in BA composition and alterations in the production of SCFAs. Immune mechanisms include delicate crosstalk between the gut microbiota, intestinal epithelial cells, and gut mucosal system. The disruption of this crosstalk leads to alterations in the modulation of inflammasome signaling through microbial metabolites, activation of TLRs and NLRs, and the shifting of the balance between regulatory and pro-inflammatory T cells. Concerning the intestinal barrier, dysbiosis disrupts its integrity, causing a leaky gut and the increased translocation of microbial components to the MNLs and the GALT. Additionally, when the intestinal barrier is compromised, the liver becomes overloaded with metabolites from the gut, leading to a loss of liver tolerance. Antigens such as LPS derived from the microbiota induce inflammation by binding to the TLRs of KCs. Signaling via TLRs leads to pro-inflammatory changes in the liver, and failure to regulate gut microbiota results in further disease progression.

The elevation in gut inflammation and the adaptive immune cell priming at the lymphoid tissue causes aberrant homing of gut lymphocytes to the liver, reinforcing the inflammatory damage of hepatocytes. Gut lymphocyte homing was initially described in NAFLD as involving the aberrant expression of homing receptors in the liver and increased hepatic oxidative stress and inflammation. Nevertheless, the mechanisms of gut immune cell homing to the liver, the immune profiles, and the specific composition of the subsets of these populations have not been fully described. In addition, the characterization of this mechanism should consider the different stages of NAFLD and their association with changes in the gut microbiota composition. It is worth noting that although these mechanisms reinforce and promote damage to the liver (from gut to the liver), whether the deterioration of liver functions implies a metabolic alteration that may affect the synthesis of proteins necessary for the structure of the intestinal epithelial TJs and the mechanisms of regulation of the systemic inflammatory response has not been studied. We propose that the study of gut mucosal immunity in the context of NAFLD could provide novel insights into the development and progression of this disease. In this context, the modulation of intestinal mucosal immunity stands out due to its direct relationship with the liver.

Despite several advances in the understanding of the pathophysiology underlying NAFLD, no drugs have been approved by the Food and Drug Administration (FDA) to treat either simple steatosis or NASH. Thus, no specific therapy can be firmly recommended, and any drug treatment would be off-label (185). Clinical trials have focused mainly on the metabolism as a target, while studies that focus on drugs whose primary target is the modulation of the immune response are scarce. Interestingly, gut lymphocyte homing is a process involved in NAFLD pathogenesis, as has been shown in the experimental NASH model where MAdCAM-1 deficiency improved the disease (130); therefore, further research aimed at evaluating the pharmacological modulation of gut lymphocyte homing as a therapeutic strategy is needed.

Based on this revised information, we propose that modulating intestinal inflammatory events at the onset of the disease could be a possible therapeutic target that has remained unexplored thus far. Further research is needed to fill the gaps in knowledge of the immunological mechanisms altered in NAFLD to identify specific new potential therapeutic targets.



A perspective on future research

To date, the primary treatment for NAFLD is based on metabolic control measures, such as weight loss or exercise. However, these medical indications require high patient adherence, which is not always reached. Current research in this area has allowed a greater understanding of the pathogenesis of the disease, giving rise to new treatment options. As we described, the altered immune response in NAFLD is associated with the dysfunction of the gut-liver axis. Indeed, increased immune cell activation plays a crucial role in the onset of the disease and the course of chronic liver damage. Based on this, determining inflammatory mediators and identifying activated immune cell profiles could significantly contribute to the determination of predictive biomarkers of NAFLD progression toward NASH or cirrhosis. On the other hand, new research focused on describing immune response dynamics in this pathology will allow us to propose new therapeutic targets for the modulation of adaptive immunity. In this regard, it is essential to highlight the role of increased gut-to-liver lymphocyte homing in the pathogenesis of NAFLD. In this regard, therapies based on the blockage of activated lymphocyte migration, such as CCR9 antagonists, could reduce lymphocytic infiltration in the liver and prevent tissue damage that leads to fibrosis progression.
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Although diet has long been associated with susceptibility to infection, the dietary components that regulate host defense remain poorly understood. Here, we demonstrate that consuming rice bran decreases susceptibility to intestinal infection with Citrobacter rodentium, a murine pathogen that is similar to enteropathogenic E. coli infection in humans. Rice bran naturally contains high levels of the substance phytate. Interestingly, phytate supplementation also protected against intestinal infection, and enzymatic metabolism of phytate by commensal bacteria was necessary for phytate-induced host defense. Mechanistically, phytate consumption induced mammalian intestinal epithelial expression of STAT3-regulated antimicrobial pathways and increased phosphorylated STAT3, suggesting that dietary phytate promotes innate defense through epithelial STAT3 activation. Further, phytate regulation of epithelial STAT3 was mediated by the microbiota-sensitive enzyme histone deacetylase 3 (HDAC3). Collectively, these data demonstrate that metabolism of dietary phytate by microbiota decreases intestinal infection and suggests that consuming bran and other phytate-enriched foods may represent an effective dietary strategy for priming host immunity.
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Introduction

Intestinal infections pose a serious threat to public health worldwide, with reported cases exceeding two billion and over one million deaths each year (1). These infections are a leading cause of death among children, and surviving children can suffer from long-term health consequences such as delayed growth and vaccine failure (2, 3). Given that the intestinal mucosa is a primary site of exposure for multiple pathogens, deciphering the pathways that guide intestinal defense is critical for developing new approaches for treating and preventing infection.

Nutrition affects various aspects of physiology, including the immune system, as demonstrated by a strong correlation between malnutrition and infection morbidity (4, 5). Dietary components such as carbohydrates, lipids, amino acids, vitamins, and minerals have each been implicated in the regulation of host defense against pathogens (6, 7). For example, consumption of a high-fat diet increases disease in rodents following infection with C. difficile, C. rodentium, or Listeria monocytogenes (8–10). Trillions of commensal microbes reside in the mammalian intestine and are collectively referred to as the microbiota. Increasing evidence indicates that the metabolism of dietary nutrients by resident commensal microbes alters host physiology (11). Microbial metabolism results in the production of metabolites and small-molecule intermediates that regulate the symbiotic relationship between the microbiota and host (12). For example, microbiota-derived metabolites such as short-chain fatty acids (SCFAs) (13–15), indoles (16, 17), secondary bile acids (18, 19), and siderophores (20) have been described to protect during mouse models of infection. However, despite evidence linking nutrition and immunity, mechanistic insights needed to guide how diet can be modified to optimize host immunity are limited (11).

Intestinal epithelial cells (IECs) reside at the direct interface between the host and commensal microbes and, therefore, carry the potential to critically respond to signals from the diet, microbiota, and luminal metabolites (21–23). IECs provide the first line of defense against invading pathogens with constitutive expression of defense molecules, including antimicrobial peptides (AMPs), reactive oxygen species, and mucins (24, 25). Germ-free and microbiota depletion studies have shown that commensal microbial signals are required for basal expression of many AMPs (26, 27). IEC expression of the AMP regenerating islet-derived protein 3γ (Reg3γ) requires signaling through Toll-like receptors (TLRs) and other microbiota-sensitive pathways (28). In addition, nutritional regulation of AMP expression has also been suggested, and the timing of food intake can significantly alter IEC expression of AMPs (29, 30). However, the dietary factors that cooperate with the microbiota to prime IEC-mediated defense are not well known.

Phytate is in various foods, including bran, legumes, seeds, and nuts, and is enriched in diets such as vegetarian and Mediterranean (31–33). Mineral-chelating properties of phytate have been historically discussed in relation to rickets, which is caused by reduced calcium and phosphorus availability (34). Although phytate is no longer considered a primary pathogenic factor in rickets, absorption interference of iron, zinc, and other minerals with high doses of phytate could occur in the context of mineral deficiency, leading phytate to commonly be termed an anti-nutrient (35). However, diets containing phytate in combination with sufficient minerals do not present with disorders related to trace mineral absorption (33).

Rice bran is an abundant by-product generated during rice milling that has been gaining popularity as a food supplement over the past ten years (36, 37). Here, we discovered that ingestion of rice bran reduced infection burden and related pathology in a murine Citrobacter rodentium infection, the mouse model for enteropathogenic and enterohemorrhagic E. coli infection prevalent in the human population. Rice bran contains high amounts of phytate. Interestingly, phytate supplementation similarly protected against intestinal infection. This diet-induced protection was dependent on microbial digestion of phytate and the production of phytate metabolites. Mechanistically phytate induced STAT3 activation and the downstream defense pathway in the IECs. Phytate-induced STAT3 activation was mediated by the metabolite-sensitive enzyme HDAC3 in an IEC-intrinsic manner. Collectively, these findings reveal new diet-microbiota interactions that promote innate intestinal immunity and mammalian defense against infection.



Results


Consuming rice bran decreases susceptibility to C. rodentium infection

Rice bran has been proposed to provide broad health benefits ranging from weight loss, cancer prevention, and protection from infection (37–40), provoking the hypothesis that rice bran may alter susceptibility to pathogens like E. coli. To test this, littermate mice were exclusively fed a custom diet containing 20% rice bran or a matched control diet for four weeks, and then infected with Citrobacter rodentium (Figure 1A). C. rodentium is a murine intestinal pathogen with similar pathogenesis to enteropathogenic and enterohemorrhagic E. coli, two leading causes of food-borne illnesses in humans (41–44). Interestingly, mice ingesting rice bran exhibited significantly reduced C. rodentium in the intestinal lumen (Figure 1B) and colonic tissue (Figure 1C) post-infection compared to control diet-fed mice (Figures 1B, C). Differences in pathogen burden were observed by day 3 post-infection, suggesting that bran diet decreased initial C. rodentium colonization and replication in the large intestinal mucosa. Consistent with decreased infection, C. rodentium-induced changes in stool consistency were less severe in the rice bran-fed mice compared to control diet-fed mice (Figure 1D). Pathological features of C. rodentium, such as colonic epithelial hyperplasia and leukocyte infiltration, were observed in control diet-fed mice (Figure 1E). However, these histologic features of C. rodentium infection were diminished in bran-fed mice (Figure 1E). Taken together, these findings suggest that a component of rice bran may decrease susceptibility to bacterial infection.




Figure 1 | Consuming rice bran decreases susceptibility to C. rodentium infection. (A) Experimental approach. (B) Colony-forming units (CFUs) of C. rodentium in stool of infected control- or 20% rice bran diet-fed mice, normalized to sample weight, days 3 post-infection. (C) CFUs of C. rodentium in the colon tissues, day 10 post-infection. (D) Clinical scores representing severity of diarrhea, day 10 post-infection. (E) Histological staining of the colon tissues of infected mice, day 10 post-infection. Scale bars: 10 μm. Data are representative of 2-3 independent experiments. n = 4 per group. Results are mean ± SEM. *p < 0.05.





The natural component phytate in rice bran protects mice against C. rodentium

Rice bran is naturally enriched with phytate (31). Therefore, to test whether phytate itself alters C. rodentium infection, control mice and mice receiving 2% phytate were compared during infection (Figure 2A). Interestingly, similar to the outcome with rice bran ingestion, phytate consumption significantly decreased pathogen burden post-infection (Figure 2B). Consistent with decreased pathogen levels, clinical symptoms of infection were also less severe in phytate-treated mice relative to controls (Figure 2C). To examine pathology induced by C. rodentium infection, colonic tissue was examined following peak infection. As expected, C. rodentium induced colonic epithelial hyperplasia and leukocyte infiltration in control mice (Figure 2D). However, infection-associated pathology was reduced in mice fed phytate, recapitulating findings that occur with the rice bran diet (Figure 1). Collectively these data demonstrate that consuming phytate is sufficient to promote protection against intestinal bacterial infection.




Figure 2 | The natural component phytate in rice bran protects mice against C. rodentium. (A) Experimental approach. (B) CFUs of C. rodentium in stool of infected vehicle- or 2% phytate-treated mice, normalized to sample weight, days 3 and 10 post-infection. (C) Clinical scores representing severity of diarrhea, day 10 post-infection. (D) Histological staining of colon tissues of infected mice, day 10 post-infection. Scale bars: 10 μm. Data are representative of 2-3 independent experiments. n=4 per group. Results are mean ± SEM. *p < 0.05.





Metabolism of phytate by commensal bacteria mediates protection against infection

Monogastric mammals such as humans and mice do not produce the phytase enzyme that breaks down phytate in the intestinal lumen (45, 46). Instead, phytate digestion is dependent on phytase that is produced by bacteria residing in the intestine. Germ free (GF) animals exhibit lower concentrations of phytate metabolites in the gut lumen as microbial phytase catalyzes the removal of phosphorus from phytate to produce phosphorous and lower forms of inositol phosphates (47–49) (Figure 3A). Phytate supplementation to microbiota-replete, conventionally-raised (CNV) mice increased inositol trisphosphate (IP3) concentrations in intestinal contents (Figure 3B), confirming that commensal microbes in the mouse intestine break down phytate. To test whether microbiota are required for the phytate-mediated defense against C. rodentium infection, GF mice were treated with phytate prior to infection. (Figure 3C). Unlike CNV mice, GF mice exhibited comparable C. rodentium infection between vehicle and phytate-treated groups (Figure 3D). Given that phytate-induced protection was lost when mice lacked commensal microbes, the microbiota are required for regulation of host defense by phytate.




Figure 3 | Metabolism of phytate by commensal bacteria mediates protection against infection. (A) Schematic of phytate metabolism by microbial phytase. (B) Inositol trisphosphate (IP3) concentration in fecal samples collected from vehicle- or 2% phytate-treated mice, normalized to sample weight. (C) Experimental approach. (D) CFUs of C. rodentium in stool of infected vehicle- or 2% phytate-treated GF mice, normalized to sample weight, days 3, 6 and 10 post-infection. (E) Bacterial cell density of E. coli. (F) IP3 concentration in media from E. coliWT and E. coliΔphy cultured with 1mM phytate, per 108 CFU of bacteria. (G) Experimental approach. (H) CFUs of E. coli in stool of monoassociated mice, normalized to sample weight, day 7 post-inoculation. (I) Bacterial cell density of C. rodentium. (J) CFUs of C. rodentium in stool of infected mice monoassociated with E. coliWT or E. coliΔphy, normalized to sample weight, days 3 and 6 post-infection. Data are representative of 2-3 independent experiments. n = 3-4 per group. Results are ± SEM. *p < 0.05.



These findings provoked the hypothesis that microbial-produced phytase is required for phytate-induced protection. To test this, we employed a commensal strain of E. coli that either expresses the wildtype phytase AppA gene (E. coliWT) or lacks the AppA gene (E. coliΔphy). To confirm phytase activity levels in these strains, E. coliWT and E. coliΔphy were cultured overnight in phytate-supplemented media, and the concentrations of IP3 in the supernatant were compared. E. coliWT and E. coliΔphy growth was similar (Figure 3E). However, significantly higher levels of IP3 were present in E. coliWT cultures compared to E. coliΔphy cultures, confirming impaired phytase activity in E. coliΔphy bacteria (Figure 3F). To next compare the role of bacterial phytase expression in vivo, GF mice were monoassociated with either E. coliWT or E. coliΔphy and fed phytate-containing chow (Figure 3G). Colonization was similar for both strains (Figure 3H), and phytate or phytase did not directly alter C. rodentium growth (Figure 3I). Remarkably, though, mice monoassociated with E. coliΔphy exhibited increased susceptibility to C. rodentium infection, relative to mice monoassociated with E. coliWT (Figure 3J), Therefore, phytase expressed by commensal bacteria enables dietary phytate to promote innate host defense against intestinal infection.



Phytate consumption primes elevated epithelial antimicrobial defense

IECs provide initial defense against pathogenic infection in the intestine, in part through basal expression of antimicrobial molecules (50). Bran- and phytate-induced protection against C. rodentium occurred as early as day 3 post-infection, suggesting that phytate may regulate basal epithelial defense mechanisms. To test this hypothesis, global transcriptional profiles were compared in colonic IECs harvested from CNV mice treated with vehicle or phytate. These analyses identified numerous genes that were significantly upregulated or downregulated in IECs following phytate ingestion (Figure 4A). Interestingly, phytate significantly upregulated gene expression in host defense pathways. (Figures 4B, C). Phytate-induced defense genes included the antimicrobial peptide Reg3g and the bactericidal nitric oxide producer Nos2 (Figures 4C, D), both known mediators of early defense against C. rodentium (51, 52). Furthermore, IEC upregulation of Reg3g and Nos2 occurred in rice bran diet-fed mice compared to control mice (Figure 4E). Therefore, consuming rice bran or phytate induces basal epithelial antimicrobial defense mechanisms that protect against pathogenic bacterial infection in the intestine.




Figure 4 | Phytate consumption primes elevated epithelial antimicrobial defense. (A) Volcano plot showing differentially expressed LI IEC genes between Vehicle- and 2% phytate-treated naïve mice identified by RNA-seq. Red: upregulated, blue: downregulated with phytate, p < 0.05. (B) Ontology of the genes upregulated with phytate in (A). Circle sizes correspond to gene numbers in pathways. (C) Heatmap of relative mRNA expression of IEC defense response genes upregulated in phytate. (D) mRNA expression levels in LI IEC, normalized to vehicle. (E) mRNA expression in large intestinal IECs, normalized to control. Data are representative of 2-3 independent experiments. n = 3-4 per group. Results are mean ± SEM. *p < 0.05.





Epithelial STAT3 activation in the intestine is induced by phytate

To further dissect the mechanism of phytate-induced epithelial regulation, network analyses were conducted on the enriched phytate-induced defense genes. Interestingly, these analyses identified the transcription factor Signal Transducer And Activator Of Transcription 3 (STAT3) as the most central and essential factor for regulating this network (Figures 5A, B). Consistently, multiple known STAT3-controlled downstream genes were upregulated in IECs of phytate-fed mice (Figure 5C). This finding led to the hypothesis that phytate activates IEC-intrinsic STAT3. STAT3 activation is characterized by phosphorylation of its tyrosine 705 residue. Therefore, to test whether phytate alters STAT3 activation, pSTAT3 (Y705) in the large intestinal epithelium of control mice and mice receiving 2% phytate were compared. Interestingly, phytate feeding significantly increased phosphorylation of STAT3 in IECs relative to control mice (Figures 5D, E). Further, IECs harvested from rice bran-fed naïve mice also exhibited enhanced STAT3 activation (Figure 5F). Collectively, these data reveal that consuming phytate-enriched diets can increase epithelial STAT3 activation and therefore prime expression of antimicrobial targets that are regulated by STAT3.




Figure 5 | Epithelial STAT3 activation in the intestine is induced by phytate. (A) Interaction network of phytate-induced IEC defense genes. (B) Top hub genes in (A). (C) Heatmap of relative mRNA expression of IEC STAT3-target genes upregulated in phytate-treated. (D) Representative flow cytometry plots from IECs of vehicle- or 2% phytate-treated mice, gated on live EpCAM+ cells. (E, F) Mean Fluorescence Intensity (MFI) of pSTAT3 (Y705), normalized to vehicle (E) or control (F). Data are representative of 2-3 independent experiments. n=4 per group. Results are mean ± SEM. **p < 0.01.





