

[image: image1]
Nicotine Oral Administration Attenuates DSS-Induced Colitis Through Upregulation of Indole in the Distal Colon and Rectum in Mice
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Nicotine affects the gastrointestinal environment and modulates ulcerative colitis (UC). However, the associations among nicotine, gut metabolites, and UC are still largely unknown. We investigated whether orally administered nicotine affected gut metabolites and dextran sodium sulfate (DSS)-induced colitis. C57BL/6 male mice were orally administered nicotine solution in drinking water prior to inducing DSS-induced colitis. Short-chain fatty acids (SCFAs) and indole in gut contents and fecal samples were measured by GC-MS and hydroxylamine-based indole assays, respectively. Oral administration of nicotine increased indole concentration in feces, but, in contrast, SCFA values did not differ with nicotine administration. Indole levels were increased in the distal colon and rectum but not in the cecum and proximal colon. DSS-induced colitis was less severe clinically and histological changes were minimal in the rectum of orally nicotine-administered mice compared to mice drinking only water. 16S rRNA microbiome on the feces revealed an increasing in Clostridium and Porphyromonas in nicotine-administered mice. In conclusion, nicotine administration was associated with increased indole levels in the distal colon and rectum and attenuated DSS-induced colitis. Oral administration of nicotine may play a potential role in indole upregulation and prevention of UC.
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INTRODUCTION

That gut microbiota and its metabolites are involved in the immune response in the gut has been suggested (1, 2). Alterations of microbiota and metabolites are closely linked to many conditions including inflammatory bowel diseases (IBD) such as Crohn's disease (CD) and ulcerative colitis (UC). Dietary intake and cigarette smoking are major environmental factors that impact the gut microbiota and their metabolites (3–5). Cigarette smoking is considered a risk factor for many diseases such as lung cancer, heart diseases, and stroke. However, exceptionally, it has a protective effect against UC (6).

Nicotine is the main compound in cigarette products. Studies of nicotine and UC have suggested that nicotine has an anti-inflammatory effect in the gut (3, 7). However, why nicotine is protective against UC is still largely unknown, and the effect of nicotine on gut metabolites remains elusive.

Short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate, are end-products of microbial fermentation and influence host physiology (8). Previous studies demonstrated that a soluble high fiber diet increased SCFA levels in the gut and attenuated DSS-induced colitis in mice (9, 10). That SCFAs provide energy to intestinal epithelial cells and affect the gut's immune system by inducing regulatory T (Treg) cells in the gut were shown (11, 12). In addition, we previously demonstrated that maternal SCFAs promoted the development of Treg cells in offspring (13, 14). As SCFAs play many crucial roles in the immune system, it is important to study whether nicotine is involved in SCFA production and protects against colitis.

Indole is a gut bacterial metabolite derived from tryptophan (Trp). Indole is the most abundant Trp metabolite and plays a crucial role in the intestinal immune system (15, 16). Various levels of Trp metabolites are associated with UC disease activity (17). Additionally, indole compounds have been used for the treatment for UC (18). Although indole plays a pivotal role in the gut, it is not clear whether nicotine influences indole production in the gut. In this study, we aimed to investigate whether the oral administration of nicotine influenced gut metabolites such as SCFAs and indole and also examined if such administration had an influence on dextran sodium sulfate (DSS)-induced colitis.



RESULTS


Oral Administration of Nicotine Increased Fecal Indole Concentration and Attenuated DSS-Induced Colitis

To address the effect of nicotine on gut metabolites, wild-type (WT) mice were orally administered 20 μg/ml of nicotine solution dissolved in drinking water for 3 days, after which levels of indole and SCFAs in feces were analyzed. Previous studies demonstrated that low doses of oral nicotine prevented DSS-induced colitis (19, 20). Indole concentrations in feces were detected by the Hydroxylamine-based indole assay (HIA) method (21). The mean level of indole in feces of WT mice that were provided only deionized distilled water (DDW) was 1.16 mM and that in nicotine-administered mice was 1.77 mM (Figure 1B), suggesting that oral administration of nicotine significantly increased the fecal indole level. In contrast, fecal levels of SCFAs, such as acetate, propionate, and butyrate, did not differ between mice drinking only DDW and nicotine-administered mice (Figures 1C–E). This result suggested that oral administration of nicotine affected fecal levels of indole but not SCFAs. DSS-induced colitis is considered to be a mouse model of UC; thus, DSS was orally administered for 7 days to mice drinking only DDW and nicotine-administered mice subsequent to the oral administration of nicotine to examine the effect of nicotine on this mouse model of UC (Figure 1A). DSS-induced colitis in mice orally administered nicotine significantly decreased the percentage of body weight loss on Day 7 (Figure 1F). The mean intestinal length of the DDW group was significantly shorter than the mean intestinal length of the nicotine group (Figure 1G). Furthermore, clinical signs such as weight loss, stool consistency, and bleeding were scored as the disease activity index (DAI). DAI scores in nicotine-administered mice were significantly lower than in mice drinking only water at Day 7 (Figure 1H). Histological analysis of the rectum also showed that infiltration of lymphocytes and the damage to crypts in nicotine-administered mice were less than in mice drinking only DDW (Figure 1I).


