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Various gut bacteria, including Lactobacillus plantarum, possess several enzymes that produce hydroxy fatty acids (FAs), oxo FAs, conjugated FAs, and partially saturated FAs from polyunsaturated FAs as secondary metabolites. Among these derivatives, we identified 10-oxo-cis-6,trans-11-octadecadienoic acid (γKetoC), a γ-linolenic acid (GLA)-derived enon FA, as the most effective immunomodulator, which inhibited the antigen-induced immunoactivation and LPS-induced production of inflammatory cytokines. The treatment with γKetoC significantly suppressed proliferation of CD4+ T cells, LPS-induced activation of bone marrow-derived dendritic cells (BMDCs), and LPS-induced IL-6 release from peritoneal cells, splenocytes, and CD11c+ cells isolated from the spleen. γKetoC also inhibited the release of inflammatory cytokines from BMDCs stimulated with poly-I:C, R-848, or CpG. Further in vitro experiments using an agonist of GPR40/120 suggested the involvement of these GPCRs in the effects of γKetoC on DCs. We also found that γKetoC stimulated the NRF2 pathway in DCs, and the suppressive effects of γKetoC and agonist of GPR40/120 on the release of IL-6 and IL-12 were reduced in Nrf2-/- BMDCs. We evaluated the role of NRF2 in the anti-inflammatory effects of γKetoC in a dextran sodium sulfate-induced colitis model. The oral administration of γKetoC significantly reduced body weight loss, improved stool scores, and attenuated atrophy of the colon, in wild-type C57BL/6 and Nrf2+/- mice with colitis. In contrast, the pathology of colitis was deteriorated in Nrf2-/- mice even with the administration of γKetoC. Collectively, the present results demonstrated the involvement of the NRF2 pathway and GPCRs in γKetoC-mediated anti-inflammatory responses.
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1 Introduction

In the intestines, various secondary metabolites are produced by intestinal bacteria using food ingredient-derived materials as substrates. Several bacteria metabolites exert beneficial effects on the host body, such as short-chain fatty acids (FAs) produced from dietary fibers by Clostridium, which are involved in the maintenance of homeostasis and prevention of immune-related inflammatory diseases by modulating the function of both hematopoietic cells and non-hematopoietic cells. Although polyunsaturated FAs (PUFAs) are catalyzed by enzymes in host cells to achieve various bioactivities and their relationships with inflammatory diseases have been vigorously studied with a focus on the ω3/ω6 balance (1), a recent study revealed that PUFAs are also converted to derivatives, including hydroxy FAs, oxo FAs, conjugated FAs, and partially saturated FAs, through the catalysis of enzymes identified in the gut lactic acid bacterium, Lactobacillus plantarum (2). The PUFA metabolite 10-hydroxy-cis-12-octadecenoic acid (HYA), a hydroxy FA derived from linoleic acid (LA), regulates glucose homeostasis by activating GPR40 and GPR120, and increases resistance to obesity (3). The HYA-mediated activation of GPR40 has also been shown to accelerate the recovery of an impaired intestinal epithelial barrier (4) and disrupted gingival epithelial barrier (5). The metabolite 10-oxo-cis-12-octadecenoic acid (KetoA), an oxo FA derived from LA, enhances energy metabolism by activating TRPV1 in adipose tissue and exerts anti-obesity effects on the host body (6). KetoA is also involved in the regulation of host energy metabolism by accelerating adipocyte differentiation, adiponectin production, and glucose uptake through the activation of PPARγ (7). Another LA derivative 10-oxo-trans-11-octadecenoic acid (KetoC), an enon FA, was found to regulate the function of monocytes (8) and epithelial cells (9) via GPR120 signaling. Although accumulating evidence has demonstrated the beneficial effects of the bacteria metabolites of PUFAs on the host body, the roles of these metabolites in immune-related events remain unclear.