Phytate-mediated epithelial STAT3 activation requires HDAC3

Deacetylation of STAT3 by the histone deacetylase HDAC3 promotes STAT3 activation in hepatocytes and lymphoma cells (53, 54). HDAC3 is an enzyme sensitive to environmental signals, and IEC expression of HDAC3 is critical in host defense against C. rodentium (55, 56). The phytate-derived metabolite inositol trisphosphate activates HDAC3 (47), and consistent with this, phytate-fed mice displayed increased mucosal HDAC activity relative to vehicle-fed mice (Figure 6A). Therefore, we first hypothesized that HDAC3 regulates STAT3 activation in IECs. To test this hypothesis, we utilized an IEC-specific HDAC3 knockout mouse model (57). Interestingly, IECs isolated from mice lacking IEC-intrinsic HDAC3 (HDAC3ΔIEC) displayed displayed significantly lower pSTAT3 levels relative to floxed littermate mice (HDAC3FF), indicating that STAT3 activation in IECs requires HDAC3 (Figures 6B, C). We next hypothesized that phytate-induced STAT3 activation was HDAC3-dependent. To test this, HDAC3ΔIEC mice and littermate HDAC3FF mice were treated with 2% phytate, and the levels of IEC pSTAT3 (Y705) were compared. The results exhibited that phytate ingestion increased STAT3 activation in IECs of HDAC3FF mice, but not IECs of HDAC3ΔIEC mice (Figure 6D). Taken together, these data demonstrate that dietary phytate mechanistically induces activation of epithelial STAT3 through regulation of HDAC3.




Figure 6 | Phytate-mediated epithelial STAT3 activation requires HDAC3. (A) Intestinal epithelial HDAC activity of vehicle- or phytate-treated mice. (B) Representative flow cytometry plots from IECs of vehicle- or 2% phytate-treated mice, gated on live EpCAM+ cells. (C) Mean Fluorescence Intensity (MFI) of pSTAT3 (Y705), normalized to FF. (D) MFI of IEC pSTAT3 of vehicle- or 2% phytate-treated HDAC3FF or HDAC3ΔIEC mice, normalized to FF-vehicle. (E) Through phytate metabolism by microbial phytases, rice bran and its component phytate activate IEC STAT3 and downstream defense mechanisms against enteric infection. Data are representative of 2-3 independent experiments. n=4 per group. Results are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

In this study, we identified that consumption of rice bran or phytate induces innate intestinal epithelial pathways that decrease susceptibility to bacterial infection (Figure 6E). Furthermore, this diet-induced protection is mediated by the commensal bacterial metabolism of phytate and subsequent activation of the HDAC3-STAT3 axis in epithelial cells (Figure 6E). Phytate-induced activation of IEC-intrinsic STAT3 required expression of HDAC3, as phytate failed to induce STAT3 activation in the absence of HDAC3 expression. Direct deacetylation of the lysine 685 residue of STAT3 by HDAC3 has been described to precede phosphorylation and nuclear translocation of STAT3 in hepatocytes (53), however, indirect mechanisms may also contribute. Similarly, inhibition of HDAC3 in lymphoma cells resulted in nuclear export of STAT3 to the cytoplasm, thus hindering STAT3 function as a transcriptional factor (54). Similar to these cells, our analyses demonstrate that loss of HDAC3 impairs STAT3 activation in IECs.

Although phytate induces HDAC3-mediated activation of STAT3 in IECs, involvement of other STAT3 activators, such as IL-22, IL-18, and IL-1β (58–60) cannot be excluded. IL-22, a well-characterized STAT3 activator, is produced by several different immune cells in the intestine in response to cytokines IL-6 and IL-23, and aryl hydrocarbon receptor (AhR) ligands (51, 61, 62). Further, vitamin A, tryptophan metabolites, and short-chain fatty acids have been shown to induce IL-22 production from intestinal immune cells (63–65). In addition, IECs can propagate the immune cell IL-22 response through secretion of chemoattractant resistin-like molecule-beta (RELM-β) that recruits IL-22 producing CD4+ T cells to the sites of infection (66). Thus, beyond epithelial-intrinsic regulation, future studies will be necessary to determine the contribution of phytate to local and systemic immune cell responses that promote host defense. This will include extending the analyses of phytate effects on immune follicles and mucin-producing goblet cells (66), as well as additional sites such as the small intestine and extra-intestinal tissue.

Constituents of the microbiota can alter susceptibility to pathogenic C. rodentium infection through direct inhibition via nutritional competition or production of bacteriostatic molecules such as butyrate and sulfide (13, 67, 68). Phytate supplementation did not result in a significant deviation of microbiota composition or luminal SCFAs concentrations compared to vehicle-supplemented mice in dextran sulfate sodium (DSS)-treated mice (47). On the other hand, increased Lactobacillus spp. has been reported with phytate supplementation in high sucrose-fed rats (69). Increased levels of Lactobacillus spp. have also been reported with 4-week consumption of 10% bran diet in rodents (70). Microbial phytases encompass multiple classes of enzymes and are expressed by a variety of commensal bacterial and fungal species in the intestinal lumen (71). Our gnotobiotic model employing a phytase-deficient commensal strain demonstrated that microbial phytase was essential in protection against infection, verifying the importance of phytate and its metabolites in the regulation of host epithelial defense. Phytase deficiency in commensal E. coli did not result in growth disadvantage in the monocolonization model in our study. However, it is possible that commensal bacterial phytase-derived products also directly alter C. rodentium virulence and therefore not only promote protection via regulation of host immunity. Elucidating the association between phytase abundance and individuals’ responsiveness to dietary phytate may be essential for guiding the use of phytate for nutritional intervention strategies.

The data presented in this manuscript reveal a new mechanism of dietary regulation of mucosal immunity in which metabolism of phytate-rich foods by commensal bacteria primes epithelial defense against infection via an HDAC3-STAT3 pathway. Evidence also suggests that rice bran decreases susceptibility to other enteric pathogens, such as Salmonella and rotavirus (40, 72). Therefore, consuming bran and other phytate-enriched foods may represent an effective dietary strategy for broadly boosting innate mucosal defense against multiple intestinal pathogens. Discovery of this diet-microbiota-host regulatory mechanism provides fundamental insights that can guide practical and personalized nutritional interventions designed to enhance mucosal immunity.



Methods


Mice

All murine experiments were performed according to guidelines of the Institutional Animal Care and Use Committee. Animals were housed up to 4 per cage in a ventilated cage with 12 h light/dark cycle and free access to chow and water. Animals were provided with appropriate care by a licensed veterinarian. Floxed Hdac3 mice were bred to C57BL/6 mice expressing Cre-recombinase under the control of villin promoter to generate HDAC3ΔIEC mice (57). Gnotobiotic mice were maintained in sterile isolators (Class Biologically Clean) in the CCHMC Gnotobiotic Mouse Facility, fed autoclaved food and water, and routinely monitored to ensure the absence of microbial contamination. To establish E.coli and phytase-KO E. coli monoassociated mice, GF mice received 1 x109 CFU bacteria in PBS via oral gavage. Monoassociated mice were housed on a sealed positive pressure IVC rack (Allentown). Phytate (phytic acid sodium salt hydrate, Sigma) was dissolved in water to make 2% phytate and filtered (0.22μm) prior to providing to the mice as drinking water. Control diet (TD.160791) or 20% rice bran (NOW stabilized rice bran) diet (TD.210517) were custom made by Envigo with matched macronutrients, calories, minerals, vitamins, and fiber. Mice were infected with 1x109 CFU GFP-C. rodentium (DBS100) via oral gavage. Stool and colon tissues were homogenized in sterile PBS using a Tissue Lyser II, serially diluted and plated on MacConkey agar. CFUs were counted and normalized to stool weight after 16 hr. For histologic analyses, sections of colon were fixed in 10% neutralized formalin, paraffin embedded, sectioned, and stained with hematoxylin and eosin.



IEC isolation and RNA analyses

IECs were isolated from the large intestine by shaking tissue in 1mM EDTA/1mM DTT 5% FBS PBS at 37°C for 10 min as described previously (57). RNA was extracted from cells using the RNeasy Kit (Qiagen) according to manufacturer’s instructions. For RT-qPCR, RNA was reverse-transcribed with Verso reverse transcriptase (Invitrogen) and expression was compared using SYBR (Applied Biosystems) and analyzed in the linear range of amplification. Target gene expression was normalized to an unaffected control gene. For global expression analyses, 3 biological replicates of IECs from vehicle- and phytate-treated mice were compared. Reads were bar codes trimmed and mapped to mouse genome (GRCm38) using Bowtie2. The reads aligning to known transcripts were quantified using Seqmonk (V1.47.1) and visualized using Genepattern Multiplot Studio. Differential expression analysis was performed using EdgeR within Seqmonk (p<0.05, fold change >1.5). For pathway and ontological analyses, gene lists were submitted to the Toppgene database (toppgene.cchmc.org), which amasses ontological data from over 30 individual repositories. Network construction and identification of hub genes using Cytohubba were done on Cytoscape v3.9.1.



Flow cytometry

IECs were isolated as described above. Cells were stained using the following fluorescence-conjugated monoclonal antibodies diluted in FACS buffer (2% FBS, 0.01% sodium azide, PBS): Brilliant Violent 711 anti-CD326 (EpCAM) (Clone: G8.8, BD Biosciences), PE anti-pSTAT3 (Tyr 705) (Clone: LUVNKLA, Invitrogen), PE anti-Mouse IgG2bκ isotype (Clone: eBMG2b, Invitrogen). Dead cells were excluded with the Violet dead Cell Stain Kit (Invitrogen). For pSTAT3 staining, the cells were fixed in 4% PFA following dead cell staining, then permeabilized with methanol prior to surface and pSTAT3 or isotype staining. Samples were acquired on the Canto III and analyzed with FlowJo™ v10.8 Software (BD Life Sciences).



IP3 assay

Fecal pellets were homogenized in cold PBS and extract was collected after centrifugation at 4°C. IP3 ELISA was performed on fecal extract or bacterial culture supernatant according to manufacturer instructions (MyBiosource). Briefly, samples were incubated with 50 µl of biotinylated detection antibody for 45 minutes at 37°C, washed 3 times, and incubated with HRP conjugate at 37°C for 30 minutes. The plate was rinsed with wash buffer followed by substrate incubation for 15 minutes at 37°C. The reaction was stopped, and the optical density of each well was measured using a micro-plate reader (Biotek Synergy 2) set to 450 nm.



Bacterial culture and quantification

Wild type commensal E. coli K-12 (ATCC 700926) and phytase-KO E. coli CU-1867 (ATCC 47092) colonies were grown on LB agar plate and inoculated in 10 ml LB broth for overnight culture prior to administration to GF mice in mono-association studies. For culture media IP3 quantification study, E. coli were cultured with 1 mM phytate. Mono-associated mice were monitored for contamination by quantitative PCR. Fecal samples were collected in 2ml pre-weighed sterile microcentrifuge tubes. Fecal bacterial DNA was isolated using QIAamp® Fast DNA Stool Mini Kit (Qiagen) following the kit protocol. Bacterial DNA was assessed by quantitative PCR (QuantStudio3; Applied Biosystems) using 16S-rRNA and bacterial-specific primer pairs (Invitrogen, MilliporeSigma). PCR of E. coli phytase gene (AppA) was performed to confirm lack of AppA in phytase-KO E. coli (47). To determine CFUs in mono-associated mice, stool was homogenized, serially diluted, and grown on Lennox LB plates in aerobic condition overnight. CFUs were normalized to stool weights.



HDAC activity

LI mucosa was lysed in RIPA buffer and HDAC activity was assayed using a fluorometric assay (Active Motif). Briefly, 10 μg of cell lysate was incubated with 100 μM of HDAC substrate at 37°C for 1 hour. 50 μl of developer solution containing 2 μM of trichostatin A (TSA) was added at room temperature to stop the reaction. Fluorescence was measured using a fluorescent plate reader (Biotek Synergy 2) with an excitation wavelength of 340 nm and an emission wavelength of 460 nm.



Statistics

All statistical analyses were performed using GraphPad Prism 8.0. Statistical significance was determined by students t-test or ANOVA. All data meet the assumptions of the statistical tests used. Results are shown as mean ± SEM and considered significant at p<0.05 (*); p<0.01 (**); p<0.001 (***).
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Dietary micronutrients act at the intestinal level, thereby influencing microbial communities, the host endocannabinoidome, and immune and anti-oxidative response. Selenium (Se) is a trace element with several health benefits. Indeed, Se plays an important role in the regulation of enzymes with antioxidative and anti-inflammatory activity as well as indicators of the level of oxidative stress, which, together with chronic low-grade inflammation, is associated to obesity. To understand how Se variations affect diet-related metabolic health, we fed female and male mice for 28 days with Se-depleted or Se-enriched diets combined with low- and high-fat/sucrose diets. We quantified the plasma and intestinal endocannabinoidome, profiled the gut microbiota, and measured intestinal gene expression related to the immune and the antioxidant responses in the intestinal microenvironment. Overall, we show that intestinal segment-specific microbiota alterations occur following high-fat or low-fat diets enriched or depleted in Se, concomitantly with modifications of circulating endocannabinoidome mediators and changes in cytokine and antioxidant enzyme expression. Specifically, Se enrichment was associated with increased circulating plasma levels of 2-docosahexaenoyl-glycerol (2-DHG), a mediator with putative beneficial actions on metabolism and inflammation. Others eCBome mediators also responded to the diets. Concomitantly, changes in gut microbiota were observed in Se-enriched diets following a high-fat diet, including an increase in the relative abundance of Peptostreptococcaceae and Lactobacillaceae. With respect to the intestinal immune response and anti-oxidative gene expression, we observed a decrease in the expression of proinflammatory genes Il1β and Tnfα in high-fat Se-enriched diets in caecum, while in ileum an increase in the expression levels of the antioxidant gene Gpx4 was observed following Se depletion. The sex of the animal influenced the response to the diet of both the gut microbiota and endocannabinoid mediators. These results identify Se as a regulator of the gut microbiome and endocannabinoidome in conjunction with high-fat diet, and might be relevant to the development of new nutritional strategies to improve metabolic health and chronic low-grade inflammation associated to metabolic disorders.
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Introduction

Selenium (Se) is an essential micronutrient (1). It is absorbed from the diet through food or other forms of external supplementation, and its consumption is attributed important health benefits, including the improvement of immune response, fertility, and cognitive function (2). Se helps against oxidative stress and has attracted increasing attention to prevent diseases. There is abundant evidence linking low Se with the development of various chronic diseases, such as cardiovascular diseases (3, 4) and cancer, (5, 6).

Several recent studies have pointed to the possible role of dietary Se in the establishment of the intestinal microbiota and, subsequently, in the effects on host immunity and metabolism (7–9). Indeed, the diet is a key modulator of gut microbiota composition, and its imbalance may lead to the development of obesity (10, 11). Some studies have suggested that Se may inhibit adipocyte hypertrophy and adipogenesis (12, 13). Obesity is associated with a chronic low-grade inflammation state, and blood Se levels have been found to be inversely correlated with obesity, making Se deficiency a possible marker of excess adiposity (14, 15). Evidence from several populations suggests that elevated Se exposure may be associated with an adverse lipid profile (16–18), diabetes (19), and hypertension (20). Cross-sectional studies have shown that obesity is associated with low levels of serum Se and low intake of this mineral (21).

Specific circumstances that include genetic alterations, dietary changes and excessive stress, allow potentially pathogenic microorganisms to increase their growth, leading to a gut microbial imbalance known as dysbiosis (22). Se can modulate the composition of the microbiota and gut microbes can also affect Se levels in the host (23). There is strong evidence of a connection between obesity and gut microbiota dysbiosis, which will initiate and/or exacerbate inflammation via the phenomenon known as endotoxemia (24). Changes in the gut microbiome have been reported as a potential risk driver for obesity in humans (25–27). Biomarkers of Se nutritional status, including serum Se levels, as well as the activity of important selenoproteins, such as glutathione peroxidase (Gpx), may be associated with obesity (28, 29). Oxidative stress is found to be specifically increased in the adipose tissue in obesity, resulting in systemic oxidative stress that increases the risk of obesity-related metabolic complications. Therefore, down-regulation of Gpx protein expression may be associated with increased obesity-related systemic oxidative stress and the incidence of metabolic complications (30). Se-dependent glutathione peroxidases represent a family of enzymes which play an essential role in the reduction of lipid and hydrogen peroxides (31–33), and Se participates as the main redox component of this group of enzymes (34).

The expanded endocannabinoid (eCB) system, or endocannabinoidome (eCBome), comprises a vast network of receptors, their endogenous lipids ligands – which are chemically and biochemically related to the endocannabinoids - and the enzymes responsible for their synthesis and degradation (35). Endocannabinoids are long chain ω-6 polyunsaturated fatty acid (PUFA)-derived lipid mediators and include anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG), mostly acting at G protein-coupled cannabinoid type 1 and type 2 (CB1 and CB2) receptors. Their respective congeners, the N-acyl-ethanolamines (NAEs) and 2-monoacyl-glycerols (2-MAGs), respectively, are important components of the eCBome, and, with the two eCBs, are involved in multiple physiological processes (36, 37). The recognized functions of eCBs include the regulation of satiety, energy control and lipid metabolism through the CB1 receptor, increasing food intake, reducing energy expenditure, and promoting fat accumulation in adipose tissue (38, 39). The eCBs acts both peripherally and centrally to stimulate metabolic processes that can lead to weight gain, and indeed obesity has been associated with eCB hyperactivity (40, 41). Conversely, other eCBome mediators, such as oleic acid- and palmitic acid-derived NAEs and 2-MAGs, counteract metabolic imbalance via their actions at other receptors (such as PPARα, GPR119 and TRPV1), and yet others, such as the ω-3 PUFA-derived ones, have been suggested to play anti-inflammatory actions via yet to be discovered receptors (42). Thus, the gradual development of obesity, and chronic low-grade inflammation therewith associated, following altered dietary habits might be due in part to changes in gut microbiota composition and imbalance of host eCBome signaling. Moreover, the consumption of essential micronutrients such as Se may influence not only the gut microbiota but also the way by which the precursors of eCB mediators are synthesized (43).

Given the role of Se in antioxidant activity, its implication in chronic low grade inflammation during obesity, and the impact it might have on changes in the composition and function of intestinal microbial communities, we investigated how: 1) dietary variations of Se in combination with high or low-fat diets impact intestinal microbial populations, and 2) the intake of this mineral alters the host eCBome-mediated response and immune status as well as antioxidant activity exerted by selenoproteins in the intestinal microenvironment. We speculated that variations in dietary Se concentrations would affect the gut-microbiota and its potential interaction with the host eCBome. Experiments were thus carried out with mice (males and females) to examine the impact of Se and diet formulation on the animals. We then stratified the data to assess the influence of sex on mouse responses to Se.