[image: Figure 1]
FIGURE 1. Twenty microgram/milliliter of orally administered nicotine increased indole concentration and attenuated DSS-induced colitis. (A) Schema of the experiments in this figure. DDW or 20 μg/ml of nicotine dissolved in drinking water was orally administered for 3 days. Fecal samples were collected at day 3. Then, 2.5% DSS was orally administered in drinking water for 7 days to mice drinking only DDW and nicotine-administered mice. DSS drinking water was switched to DDW for the next 2 days. (B–E) Indole levels in feces from mice drinking only DDW and nicotine-administered mice were measured by the HIA method. N = 5 mice per group. Data are shown as mean ± SD. ***P < 0.001. Acetate (C), propionate (D), and butyrate (E) in feces of mice drinking only DDW and nicotine-administered mice were measured by GC-MS. Concentrations of SCFAs were the average of two runs. N = 7 mice per group. ns; not significant. (F–I) Body weight (F) was measured every day and colon length (G) was measured at Day 9. N = 5 mice per group. Data are presented as mean ± SD. *P < 0.05. (H) The DAIs of mice drinking only DDW and nicotine-administered mice were scored in total for the following categories: weight loss, 0, no loss; 1, 5–10% loss; 2, 10–15% loss; 3, 15–20% loss; and 4, 20% weight loss; for stool consistency,: 0, normal; 1, mild loose stool; 2, moderate loose stool; and 3, diarrhea; for bleeding, 0, no blood; 1, presence of blood; and 2, gross blood. N = 5 mice per group. Data are presented as mean ± SD. *P < 0.05. (I) Histological analysis of representative sections of the rectum with H&E staining from mice drinking only DDW and nicotine-administered mice after DSS-induced colitis. Black bars in lower right side indicated 200 μm.


Those results suggested that oral administration of nicotine attenuated DSS-induced colitis and that increased indole values might be associated with the protective effect of nicotine administration on DSS-induced colitis.



Levels of Indole Were Increased in the Distal Colon and Rectum

Next, we further analyzed levels of indole in the gut according to oral administration of nicotine. WT mice were orally administered DDW or nicotine solution dissolved in drinking water to nicotine-administered mice for 3 days (Figure 2A). Indole concentration in the cecum and the entire colon divided into the proximal colon, distal colon, and rectum was analyzed in both mice drinking only DDW and nicotine-administered mice (Figure 2B). Indole levels in the cecum and proximal colon did not differ between mice drinking only DDW and nicotine-administered mice (Figures 2C,D) but, interestingly, indole levels in the distal colon and rectum were significantly increased in nicotine-administered mice (Figures 2E,F). In the mice drinking only DDW group, mean indole concentrations in the cecum, proximal colon, distal colon, rectum, and feces varied from 0.77, 0.68, 0.90, 1.22, and 1.16 mM, respectively (Figures 1B, 2C–F). Indole concentration in the rectum was almost twice as high as in the proximal colon in mice drinking only DDW. In the rectum, mean indole concentrations in mice drinking only DDW and nicotine-administered mice were 1.21 and 1.61 mM, respectively (Figure 2F). Thus, indole concentration was 1.5-fold higher in the rectum in the nicotine-administered mice than in mice drinking only DDW.
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FIGURE 2. Indole levels in the distal colon and rectum were increased in nicotine- administered mice. (A) Schema of the experiments in this figure. DDW or 20 μg/ml of nicotine was orally administered in drinking water for 3 days. Then, mice were sacrificed and the gut contents from the cecum, proximal colon, distal colon, and rectum were collected at day 3. (B) Schema of the colon divided into the cecum, proximal colon, distal colon, and rectum. (C–F) Gut contents of the cecum, proximal colon, distal colon, and rectum from mice drinking only DDW and nicotine-administered mice were collected and indole concentrations in the cecum (B), proximal colon (C), distal colon (D), and rectum (E) were measured by the HIA method. N = 5 mice, per group. Data are shown as mean ± SD. **P < 0.01. ns, not significant.