In the present study, we examined the effects of the bacteria-generated FAs on antigen (Ag)-induced immunoresponses and revealed that enon FAs suppressed the proliferation of T cells and the activation of dendritic cells (DCs). Detailed analyses focusing on 10-oxo-cis-6,trans-11-octadecadienoic acid (γKetoC), an enon FA derived from γ-linolenic acid (GLA), demonstrated that the release of inflammatory cytokines from DCs upon stimulation by TLR ligands was inhibited by γKetoC. To reveal the molecular mechanisms underlying the immunoregulatory effects of γKetoC, we investigated the involvement of GPCRs and the NF-E2-related factor 2 (NRF2) pathway. In addition, we utilized colitis model to wild-type (WT) mice and Nrf2 knockout (KO) mice to evaluate the effects of γKetoC intake on the regulation of inflammatory responses in vivo.




2 Materials and methods



2.1 Mice

C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan). OT-II mice purchased from The Jackson Laboratory (USA) and previously generated Nrf2-/- mice (10) were maintained on the C57BL/6 background. Mice were housed in a specific pathogen-free facility, and all animal experiments were performed in accordance with the guidelines of the Institutional Review Board of Tokyo University of Science. The present study was approved by the Animal Care and Use Committees of Tokyo University of Science: K22005, K21004, K20005, K19006, K18006, K17009, and K17012.




2.2 Cells

Bone marrow-derived DCs (BMDCs) generated as previously described (11), were stimulated with 100 ng/mL LPS (#L3024, Fujifilm Wako Chemicals Co., Ltd., Japan), 25 μg/mL poly-I:C (#P0913, Sigma-Aldrich), 1 μg/mL R-848 (#AG-CR1-3582-M005, AdipoGen), 1 μg/mL CpG (#tlrl-1826, InvivoGen). GW9508 (#10008907, Cayman Chemical, Ann Arbor, MI, USA) and YM-254890 (#257-00631, Fujifilm Wako Chemicals Co., Ltd.) were used as an agonist of GPR40 and GPR120 and an inhibitor of Gq, respectively. Ovalbumin (OVA) peptide 323-339 (POV-3636-PI, Peptide Institute Inc., Osaka, Japan) was added to the culture medium of whole spleen cells prepared from OT-II mice to induce the antigen-presenting cell (APC)-dependent activation of CD4+ T cells. The MojoSort Mouse Naïve CD4+ T cell Isolation Kit (#480040, BioLegend), anti-CD3ε antibody (Ab) (clone 145-2C11, BioLegend), and anti-CD28 Ab (clone 37.51, BioLegend) were used for the isolation and stimulation of CD4+ T cells, respectively, as previously described (12). Th1 polarization was induced by the supplementation of 10 ng/mL mIL-12p70 (#577002, BioLegend) and 10 μg/mL anti-mouse IL-4 Ab (clone 11B11, BioLegend) to the culture media of CD4+ T cells. For Th2 polarization, 20 ng/mL mIL-4 (#574306, BioLegend) and 10 μg/mL anti-mouse IL-12/23p40 Ab (clone C17.8, BioLegend) were added. CD11c MicroBeads UltraPure, mouse (#130-125-835, Miltenyi Biotec) was used to isolate CD11c+ cells from the spleen.




2.3 Preparation of PUFA metabolites

Hydroxy, oxo, and enon FAs were prepared from LA, α-linolenic acid (ALA), and GLA, using the conversion enzymes isolated from L. plantarum AKU1009 (2). LA (#126-06571), and ALA (#122-05831) were purchased from Fujifilm Wako Chemicals and GLA (#L0152) from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).




2.4 Enzyme-linked immunosorbent assay

The concentrations of mouse cytokines were measured using ELISA kits purchased from BioLegend (#431004 for IL-2, #431315 for IL-6, #430915 for TNF-α, and #431604 for IL-12p40, respectively).




2.5 Flow cytometry

CFSE (eBioscience Inc., San Diego, CA, USA) was used to monitor the proliferation of T cells. Surface MHC class II and CD86 on BMDCs were stained with anti-I-A/I-E-PerCP (clone M5/114.15.2, BioLegend) and anti-CD86-PE (clone GL-1, BioLegend), respectively. Fluorescence was detected by a MACS Quant Analyzer (Miltenyi Biotech) and analyzed with FlowJo (Tomy Digital Biology Co., Ltd., Tokyo, Japan).




2.6 Quantification of mRNA

The extraction of total RNA, synthesis of cDNA, and quantitative PCR were performed as previously described (13, 14). The nucleotide sequences of the primer sets used for qPCR are listed in Table 1.