Materials and methods


Animals, diets and housing

The study was approved by the Université Laval animal ethics committee (CPAUL 2019-006). Forty-eight 6-week-old C57BL/6J male and female mice were purchased from Jackson Laboratory (USA) and were individually housed in the animal facility of the Institute of Nutrition and Functional Foods (INAF), in standard cages under controlled temperature (22°C) and relative humidity (50%) with a 12 h day/night cycle. At arrival, all mice were acclimated to their new environment for a one-week adaptation period, during which they received a normal chow diet (AIN-93G-purified diet #110700, Dyets Inc., Bethlehem, PA, USA). Following this time, they were randomly assigned to 4 groups (n=12 per group, 6 males and 6 females). The groups were defined according to 4 diet designs. Table S1 presents the formulation for the four diet groups set as follows: Enriched (1 mg/kg) and depleted (0.1 mg/kg) concentrations of Se in combination with High Fat-High Sucrose (HFHS: 23.6% fat, 17% sucrose, LabDiet, St.Louis, MO, USA), and Low Fat-Low Sucrose (LFLS: 4.3% fat, 7% sucrose, LabDiet, St.Louis, MO, USA). The diets were formulated to be isonitrogenous, but different in terms of lipids and energy between the HFHS and LFLS diets. Total energy in diets was determined with an adiabatic Parr 6300 calorimeter (Parr Instrument Company, Moline, IL, USA) and was similar among LFLS and among HFHS diets (Se-depleted LFLS 4010.75 cal/g; Se-enriched LFLS 4008.55 cal/g; Se-depleted HFHS 4913.05 cal/g; Se-enriched HFHS 4937.45 cal/g). Dietary protein content was determined by combustion (Duma’s method) using a LECO FP‐528 apparatus (LECO Corporation, St. Joseph, MI, USA) and was also found similar between the diets (Se-depleted LFLS 14.99% [w/w] and 599 cal/g; Se-enriched LFLS 14.85% [w/w] and 594 cal/g; Se-depleted HFHS 18.92% [w/w] and 757 cal/g; Se-enriched HFHS 18.54% [w/w] and 742 cal/g). Dietary fat content was measured with an ANKOMXT10 Extractor (ANKOM Technology, Macedon, NY, USA) and was different between the diets, reflecting the fact that we have low-fat and high-fat diet (Se-depleted LFLS 3.74% [w/w] and 337 cal/g; Se-enriched LFLS 2.6% [w/w] and 234 cal/g; Se-depleted HFHS 22.93% [w/w] and 2064 cal/g; Se-enriched HFHS 22.21% [w/w] and 1999 cal/g). Animals were fed ad libitum with these diets for 28 days and had access to ad libitum water for the same period of time. Body weight and food intake were monitored twice weekly. Mice were sacrificed by cardiac puncture. Whole blood was collected in K3-EDTA tubes to obtain plasma (1,780 × g, 10 min). Ileum and caecum tissues were collected at 10 cm and 2 cm from the ileocecal junction, respectively. Luminal contents were collected in PBS with gentle scraping. Tissue samples from both ileum and caecum were treated with RNAlater Stabilization Solution (ThermoFisher, USA) to preserve the integrity of RNA until its subsequent extraction. All samples were stored at −80°C until further analysis.



Endocannabinoidome mediators

Lipids were extracted from plasma (40 μL) samples as in (44). In brief, plasma samples were diluted to a volume 500ul with Tris 50mM. 5 μL of deuterated standards were added to each sample then vortexed. Two milliliter of toluene was added and samples were vortexed for 30 seconds. Samples were then placed dry ice-ethanol bath to allow freeze the aqueous phase. Ileum and caecum samples (5 to 10 mg) were extracted exactly as in (45). The organic phases were then collected and evaporated under a stream of nitrogen. Lipid extracts were then resuspended with 50 μL of mobile phases (50% Solvent A and 50% solvent B) then injected on the injected onto an HPLC column (Kinetex C8, 150 × 2.1 mm, 2. 6 μM; Phenomenex) as described before (46). Quantification of eCBome-related mediators was performed using a Shimadzu 8050 triple quadrupole mass spectrometer. The following metabolites were quantified: 1/2-arachidonoylglycerol (AG), 1/2-DHG), 1/2-docosapentaenoyl(n-3)-glycerol (2-DPG), 1/2-eicosapentaenoyl-glycerol (2-EPG), 1/2-linoleoyl-glycerol (LG), 1/2-oleoyl-glycerol (2-OG), arachidonic acid (AA), docosahexaenoic acid (DHA), docosaepentaenoic acid (DPA), eicosapentaenoic acid (EPA), stearidonic acid (SDA), linoleic acid (LA), N-arachidonoyl-ethanolamine, (AEA), N-docosahexaenoyl-ethanolamine (DHEA), N-linoleoyl-ethanolamine (LEA), N-oleoyl-ethanolamine (OEA), N-palmitoyl-ethanolamine (PEA), N-stearoylethanolamine (SEA), prostaglandin E2 (PGE2), N-Palmitoyl-Glycine and N-Oleoyl-Serotonin. prostaglandin D2 (PGD2), prostaglandin E1 (PGE1), prostaglandin E2 (PGE2), prostaglandin E3 (PGE3), 1a,1b-dihomo prostaglandin F2α (1a,1b-dihomo PGF2α), thromboxane B2 (TBX2) and N-docosapentaenoyl-ethanolamine (DPEA).



16S rRNA gene sequencing

Intestinal luminal contents were lysed using bead beating (0.1-mm silica beads). Samples were lysed with the OMNI Bead Ruptor 12 (Precellys) for 2 cycles of 1 minute. Before enzymatic digestion with 50 mg of lysozyme and 200 U/μL mutanolysin (37°C, 45 min). Microbial DNA was extracted using the QIAamp DNA Stool minikit (Qiagen, CA, USA), and amplification of the V3-V4 region was performed using the primers Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTAATCC-3′) (Illumina, CA, USA). Libraries were purified using magnetic beads AMPURE XP (Beckman Coulter Canada Lp), and libraries were assessed on gel using QIAexcel (Qiagen, CA, USA). High-throughput sequencing (2- by 300-bp paired end) was performed on a MiSeq platform (Illumina, CA, USA). The average reads per samples was 12705, with a minimum of 2344 reads and a maximum of 31309 reads. Sequences were processed using the DADA2 package (version 1.16.0) (47) and associations with bacterial taxa were obtained using the Ribosomal Database Project reference database release Silva version 132. Microbiome abundances were normalized using rarefaction (Rarefaction; Vegan R package). Reads were rarefied to 5,000 reads to account for depth bias (48). Samples with read count lower than 5000 but higher than 2000 reads were kept in the analysis as is. Prior to rarefaction, we observed 5113 ASV and after rarefaction we observed 4923 ASV. The raw sequences were deposited to SRA under accession PRJNA886990.



mRNA isolation, reverse transcription and qPCR

RNA was extracted from the ileum and caecum samples with the RNeasy Plus mini kit (Qiagen, CA, USA) according to the manufacturer’s instructions and eluted in 30 μL of UltraPure distilled water (Invitrogen, USA). RNA concentration and purity were determined by measuring the absorbance of RNA in a nanodrop at 260 nm and 280 nm. A total of 500 nanograms of RNA was reverse transcribed with a high-capacity cDNA reverse transcription kit (Applied Biosystems, CA, USA). We used 7500 Real-Time PCR System (Applied biosystems, CA, USA) to perform quantitative PCR to assess the expression of 4 eukaryotic genes related with inflammation (Il-10, Tgfβ-1, Il1β and Tnfα) and 3 antioxidant activity genes (Gpx1, Gpx2 and Gpx4) with one housekeeping gene (Hprt). Primers and probes for TaqMan qPCR assays were purchased as commercial kits (ThermoFisher Scientific, Burlington, ON, Canada) and TaqMan assay IDs were as follows: Hprt (Mm03024075_m1), Il-10 (Mm01288386_m1), Tgfβ-1 (Mm01178820_m1), Il1β (Mm00434228_m1), Tnfα (Mm00443258_m1), Gpx1 (Mm00656767_g1), Gpx2 (Mm00850074_g1) and Gpx4 (Mm04411498_m1). All expression data were normalized by the threshold cycle (2-ΔΔCT) method using Hprt as internal control (49).



Statistical analyses

Data are expressed as mean ± SEM. Ranked mixed linear regressions (nlme R package) and two-way analysis of variance (ANOVA) followed by test of contrast were used to identify significant intestinal segment or Se effects and interactions. The eCBome mediator responses to the diet were investigated using ANOVA linear contrast post hoc analysis. Generalized linear regression models were used to identify the effects of Se and interactions with fat, and sex. We used a three-way ANOVA based on a linear model that included interactions between diet formulation (LFLS vs HFHS), Se concentration (depleted vs enriched) and sex of the animal (female or male). The differences were considered statistically significant with P values of P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations, the sex of animals (female and male) and the combination between Se levels and formulations. Associations between microbiome families and eCBome mediators were investigated by building a correlation network. Spearman correlations were performed between metataxonomic, lipidomics and quantitative PCR results. Variables were scaled and centered prior to correlation analysis. Adjustments for multiple testing were obtained using false-discovery rate (FDR) and correlation were included in the network if their FDR corrected p-values were < 0.05. Correlation network was built using Cytoscape version 3.9.1. Node positions were manually adjusted to improve readability. Analyses were performed with R software version 4.0.2. Principal-component analysis was performed using the FactoMineR version 2.6 R package (49). PERMANOVA was performed between two of the segments of intestine (ileum and caecum) with 999 permutations in conjunction with Canberra distances between samples using package vegan in R (v2.5.7).




Results


Low dietary selenium intake impairs weight gain with low fat low sucrose diet

Mice fed 28 days of Se-enriched diets showed an increased weight gain compared to mice that received Se-depleted diets, both in the HFHS and LFLS diets. Strikingly, in LFLS this increase was relatively stronger and statistically significant after 28 days (p=0.0005) and at all measured time points (Figure 1). Notably, a slight weight loss was observed in the first days of the study with the Se-depleted LFLS diets, which did not occur with the other diets. Although higher in Se-enriched formulation, the body weight of mice with HFHS showed no statistically significant difference between Se-enrichment and Se-depletion during the protocol (p=0.56). Male mice showed higher weight gain than females for both Se-enriched and Se-depleted diets, accompanied by high-fat and low-fat formulations (Figure S1). Energy intake was not significantly different between Se-depleted and Se-enriched diets for both HFHS (p=0.16) and LFLS (p=0.91), suggesting that the difference in weight gain was not associated with energy consumption. Nonetheless, energy intake was significantly higher in HFHS compared to LFLS diet (p<0.0001). These results suggest that Se impact on weight gain interacts with diet composition, but that it might not be linked with differences in energy intake.




Figure 1 | Weight gain in mice fed Se-enriched and Se-depleted LFLS or HFHS diets. Groups of 12 mice (6F/6M) were fed Se-enriched and/or Se-depleted diets combined with LFLS or HFHS diet for 28 days. Generalized linear regression models were used to identify the effects of time or Se and interactions. Data are expressed as mean ± SEM (n = 12). P values of linear contrast analysis are identified when significant ‘***’ P < 0.001, ‘**’, P < 0.01, using contrast between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations.





Dietary Selenium impacts intestinal immune and antioxidant gene expression

We examined how the intestinal inflammatory response and antioxidant activity adapted to variations in dietary Se. In the ileum, dietary Se did not significantly modulate immune-related genes (Figure 2A). In the caecum, expression of Tgfβ-1 (p=0.017), Il1β (p=0.035), and Tnfα (p=0.0151) were significantly reduced in HFHS diet with enriched Se (Figure 2B). Reduction of Tnfα and Il1β expression in caecum after Se supplementation could potentially mediate a counteraction of HFHS diet-induced caecum inflammation. With respect to gene expression level of Gpx family, we observed a general increase in the mRNA levels, which was statistically significant for Gpx4 (p=0.00005) and Gpx1 (p=0.022) in the ileum after the HFHS diet with depleted Se. No overall significant impact of diet on Gpx gene expression was observed in the caecum. The Gpx4 gene showed a higher level in males between high and low fat with Se-depleted diets (p=0.013). Higher antioxidant Gpx gene expression in HFHS diet with depleted Se could serve to compensate for the reduced presence of Se. No overall significant impact of diet on Gpx gene expression was observed in the caecum. Overall, these results point to a potential anti-inflammatory effect of Se enrichment in the context of a HFHS diet.




Figure 2 | Intestinal mRNA expression of immune response and antioxidant state genes as fold change (FC) calculated using the ΔΔCT method. (A) Ileum. (B) Caecum. Gene expression was normalized to Hprt. P values of linear contrast analysis are detailed when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. The samples were analysed at day 28 of the study.





Selenium modulates circulating 2-MAGs and intestinal fatty acid amides and prostaglandins

Lipid mediators, including the eCBome, can play a key role in inflammation. Thus, we evaluated the eCBome mediators (MAGs and NAEs) and their fatty acid precursors (PUFAs) in plasma, ileum and caecum samples (Figure 3). The eCBome response was different between plasma and the two intestinal segments studied. Moreover, modulation by diet and Se intake were not consistent between tissues. In plasma, we observed that Se-enriched diets enhanced the levels of circulating 2-MAGs, particularly in HFHS diets. Indeed, 2-DHG showed a significant increase associated with the enrichment of Se in the diets (Figure 2A). 2-AG, 2-DPG and 2-EPG showed a similar behavior, although the differences were not statistically significant. Circulating levels of NAEs and PUFAs were not associated with Se intake, but were influenced by fat and sugar content of diets (Figures 3B, C). As expected, circulating levels of AEA were higher with the HFHS diet (50), while OEA levels were higher with the LFLS diet. AA was increased with the HFHS diet, while EPA showed an increase with the LFLS diet. In the intestine, a statistically significant modulation was only associated with dietary fat and sugar levels rather than Se variations. In the ileum, 2-EPG, DHEA, PEA, AA, DPA, and EPA were higher with the LFLS than the HFHS diet. By contrast, in the caecum, 2-AG, 2-DHG and 2-DPG levels were higher with the HFHS than the LFLS diet.




Figure 3 | Diet and Se modulation of the endocannabinoidome and fatty acid precursors. A) 2-monoacylglycerols (2-MAGs), B) N-acylethanolamines (NAEs) and C) long chain ω-6 and ω-3 polyunsaturated fatty acid (PUFA) response to Se-enriched and Se-depleted LFLS or HFHS diets. Line chart representation of the eCBome mediators in Plasma, Ileum and Caecum. Data are expressed as the mean ± SEM (n = 12). P values of linear contrast analysis are detailed when significant ‘***’ P < 0.001, ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. Letter b indicates difference between HFHS conditions. The samples were analysed at day 28 of the study.



In the ileum, Se enrichment in the diet also reversed the reduction in the levels of N-palmitoyl-glycine caused by HFHS, and resulted in increased levels of N-oleoyl-serotonin under LFLS (Figure 4). In the caecum, N-oleoyl-serotonin were higher under a HFHS diet only in the absence of Se. N-palmitoyl-glycine and N-oleoyl-serotonin have been proposed to play anti-inflammatory effects via different receptors, i.e., agonism of GPR18 and PPARα or TRPV1, in the case of the former mediator, and antagonism of TRPV1 and inhibition of endocannabinoid inactivation by fatty acid amide hydrolase (FAAH), in the case of the latter (51, 52). Thus, Se supplementation either increased the levels of these mediators under conditions of HFHS, in the ileum, or abolished their HFHS-induced increases, in the caecum, suggesting in both case an anti-inflammatory effect of this mineral, whereas the Se-induced elevation of ileal N-oleoyl-serotonin levels in LFLS mice may be linked to increased body weight in these mice.




Figure 4 | Response of prostaglandins and additional eCBome mediators in Se-enriched and Se-depleted LFLS or HFHS diets in the intestine. Line chart representation of the eCBome mediators in Ileum (A-F) and Caecum (G-L). Data are expressed as the mean ± SEM (n = 12). P values of linear contrast analysis are detailed when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. The samples were analysed at day 28 of the study.



In addition to endocannabinoid congeners and PUFAs, we also quantified other lipid mediators that could respond differentially to dietary changes of Se (Figure 4). In this sense, we evaluated the response of PGD2, PGE1, PGE2 and PGE3 (Figure 4). In some tissues, PUFAs acting as precursors of prostaglandins can be produced from the hydrolysis of the corresponding polyunsaturated MAGs (53). We observed a Se-dependent increase for both PGE2 and PGE3 in the ileum of the HFHS diet accompanied by Se enrichment, which reflected the changes observed in this tissue of: 1) AA and EPA, and 2) EPG, but not 2-AG, possibly suggesting a role as prostaglandin biosynthetic precursors only for PUFAs and not necessarily for polyunsaturated 2-MAGs.

In summary, Se intake affected the concentrations of circulating PUFAs, 2-MAGs and of other eCB-like mediators as well as of PGE2 and PGE3 mostly in the ileum. Modulation of the eCBome and prostaglandins by Se and diet could play a role in the chronic low-grade inflammation of mice under a HFHS diet.



Segment-specific switch of intestinal microbiome populations during selenium feeding

We investigated whether gut microbial taxa responded differentially to dietary variations of Se and whether these putative associations remained independent of dietary fat and sucrose intake. The structure of the intestinal microbiota shows a strong differentiation between the ileum and caecum segments (P<0.01, PERMANOVA) (Figure 5A). Interindividual differences were higher in ileum than in caecum and the two segments reacted differently to the dietary treatments. Principal component analysis shows that the effect of Se combined with both diets was limited in the ileum (Figure 5B) while Se intake had a significant impact on the caecum microbiota in mice fed with HFHS diet but not with LFLS diet (Figure 5C). Detailed results for the statistical analysis of bacterial families in relation with intestinal segment, selenium intake, diet composition and the sex of the animal are shown in Table S2. Modulation of taxa between the segments was similar for several bacterial families, although some modulated taxa were detected in only one of the two segments studied (Figure 6). For instance, Lactobacillaceae and Peptostreptococcaceae were higher with the HFHS diet and were further increased by Se supplementation for both segments. Moreover, these two taxa were of low abundance or not detected in mice under a LFLS diet and in mice under a depleted Se HFHS diet. Dietary changes in Se allowed an increase of the relative abundance in some species over others according to intestinal location. The Eggerthellaceae family was only detected in the ileum under Se depletion conditions, and its relative abundance in this segment was also higher with the HFHS than the LFLS diet. Likewise, the Muribaculaceae family showed a higher relative abundance in the ileum only with HFHS Se-enriched diets. Concomitantly, the Bacteroidaceae, Ruminococcaceae and Oscillospiraceae families were mostly detected in the caecum. In this intestinal segment, Se intake affected the relative abundance of Oscillospiraceae and Ruminococcaceae in interaction with the diet. Indeed, Oscillospiraceae was increased by the HFHS diet in Se depleted conditions. Bacteroidaceae was higher with the LFLS than HFHS diet in the caecum. Thus, although the general diet composition in macronutrients was the main driver of microbiota composition in both intestinal segments, Se intake did influence specific families of bacteria, especially in combination with the HFHS diet.