The Abundance of Clostridium and Porphyromonas Were Significantly Increased in the Nicotine-Administered Mice

Then, we analyzed the composition of the gut microbiota of feces by 16S rRNA microbiome method to reveal the association of nicotine, indole and the gut microbiota in mice drinking only DDW and nicotine-administered mice (Figure 3A). Clostridium and Porphyromonas were significantly increased (p < 0.05, a Wilcoxon rank sum test) in the nicotine-administered mice compared to DDW mice (Figure 3B).


[image: Figure 3]
FIGURE 3. The abundance of Clostridium and Porphyromonas were significantly increased in the nicotine-administered mice. (A) The fecal samples from mice drinking only DDW and nicotine-administered mice were analyzed for 16S rRNA microbiome at the genus level. The heatmap showing the relative abundances of 63 genus in the feces. The relative value for each bacterial genus is indicated by color intensity (legend indicated at the top left corner). N = 5 mice per group. (B) The relative abundance of Clostridium and Porphyromonas of DDW and nicotine-administered mice. N = 5 mice per group. Data are presented as mean ± SD. *P < 0.05, a Wilcoxon rank sum test.


Overall, production of indole was higher in the distal colon and rectum than in the cecum and proximal colon. Thus, oral administration of nicotine appeared to promote indole production in the distal colon and rectum. The indole level in the rectum and feces was associated with the severity of DSS-induced colitis.




DISCUSSION

In this study, we revealed an association of indole with the severity of DSS-induced colitis in mice orally administered nicotine. We detected major metabolites, SCFAs, and indole in gut contents and feces of orally administered nicotine mice and showed that indole levels in the rectum and feces were increased in nicotine-administered mice and that the severity of DSS-induced colitis was attenuated. Indole is the most abundant bacterial-derived Trp catabolite. It has been reported that low levels of Trp metabolites are a risk factor for and are associated with inflammatory bowel diseases (IBD) (17). In fact, serum levels of Trp were lower in IBD patients and Trp-deficient mice manifested severe colitis (17, 22). Trp catabolites, including indole and indole derivatives, mediate microbial signals (23). Indole contributed to epithelial barrier function by increasing certain molecules involved in tight junctions and adherence junctions (15, 16). It was reported that indole concentration was decreased in germ-free (GF) mice; however indole treatment enhanced associated molecules of tight junctions and adherence junctions, and attenuated DSS-induced colitis in GF mice (15). This indicated that upregulation of indole resulted in strengthening of epithelial barrier function and tight junctions in mice. In line with this result, we demonstrated here that upregulated indole in the distal colon and rectum through oral administration of nicotine strengthened barrier function. We observed attenuated DSS-induced colitis in the nicotine-administered mice (Figures 1F–H). Histological analysis revealed that colonic damage, such as loss of crypts and goblet cells and infiltration of inflammatory cells, was less severe in the rectum of such mice (Figure 1I). In the rectum, increased indole attenuated DSS-induced colitis, suggesting that increased indole by nicotine administration attenuated UC through epithelial barrier function. As previously reported, oral administration of 40 kDa DSS solution, such as used in this study, was associated with more severe colitis in the distal colon and rectum than in the proximal colon (24). Upregulation of indole concentration in the distal colon and rectum may have a protective effect against colorectal damage by DSS-induced colitis.

Trp metabolites including indole and indole derivatives act as ligands of aryl hydrocarbon receptor (AhR). AhR is a transcriptional factor that regulate host immune system. For example, activation of AhR enhances Interleukin-22 production in type 3 innate lymphoid cells, which contributes to epithelial barrier function (25, 26). Based on these studies, AhR pathway may be involved in the attenuation of UC by nicotine administration.

The gut microbiota is closely linked to the gut metabolites. In this study, we showed increased the relative abundance of Clostridium and Porphyromonas by 16S rRNA microbiome method on fecal samples in the nicotine-administered mice. Previous studies have also demonstrated that cigarette smoking and nicotine treatment affect the composition of the gut microbiota in human and mice (4, 27–30). The relative abundance of Bacteroides-Prevotella and the Clostridia family Veillonellaceae were higher in current smokers (28, 31). In a mice model, it has been reported that the relative abundance of Clostridium clostridiforme was increased (29). According to the previous reports, indole is produced from Trp by tryptophanase encoded tnaA gene and some Clostridium and Porphyromonas species contain the tnaA gene and produce indole (23, 32). Increased Clostridium and Porphyromonas in nicotine-administered mice may contribute to promote the level of indole. Some species of Bacteroides and Prevotella, as well as Clostridium and Porphyromonus contained tnaA gene are thought to be involved in producing indole (23, 32).