Table 1 | Nucleotide sequences of primers used in qPCR.






2.7 Western blot analysis

A Western blot analysis was performed with anti-NRF2 Ab (clone D1Z9C, Cell Signaling) and anti-β-actin Ab (clone AC-15, Sigma-Aldrich) as previously described (15).




2.8 Dextran sodium sulfate-induced colitis

To induce colitis, mice were administered 2.5% (w/v) DSS (#160110, MP Biomedicals, Santa Ana, USA) in their drinking water. γKetoC (15 mg/kg/day) or vehicle (100 μl soybean oil) was orally administered using a sonde (#5202K, Fuchigami, Kyoto, Japan). The colons, which were collected from mice just after euthanasia, were fixed with 4% paraformaldehyde for 2h at 4°C and immersed in 30% sucrose overnight at 4°C. The colons were embedded in optimal cutting temperature compound and frozen at -80°C prior to cryosectioning. Sections of the colons with 8 μm thickness were stained with H&E for histological analysis using a light microscope.




2.9 Statistical analysis

A two-tailed Student’s t-test was used for comparisons of two samples. To compare more than three samples, a one-way ANOVA-followed by the Tukey-Kramer multiple comparison test or Dunnett’s multiple comparison test was used. Area-under-curve (AUC) formatted data in DSS-induced colitis were calculated by GraphPad Prism 7.04. P values <0.05 were considered to be significant.





3 Results



3.1 Effects of bacteria metabolites of PUFAs on Ag-dependent responses in vitro

To examine the effects of bacteria metabolites of PUFAs on Ag-induced immunoresponses, we incubated OVA-stimulated OT-II spleen cells in the presence or absence of 50 μM of each metabolite for 48 h. The treatments with KetoC, αKetoC, γKetoA, and γKetoC markedly reduced the concentration of IL-2 in culture media, whereas those with HYA, αHYA, and γHYA did not (Figure 1A). We then compared the suppressive effects of enon FAs on IL-2 production with those of the original PUFAs without conversion, and found that KetoC, αKetoC, and γKetoC significantly and dose-dependently suppressed IL-2 production, whereas apparent effects were not observed in LA, ALA, and GLA (Figure 1B).




Figure 1 | Effects of bacteria metabolites of PUFAs on the activation of T cells and DCs in vitro. (A, B) IL-2 concentrations in the culture media of splenocytes incubated in the presence or absence of OVA and FAs. In total, 1.0 x 105/200 μL of OT-II spleen-derived single cell-suspended cells were stimulated by 2.5 μg/mL OVA with or without 50 μM bacteria metabolites of PUFAs or vehicle (ethanol) for 48 h (A). The indicated concentrations of enon FAs or their starting PUFAs were added to the culture media of OT-II spleen-derived cells with OVA during a 48-h incubation (B). (C) The proliferation of CD4+ T cells stimulated with plate-coated anti-CD3 and anti-CD28 Abs. CD4+ T cells, which were isolated from the C57BL/6 spleen and were stained with CFSE, were incubated in Abs-coated dishes in the presence of 50 μM enon FAs for 72 h. A result of one experiment performed with triplicate samples is shown, and a similar result was obtained in the other experiment (Supplementary Figure S1). (D) The frequencies of Th1 and Th2 cells that developed from naïve CD4+ T cells by stimulation with anti-CD3 and anti-CD28 Abs under polarizing conditions in the presence or absence of 25 μM γKetoC. Naïve CD4+ T cells were incubated in Abs-coated dishes in culture media supplemented with cytokines and neutralizing Abs for polarization to Th1 or Th2 (described in Materials and Methods) for 72 h. (E) Cell surface expression levels of MHC class II and CD86 in LPS-stimulated DCs. In total, 5.0 x 106/2 mL of BMDCs were stimulated by 100 ng/mL LPS for 24 h in the presence or absence of 50 μM enon FAs. MFIs were shown as a ratio to that of LPS-stimulated BMDCs without FAs. (F) Concentrations of cytokines in the culture media of LPS-stimulated DCs. In total, 5.0 x 106/2 mL of BMDCs were stimulated by 100 ng/mL LPS for 24 h in the presence or absence of 50 μM enon FAs. Data represent the mean ± SEM of three independent experiments (A, B, D–F), and the mean ± SD of a typical data of triplicate samples from two independent experiments (C). The Dunnett’s test (A-C), Student’s t-test (D), and the Tukey-Kramer test (E, F) were used. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, ns, not significant.