Figure 5 | Intestinal microbiota composition in response to Se-enriched and Se-depleted LFLS or HFHS diets. A) Relative bacterial abundance at the family rank in response to Se-enriched and Se-depleted LFLS or HFHS diets in the intestinal segments ileum and caecum. Families representing less than 1% of total bacterial abundance were aggregated. Dendrogram showing hierarchical clustering based on Canberra distance between samples is showed and determines the sample ordering. The corresponding annotations for tissue, sex, diet and Se level are displayed. B) Principal component analysis shows the impact of depleted/enriched concentrations of Se with High and Low-Fat Sucrose diets on gut microbiota composition of the ileum and C) in the caecum. Permanova indicates significance of microbiota composition differences between the dietary conditions. The samples were analysed at day 28 of the study.






Figure 6 | Relative bacterial abundance at the family rank in response to Se-enriched and Se-depleted LFLS or HFHS diets in the intestinal segments ileum and caecum. Data are expressed as the mean ± SEM (n = 12). P values of linear contrast analysis are detailed when significant ‘***’ P < 0.001, ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. The samples were analysed at day 28 of the study.





Sex influences the impact of selenium on the intestine

In addition to studying the effects of dietary variations in Se and fat formulation, we were also interested in studying how the sex of the animals affected the phenotype of the mice (Figures S1-S5). Sex of the mice had limited impact on the expression level of genes associated to the inflammatory profile and the intestinal anti-oxidative state (Figure S2). However, we observed that Gpx4 presented superior levels in males fed with Se-enriched diets accompanied with LFLS compared to females.

Sex differences in the endocannabinoids have already been demonstrated (54, 55). Circulating 2-MAGs such as 2-AG, 2-DHG and 2-LG showed higher levels in females on Se-enriched diets accompanied by the HFHS diet, while 2-DPG was higher only in males with the same regimen of diets (Figure S3). Regarding circulating NAEs, we observed that LEA was increased in males with both diets, and OEA was higher in males only with the LFLS diet (Figure S4). Similarly, DPA showed elevated levels in males with both diets, while SDA showed higher levels in males only with the LFLS diet (Figure S5). At the intestinal level, particularly in the ileum, mediators such as 2-DPG and 2-EPG showed higher levels in males than in females. In the caecum, we observed elevated responses of 2-AG, 2-DHG, 2-DPG, 2-EPG and 2-LG in males with Se enriched and HFHS diets. Ileum DHEA levels were higher in males on Se-enriched accompanied with LFLS, although not significantly different from females. By contrast, the mediator PEA showed higher levels only in females on Se-depleted and LFLS diets. In the caecum, the fatty acids AA, DPA and SDA were favored by Se-enriched-HFHS diets since they showed elevated levels under these conditions only in males, while DHA showed higher levels in females with depleted Se and HFHS diet. Overall, the sex of the animals was an important factor in modulating the eCBome in response to the diet and Se levels, and, vice versa. Dietary factors were important in determining the observation of sex differences in eCBome mediators.

Se level shifts with HFHS diets modulated microbial families also in a sex-dependent manner (Figure S6). In females, Peptostreptococcacea and Lactobacillaceae exhibited an increase in their relative abundance under Se-depletion with HFHS diets. In males, microbial families such as Eggerthellaceae, Streptococcaceae and Oscillospiraceae showed an increase with Se-enriched diets also accompanied with HFHS (Figure S6). This points to a differential role of Se and its participation in shaping the intestinal microbiota according to the sex of the host.



Overview of intestinal microbiome-eCBome axis in response to Se and diet

In the previous sections, we have focused on the influence of Se intake on intestinal gene expression, microbiome composition and lipid mediator concentrations. However, diet composition, including fat content, and the sex of the mice were major factors in modulating numerous variables (Table S2). Overall, Se intake influenced 19 variables; diet composition 52 variables; and sex 35 variables, with numerous interactions between factors. This general approach to data interpretation indicates that the diet is the main driver of the biological processes we investigated, with many variables affected by the sex of the mice. Nevertheless, Se remains a dietary factor that can modulate the microbiome of the caecum in addition to mostly modulating 2-MAGs and inflammation related-genes.

Our observations show that many variables seem linked in their responses to experimental factors. We constructed a correlation network to investigate these relationships (Figure 7). Endocannabinoidome mediators and prostaglandins clustered by tissue. Molecules did not show inter-tissue correlation with themselves. Nonetheless, 2-MAGs generally correlated together within each tissue, as did NAEs, and prostaglandins. Limited correlation was observed between the two major families of eCBome mediators. Several taxa were positively correlated between the two studied intestinal segments, including Akkermansiaceae, Erysipelotrichaceae, Lactobacillaceae, Muribaculaceae, and Peptostreptococcaceae. Most correlations of the gut microbiota with lipid mediators were with fatty acids such as AA, EPA or DPEA. Still, Enterococcaceae in the ileum were positively associated with 2-MAGs, specifically 2-EPG and 2-DHG.




Figure 7 | Correlation network showing the relationship between the endocannabinoidome, the gut microbiome and intestinal gene expression of immune and Gpx family genes. Color of the nodes indicate the tissue. Shape of the nodes indicate the type of data. The color of edges represents positive (red) or negative (blue) correlation. Width of the edges are proportional to the strength of the correlation. Features in bold italics were statistically significant between the depleted and enriched Se HFHS diet. The position of nodes was manually adjusted to improve clarity.



To better understand the influence of Se in response to the HFHS diet, we investigated the correlation of variables that were significantly different between the Se-depleted and Se-enriched HFHS diets (Figure 7, in bold italics). In the ileum, Gpx1 gene expression and PGE2 concentration were inversely correlated. Relative abundance of Peptostreptococcaceae in both ileum and caecum were positively correlated with Clostridiaceae, as were Lachnospiraceae and Oscillospiraceae in the caecum. It is of note that these four taxa belong to the order Eubacteriales.




Discussion

The present study assessed the impact of Se supplementation and depletion in combination with LFLS and HFHS formulations on Gpx selenoprotein expression, intestinal inflammatory markers, and, particularly, eCBome signaling and gut-microbiota composition. This was a short duration study and although our aim was not to induce systemic and tissue inflammation, previous studies have shown that 4 weeks of an obesogenic diet in mice are sufficient to alter the inflammatory phenotype and induce changes in the gut microbiota (56). In general, we observed that mice consuming Se-enriched food gained more weight in comparison with Se-depleted diets, which is in accordance with previous studies (57–59). Interestingly, Se-induced weight gain was higher under a LFLS compared to a HFHS diet, an interaction that could potentially explain disagreements in the literature on the effects of this mineral on weight gain (60–62). In both cases, the impact of Se-related weight gain did not seem associated with energy intake. Modulation of Gpx gene expression in the ileum was also influenced by the interaction between the diet and Se, as was cytokine gene expression in the caecum, although not in the same dietary conditions. In addition, the impact of Se intake on: 1) plasma 2-MAGs, particularly the proposed anti-inflammatory compound 2-DHG, 2) intestinal eCB-like molecules (i.e fatty acid amides) with targets that mitigate inflammation, and 3) pro- and anti-inflammatory prostaglandins, was also influenced by the accompanying diet. These results support the hypothesis of a potential anti-inflammatory effect of Se consumption in response to the diet and exerted also through these alterations of the eCBome. On the other hand, the observed increase of Gpx1 and Gpx4 expression in the ileum following the depleted Se LFLS diet might represent a compensatory mechanism to enhance antioxidant activity despite lower Se availability (63). Finally, caecum gene expression of Tnfα, Il1β and Tgfβ-1 was only modulated by Se HFHS diet, as were most of the microbiome taxa found here to be influenced in the ileum and the caecum. The impact of Se intake on microbiota composition, both in ileum and caecum, suggests that the effect of this mineral on microbiome-related factors could be strongly linked with the diet and, potentially, with the inflammatory state of the intestine. Our results also support the hypothesis that micronutrients can affect the host and microbiome response to a HFHS diet. Taken together, these results demonstrate that the impact of Se on the microbiome is diet-dependent and associated with the inflammatory state of the caecum. Further studies are needed to clarify whether the changes in gut microbiota composition observed here following Se supplementation may contribute to its suggested anti-inflammatory actions.

In order to evaluate whether the enrichment with Se would have an impact not only on weight gain but also on eCBome signaling (64), we evaluated the impact that dietary variations of this mineral would have on the levels of circulating and intestinal eCBome mediators (MAGs and NAEs) and their corresponding PUFAs. Se-enriched diets showed a significant effect on MAGs more than NAEs and PUFAs. Particularly, the circulating mediators 2-AG, 2-DHG and 2-DPG showed increased concentrations with an enriched Se diet, with slight differences between male and female mice. These mediators have been implicated in metabolic activity and brain function (37, 65, 66). The fact that we have identified circulating 2-MAGs with activity in the brain is consistent with Se proposed involvement in cognitive development (67). Indeed, human health can be improved by increasing dietary intake of Se and ω-3 PUFAs (68). However, dietary enrichment or depletion of Se had little impact on the production of eCBome mediators at the intestinal level, which instead were sensitive to the caloric and macronutrient composition of the diet in agreement with previous studies (69). Indeed, mediators such as 2-AG, 2-DHG, 2-DPG and 2-LG showed a significant increase only in the presence of HFHS and exclusively in the caecum. An exception to this rule is represented by intestinal N-palmitoyl-glycine and/or N-oleoyl-serotonin, two eCBome mediators that modulate the activity of targets (GPR18 or PPARα and TRPV1, respectively) involved in immune development and inflammation (51, 52, 70), which were modulated by Se in a diet-dependent manner. Interestingly, N-oleoyl-serotonin, which has also been shown to reduce intestinal GLP-1 release (71), was the only variable significantly modulated, and increased, by Se in the LFLS diet. The inhibitory action on GLP-1 of N-oleoyl-serotonin, as well as its antagonism of TRPV1 and inhibition of FAAH, may all underlie the increased body weight observed in LFLS mice following Se supplementation, since these three molecular targets have all been associated with lower body weight (72, 73). However, future studies are required in order to investigate this hypothesis.

The fact that dietary fat levels play a key role in the production of intestinal 2-MAGs could suggest a bivalent effect of dietary fatty acids on the production of some mediators, depending on intestinal location. In fact, it has previously been shown that the level of dietary fat also affects the abundance of gut microorganisms in a segment-specific manner (50). Regarding the gut microbiota, dietary variations of Se were found to differentially impact specific microbial families according to intestinal location. Microbial families such as Peptostreptococcaceae and Lactobacillaceae were favored by Se-enrichment in the diet as they showed a higher relative abundance, while other intestinal families such as Eggerthellaceae, and Oscillospiraceae showed a significant reduction in their growth. This suggests possible affinity of some microbial species for this mineral. Variations in its concentration could act as an inorganic modeling agent in microbial communities. Looking at how Se variations affect the same microbial species in different intestinal locations, we observed that those microbial families that presented relatively high relative abundances in ileum were instead less represented in the caecum, and vice versa (Figure 6). Se absorption occurs in the proximal sections of the small intestine (74), and this fact as well as the presence of molecular mechanisms for Se acquisition by some microbial species, could explain the enhancement for some microbial species over others. The interaction between Se variations and dietary fat/sucrose produced an interesting effect on the growth of Ruminococcaceae (Figure 6), since Se-enriched diets in combination with HFHS reduced the growth of this microbial species, whereas a low-fat formulation boosted its growth. This may suggest that depending on the amounts of some macronutrients, the appropriate levels of micronutrients may promote and/or adversely impact specific microbial targets. Similarly, the presence/absence of high fat and sucrose in the diet participated in the modulation of some microbial families, as previously shown in previous studies (75). Previous studies have shown sex differences for both endocannabinoid mediators and microbial communities under different conditions (dietary fat and sucrose) (54, 55, 69). However, to the best of our knowledge, this is the first study to report differences under conditions of dietary variations of Se for both systems. Our results show that males exhibited superior levels for some mediators over females, such as LEA, OEA, 2-DPG, among others. Similarly at the intestinal level, specific microbial families responded differentially in a sex-dependent manner. In general, the observed sex-differences were diet-dependent.



Conclusions

Overall, our results indicate that Se intake modulates intestinal response to diet in mice. On one side, Se enrichment contributed to weight gain when mice were fed with LFLS diet. On the other hand, Se enrichment in mice consuming HFHS diet favored the presence of eCBome mediators, prostaglandins and the expression of genes involved in inflammation regulation. We also showed that the microbiome of the ileum and the caecum responded to Se intake in a diet dependent manner. Although the microbiota of the two intestinal segments shared some taxa modulation, their microbial ecology is different. In conclusion, our findings show that Se might, in combination with the diet, modulate intestinal processes and contribute to a healthy response to dietary stress induced by the HFHS diet. This study shows how complex dietary components may interact with the gut-microbiota ecosystem and the host metabolism. The present findings should open the way for mechanistic studies investigating the molecular basis of the impact of micronutrients on the microbiome-eCBome axis, in response to Se deficit or supplementation, and the role of this interaction in low grade inflammation such as that accompanying diet-induced obesity.
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Supplementary Figure 1 | Weight gain in Female and Male mice fed with fed Se-enriched and Se-depleted LFLS or HFHS diets. Groups of 12 mice (6F/6M) were fed Se-enriched and/or Se-depleted diets for 28 days. Generalized linear regression models were used to identify the effects of time or Se and interactions. Data are expressed as mean ± SEM (n = 6). P values of linear contrast analysis are detailed in the bottom when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations.

Supplementary Figure 2 | Intestinal mRNA expression of immune response and anti-oxidant state genes as fold change (FC) calculated using the ΔΔCT method by sex. (A) Ileum. (B) Caecum. Gene expression was normalized to Hprt. P values of linear contrast analysis are detailed when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. The samples were analysed at day 28 of the study.

Supplementary Figure 3 | Diet and Se modulation of 2-monoacylglycerols (2-MAGs) by sex. Line chart representation of the 2-MAGs in Plasma (A-F) Ileum (G-L) and Caecum (M-R). Data are expressed as the mean ± SEM (n = 6). P values of linear contrast analysis are detailed in the bottom when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS fat formulation and the combination between Se levels and formulations. Letter b indicates difference between HFHS conditions. The samples were analysed at day 28 of the study.

Supplementary Figure 4 | Diet and Se modulation of N-acylethanolamines (NAEs) by sex. Line chart representation of the NAEs in Plasma (A-F) Ileum (G-L) and Caecum (M-R). Data are expressed as the mean ± SEM (n = 6). P values of linear contrast analysis are detailed in the bottom when significant ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS fat formulation and the combination between Se levels and formulations. Letter a indicates difference between LFLS conditions. The samples were analysed at day 28 of the study.

Supplementary Figure 5 | Diet and Se modulation of precursors of endocannabinoids fatty acids (PUFAs) by sex. Line chart representation of the PUFAS in Plasma (A-F) Ileum (G-L) and Caecum (M-R). Data are expressed as the mean ± SEM (n = 48). P values of linear contrast analysis are detailed in the bottom when significant ‘***’ P < 0.001, ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. Letter a indicates significance between LFLS conditions. The samples were analysed at day 28 of the study.

Supplementary Figure 6 | Diet and Se modulation of intestinal microbiome by sex. Line chart representation of the Relative abundance in Ileum and Caecum. Data are expressed as the mean ± SEM (n = 48). P values of linear contrast analysis are detailed in the bottom when significant ‘***’ P < 0.001, ‘**’, P < 0.01, ‘*’, P<0.05 using contrast test between enriched and depleted Se levels, LFLS and HFHS formulations and the combination between Se levels and formulations. Letter b indicates significance between HFHS conditions. The samples were analysed at day 28 of the study.
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Inflammatory Bowel Disease (IBD) is characterized by a loss of intestinal barrier function caused by an aberrant interaction between the immune response and the gut microbiota. In IBD, imbalance in cholesterol homeostasis and mitochondrial bioenergetics have been identified as essential events for activating the inflammasome-mediated response. Mitochondrial alterations, such as reduced respiratory complex activities and reduced production of tricarboxylic acid (TCA) cycle intermediates (e.g., citric acid, fumarate, isocitric acid, malate, pyruvate, and succinate) have been described in in vitro and clinical studies. Under inflammatory conditions, mitochondrial architecture in intestinal epithelial cells is dysmorphic, with cristae destruction and high dynamin-related protein 1 (DRP1)-dependent fission. Likewise, these alterations in mitochondrial morphology and bioenergetics promote metabolic shifts towards glycolysis and down-regulation of antioxidant Nuclear erythroid 2-related factor 2 (Nrf2)/Peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) signaling. Although the mechanisms underlying the mitochondrial dysfunction during mucosal inflammation are not fully understood at present, metabolic intermediates and cholesterol may act as signals activating the NLRP3 inflammasome in IBD. Notably, dietary phytochemicals exhibit protective effects against cholesterol imbalance and mitochondrial function alterations to maintain gastrointestinal mucosal renewal in vitro and in vivo conditions. Here, we discuss the role of cholesterol and mitochondrial metabolism in IBD, highlighting the therapeutic potential of dietary phytochemicals, restoring intestinal metabolism and function.
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Introduction

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD), is characterized by a loss of intestinal barrier function and chronic inflammation of the gastrointestinal tract caused by an aberrant interaction between immune response and gut microbiota in genetically susceptible subjects (1–3).

IBD is a 21st century global disease (4), with industrialized countries having a stable incidence (12 to 26 per 100,000 people) as well as a rising prevalence (5), based on genetic susceptibility, early diagnosis, and environmental factors, including diet, lifestyle, and comorbidities (6, 7). Systematic reviews of MEDLINE and EMBASE from 1990 until 2015 established the highest prevalence values for IBD in Europe (UC, 505 per 100,000 people in Norway; CD, 322 per 100,000 people in Germany) and North America (UC, 279 per 100,000 people in the USA; CD, 319 per 100,000 people in Canada) (4). In contrast, IBD incidence in newly industrialized countries, has increased with low prevalence, including countries in Asia, the Middle East, South America, and Africa (5).

The early diagnosis allows possibilities to treat short-term complications and reduce their severity to avoid hospitalization and surgery (8). Treatment possibilities for CD include corticosteroids, azathioprine, or immunomodulators such as methotrexate, while for UC, 5-aminosalicylates (5-ASA), corticosteroids, or azathioprine (9). Biologic drugs are currently used for treating severe to moderate IBD, such as anti-TNF blockers (infliximab, adalimumab, certolizumab pegol, and golimumab), enhancing intestinal mucosa healing, symptom relief, reduction in hospitalization rates, and improvement in quality of life (8). However, a third of patients are non-responsive to anti-TNF therapy or lose their response to treatment over time (10–12). Other biological drugs have been developed and used as primary therapy, or for those who failed anti-TNF therapy, such as anti-integrin agents (13). Nevertheless, these treatments as well as the hospitalization remain costly for IBD patients (14). Diet can be considered as a booster in the treatment of IBD patients, since some dietary components have been shown benefits preventing the onset of this disease (15).

Therefore, the innate immune system is essential for the first response of the host against infection or damage in the intestinal mucosa. Pattern Recognition Receptors (PRRs) recognize pathogens-associated molecular patterns (PAMPs) and/or damage-associated molecular patterns (DAMPs), such as Toll-like receptors (TLRs), nucleotide-binding oligomerization-domain protein-like receptors (NLRs), and C-type lectin receptors. There is evidence that inflammasome participates during IBD development, and its activation in the intestinal mucosa enhance the pathogen clearance (16, 17). The inflammasome is a supramolecular assembly recognizing PAMPs and/or DAMPs, serving as a platform for caspase-1 activation and production of mainly IL-1β and IL-18. The most studied inflammasome corresponds to the NLR family pyrin domain containing 3 (NLRP3), triggering intestinal mucosa inflammation. High IL-1β expression is related to lack of primary response to anti-TNF therapy. Therefore, NLRP3 inflammasome and IL-1β are crucial players during IBD development (18, 19).

Inflammasome activation requires two signals: the first is an NF-κB-mediated signal for NLRP3 and pro-IL1B gene transcription. The second signal (required for its assembly) can be of diverse origins, including lipopolysaccharide (LPS), toxins, and viral and bacterial nucleic acid. Interestingly, second signals can also arise from cellular metabolism, such as excess intracellular cholesterol, oxidized low density lipoprotein (oxLDL), mitochondria-derived components (cardiolipin, reactive oxygen species (ROS), mitochondrial DNA), or endoplasmic reticulum (ER) stress, all currently related to IBD pathogenesis (20–23). This review summarizes the relevance of intracellular cholesterol changes and how alterations in mitochondrial bioenergetics influence inflammasome activation in IBD. Finally, the role of dietary compounds, especially phytochemicals, in the restitution of mitochondrial function and cholesterol homeostasis in this disease is considered.



Alterations in gut barrier homeostasis and cell diversity during IBD

The intestinal barrier comprises the intestinal epithelium and mucus, coexisting with the lamina propria, the gut-associated lymphoid tissue (GALT), and the commensal gut microbiota (24). It allows digestion and absorption of dietary components and protects us against pathogens. A proper epithelial barrier function and an eubiotic gut microbiome are crucial for intestinal homeostasis (24, 25). Thus, during some gastrointestinal disorders, such as IBD, an imbalanced gut barrier appears, with increased pro-inflammatory mediators causing epithelial damage and, therefore, epithelial permeability, accompanied by an imbalanced gut microbiome, known as “gut dysbiosis” (24).

Located at the intestinal crypts, tissue-resident stem cells proliferate and differentiate into mature enterocytes, mucus-secreting goblet cells, or enteroendocrine cells, while migrating upwards through the crypt to the villus. Essential for adherens junctions between epithelial cells, tight junctions maintain intestinal barrier integrity, which can be disrupted by inflammation or gut dysbiosis (25). Tight junctions include adherens junctions, desmosomes, and gap junctions and they are formed by transmembrane proteins such as occludins, claudins, junctional adhesion molecules, tricelluin, and intracellular scaffolds proteins (zonula occludens (ZO) proteins). Intestinal stem cells have tight junctions distributed heterogeneously and different composition of transmembrane proteins, avoiding permeability closer to the crypt (26). Notably, UC is characterized by reduced epithelial cell diversity and decreased stem cell differentiation and migration, negatively affecting intestinal healing and mucus production by goblet cells (27).

Coordinating the immune response underneath the epithelial layer, immune cells (T cells, B cells, intraepithelial lymphocytes- IELs, and phagocytes) are organized in GALT, such as Peyer’s patches, mesenteric lymph nodes, and isolated lymphoid follicles (28).

Although, loss of gut homeostasis in IBD involves the participation of lamina propria and infiltrating immune cells, such as granulocytes, antigen-presenting cells (APCs), macrophages (Mø), B and T cells (29–31), as well as inflammatory cytokines, such as inflammasome-regulated IL-1β and IL-18, amongst others (TNF-α, IL-6, IL-12, IL-17, IFN-γ, GSDM (32, 33)). Despite an evident relationship between immune cells, metabolism, and inflammasome activation is expected, the role of metabolic mediators, such as cholesterol in IBD remains not fully understood.



Intracellular cholesterol accumulation in IBD


Cholesterol sources and homeostasis

Cholesterol is a sterol that occurs in two forms: free cholesterol and esterified cholesterol, the latter of which is a result of the conjugation of a cholesterol molecule to a fatty acid (FA, usually palmitic or oleic acid, and less frequently, linoleic acid) via an ester bond. Physiologically, cholesterol is an essential lipid of animal cell plasma membranes and a precursor of a variety of biologically active compounds, such as bile salts, hormones, and vitamin D3 (34). Additionally, cholesterol interacts with phospholipid FAs, decreasing the mobility of their hydrocarbon chains and consequently reducing the plasma membrane fluidity.

Dietary absorption (“exogenous cholesterol”) and endogenous synthesis (“endogenous cholesterol”) are the main sources of cholesterol in the body. Accordingly, principal cholesterol metabolic routes refer to its function in biosynthetic processes, excretion in the digestive tract, and an alternative route of removal, known as trans-intestinal C excretion (TICE) to complete the cholesterol balance (35). To maintain physiological cholesterol levels, also known as “cholesterol homeostasis”, all pathways are subjected to regulatory mechanisms responsible for cholesterol balance in the plasma membrane and intracellular.

Endogenous cholesterol is synthesized by a long and complex route, whose limiting enzyme HMG-CoA reductase (HMGCR) expression is activated by the sterol regulatory element-binding protein 2 (SREBP-2) transcription factor, localized in the ER (36).

Approximately 40-50% of exogenous cholesterol comprising the conversion of cholesterol to bile acids (BAs) and the excreted cholesterol via mixed micelles is reabsorbed through enterocyte pathways and once esterified, is incorporated in intestinal lipoproteins, named the chylomicrons (35).

In the intestinal lumen, the enzyme cholesterol esterase starts cholesterol hydrolysis, resulting in both free cholesterol and esterified FA. Then, interacting with the mixed micelles and their content, dietary cholesterol, monoacylglycerols (MAGs), and free FA, reaches the enterocytes. A selective cholesterol absorption results from regulated mechanisms differentiating from other micellar lipid components. The cholesterol transport from micelles, contacting the intestinal cell microvilli, is carried out by the membrane protein Niemann-Pick C1 Like 1 (NPC1L1) through cholesterol-regulated clathrin-mediated endocytosis (37, 38). Once in the enterocyte, free cholesterol is re-esterified with FA (of endogenous or dietary origin) by the catalytic action of the enzyme acyl-CoA-cholesterol-acyltransferase (ACAT). Also, triacylglycerides (TG) from dietary fats and oils are hydrolyzed in the intestinal lumen and absorbed as free FA and MAGs, being re-esterified by the enterocytes and, in combination with cholesterol esters, phospholipids, and apoprotein B-48 (apo B-48), forming the chylomicrons. The latter are then secreted from the basolateral membrane into the lymphatic vessels and subsequently into circulation (39). Figure 1 briefly summarizes the metabolism of endogenous and exogenous lipids and sterols by enterocytes.




Figure 1 | Absorption and re-esterification of exogenous and endogenous lipids and sterols by intestinal epithelial cells. Dietary cholesterol, MAGs, and free FA, inside of mixed micelles reach the enterocytes. A selective cholesterol absorption results from regulated mechanisms differentiating from other micellar lipid components. The cholesterol transport from micelles, contacting the intestinal cell microvilli, is carried out by NPCL1 through cholesterol-regulated clathrin-mediated endocytosis. Once in the enterocyte, the TG re-esterification is carried out by two enzymes: MGAT and DGAT. Both incorporate FA, the first to a MAG, while the second to a DAG, resulting in TG formation. Likewise, free cholesterol is re-esterified with FA by the ACAT. Endogenous and exogenous FA are used in re-esterification, with the TG produced by re-esterification, leaving the enterocytes for their distribution to different tissues. Therefore, in the enterocyte, re-esterified TG and cholesterol, as well as phospholipids and apo B-48, form chylomicrons. These are secreted from the basolateral cell region to the lymphatic vessels and afterward into the circulation. MAGs, Monoacylglycerols; NPCL1, Niemann-Pick C1 Like 1; TG, Triacylglyceride; MGAT, Monoacylglycerol acyltransferase DGAT, Diacylglyceride acyltransferase; FA, Fatty acids; DAG, Diacylglycerol; ACAT, Acyl-CoA-cholesterol-acyltransferase.. This figure was created with BioRender.com.



The endogenous and exogenous cholesterol trafficking in cells is mediated by transporters that allow cholesterol influx or efflux. Some of these transporters are affected in IBD, causing impaired cellular cholesterol trafficking (40, 41) and abnormal accumulation of intracellular cholesterol in ER or plasma membranes. This recruits the NLRP3 and the adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC), thus promoting inflammasome oligomerization (42–44). Despite there being no information in IBD, this perturbation could contribute to the severity of the pathology.



Cellular cholesterol dynamics in IBD

Cellular lipid fate starts with intestinal absorption of endogenous and exogenous sources to the lymphatic circulation, then transported to the liver, and finally to the bloodstream by LDL lipoproteins. Selective cellular LDL and HDL lipoprotein uptake by LDL receptors comprise a route through classical-clathrin coat endosomal/lysosomal route (45) and scavenger receptor class B type 1 (SR-BI), respectively (46). Intracellular cholesterol excess is delivered to HDL (reverse cholesterol transport) by ATP-Binding Cassette Transporter A1 (ABCA1), ATP-binding cassette transporter G1 (ABCG1), and SR-BI (47). Additionally, other transporters are steroidogenic acute regulatory (StAR) family members, including StARD1 and StARD3, mediating cholesterol movement from endosomes to mitochondria and ER (48, 49). Furthermore, vesicular transporter NPC1 mediates cholesterol efflux from late endosomes/lysosomes to the ER and plasma membranes (50). As expected, NPC1 deficiency in Niemann Pick C disease (NPC) is characterized by cholesterol accumulation in lysosomes and altered cholesterol content in mitochondria, plasma membranes, and ER (51), whereas NPC1 overexpression in CHO cells increases plasma membrane and ER cholesterol content (52). Notably, Npc1-null mice show impaired autophagy, intestinal granuloma, and a CD phenotype (53). Likewise, CD patients with an NPC1 disorder develop a granulomatous aggressive phenotype (54). Interestingly, IBD patients show increased LDL-R, NPC1, and decreased ABCG1 and SR-BI transcript levels (40, 41) suggesting that cellular cholesterol dynamics and homeostasis are affected in the intestinal mucosa (Figure 2).




Figure 2 | Alterations in cholesterol dynamics and mitochondrial dysfunction in IBD mucosa. In (A), inflamed intestinal mucosa shows enterocytes and macrophages have impaired transport cholesterol in IBD, with increased LDL-R, NPC1, and StADR3 allowing cholesterol influx and decreased ABCG1, SR-BI, and LXR preventing cholesterol efflux. In (B), also, mitochondria lose their function, promoting mitochondrial dysfunction, characterized by decreased expression of mitochondrial and nuclear genes associated with ETC and ATP synthase, NAD+ depletion, reduced levels of TCA cycle intermediates, reduction of Δψm, increased mtROS production, mitochondrial morphological changes with increased of DRP1 expression to regulate mitophagy and mitochondrial fission, and release of mtDNA. An imbalance in cholesterol traffic and mitochondrial function can activate NLRP3 inflammasome and promote inflammation of intestine mucosa, such as cholesterol, mtDNA, mtROS, and cardiolipin. However, there are no studies linking cardiolipin to IBD. IBD, Inflammatory Bowel Disease; LDL-R, low-density lipoprotein receptor; NPC1, Niemann–Pick C1 protein cholesterol transporter; StADR3, Steroidogenic acute regulatory; ABCG1, ATP Binding Cassette Subfamily G Member 1; SR-BI, scavenger receptor class B type I; LXR, Liver X receptor; ETC, Electron transport chain; TCA, Tricarboxylic acid; Δψm, mitochondrial membrane potential; mtROS, mitochondrial reactive oxygen species; DRP1, dynamin-related protein 1; mtDNA, mitochondrial DNA; NLRP3, NLR (Nod-like receptor) family pyrin domain containing 3. This figure was created with BioRender.com.



Also involved in cholesterol homeostasis and TG metabolism in the intestinal mucosa are the nuclear receptors (NR), liver X receptor (LXRs) α (NR1H3) and β (NR1H2) (55), as evidenced by decreased LXR expression in IBD patients, and several colitis mouse models (Il-10-null mice and dextran sodium sulfate, DSS or 2,4,6-trinitrobenzene sulfonic acid, TNBS-induced colitis) (56, 57) accompanied by decreased expression of ABCA1 (an LXR target gene) (57).

Interestingly, IBD etiology is associated with an unbalanced peripheral lipid profile with low total cholesterol, HDL, and LDL (58, 59). Furthermore, disease severity is related to high TG levels (59) and hyperlipidemia in IBD patients, and colitis mouse models (60, 61) suggesting the strong linkage between lipid metabolism and IBD. Moreover, a recent study demonstrates that the visceral adipose tissue is associated with therapy response and lower remission rates in IBD patients (62). In addition, the use of statins (drugs lowering circulating cholesterol levels) in IBD is associated with reduced steroids use (63) and disease relapse risk.

Being a component of plasma membranes and endomembranes, cholesterol is a critical constituent in lipid rafts. Cholesterol is decreased in lipid rafts and increased in non-lipid rafts fraction in an in vitro DSS-induced IBD-like phenotype of intestinal Caco-2 cells, with ER showing altered trafficking of protein, glycoprotein, and cholesterol. All this suggests inflammation promotes both unbalanced cell polarity and membrane integrity (64). In line, macromolecule trafficking is also disturbed by ER stress in IBD, characterized by increased expression of ER stress proteins (immunoglobulin-binding protein (BiP), C/EBP homologous protein (CHOP), transcription factor activation protein 4 (ATF4), and X-box binding protein (XBP1)) (64, 65). Mitochondria-associated ER membranes (MAMs) are microdomains that allow the calcium and lipid trafficking between mitochondria and ER, although disturbed regulation contributes to pathological conditions (66). Under these ER stress conditions, interruption of this ER-mitochondria communication produces oxidative stress and mitochondrial depolarization, impairing mitochondrial bioenergetics. A pro-inflammatory in vitro model of the M1-like Mø phenotype exhibits reduced ER-mitochondria communication and upregulated genes involved in mitochondrial fusion (MFN1, MFN2, and OPA1) and fission (DRP1 and FIS1), compared to M0- and M2-like Mø. Additionally, M1-like Mø converts superoxide anions into hydrogen peroxide (H2O2), generating mitochondrial ROS (mtROS) release (67, 68). Although changes in ER-mitochondria communication in cells from inflamed mucosa, such as Mø in IBD, are so far unknown, in vitro M1-like Mø models suggest alterations in the reciprocity platform between organelles (67).

Concomitantly, mucosal StARD3 expression is also increased in IBD patients (69), suggesting an increased cholesterol content in mitochondria. Accordingly, StARD3 upregulation increases mitochondrial cholesterol content in mice on a cholesterol-rich diet (70). Similarly, hepatocytes overexpressing StARD3 cause mitochondrial dysfunction mediated by oxidative stress, comparable to Npc1-null mice suffering severe mitochondrial oxidative stress (71). Currently, no studies demonstrate cholesterol levels within the mitochondrial membrane in the intestinal cell types in IBD patients or IBD in vivo models. On the other hand, cholesterol sulfate, which is catalyzed by hydroxysteroid sulfotransferase 2B1 (SULT2B1), and intestinal epithelium-specific knock of Sult2b1 has been significantly associated with down-regulation of cholesterol biosynthesis genes. In addition, cholesterol sulfate administration improved colitis features in DSS mice model; however, further studies are necessary to evaluate its anti-inflammatory effect in IBD (72).




Impaired mitochondrial metabolism in IBD

Mitochondrial dysfunction refers to loss of electron transport chain (ETC) efficiency, reduced ATP synthesis, mitochondrial morphological changes, and increased mtROS, and these are present in chronic diseases (58) such as IBD (Figure 2) (73–76). Regarding IBD, decreased expression of some mitochondrial and nuclear genes, associated with ETC (e.g. Complex I, III, and IV), ATP synthase (Complex V), and tricarboxylic acid (TCA) cycle, as well as reduced ETC activity has been observed in inflamed colonic biopsies versus non-inflamed mucosa (73). Despite the above, conflicting evidence on the contribution of ETC to IBD suggests a possibly high intrinsic variability in patients. Whether this is related to the severity of the pathology or the response to therapy currently remains unclear.

Complex I activity is a limiting step in oxidative phosphorylation (OXPHOS) and catalyzes the oxidation of nicotinamide adenine dinucleotide (NADH) (77, 78). Simultaneously, complex II links ETC with TCA cycle, oxidizing succinate to fumarate and reducing flavin adenine dinucleotide (FAD+) to hydroquinone form (FADH) (79). In UC patients, NAD+ is depleted in inflamed tissue (80). Although no FAD+ data is available in IBD, lower levels are expected due to decreased complex II activity; however, further studies are necessary to verify this.

Consistent with this reduced respiratory complex activity, reduced levels of TCA cycle intermediates citric acid, fumarate, isocitric acid, malate, pyruvate, and succinate have been reported in inflamed mucosa of UC patients (81). Seemingly even more significant, citrate, aconitate, α-ketoglutarate, succinate, fumarate, and malate are decreased in CD compared to UC and healthy patients (82), suggesting a differential metabolic phenotype related to bioenergetics dysfunction and inflammation in CD.

Notably, a metabolic shift towards glycolysis to compensate for a deficiency in mitochondrial ATP synthesis is shown in PBMCs from IBD patients when compared to healthy donors (83). In this IBD metabolic context, colonocytes change to glycolytic metabolism (increased intracellular lactate), and bacteria in the intestinal lumen consume epithelium oxygen, causing dysbiosis and promoting mucosal inflammation (84).