These results indicate that converted FAs carrying the enon structure acquired immunosuppressive effects, which were not observed in hydroxy FAs and were moderately induced in oxo FAs.




3.2 Suppressive effects of enon FAs on T cell proliferation and DC activation

To identify the cells in splenocytes that were regulated by the enon FAs, we examined the proliferation of T cells and the activation of DCs in the presence of enon FAs. The proliferation of naïve CD4+ T cells, which was induced by the treatment with plate-coated anti-CD3 and anti-CD28 Abs independent of APC, was suppressed by all three FAs at 50 μM (Figure 1C and Supplementary Figure S1). We also found that the development of Th1 and Th2 were not affected by γKetoC (Figure 1D). The pretreatment with 50 μM enon FAs also inhibited the up-regulation of MHC class II and CD86 on DCs (Figure 1E) and the release of TNF-α and IL-6 from DCs (Figure 1F) 24 h after the LPS stimulation.

These results demonstrate that enon FAs inhibited the activation of DCs and proliferation of T cells, which are involved in the suppression of Ag-induced IL-2 production in OT-II splenocyte, whereas development of Th1 and Th2 was not modulated by enon FA.




3.3 γKetoC suppresses the wide spectrum of DC activation

To elucidate the mechanisms underlying the anti-inflammatory effects of enon FAs, we performed further analyses with a focus on γKetoC as the strongest suppressor among the three enon FAs. We confirmed that γKetoC significantly suppressed the LPS-induced production of IL-6 in peritoneal cells and whole leukocytes isolated from the spleen (Figure 2A). The inhibition of IL-6 production by γKetoC was also observed in CD11c+ cells purified from the spleen (Figure 2B). We also stimulated DCs with poly-I:C, R-848, or CpG to investigate the effect of γKetoC on other stimulants-mediated activation of DCs. The measurement of cytokine concentrations revealed that the production of TNF-α, IL-6, IL-12p40 from BMDCs, which were induced by a stimulation via TLR3, TLR7/8, or TLR9, were significantly suppressed by γKetoC (Figure 2C).




Figure 2 | The suppressive effects of γKetoC on inflammatory cytokine producing cells stimulated with various TLR ligands. (A, B) IL-6 release from LPS-stimulated peritoneal cells (A left), spleen cells (A right), and CD11c+ cells isolated from the spleen (B) was reduced by a treatment with γKetoC. Spleen cells (5.0 x 106/mL), peritoneal cells (4.0 x 105/mL), and CD11c+ cells (1.0 x 105/200 μL) were stimulated with 100 ng/mL LPS for 24 h with or without 50 μM γKetoC. (C) Concentrations of cytokines in the culture media of PAMPs-stimulated BMDCs. In total, 5.0 x 105/500 μL of BMDCs were stimulated by 25 μg/mL poly-I:C, 1 μg/mL R-848, or 1 μg/mL CpG, for 24 h in the presence or absence of 50 μM enon FAs. Data represent the mean ± SEM of three independent experiments (A–C). The Tukey-Kramer (A, C) and Dunnett’s (B) multiple comparison test were used. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns, not significant.