Colonic epithelial cells present a reduction of mitochondrial membrane potential (Δψm) in inflamed tissue (73) that could be promoted by the reduction of ETC activity and the presence of uncoupling proteins (UCP), which permit the proton leak from the mitochondrial intermembrane space to the matrix (85). Ucp2 overexpression was reported in colon of DSS-treated mice (86), with a reduced inflammation severity in the Ucp2 knockdown (87) that could promote the loss of Δψm. However, discordant results were obtained in DSS-treated Ucp2 null mice, which developed more severe colitis that was associated with higher ROS and decreased expression of ZO-1 and JAM1 (88) (related to tight junction permeability and epithelial architecture loss). Furthermore, Ucp2 expression in colonocytes in the small intestine from TNBS-treated mice was not significantly increased, despite the reduction of respiration in isolated mitochondria (89) possibly reflecting the participation of other proteins of the mitochondrial membrane. More studies are necessary to evaluate the participation of UCP2 in IBD bioenergetics and physiopathology.

Regarding mitochondrial morphology, CD patients with active disease show severe ultrastructural mitochondrial abnormalities in Paneth cells, goblet cells, and enterocytes (90). Intestinal enterocyte mitochondria appear dysmorphic, with cristae destruction and abnormal architecture in mouse models of intestinal inflammation. Dysfunctional mitochondria undergo BCL2 interacting protein 3-like (BNIP3L)/NIX-mediated mitophagy and mitochondrial fission, evidenced by increased dynamin-related protein 1 (DRP1) expression. As a physiological response to stress and mitochondrial damage, hypoxia-inducible factor alpha (HIF1α) and mtROS are enhanced to regulate mitophagy during intestinal inflammation, eliminating dysfunctional mitochondria from the cell and preventing further ROS accumulation (91).

Mitochondrial dysfunction in IBD has also been related to decreased PPARGC1A expression (encoding Peroxisome proliferator- activated receptor-alpha; PGC1-α), which is considered a master regulator of mitochondrial biogenesis and bioenergetics (69, 73). Under stress conditions, PGC-1α potently stimulates mitochondrial turnover and antioxidant activity (92, 93). Different roles for PGC-1α have been suggested from in vitro and in vivo UC models. PGC-1α is highly expressed in the murine intestinal epithelium; however, during colitis, acetylation inactivates PGC-1α, followed by ubiquitination and proteasomal degradation (92). Moreover, hypermethylation of the PPARGC1A gene in severe UC, when compared to mild UC patients, is related to decreased PGC-1α expression (73, 94). In addition, reduced mitochondrial mass in the intestinal mucosa of UC patients can be a consequence of decreased PGC-1α and/or increased mitophagy (95). Epithelium-specific Ppargc1a null mice are more susceptible to DSS-induced colitis compared to wild-type mice (92), highlighting its participation in colitis pathophysiology. Contradictorily, Paneth cells of CD patients showed upregulated PGC-1α signaling, which may represent an adaptive response to ongoing mitochondrial damage during IBD (90).

Post-translational regulation of PGC-1α involves highly conserved NAD+-dependent deacetylase Sirtuins (SIRTs), including SIRT1. SIRT1 senses metabolic stress and thus promotes upregulation of mitochondrial function and FA oxidation genes (96, 97). Also, SIRT1 deacetylates histones (H1, H3, and H4) and transcription factors, such as NF-κBp65, inhibiting pro-inflammatory gene transcription. Accordingly, decreased SIRT1 in IBD mucosa promotes the inflammatory environment (98).

Conventional therapy in IBD, such as 5-ASA (5-aminosalicylic acid), reverses mitochondrial dysfunction by activating Peroxisome proliferator- activated receptor-gamma (PPAR-γ) (84, 99, 100). PPAR-α and PPAR-γ nuclear receptors (encoded by PPARA and PPARG), expressed in crypt upper epithelial cells and Mø, are associated with cellular processes, such as mitochondrial biogenesis and translation initiation. Interestingly, PPAR-α and PPAR-γ have been associated with ROS detoxification and cholesterol biosynthesis, while specifically PPAR-γ is associated with TCA cycle and NF-κB signaling inhibition, whose gene expression is decreased in IBD, affecting these processes (73, 101). Overexpression of PPAR-γ (in a hepatocyte cell line) decreases HMGCR and SREBP-2 gene and protein levels, increasing CYP7A1, ABCG5, and ABCG8 gene and protein expression, which contribute to a decrease in cholesterol synthesis, an increased conversion of cholesterol to BAs and cholesterol efflux (102).

In mouse Mø treated with soluble (free) cholesterol, it was observed that cholesterol was absorbed and accumulated in the cytoplasm and mitochondria, leading to increased mitochondrial mass, decreased oxygen consumption rate, and OXPHOS (103). This suggests that an accumulation of cholesterol in cellular compartments, such as the mitochondria, could cause changes in mitochondrial metabolism and bioenergetics. Further studies of intracellular cholesterol accumulation and trafficking with its metabolic consequences in IBD are still required.



Inflammasome involvement in IBD


Inflammasome activation

Participating in innate antimicrobial responses against PAMPs, DAMPs, and stress, the inflammasome is a supramolecular complex composed of a sensor protein, a caspase, and an ASC adapter protein (104). Sensor proteins are PRRs of innate immunity, belonging to the NOD-like receptor family (NLR), such as NLRP1, NLRP3/NLRP6, NLRC4, and NAIP, or the PYHIN family (pyrin and HIN200 (hematopoietic interferon-inducible nuclear antigens with 200 amino acid repeat domain-containing protein)), such as AIM2/IFI16 (105, 106). So far, NLRP3 is the type most studied. Inactive NLRP3 resides mainly in the ER but, upon activation, translocates to MAMs in the perinuclear space and recruits ASC and caspase-1, thereby enabling cytoplasmic NLRP3 inflammasome assembly (107). In modulating NLRP3 activation, its filamentous assembly is ASC-dependent, containing a central nucleotide-binding, self-oligomerization domain (NBD) with ATPase activity and an LRR (leucine-rich repeat) domain conserved at the C-terminal. Once activated, NLRP3 oligomerizes, assembling multiple ASC filaments, through interactions between both N-terminal PYD (pyrin domain) of NLRP3 and ASC. Alternatively, ASC contains a caspase activation and recruiting domain (CARD), which interacts with the caspase-1 CARD, linking caspase domains for dimerization, activating self-cleavage, and finally, caspase-1 activation (108).

The canonical inflammasome pathway activation involves caspase-1-mediated cleavage of pro-IL-1β and pro-IL-18 into active IL-1β and IL-18 (104). Moreover, the non-canonical pathway consists of ASC-independent murine caspase 11 or human caspase 4/5, NRLP3 (109). Caspase-1 and caspase-4/5/11 cleave gasdermin D (GSDMD), releasing gasdermin-amino terminal domain and inducing pyroptosis, a variant of programmed cell death characterized by pore formation in the plasma membranes. This allows cytoplasmic content to be released from infected cells, which are then eliminated by neutrophils (110).

As mentioned before, inflammasome activation requires two signals, one being NF-κB-mediated NLRP3 and pro-IL1B gene transcription, and a second signal may arise from PAMPs, such as LPS, toxins, viral and bacterial nucleic acids and leads to oligomerization and activation. In addition, the inflammasome senses stress and cell damage, such as high ATP concentrations, mitochondrial-derived components (cardiolipin, ROS, mitochondrial DNA (mtDNA)), ER stress, intracellular calcium influx, uric acid, serum amyloid A, and cholesterol crystals (20–23).



Inflammasome activation in IBD

Inflammasome activation in the intestinal mucosa promotes pathogen clearance and Mø-mediated epithelial barrier recovery, with NLRP3 expressed both in colonic epithelial cells and Mø (111). The inflammasome is linked to IBD, as higher NLRP3, Caspase-1, NIMA-related kinase 7 (NEK7), and GSDMD expression were observed in inflamed versus non-inflamed tissue of UC patients (18). Also, hypomethylation of genes, such as NLRP3, NLRC4, NLRP12, and IL-10, correlated with higher gene transcription in severe compared to mild UC patients (94).

Furthermore, intestinal barrier dysfunction in DSS-induced colitis in mice allows the translocation of bacteria to stimulate lamina propria Mø via TLR/NF-κB, leading to pro-IL-1β and pro-IL-18 transcription, consequently NLRP3 activation (18, 112). This observation was confirmed by DSS-treated Mø in vitro, producing high IL-1β levels in a caspase-1-, NLRP3- and ASC-dependent manner (29). Nonetheless, conflicting evidence on the role of Nlrp3 and Caspase 1 genes was observed in IBD models, reporting in nlrp3-null mice less severe colitis and lower colonic pro-inflammatory cytokine production (29, 112). Whilst another study showed worse survival and clinical scores than wild-type mice (113). Recently, a GWAS study demonstrated the presence of inflammasome activation components in an IBD risk loci (33).

Additionally, the inflammasome is essential for protection against colitis-associated dysplasia and tumorigenesis towards colorectal cancer (CRC) (31, 113). Both Nlrp3- and Caspase 1-null mice treated with AOM (azoxymethane)/DSS develop large tumors with significant hyperplasia, and inflammation, with reduced production of IL-18 and the presence of proliferating dysplastic cells in dysplasia regions. NLRP3-dependent IL-18 production prevents neoplasia, with IL-18 participating in intestinal epithelial barrier repair via IFN-γ production and STAT1 signaling (31). In data analysis on the Oncomine® platform from patients with CRC, a decreased expression of inflammasome NLRP1, NLRP3, NLRC4, and AIM2 was observed compared to healthy controls (114).

Thus, evidence from in vivo colitis models shows that other molecular factors could interact with the inflammasome.



Cholesterol balance and inflammasome activation

Altered cholesterol transport leads to its accumulation in ER or plasma membranes, recruiting NLRP3 and ASC, facilitating inflammasome oligomerization (42–44), thus, impacting inflammation in atherosclerosis and Alzheimer’s disease (115). Initially, cholesterol uptake in intestinal epithelial cells by NPC1L1 promotes acute intestinal inflammation, recruiting myeloid cells, such as Mø, which capture cholesterol by NPC1 and activate NLRP3 inflammasome by activating caspase-1 and IL-1β secretion (42, 116). Additionally, dietary cholesterol has been shown to exacerbate CRC in murine models by activating NLRP3 inflammasome (20), and its blockade improves metabolism in obese mice (117). Additionally, cholesterol accumulation in plasma membranes (rafts/caveolae domains) affects its integrity, mainly represented by a changed distribution of caveolin-1 (CAV-1), becoming a platform for the inflammasome (118), and TLR4 activation in immune cells (44, 119–122). Importantly, TLR4 monomer is inactive in the plasma membranes and recruited into lipid raft domains once stimulated, allowing the toll-interleukin-1 receptor (TIR) domain to interact with membrane-associated co-receptor MAL/MyD88, initiating signaling for pro-IL-1β production (123). Reinforcing the role of cholesterol transport in inflammasome activation, ABCA1/G1 deficiency promotes cholesterol accumulation in Mø (43, 124, 125). Similarly, treatment with the NPC1 inhibitor U18666A (126) or NPC1 deficiency leads to the cholesterol accumulation in late-endosomes/lysosomes, reducing cholesterol transport to the ER and plasma membranes, thus blocking inflammasome assembly (42). These observations demonstrate a role for NPC1 in cholesterol homeostasis and TLR4 activation impacting inflammasome assembly. However, these mechanisms have not been established yet in IBD.



Inflammasome activation by mitochondrial mediators in IBD

The NLRP3 inflammasome can be activated by mitochondrial DAMPs which are released from intestinal mucosa during mitochondrial dysfunction in IBD (127). Mitochondrial damage causes mtDNA fragmentation and mtROS production, which oxidizes mtDNA into an oxidized form (ox-mtDNA) and acts as a second signal to activate the NLRP3 inflammasome (128). On the other hand, the first signal in LPS-stimulated Mø induces de novo mtDNA synthesis via the MyD88/TRIF-dependent TLR4, which activates IRF1 to induce CMPK2 expression, a mitochondrial nucleotide kinase (129). This de novo mtDNA is susceptible to oxidation and fragmentation, resulting in ox-mtDNA fragments, which can activate the inflammasome (129). Also, NLRP3 inflammasome activation in Mø induces pyroptosis by GSDMD. This process is characterized by plasma membrane permeabilization, causing changes in ion homeostasis that contribute to mitochondrial collapse, thus accumulating cytosolic mtDNA to be released to the extracellular environment when the cell undergoes apoptosis or pyroptosis (130). Both IBD patients with active disease and DSS-induced colitis in mice show increased plasma mtDNA levels, corroborating mitochondrial damage and suggesting inflammasome activation by mtDNA during IBD development (127).

NLRP3 inflammasome can also be activated by direct interaction with mitochondrial cardiolipin, in a mtROS-independent manner (21). Cardiolipin is a phospholipid locates exclusively in the inner mitochondrial membrane (IMM). It can translocate to the outer mitochondrial membrane (OMM) by mtROS production, PAMPs (e.g., LPS), or pro-apoptotic stimuli, thus promoting mitophagy (131). This suggests that cardiolipin could have a role in IBD pathogenesis. However, there are still no studies linking cardiolipin to IBD.




The interplay between mitochondrial dysfunction, cholesterol metabolism, and inflammasome activation upon the gut microbiota in IBD

Important host’s physiological functions are influenced by their gut microbiota, whose closest association became a single unit, called “holobiont”, where mtROS levels have important roles. Because of mtDNA mutations, mtROS levels are increased, reducing the ATP production, with MtDNA variations have an important impact on intestinal health. Mice strains with increased OXPHOS are less susceptible to developing colitis (PMID: 23872498), while mtDNA variations lead to different mtROS levels, influencing gut microbiota (132, 133). Furthermore, mice with mtDNA variants related to higher ROS production had a reduced gut microbiome diversity (133). In IBD, there is reduced microbial diversity, lower SCFAs and ATP production, impaired mucus production and antimicrobial peptides (134, 135), as a consequence of higher pathogenic bacteria and mtROS levels. IBD patients present different microbiota compositions; some having eubiotic (homeostatic) or dysbiotic (imbalanced) microbiota. Increased facultative anaerobes and aerobic bacteria is seen in dysbiotic IBD patients compared to healthy control and eubiotic IBD patients (characterized by high obligate anaerobe abundance) (136). This evidence is consistent with the hemoglobin (oxygen carrier) and ROS release to the intestinal lumen, increasing oxygen levels to overgrown facultative anaerobes and aerobic bacteria (137). This dysbiotic environment promotes increased gut permeability, thus favoring the passage of PAMPs, which can activate PRRs, such as the TLR4/NLRP3 inflammasome signaling pathway, and triggering inflammation.

Disruptions in cholesterol metabolism are described in IBD, where BAs are end products of cholesterol, and their synthesis is regulated by the farnesoid X receptor (FXR). In IBD, there is a decreasing activity of FXR (138), a consequence of exacerbated NF-κB activation (139, 140).

Despite the pathogenic role of BAs in IBD being controversial, an impaired reabsorption of conjugated BAs occurs in enterocytes, and consequently, many side effects such as maldigestion of lipids, steatorrhea, impaired intestinal motility, and dysbiosis can occur (141). Regarding bile acid malabsorption, a parallel stimulation of cholesterol synthesis, cholesterol degradation, and LDL receptor expression, results in reduced LDL cholesterol in IBD patients (142). On the other hand, in humans, conjugated BAs are secreted in the intestine, being substrates of bacterial microbiota, resulting in the production of secondary BAs, such as deoxycholic and lithocholic acids (DCA and LCA, respectively) (143). These can activate TGR5 and induce the TGR5-cAMP-PKA signaling pathway, promoting NLRP3 ubiquitination (144). Accordingly, several studies demonstrate reduced DCA and LCA levels in active IBD patients, associated with gut dysbiosis (143), and consequently, NLRP3 can be permanently activated, exacerbating the inflammatory response.



Dietary phytochemicals to restore mitochondrial function and cholesterol balance in IBD

Since mtROS overproduction and cholesterol unbalance are considered detrimental events in IBD, novel antioxidant strategies targeting the mitochondrial metabolism may be promising alternatives and/or supportive therapies (90, 145, 146). Notably, dietary compounds (mainly phytochemicals, such as polyphenols) may counteract oxidative stress, mitochondrial dysfunction, and intracellular cholesterol trafficking via Nuclear erythroid 2-related factor 2 (Nrf2) (Figure 3), PPAR-γ (Figure 4) and LXR signaling. These effects have been extensively explored and reviewed elsewhere. However, the main findings relevant to this review regarding phytochemicals are summarized in Table 1. In addition, phytochemicals can act as prebiotics, promoting an eubiotic microbiota that produces higher amounts of bacterial metabolites, enhancing the epithelial barrier function, and reducing the inflammatory response, which could be related to the improvement of symptoms in IBD patients (Figure 3) (1, 174).




Figure 3 | Dietary compounds and activation of Nrf2 pathway preventing inflammation. dietary compounds, such as polyphenols, prevent oxidative stress, mitochondrial dysfunction, and intracellular cholesterol trafficking via Nrf2 signaling. Sequestered in the cytoplasm by Keap1, Nrf2 is inactive, however, when phosphorylated by polyphenols, it can be released from Keap1, translocate to the nucleus, and form a heterodimer with small Maf proteins. This allows cellular protection and adaptive responses through the cytoprotective gene expression (1A), thus suppressing the inflammation (1B). Additionally, phytochemicals acting as prebiotics promote a healthy microbiota, which ensures an accurate amount of bacterial metabolites, enhancing the epithelial barrier function and reducing the inflammatory response (2). Nrf2, Nuclear erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein1. This figure was created with BioRender.com.






Figure 4 | Schematic model showing the effects of phytochemicals on lipid metabolism, increase of PPAR-γ SIRT1, PGC-1α, and UCP1 expression. Polyphenols can deacetylate PPAR-γ and PRDM16, promoting the UCP1, PPAR-γ, SIRT1, and PGC-1α overexpression. On the other hand, via TRPV1, polyphenols can increase SIRT1 expression, and through β3-AR activation, increase cAMP levels, activating MAPKs pathway, resulting in TG hydrolysis, FA oxidation, and increased mitochondrial UCP1 transcription and activity. PPAR-γ, Peroxisome proliferator- activated receptor-gamma; SIRT1, Sirtuin 1; PGC-1α, Peroxisome proliferator- activated receptor-alpha; PRDM16, PR domaing containing 16; UCP1, Uncoupling protein 1; TRPV1, Transient receptor potential vanilloid 1; β3-AR, β3-adrenergic receptor; TG, Triacylglyceride; FA, Fatty acid. This figure was created with BioRender.com.




Table 1 | Dietary phytochemicals and their restorative effects on mitochondrial function and lipid homeostasis.




Nrf2 is a redox-sensitive transcription factor sequestered in the cytoplasm by Kelch-like ECH-associated protein1 (Keap1), remaining inactive under physiological conditions and being degraded by the proteasome (175). Upon oxidative stress, Nrf2 is released from Keap1, translocates to the nucleus, and forms a heterodimer with small Maf proteins (175). This heterodimer allows cellular protection and adaptive responses through the expression of phase II-detoxifying enzymes (glutathione S-transferase (GST), NAD(P)H: quinone oxidoreductase (NQO1)), stress-responsive proteins (heme oxygenase-1 (HO-1)), and ROS scavenging enzymes (glutathione peroxidase (GPx), superoxide dismutases (SOD) (175, 176) (Figure 3). Additionally, Nrf2 activation regulates mitochondrial biogenesis by activating nuclear respiratory factor-1 (NRF-1), transcribing mitochondrial transcription factor A (TFAM), and mitochondrial transcription factor B2 (TFBM2) and regulating PGC-1α expression (177). Interestingly, evidence suggests that down-regulation of Nrf2/PGC-1α axis contributes to susceptibility to inflammatory bowel disease (92, 178, 179), indicating that activation of Nrf2 signaling by dietary phytochemicals may alleviate oxidative stress and mitochondrial dysfunction in IBD.

In addition, phytochemicals, especially polyphenols, are players in the deacetylation process of PPAR-γ and PRDM16, causing the UCP1 overexpression and increase of PPAR-γ, PPAR-α, SIRT1, and PGC-1α expression (Figure 4). Moreover, via transient receptor potential vanilloid 1 (TRPV1) some phytochemicals can also increase the SIRT1 expression (180). In addition, other phytochemicals, such as quercetin, curcumin, and resveratrol can activate the β3-adrenergic pathway (β3-AR), increasing cAMP levels by activating the MAPKs pathway, resulting in TG hydrolysis, FA oxidation and increasing mitochondrial UCP1 transcription and activity (181). In DSS-treated mice, reduced UCP1 expression in subcutaneous adipose tissues was found in conjunction with increased intestinal permeability (86). These findings could suggest a role in IBD pathogenesis or disease progression. However, no data about its expression in epithelial or lamina propria cells, nor its bioenergetics outcomes, has been addressed so far.

On the other hand, LXR expression is decreased in IBD (56, 57). LXR activation enhances the intestinal ABCA1 and ABCG1 expression while it reduces NPC1L1 expression, resulting in increased intracellular cholesterol efflux and limiting exogenous cholesterol absorption by enterocytes (39, 182). Furthermore, plasma-derived cholesterol from the enterocyte basolateral membrane is excreted to the gut lumen (e.g., transintestinal cholesterol excretion) by ABCG5 and ABCG8, both of which are regulated by LXR (183, 184). Of note, in atherosclerosis, diabetes, and diabetic retinopathy using a SIRT1 agonist, LXR is deacetylated by SIRT1 at a specific conserved lysine (K432 in LXRα and K433 in LXRβ), thereby activating LXR (185–188) suggesting that SIRT1 may be a potential IBD target to promote LXR-mediated cholesterol efflux.

Hence, Nrf2-, PPAR-γ-, and LXR-mediated signaling pathway regulation by dietary phytochemicals enhance the antioxidant defense and reduce inflammation in both in vitro and in vivo IBD models (Table 1). Some phytochemicals such as luteolin, sesamin, and maqui extract have an unknown direct effect on mitochondrial dysfunction in IBD, becoming an interesting topic of study. Additionally, further studies of Nrf2, PPAR-γ, and LXR upstream pathways are required for a better understanding of the antioxidant, anti-arteriosclerotic, and anti-inflammatory effects of these dietary compounds.



Conclusion and future perspectives

IBD is characterized by a loss of intestinal barrier function and inflammation. During IBD pathogenesis, trafficking of intracellular cholesterol is altered, with decreased cholesterol transporter expression, reducing cholesterol efflux and increasing influx. Since cholesterol is an important component of the plasma membranes and endomembranes (ER and mitochondria), abnormal cholesterol accumulation promotes ER stress and mitochondrial dysfunction during IBD. Furthermore, mitochondria in IBD are characterized by decreased ETC expression and activity, Δψm drop, mtROS production, and decreased TCA cycle intermediates, leading to a metabolic shift towards glycolysis as an adaptive response. Chronic inflammation during IBD may be mediated by NLRP3 inflammasome activation by DAMPs, such as cholesterol, mtROS, and mtDNA, generating an IL-1β-mediated pro-inflammatory response. Notably, the recovery of the mitochondrial function with correct cholesterol trafficking could be a potential therapeutic strategy for IBD. In addition, it has been discussed that the high prevalence and incidence in industrialized countries could be related to a Western diet, due to the high intake of saturated fatty acids, cholesterol, refined carbohydrates, and sugar may impact the inflammatory status becoming essential during disease pathogenesis (189). Therefore, changing towards an increase in the intake of whole grains, vegetables, fruit, seeds, and polyunsaturated fatty acids, with are part of a Mediterranean diet characterized by a higher content of phytochemicals and essential fatty acids could bring benefits to IBD patients. In this line, several dietary phytochemicals have been identified as efficient agents reducing inflammasome activation through the recovery of cholesterol efflux and mitochondrial function, which could reduce immunopathogenic effects in IBD patients.

The role of altered cholesterol trafficking and accumulation in IBD inflammation is an emerging area that offers new perspectives to understanding the pathogenic mechanisms of IBD. This may represent new opportunities for the discovery of drugs with mitochondrial functions that inhibit NLRP3 inflammasome activation.
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The antiphospholipid syndrome (APS) is a thrombotic autoimmune disease in which the origin of the disease-characterizing autoantibodies is unknown. Increased research effort into the role of the intestinal microbiome in autoimmunity has produced new insights in this field. This scoping review focusses on the gut microbiome in its relation to APS. EMBASE and MEDLINE were searched for original studies with relevance to the relation between the gut microbiome and APS. Thirty studies were included. Work on systemic lupus erythematosus, which strongly overlaps with APS, has shown that patients often display an altered gut microbiome composition, that the disease is transferable with the microbiome, and that microbiome manipulation affects disease activity in murine lupus models. The latter has also been shown for APS, although data on microbiome composition is less consistent. APS patients do display an altered intestinal IgA response. Evidence has accrued for molecular mimicry as an explanatory mechanism for these observations in APS and other autoimmune diseases. Specific gut microbes express proteins with homology to immunodominant APS autoantigens. The disease phenotype appears to be dependent on these mimicking proteins in an APS mouse model, and human APS B- and T-cells indeed cross-react with these mimics. Pre-clinical evidence furthermore suggests that diet may influence autoimmunity through the microbiome, as may microbial short chain fatty acid production, though this has not been studied in APS. Lastly, the microbiome has been shown to affect key drivers of thrombosis, and may thus affect APS severity through non-immunological mechanisms. Overall, these observations demonstrate the impact of the intestinal microbiome on autoimmunity and the importance of understanding its role in APS.
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Introduction

Antiphospholipid syndrome (APS) is an autoimmune disease defined by the persistent presence of antiphospholipid antibodies (aPL), as well as clinical complications like thrombotic events and/or obstetric complications. The main autoantigen is β2-Glycoprotein 1 (β2-GP1), formerly known as apolipoprotein H (1). The trigger for autoantibody formation is unknown, as is the exact mechanism of how the antibodies result in thrombus formation. It is believed that a second hit is needed for APS to manifest (2). This second hit can be caused by stress, such as surgery, an infection, or pregnancy. Because the exact etiology of APS is unknown, treatment is based on secondary prevention using anticoagulation instead of curative therapy (3). Identification of etiological factors may help treat this disease more precisely. Recent findings implicate the intestinal microbiome as a causal factor. This scoping review focusses on the developments in the field of the gut microbiome in relation to APS, and also discusses microbiome related observations in other autoimmune diseases where relevant to APS.



Methods

We performed a scoping review according to the PRISMA guidelines (4). Inclusion criteria were original data studies with relevance to the topic of the review: intestinal microbiome in relation to APS. Studies on other diseases were only included when relevant to this main topic. For a systematic overview of the relation of the microbiome with systemic lupus erythematosus we would like to refer to previously published papers by others (5). Reviews, abstracts and case-reports were excluded, as well as non-English papers. We searched in EMBASE and MEDLINE. Antiphospholipid syndrome, systemic autoimmune disease, intestinal microbe, and gut microbiome were among the used search terms. The complete search strategy and flow diagram are shown in Appendix 1. The search resulted in 3750 hits. After removing duplicates, 2965 articles were eligible for title and abstract screening. We selected 167 articles for full text review and 30 studies were included. An overview of the included studies is shown in Appendix 2. Screening and full text review was performed by two independent authors. Conflicting evaluations were resolved by a third author.



The intestinal microbiome and APS

The gut microbiome comprises a diverse metabolically active ecosystem that constantly interacts with the immune system in the intestinal microenvironment. The community consists mainly of a myriad of bacterial strains that are not thought to be pathogenic during homeostasis. Infectious triggers are known to be able to elicit aPL. Examples include human immunodeficiency virus and Sars-CoV2, as well as pathogenic bacteria such as Mycoplasma pneumonia and Streptococcus spp (35, 36). These infection-triggered aPL are transient, and are likely not thrombogenic (37). The hallmark of APS is the persistent presence of aPL, and the origin of these transient aPL in APS patients is unknown. Exposure to commensal intestinal microbes may act as a chronic autoimmune stimulus that could explain continuous antibody secretion. Mechanisms may involve bacterial translocation, bacterial antigen autoantigen cross-reactivity, bacterial metabolites acting upon the host immune system, and non-immunological APS disease modifiers. These mechanisms are discussed in more detail below.

Few studies have investigated the gut microbial composition in APS. A systemic autoimmune disease cohort comprising of patients with systemic lupus erythematosus (SLE), APS, Sjögren’s syndrome, and undifferentiated connective tissue disease was compared to healthy controls to identify a common gut microbial pattern in these autoimmune diseases (15). The study showed a reduction of tolerogenic microbes in the cohort compared to healthy controls. Bifidobacterium, Streptococcus and Ruminiclostridium bacteria were increased in patients. These bacteria are related to intestinal inflammation and permeability suggesting a role for the microbiome in these autoimmune diseases. SLE and APS patients showed increased relative abundance of Collinsella, which was previously found in rheumatic arthritis patients and is correlated with IL-17a production (15, 16). In another study with 22 APS patients and 19 healthy donors, a decrease of Bilophila genus and increase in genus Slackia in APS patients was observed (6). On the contrary, a third study found no differences in composition between APS patients and controls (27). However, this study also determined gut microbiota IgA coating with fluorescence-activating cell sorting. They found a slight increase of IgA coated bacteria in APS compared to controls. These IgA coated fractions were sequenced, which revealed a different composition of the IgA-coated fraction of the microbiome in APS patients. In addition, A lower α- and β-diversity was observed within the IgA coated fraction of the APS group compared to the controls. Thus, although the overall microbial composition showed no difference between APS patients and controls in this study, APS patients did show a distinct IgA response. IgA coated fractions consist mostly of commensals that are tolerated by the mucosal immune system; a change in the diversity of fractions may reflect a change of tolerance to these different bacteria in mucosal immunity (38). Overall, there is some evidence for a different microbiome composition in APS patients but results are inconsistent.


Examples from systemic lupus erythematosus with relevance to the microbiome-APS interaction

Work on other autoimmune diseases, especially on SLE, supports a possible role of the microbiome in APS. SLE and APS show strong overlap, with APS patients having an 80 times higher risk of developing SLE (39). Vice versa, 15%-34% of the SLE patients are positive for lupus anticoagulant, 12%-44% have anticardiolipin antibodies and 10%-19% contain anti-β2-GP1 antibodies (40). Approximately 20-50% of these SLE patients with aPLs develop thrombotic events (40). The two syndromes can share clinical features even when they stand alone, such as thrombocytopenia and Libman-Sacks endocarditis, with similar demographics and comorbidities of afflicted individuals.

Many studies examined the microbiome composition in SLE patients. A decrease in microbial diversity has often been observed (8–12). The ratio of Firmicutes to Bacteroidetes was distinct in SLE patients (13, 14). SLE patients had reduced abundance of Firmicutes and Lactobacillus (14). This study found that the ratio Firmicutes to Bacteroidetes was inversely correlated with disease activity represented by the Systemic Lupus Disease Activity Index (r = −0.451; p=0.04) (14). An increase of Bifidobacteria, Proteobacteria and Ruminococcus gnavus was observed in other studies in SLE patients (9, 20). In a cohort of children with SLE, a decrease of Ruminococcae and an increase in Proteobacteria was found, and both observations were linked to lupus nephritis (11). Overall, most studies reveal a distinct microbiome composition in SLE patients compared to healthy controls. The possibility of publication bias in these types of studies cannot be ruled out. However, experimental work appears to underline these observations in humans.

Several SLE mouse models have been employed to study the role of the microbiome. Experiments using female MRL/lpr mice, a genetic SLE model, showed that permeability of the gut was increased before kidney disease development (25). Remarkably, Lactobacillales colonization of the intestines reestablished the mucosal barrier function of the gut and decreased the severity of kidney disease. Evidence for a different microbiome composition in lupus mice was demonstrated by a changed Firmicutes to Bacteroidetes ratio and β-diversity (33). Another study with NZB/W F1 mice showed that upon lupus onset, the gut microbiota is altered (17). These studies show that the microbiome composition in SLE mice is altered compared to healthy mice, which is in line with the human studies, although the direction of causality remains elusive.

Stronger evidence for a causally involved microbe comes from work into the role of Enterococcus gallinarum in SLE (22). Gut barrier dysfunction enables E. gallinarum to translocate to the liver in some SLE patients. The translocation activates the usually tolerant immune system, which results in an immune response and formation of antibodies against E. gallinarum. This autoimmune response is hypothesized to contribute to disease progression in SLE mice. Vaccination with heat-killed E. gallinarum reduced serum autoantibodies and prolonged survival of NZB/W F1 mice, while vaccination with other bacteria did not show these improvements. These findings suggest translocation of E. gallinarum as a causative agent for the immune response and disease progression. Given the overlap of SLE with APS, these combined results collectively support a possible role for the microbiome in APS.



Experimental perturbation of the gut microbiome in APS and related diseases

An experimental approach focusing on changing the microbiome composition in APS was studied in several APS- and other autoimmune mouse models. Administration of vancomycin in an APS mouse model, (NZW x BXSB)F1, was shown to reduce anti-β2-GP1 antibody production (22). A study with MRL/lpr mice showed that a mix of antibiotics reduced SLE symptoms, and administration of vancomycin led to restoration of the gut barrier (24). The diseased mice showed an increase of Lachnospiracheae, which belong to Clostridia, and accordingly vancomycin treatment was effective since it is known to deplete Clostridia (24). Another study showed similar results for both broad-spectrum antibiotics and vancomycin treatment in SLE mice (22). In accordance with this, a decrease in anti-β2-GP1 titers was observed after treatment with vancomycin or ampicillin, which also prevented mortality (22). The treated mice had lower levels of Th17 and T follicular helper cells in secondary lymphoid tissues and reduced autoantibodies. An increased barrier integrity of the gut was observed as well. In contrast, lupus-prone NZB/W F1 mice were treated with a broad-spectrum antibiotic, which did not affect antibody production and disease symptoms (28). A broad-spectrum antibiotic was also used in a transgenic spontaneous autoimmune myocarditis mouse model and again showed protective effects (18). The antibiotic treatment reduced cardiac inflammation and presence of specific Bacteroides thetaiotaomicron IgG antibodies. Both observations associated with improved disease course and reduced risk on mortality. In addition to changing the microbiome composition using antibiotic treatment, administration of gut microbes may also reduce microbiome initiated autoimmune manifestations. Two studies applied Lactobacilli as probiotic alone or in combination with tacrolimus, an immunosuppressant used in SLE, as treatment for SLE in mice (31, 41). Both models showed a reduction in symptoms.

Another means of altering the microbiome composition is through a fecal microbiota transplant (FMT). FMT from SLE prone mice into germ-free mice resulted in increased autoantibodies and immune response (21). The FMT also changed immune cell-activation and upregulated expression of lupus susceptibility genes IRF7 and CSK (21). The transferability of the phenotype by the microbiome implicates this as a central factor, at least in this model.



Molecular mimicry of gut commensals may contribute to autoimmunity

Molecular mimicry is the concept of structural resemblance of a self-peptide of the host and a foreign peptide. Studies regarding molecular mimicry often describe mimicry by pathogenic microbes. There are not many studies describing molecular mimicry in gut commensals. Commensals are regarded to live in symbiosis with the host, and the host immune system tolerates these microbes. However, recent studies showed molecular mimicry of gut commensals promoting autoimmune disease progression. For instance, an extensive translational study on autoimmune myocarditis showed that B. thetaiotaomicron (B. theta) expresses autoantigen-mimicking peptides that can activate MYH6-specific CD4+ T-cells (18). These CD4+ T-cells are able to induce cardiomyopathy, an often-lethal disease. In a transgenic MYH6-overexpressing T-cell mouse model, the use of antibiotics led to reduction of cardiac inflammation and reduced the risk of developing cardiomyopathy. Reactivity to B. theta was further tested in a human cohort. Sera of patients reacted stronger to B. theta-specific IgG compared to sera of healthy controls. Patients with a high response also had a significantly higher disease severity. In a final experiment, mice received an FMT from patients that are either positive or negative for B. theta. Mice that received B. theta positive FMT suffered from increased cardiac inflammation. These results suggest that B. theta, a common gut microbe, could contribute to autoimmunity through molecular mimicry.

Interestingly, this concept has also been shown in APS (27). β2-GP1, an abundantly circulating protein, is targeted by autoantibodies in the majority of patients with APS. The genome of Roseburia intestinalis, another common gut commensal, encodes for two mimicking proteins. These contain peptide sequences with high homology to respectively a B-cell and a T-cell auto-epitope in β2-GP1. The R. intestinalis protein DNA methyltransferase mimics the immunodominant B-cell epitope, and another protein mimics an important APS T-cell epitope in β2-GP1. The abundance of R. intestinalis was not different between APS patients and healthy controls, nor was the IgA coated R. intestinalis fraction. However, the APS patients showed strong IgG reactions to the R. intestinalis DNA methyltransferase compared to healthy controls, which correlated with the anti-β2-GP1 in the patients. A human derived anti-β2-GP1 monoclonal antibody also showed high binding to the R. intestinal mimic, and BALB/c mice immunized with the bacterium developed β2-GP1 reactive antibodies. Similarly, the T-cell mimicking peptide was able to activate APS patient derived T-cells. To verify the causal role in APS pathophysiology, (NZW X BXSB)F1 hybrid male mice, a genetic APS model, were orally administered R. intestinalis after pre-treatment with vancomycin. This resulted in development of anti-human β2-GP1 and lethal thrombosis. This work provides convincing evidence for a pathogenic role of a gut commensal in APS through molecular mimicry.