3.4 Roles of Gq-GPCRs in the suppressive effects of γKetoC on the DC activation

Measurements of the mRNA levels of cytokines in LPS-stimulated BMDCs revealed that the inhibitory effects of γKetoC on transactivation was marked in the Il12b, and significant in Il6 and Tnf (Figure 3A). To clarify the molecular mechanisms by which γKetoC inhibited the PAMPs-induced transactivation of inflammatory cytokine genes in DCs, we first took notice of GPCRs based on the observation obtained in previous studies including ours. Briefly, KetoC inhibited the LPS-induced activation of the monocyte cell line RAW264.7 with binding to GPR120 (8), and an agonist of Gq-GPCR mimicked inhibitory effects of γKetoC on LPS-induced IL-6 production in BM macrophages (16). As in a previous report showing that GPR120 is expressed in adipocytes, macrophages, and DCs (17), GPR120 mRNA was detected in the BMDCs generated under our experimental conditions (data not shown). To examine the involvement of GPR120 in the γKetoC-mediated suppression of DCs, we treated BMDCs with GW9508, an agonist common to GPR40/GPR120, and revealed that GW9508 inhibited the LPS-induced release of inflammatory cytokines in a dose-dependent manner (Figure 3B), suggesting that the stimulation of GPR120 suppressed the LPS-induced activation of DCs. Furthermore, the suppressive effects of γKetoC and GW9508 on LPS-induced production of TNF-α were abrogated by the pretreatment by YM-254890, an inhibitor of Gαq protein, whereas YM-254890 did not alter the production of IL-6 and IL-12p40 (Figure 3C).




Figure 3 | Roles of Gq-GPCR-signaling in the effects on DCs. (A) mRNA levels of cytokine genes in LPS-stimulated DCs. 1.0 x 106/mL of BMDCs were stimulated by 100 ng/mL LPS for 4 h in the presence or absence of 50 μM enon FAs. (B, C) The amount of TNF-α, IL-6, and IL-12p40 released from LPS-stimulated DCs in the presence of the indicated concentrations of γKetoC or a Gq agonist (B) and those with a Gq inhibitor (C). BMDCs pretreated in the presence or absence of the indicated concentrations of γKetoC, GW9508, and/or YM-254890 for 24 h, were cultured with or without LPS for an additional 24 h. Data represent the mean ± SEM of three independent experiments (A–C). The Tukey-Kramer test (A, C) and Dunnett’s test (B) were used. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns, not significant.






3.5 Involvement of the NRF2 pathway in the γKetoC-mediated suppression of DCs

Above-mentioned result indicating a partial involvement of GPCRs in the anti-inflammatory effects of γKetoC prompted us to analyze NRF2, a master transcription factor of antioxidant responses, as the other target of γKetoC. Previous studies reported that KetoC induced the expression of the antioxidant-related genes through the activation of NRF2, in the hepatic cell line HepG2 (18), and epithelial cell line Epi4 (9). In addition, a NRF2 deficiency enhanced the expression of IL-12p40 in stimulated DCs (14, 19). Therefore, to confirm whether γKetoC induced an antioxidant response via the activation of NRF2 in DCs, we examined NRF2 protein levels in γKetoC-treated DCs using Western blotting. The expression of NRF2 in BMDCs peaked at 1 h after the addition of γKetoC (Figure 4A). The mRNA levels of Hmox1, a target gene of NRF2, were also increased in γKetoC-treated DCs (Figure 4B). Furthermore, the suppressive effect of γKetoC on the LPS-induced IL-6 and IL-12p40 production were attenuated in Nrf2-/- DCs (Figure 4C). The effects of GW9508 on the production of IL-6 and IL-12p40 were also abrogated by the NRF2 deficiency (Figure 4D). On the other hand, the deficiency of NRF2 did not affect the production levels of TNF-α (Figures 4C, D).




Figure 4 | Involvement of the NRF2 pathway in the suppressive effects of γKetoC on DCs. (A) NRF2 protein levels in γKetoC-treated DCs. BMDCs were cultured in the presence of 50 μM γKetoC for the indicated times, and aliquots of the whole cell lysate containing 10 μg of protein were applied to each lane of SDS-PAGE for Western blotting. (B) mRNA levels of Hmox1 in BMDCs derived from NRF2 deficient mice (Nrf2-/-) and its control (Nrf2+/+). 1.0 x 106/mL of BMDCs were stimulated by 100 ng/mL LPS for 24 h in the presence or absence of 50 μM γKetoC. (C, D) The amounts of cytokines released from NRF2-deficient DCs (Nrf2-/-) and their control DCs (Nrf2+/+). BMDCs derived from Nrf2+/+, or Nrf2-/- mice, which were pretreated with or without 50 μM γKetoC (C) or 100 μM GW9508 (D) for 24 h, were cultured in the presence or absence of 100 ng/mL LPS for an additional 24 h. Data represent the mean ± SEM of three independent experiments performed in triplicate (B–D). The Tukey-Kramer test was used. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, ns, not significant.



These results indicate that γKetoC stimulated the NRF2 pathway, which negatively regulated inflammatory cytokine production, and that GPR120-signaling suppressed LPS-induced IL-6 production in DCs in an NRF2-dependent manner.




3.6 Oral administration of γKetoC ameliorates DSS-induced colitis

We utilized a DSS-induced colitis model to examine the protective effects of γKetoC on inflammatory responses in vivo. In the first colitis experiment, wild-type C57BL/6J mice were orally administered γKetoC (Figure 5A). Although significant effect of γKetoC intake was not observed in the loss of body weight (Figure 5B), increases in the disease activity index (DAI) score was alleviated by the intake of γKetoC (Figure 5C). Fibrosis-mediated atrophy of the colon in mice with colitis was also significantly reduced in γKetoC-treated mice (Figure 5D). In the next experiment, we investigated the roles of NRF2 in the γKetoC-mediated amelioration of colitis by using Nrf2-/- mice after modifying the schedule to obtain a more significant effect of γKetoC in colitis. The administration of γKetoC was initiated 4 days earlier than that in the first experiment (Figure 5E) and the results revealed that the loss of body weight (Figure 5F) and increases in the DAI score (Figure 5G) were significantly suppressed by γKetoC in control (Nrf2+/+) mice. In addition, γKetoC-treated mice showed decreased epithelial cell disruption (focal erosion and ulcers) and inflammatory cell infiltration in the colon tissue and increased number of crypts (Figure 5H and Supplementary Figure S2), and γKetoC administration tended to decrease concentrations of TNF-α, IL-6, and IL-12p40 in serum (Figure 5I). Under the modified experimental condition (Figure 6A), DSS-induced body weight loss (Figure 6B) and DAI score increase (Figure 6C) in Nrf2+/- mice were significantly reduced by γKetoC administration, whereas the pathogeneses of colitis-induced Nrf2-/- mice were not improved by γKetoC administration. Atrophy of the colon in Nrf2+/- mice was significantly restored by the intake of γKetoC, with the length of the colon being similar with and without the administration of γKetoC in Nrf2-/- mice (Figure 6D).




Figure 5 | Effects of γKetoC on colitis in mice. (A) Schematic of the oral administration schedule of γKetoC in the DSS-induced colitis model. C57BL/6J mice were orally administered 15 mg/kg/day of γKetoC in 100 μl soybean oil or vehicle. (B) Percent body weight change from that measured on day 0 (left), and percent body weight change from day 0 to day 10 in area-under-curve (AUC) format (right). (C) Disease activity index (DAI) scores (left), and DAI changes in AUC format (right). (D) Images (top) and length (bottom) of the large intestine. DSS-γKetoC-; without the DSS treatment (n=6), DSS+γKetoC-; with the DSS treatment (n=15), DSS+γKetoC+; administration of γKetoC with the DSS treatment (n=15) (A–D). (E) Schematics of the modified schedule of γKetoC administration. (F) Percent body weight changes. (G) DAI scores. (H) Histology of the colon tissue of colitis-induced mice. H&E staining photos of the colon of all tested individuals are shown in Supplementary Figure 2. (I) Concentrations of inflammatory cytokines in peripheral blood. DSS+γKetoC-; DSS treatment without γKetoC administration (n=4), DSS+γKetoC+; administration of γKetoC with the DSS treatment (n=5) (E–I). Data represent the mean ± SEM (B–D, F, G, I). The Tukey-Kramer test (B–D), Sidak’s multiple comparison test (F, G), and a two-tailed Student’s t-test (I) were used for statistical analyses. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.






Figure 6 | Involvement of NRF2 in the effect of γKetoC on colitis. (A) Schematic of the schedule of administration of γKetoC (15 mg/kg/day) to colitis induced-Nrf2 gene targeted mice. (B) Percent body weight changes (left) and its AUC format (right). (C) DAI score (left) and its AUC format (right). (D) Atrophy levels of the colon. Nrf2+/- γKetoC-; colitis-induced Nrf2+/- mice (n=8), Nrf2+/- γKetoC+; γKetoC-treated colitis-induced Nrf2+/- mice (n=8), Nrf2-/- γKetoC+; colitis-induced Nrf2-/- mice (n=8), Nrf2-/- γKetoC+; γKetoC-treated colitis-induced Nrf2-/- mice (n=8) (A–D). The Tukey-Kramer test was used. Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ns, not significant.