Two additional studies provided evidence of molecular mimicry in autoimmunity in other diseases. Several proteins containing mimotopes were identified that activate T-lymphocytes in uveitis (42). These mimotope-activated T-lymphocytes can cross the blood-retina barrier and recruit inflammatory cells, which cause uveitis (42). Ro60 is an RNA-binding protein and some SLE patients exhibit anti-Ro60 antibodies (19). Ro60 orthologs were found in commensal microbes and it was shown that patients display immune responses to these Ro60 orthologs.

These studies demonstrate that gut commensals are able to mimic molecules of the host, which appears to propagate autoimmune responses and advance autoimmune disease-inflicted end-organ damage, in APS as well as in other diseases.



Diet and APS

The effect of diet on the composition of microbiome is not fully resolved in the context of autoimmune disease, but several studies did evaluate diet and its effects on the microbial balance and autoimmune disease progression. For instance, Western diet fed autoimmunity-prone mice developed lupus (32). Clinical manifestations in this model were preceded by shifts in the microbiome composition, suggesting a role for the microbiome and perhaps the possibility of early gut microbiome directed intervention. Indeed, dietary modifications in another lupus model protected against disease progression in a microbiome-mediated manner (34). In contrast, a study in humans found no association between a Western diet, considered unhealthy, and the risk of developing SLE or anti-dsDNA antibodies as compared to a prudent diet (30). The Western diet consisted of, for example, white bread, red meat, potatoes, pizza, desserts and sweets, whereas a prudent diet was characterized by whole grains, poultry, fish, legumes, fruit, and vegetables. One theoretical reason that the murine findings did not translate into humans may be an inherently larger inter-individual variability in humans compared to isogenic controlled-diet fed mice. More specifically for APS, the effect of supplementation of a probiotic on acquired immunity was investigated (7). BALB/c mice were immunized with human β2-GP1 and administered Lactobacillus casei, commercial yoghurt or PBS daily for two weeks. The mice administered Lactobacillus casei displayed a decrease of IL-10 and an increase of IFN-γ secretion by lymphocytes, and a decrease of anti-β2-GP1 antibody titers. Lastly, an attempt to induce oral tolerance through β2-GP1 supplementation is noteworthy in this context. BALB/c mice immunized with human β2-GP1 were administered either purified human β2-GP1, domain I of β2-GP1, domain V of β2-GP1 or PBS weekly (29). A reduction of anti-β2-GP1 antibodies was observed in mice administered either whole β2-GP1 or domain I. Attenuation in thrombus formation and reduction of fetal loss were observed in both groups as well.



Short chain fatty acids and autoimmunity

Short chain fatty acids (SCFA) are produced by gut microbes and dysbiosis changes the level of SCFA production. SCFAs affect the immune system, for example through stimulation of regulatory T cells (43). In various autoimmune diseases, a role for SCFA has been proposed. Increased serum levels of SCFAs acetate and butyrate protect against diabetes mellitus type 1 in mice (23). In another study, low fecal butyrate was found in patients with rheumatic arthritis and arthritic mice (26). Administration of butyrate to arthritic mice resulted in reduction of disease progression. In one lupus mouse model however, oral SCFA administration did not affect disease activity (28). In APS patients, no data on SCFA levels has been published.



Non-immunological microbiome related disease modifiers in APS

Non-immunological microbiome-related mechanisms may also contribute to the thrombotic complications of APS, as research has shown effects of the microbiome on the key thrombotic drivers of platelet aggregation and tissue factor expression. Two gut microbiome dependent plasma metabolites, phenylacetylglutamine and trimethylamine N-oxide are independent predictors of cardiovascular events in large population studies (44, 45). Both induced platelet hyper-reactivity and increased thrombotic tendency in mouse models. This aligns with results from supplementation studies that showed effects on platelets in humans (44). Furthermore, the majority of serotonin, a paracrine platelet activator, is produced in the gut by enterochromaffin cells (46). A study using germ free mice showed that gut microbes affect enterochromaffin cells to increase serotonin production, with effects on platelet reactivity and hemostatic tendency upon vascular injury in the animals (46). Other research investigated the mechanism of gut microbiome vascular remodeling in the small intestine using germ-free mice (47). This study showed that the microbiome influences tissue factor glycosylation and cell surface translocation, and thereby downstream thrombin formation (47). These studies show that there are non-immunological microbiome-related mechanisms affecting coagulation.




Conclusion

The exact etiology of APS is unknown and currently the role of the microbiome in autoimmune diseases is being elucidated. This scoping review discussed the role of the gut microbiome in APS and examples from related autoimmune diseases. Suggestions to guide future research in APS and the intestinal microbiome are presented as an overview of relevant open questions in Table 1. The microbiome composition in patients with SLE, a disease that strongly overlaps with APS, is distinct from healthy controls. This was not observed as consistently in APS patients, although an altered intestinal IgA response appears to be present in APS patients. Experimental data show that manipulation of the microbiome in mice affects autoimmune disease activity, including in APS models, supporting a causative role of the microbiome. Molecular mimicry of immunodominant autoantigens by gut microbial proteins may contribute to a sustained autoimmune response in APS, which was also observed in studies on other autoimmune diseases. Diet influences the microbiome composition, the autoimmune phenotype, and disease severity in murine models. This review underlines the complexity of the contribution of the microbiome composition to autoimmunity in APS, although conclusions had to be drawn in part based on related autoimmune disease models given the scarcity of APS microbiome research. Further verification of a causal role of the gut microbiome in APS pathophysiology may facilitate the search for new therapies.


Table 1 | Open questions in the APS-microbiome field.
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Appendix Table 1 | Search strategy in EMBASE.
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Target

Inflammation control

PRR antagonist

PPARY agonist

PPAR/8/y agonist

PPARQ/S agonist
ASK1 inhibitor

Anti-LPS

Drug

JKB-121

Pioglitazona

Lanifibranor

Elafibranor
Selonsertib

IMM-124E

Adaptive response control

Chemokine receptor
inhibitor

Cytokine inhibitors

Antigen recognition/
Treg induction

Cenicriviroc

Pentoxyfylline

Oral anti-
CD3 mAb

Mechanism of action

Antagonizes the TLR4 receptor
Prevents LPS-induced inflammatory liver injury
Inhibits hepatic stellate cell proliferation and collagen expression

Improves steatosis, inflammation, and fibrosis

Increases insulin sensitivity

Regulates lipid production and metabolism

Modulates the inflammatory, metabolic, and fibrogenic pathways
Improves fibrosis, inflammation, and steatosis

Decreases liver enzymes

Reduces liver enzymes, steatosis, and markers of systemic inflammation

Reduces liver fibrosis
Improves lobular inflammation

Polyclonal antibody mixture specific to LPS in the gastrointestinal tract
Did not produce any evidence of clinical benefit and was not able to reduce the fat content of the
liver in NASH patients

Anti-fibrosis

Reduces inflammatory cell recruitment

Inhibition of CCR2-CCR5 reduces short-term fibrosis progression

Inhibition of a number of pro-inflammatory cytokines including TNF-o.

Improves steatosis and lobular inflammation

Binds T lymphocytes in the gut and modulates the CD3/T cell receptor, eliminating T cell
proliferation and the release of proinflammatory cytokines.

Treg induction in the intestinal lamina propria

Phase

Phase

Phase

Phase
2b

Phase
2b

Phase

Phase

Phase
2b

Phase

Phase

NCT
number

NCT02442687

NCT00063622

NCT03008070

NCT01694849

NCT02466516

NCT02316717

NCT02217475

NCT00590161

NCT03291249

ASK1, Apoptosis signal-regulating kinase 1; CD, Cluster of differentiation; LPS, Lipopolysaccharide; mAb, Monoclonal antibody; NAFLD, Nonalcoholic fatty liver disease;
NASH, Nonalcoholic steatohepatitis; NCT, National Clinical Trial; PPAR, Peroxisome proliferator-activated receptor; PRR, Pathogen recognition receptor; TLR, Toll-like receptor;

Treg, Regulatory T cell.
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Intrinsic fiber

Whole diets

Mediterranean diet
Nordic diet
Macrobiotic diet

Bran

Wheat bran (20 g/day)
Wheat bran (12-22 g/day)
Wheat bran (20 g/day)
Grains

Barley (75 g/day)

Barley vs brown rice vs mix of both (60 g/day)
Coix (160 g/day)

Nuts

Walnut (42 g/day)

Almond (57 g/day)

Almond (42 g/day)

Almond or pistachio (43 or 85 g/day)

Legumes & Seeds
Chickpea or raffinose (200g vs 5 g/day)

Linseed, sunflower & sesame seed, wheat grain,
haricot & kidney bean, chickpea

Vegetables

Broccoli, cauliflower */. green & red cabbage
(~ 800 g/day)
Broccoli and cauliflower (168 */. 300 soup g/day)

Chicory root (30 g/day)
Fruits

Avocado (1 piece/day)

Avocado (140-175 g/day)

Mango (300 g/day)
Kiwi (2 pieces/day)
Date (~50 g/day)

Prune (80 or 120 g/day)
Raisin (120 g/day)

Processing

Whole foods; incorporated into meals
@Home

Whole foods; incorporated into meals
@Home

Whole foods; incorporated into meals
by cooks

Coarse vs fine
Raw vs cooked

Reduced in size

Whole kernels, boiled, in bread (no
milling)

Whole kernels, cooked
Whole kernels, cooked

Whole
Whole, roasted

Whole raw, whole roasted, chopped
roasted, almond butter

Whole

Canned; incorporated into soups &
desserts

Whole vs ground; incorporated into
meals (no milling)

Raw and incorporated in soup or
‘microwaved

Frozen & steamed or incorporated
into soup

Dried, cut into cubes (3 g)

Wholefood
Whole food, part of meal

Whole food
Whole food
Dried
Dried
Dried

Study design

RCT, 1 year, parallel (dietary advice &
provided foods)

RCT, 18 or 24 weeks, parallel (dietary
advice & provided foods)

RCT, 3 weeks, parallel (controlled diet)

RCT, 4 weeks, parallel
RCT, 2 weeks, cross-over
RCT, 4 weeks, parallel (normal/obese)

RCT, 4 weeks, cross-over

RCT, 28 days, cross-over
RCT, 1 week, parallel

RCT, 3 weeks, cross-over
RCT, 6 weeks, parallel

RCT, 3 weeks, cross-over

RCT, 2.5 weeks, cross-over

RCT, 3 weeks, cross-over

RCT, 1 week, cross-over, (controlled
diet)

RCT, 2 weeks, cross-over (controlled
diet)

RCT, 2 weeks, cross-over

RCT, 3 wecks, parallel

RCT, 12-wecks, parallel (hypocaloric
diet)

RCT, 12 weeks, parallel (partly
controlled diet)

RCT, 4 weeks, parallel
RCT, 3 days, cross-over
RCT, 3 weeks, cross-over
RCT, 4 weeks, parallel

RCT, 3 weeks, cross-over

RCT, randomized-controlled trials; Afold, fold changes in relative abundances;  no information on fold changes provided.

Gut microbiota com-
position

Yes

Not assessed

Yes ¢

No change

Yes, moderate Afold
Yes, small Afold

Yes, moderate changes
Yes, small & large Afold

Yes, moderate to large Afold
(most chopped)

Yes #, stronger pistachio
effect

Yes +

Yes §
Yes £

Yes, large Afold

Yes, moderate to large Afold

Yes, small Afold

No change
Yes, small Afold

Microbiota
activity

No change

No change

Yes

Yes

Yes

Yes
Yes
No change
Yes

Metabolic

markers

Yes

Yes

Yes

Yes (obese)

Yes

Yes (mix)

Yes

Yes

Yes

Yes

Yes

Yes

Bowel  Reference
function

Yes
Yes (raw)

No change

Yes

Yes

Yes
Yes
Yes
Yes
Yes

(96,97)

(98,99)

(100)

(101)
(102)
(103)

(104)

(105)
(106)

(107)
(108)
(109)

(110)

(uy

(12)

(113)

(114)

(115)

(116)

)

(118)
19y
(120)
(121)
(122)

We selected randomized-controlled trails that have either used diets or single whole foods to assess their modulatory potential on gut microbiota and/or related health effcts. These trials were published during the past 20 years, except for two of the bran
studies. Even though bran does not necessarily classify as intrinsic fibers (depending on its processing), we did include some old and recent bran studies due to the long and ongoing interest in this type of plant food. Details of the trials are provided in the
pplemental Table S1.
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MEDLINE search performed at 23.03.2022

(Antiphospholipid syndrome) OR (Anti-phospholipid syndrome)
OR (antiphospholipid syndrome[Mesh terms]) OR (Systemic
autoimmune disease) OR (Systemic autoimmune disorder) OR
(Chronic autoimmune disease) OR (Chronic autoimmune
disorder) OR (Antibodies, antiphospholipid[Mesh terms])

(gastrointestinal microbiome[Mesh terms]) OR (gut microb*) OR
(intestinal microb*) OR (gastrointestinal microb*) OR (gastric
microb*) OR (intestine flora) OR (intestine microflora) OR (gut
microflora) OR (molecular mimicry) OR (microb*[tiab] AND
(gut OR intestin* OR gastrointestin*))

#1 AND #2

Results

167789

225805

2038
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EMBASE search performed at 23.03.2022

‘antiphospholipid syndrome’/exp OR ‘antiphospholipid
syndrome’

‘systemic autoimmune disease’/exp OR ‘systemic autoimmune
disease’

chronic AND autoimmune AND (‘disease’/exp OR disease)
‘phospholipid antibody’/exp OR ‘phospholipid antibody’
#1 OR #2 OR #3 OR #4

‘intestine flora’/exp OR ‘intestine flora’

(‘gut’/exp OR gut) AND microb*

intestinal AND microb*

gastrointestinal AND microb*

gastric AND microb*

(‘intestine’/exp OR intestine) AND (‘microflora’/exp OR
microflora)

(‘gut’/exp OR gut) AND (‘microflora’/exp OR microflora)

microb*:ab,ti AND (‘gut’/exp OR gut OR intestin* OR
gastrointestin*)

‘Molecular mimicry’

#6 OR #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR
#14

#5 AND #14

Results

20248

3254

62841
15180
92561
76811
110880
72152
56448
17813
84863

68802
103174

8516
208359

1712
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Findings relevant for APS

Intestinal microbiome composition

Experimental perturbation of the gut microbiome

Molecular mimicry

Diet and short chain fatty acids

Open questions in APS

Verification studies with larger cohorts are needed to reveal microbiome composition in APS patients.
What is the role of the IgA coated bacteria in APS?

Can antibiotic or other microbial treatment reduce disease activity in human APS?

Is molecular mimicry present in all APS patients?
Does molecular mimicry contribute to disease in human APS?
What specific commensals show molecular mimicry in APS patients?

Can diet inhibit the development or influence disease activity of APS?
Do short chain fatty acids affect APS?
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Articles 1dentified from ; _
MEDLINE (n = 2.038) Articles removed before screening

Duplicates (n = 785)

EMBASE (n=1.712)

Articles screened (n= 2,965

Articles excluded (n= 2.798)

Articles excluded

Out of scope (n = 65)

Irrelevant autoirmmune disease (n= 77)
Inflammatory bowel disease (n=46)

Additional relevant T Multiple sclerosis (n = 19)
Articles (n = 5) Studies included (n= 30) Hepatitis (n= 6)

Cholangitis (n = 3)
Gastritis (n= 3)

Articles assessed for

eligibility (n=167)
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Cell Source Advantages

Disadvantages

Adult Stem Cells - semi-autonomous multipotent
(ASCs) differentiation capacity (32)
- preservation of tissue- and region-specific characteristics

Induced Pluripotent - differentiation guided by external factors

Stem Cells (iPSCs) - somatic cells for reprogramming are easily accessible
- pluripotent and useable for generation of isogenic models with high cellular diversity
- lower frequency of DNA mutations during in vitro culture compared to ASCs (33),
preservation of genetic identity in vitro over a more extended period of time

- could not be differentiated to non-epithelial tissue
(endothelial cells, immune cells, etc.)

- limitations for expansion to large scale

- limited by the accessibility of tissue

- variations in differentiation efficacy with limitations
in cellular maturity

- heterogeneity in the generation of tissue-specific
cell types
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Reference Cell source Model characteristics and key findings

Shah et al. Caco-2 homeostatic colonization of epithelial cell layer with anaerobic bacteria under hypoxic conditions
(68)

Maurer et al. Caco-2, primary immune cells, recapitulation of bacteria-fungal interaction in immunocompetent intestinal model

(12)
Shin et al. (79)

Naumovska
et al. (39)

Wang et al.
(34)

Wang et al.
(35)
Sontheimer-
Phelps et al.
(14)
Kasendra
etal. (9)

Nikolaev et al.
(37)

Workman
et al. (38)

Jalili-
Firoozinezhad
etal. (11)
Zhang et al.
(80)

and HUVECs
Caco-2

Caco-2, human iPSC derived
epithelial cells, human colon
organoids

human small intestine organoid

human colon organoids

human colon organoids

human duodenal organoids and
human intestinal
microvascular endothelial cells

murine proximal small intestinal
organoids

hiPSC-derived human intestinal
epithelial cells

Caco-2, human intestinal
endothelial cells, human ileal
organoids

human colon organoids

establishment of a hypoxic interface at an epithelial cell layer enabling co-culture with anaerobic bacteria
(Bifidobacterium adolescentis and

Eubacterium hallii)

plate-based pumpless monolayer cell culture system allows membrane-free culture of intestinal epithelial cells

recapitulation of the intestinal and colonic crypt region with the stem cell niche forming transit-amplifying epithelial
cells within a confining hydrogel matrix

culture of colon epithelial cells with differentiation of MUC2+ gobilet cells and formation of colonic mucus bilayer under
perfusion and cyclic strain

analysis of gene expression profiles reveals closer recapitulation of in vivo conditions in tissue-on-chip compared to
static organoid culture, endothelial cells support the formation of

epithelial monolayers on-chip

under perfusion and cyclic strain conditions

hydrogel-confined crypt structures enable prolonged lifespan of organoids, improved cellular diversity under flow
conditions with the development of rare cell types (microfold cells (M cells), immune-modulatory enterocytes,
enteroendocrine cells)

formation of 3D crypt- and villus-like structures with self-patterned Paneth cells, goblet cells, enterocytes,
enteroendocrine cells, transit-amplifying cells, and Lgr5+ cells under flow conditions, responsiveness to inflammatory
triggers

tunable oxygen gradients allow the culture of obligate anaerobic bacteria (Bacteroides fragilis) and bacterial
communities (human gut microbiota)

oxygen gradient allows stable co-culture of Faecalibacterium prausnitzii and identification of short-chain fatty acid
butyrate mediated anti-inflammatory effects
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