4 Discussion

The gut microbiota metabolizes food ingredients, and the resulting compounds exert beneficial effects on homeostasis in the host body. PUFAs, which are positively associated with inflammatory diseases depending on the amount consumed and the ω3/ω6 ratio, were recently shown to be modified by the enzymes of gut bacteria (2). Although previous studies demonstrated the useful effects of the bacteria metabolites of PUFAs on host health, particularly the attenuation of metabolic disorders (3, 6, 7), their effects on immunoresponses remain unclear.

The present results revealed that enon FAs suppressed Ag-mediated immunoresponses, which were not observed for their precursors, namely, LA, ALA, and GLA, or hydroxy FAs. Further analyses with a focus on γKetoC indicated that γKetoC suppressed the release of inflammatory cytokines from LPS (and other PAMPs)-stimulated DCs, whole splenocytes, and peritoneal cells. KetoC has been shown to inhibit the expression of inflammatory cytokines in LPS-stimulated RAW264.7 cells, and this was mitigated by a GPR120 antagonist, but not a GPR40 antagonist (8). In contrast to GPR40, which is a receptor for long-chain FAs as well as GPR120, but is highly expressed in the pancreas and liver and is involved in metabolism, GPR120 has an anti-inflammatory role as an receptor for ω3 FAs (17). Since HYA, which activates GPR40 (3–5), did not suppress the production of IL-2 by OVA-stimulated OT-II splenocytes in the present study (Figure 1A), GPR40 might not play a prominent role in the regulation of inflammatory responses by immune-related cells. Based on the result showing that GW9508, a common agonist of GPR40 and GPR120, also reduced cytokine production by DCs, we speculate that GPR120 is involved in the anti-inflammatory effects of γKetoC as its receptor; however, we need to confirm this hypothesis in further experiments using a specific antagonist, siRNA, or KO mice. Although a previous study demonstrating high expression of GPR120 in DCs have shown low levels of Ffar1 mRNA (encoding GPR40) in DCs (17), which may support a primary contribution of GPR120, it is necessary to determine the protein levels of these GPCRs at least to rule out the involvement of GPR40 in regulation of DCs. Alternatively, the reporter assay of GPR40 and GPR120 would be useful to reveal the ligand activity of γKetoC and other FAs against GPR40 and GPR120. γKetoC, KetoC, and αKetoC are categorized as ω7, ω7, and ω3, respectively. The structure of a FA required for ligand activity against GPR120 may not be the location of the unsaturated bond, but rather other factors, which were increased in enon FAs. If the enon structure is essential for binding to GPR120, metabolism by bacteria confers anti-inflammatory effects on dietary PUFAs.

In a SV40-T-transformed human gingival epithelial cell line, KetoC induced ERK phosphorylation and the subsequent activation of the NRF2 pathway via GPR120 (9). Another previous study regarding ox-LDL-induced senescence also suggested that GW9508 activated NRF2 depending on GPR120 in human aortic endothelial cells (20). Under our experimental conditions, the GPR120 agonist did not induce Hmox1 transactivation in DCs (data not shown), whereas the suppressive effects of the GPR120 agonist on cytokine production in DCs were reduced by a NRF2 deficiency. These results suggest that γKetoC activated both the NRF2 pathway and GPR120 in DCs and also that the NRF2 pathway might modulate GPR120 activity, whereas the stimulation of GPR120 did not induce an antioxidant response in DCs. Given that γKetoC probably activates multiple pathways, further studies using various mice deficient one or more candidate targets of γKetoC, including GPR120, other GPCRs for FA, and nuclear receptors, in addition to Nrf2 KO, may clarify the complicated relationship between γKetoC, GPR120, and the NRF2 pathway.

The present study suggested that the suppressive effects of γKetoC on TNF-α production were mediated by Gq-GPCR (probably GPR120), and the effects of γKetoC on production of IL-6 and IL-12p40 was largely dependent on NRF2. These differences might reflect the promoter specific roles of NRF2 and/or GPR120. A vigorous study revealed the direct binding of NRF2 to the Il6 promoter inhibits the transcription of the Il6 gene in macrophages (21). It is also known the anti-inflammatory effects of DHA is caused by the GPR120-dependent activation of β-arrestin (17). Further detailed analyses regarding GPR120-mediated signal transduction and NRF2 recruitment toward chromosomal DNA in γKetoC-treated DCs are required to uncover the molecular mechanisms of anti-inflammatory effects of γKetoC. In addition, the roles of γKetoC in T cell function were still unclear in the present study, even though DC-independent proliferation of T cells were significantly suppressed by γKetoC. Although γKetoC did not have apparent effect on differentiation of Th1 and Th2 at least, we have not been able to obtain further reliable results regarding T cells, including Treg development. Further research on T cells has not been carried out, since it is difficult to grow purified CD4+ T cells in the presence of γKetoC. The experiments for Th1 and Th2 differentiation in the present study were performed with the lower concentration (25 μM) of γKetoC than that (50 μM) in a T cell division assay. Obviously, if the suppression of T cell proliferation is not a result of artificial, then it is a crucial factor for immunosuppressive impact. We need to perform the experiments investigating the effects of γKetoC on various immuno-related cells, to clarify overall immunoregulatory effects of γKetoC.

γKetoC increased NRF2 protein and Hmox1 mRNA levels in DCs, and NRF2 deficiency reduced the anti-inflammatory effects of γKetoC both in vitro and in vivo. NRF2 is a ubiquitous transcription factor, and Nrf2 KO mice exhibit severe inflammation in various immune-related diseases, including contact hypersensitivity, autoimmune disease, colitis, and psoriasis (22–27). Therefore, γKetoC and other enon FAs have the potential to prevent and/or treat immune-related diseases. In addition, since we recently demonstrated that γKetoC suppressed osteoclast development and macrophage activation (16), it may also attenuate rheumatoid arthritis.

According to a previous study showing the intestinal concentrations of PUFA derivatives, high fat diet and/or germ-free condition reduced the concentrations of LA-derived FAs such as HYA in the intestine (3). In addition, the dysbiosis-mediated decrease of HYA was partially recovered by administration of HYA or HYA-producing Lactobacillus. Although GLA-related FAs were not mentioned in that study, the decrease of concentrations of KetoC and αKetoC was observed. Further studies investigating the association between enon FA concentrations and pathogenesis of inflammatory diseases may reveal the circumstances under which γKetoC may be effective.

Although we focused on the roles of the NRF2 pathway and GPR120 in the anti-inflammatory effects of γKetoC, we never exclude the involvement of other receptors including PPARγ and TRPV1, which have been identified as receptors of other PUFAs. It is well known that PPARγ agonists inhibit TLRs-mediated activation (28) and T cell priming activity of DCs (29) and in a study using reporter assay not only KetoA but also KetoC exerted agonistic activity of PPARγ (7). Inhibitory role of TRPV1-signaling in differentiation and activation of DCs is also reported (30), whereas the effect of γKetoC on TRPV1-signaling has not been investigated in a study identifying KetoA as the strongest activator of TRPV1 (6).

We identified γKetoC as the anti-inflammatory compound through a screening, which exerted protective effect on DSS-induced colitis by activating the NRF2 pathway. In contrast, we did not compare the activity and still do not know which PUFA metabolites exhibit the high activity against the NRF2 pathway. We are going to perform further investigation to evaluate the effects of PUFA metabolites on the NRF2 pathway in vitro, and on the pathogenesis of colitis and other disease model mice in vivo.

The present study showed that several bacteria metabolites of PUFAs, particularly enon FAs, were involved in the regulation of immunoresponses, which were not observed for their precursors. The NRF2 pathway and GPR120, both of which play important roles in anti-inflammatory responses, appear to be involved in the effects of γKetoC. The intake of γKetoC ameliorated colitis in mice in a NRF2-dependent manner. Based on these results, we conclude that gut bacteria and their metabolites of PUFAs exert beneficial effects on immune homeostasis in the host body.
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