Cigarette smoking is a major risk factor for Crohn's disease; however it is protective against the development and progression of UC (6, 33). UC is a chronic mucosal inflammation in the gut and is sub-classified into the following three types: ulcerative proctitis, left-sided UC, and extensive UC (34). Colonic mucosal inflammation of UC starts in the rectum and extends proximally in a continuous fashion (35). Therefore, to protect against rectal inflammation is a crucial strategy for UC treatment. Notably, we demonstrated here that nicotine affected indole concentrations in the distal colon and rectum rather than in the proximal colon. That orally administered nicotine increased indole in the rectum and attenuated DSS-induced colitis raised the therapeutic possibility of this strategy for UC patients although there might be a limitation to generalize the effect of nicotine.

In conclusion, we propose that increased indole by oral administration of nicotine has a potential role to protect the rectum, which is an important site for UC progression. Indole is a key metabolite and nicotine might have functions to protect against UC through upregulation of indole. Further studies should be required to clarify the mechanism by which nicotine increased indole.



MATERIALS AND METHODS


Mice

C57BL/6J male mice at 10 weeks old were purchased from Japan SLC (Shizuoka, Japan). Mice were housed at the animal facility of Juntendo University (Tokyo, Japan) and fed a normal diet, CRF-1 (Orietal Yeast, Tokyo, Japan). Five or seven mice were housed in each gauge under standard 12 h light/dark cycles, 22 ± 2 degrees, and 50 ± 5 percent humidity. All animal experiments were approved by the Animal Experimentation Committee of Juntendo University (No. 2021122).



Reagents

(–)-Nicotine hydrogen tartrate salt was purchased from Sigma (St. Louis, MO, USA). Dextran sodium sulfate (M.W 36000-50000) was purchased from MP Biomedicals (Santa Ana, CA, USA).



Hydroxylamine-Based Indole Assay (HIA)

HIA was performed according to a previous paper describing the determination of indole concentration (21). Briefly, gut content samples were diluted with 70% ethanol to 100 mg/ml and disrupted by a Power Masher II (Nippi, Tokyo, Japan). After centrifugation, supernatants were filtered using a Millipore Ultrafree MC PLHCC centrifugal filter (Merck Millipore, Billerica, MA, USA). Samples were incubated for 15 min at room temperature with 5M NaOH (Wako, Osaka, Japan) and 50 μl of 0.3 M hydroxylamine hydrochloride (Wako) in a microtiter plate. Following incubation, 125 μl of 2.5 M H2SO4 (Wako) was added and incubated at room temperature for 30 min. The plates were immediately read at 530 nm using optical density readings by a microplate reader.



Measurement of SCFA Concentration in Feces

Hundred milligrams of fresh feces from C57BL/6 male mice were homogenized in 400 μl H2O containing hexanoic acid (methyl-d3) as an internal standard. Then 80 μl of 25% meta-phosphoric acid was added to the homogenate and kept on ice for 30 min. Thereafter, samples were centrifuged at 17,500 × g for 15 min at 4°C. The supernatants were filtered using a Millipore Ultrafree MC PLHCC centrifugal filter (Merck Millipore) and analyzed by gas chromatography-mass spectrometry (GC-MS). One microliter of the sample was injected with a split mode (1:100) into a TRACE GC ULTRA gas chromatograph equipped with a TSQ QUANTUM GC mass spectrometer (ThermoFisher Scientific, Waltham, MA). A Nukol™ fused silica capillary column (0.25 mm ID × 30 m, 0.25 μm film thickness; Supelco, Bellefonte, PA, USA) was used for separation. Column temperature was programmed for 150°C for 2 min, then increased to 200°C at a rate of 8°C/min and held at 200°C for 13 min. Helium was used as a carrier gas at a flow rate of 0.7 ml/min. Data were acquired by the electron impact ionization mode at 70 eV.



Dextran Sulfate Sodium (DSS)-Induced Colitis

C57BL/6J male mice at 10 weeks old were orally administered nicotine [(–)-Nicotine hydrogen tartrate salt, Sigma] in drinking water at 20 μg/ml for 3 days. Then, 2.5% DSS (M.W 36,000–50,000; MP Biomedicals) dissolved in sterile, distilled drinking water was orally administered for 7 days. On day 7, 2.5% was switched to regular drinking water for the next 2 days. Body weight was measured every day. On day 9, mice were sacrificed and colon lengths were measured.



Microbiome Analysis Based on 16S rRNA Amplicon Sequencing

The fecal samples 3 days after DDW and nicotine administration were diluted 10-fold in TE buffer were diluted 10-fold in TE buffer (10 mM Tris, 1 mM EDTA [pH 8.0]) and frozen at −80°C until use. Five hundred microliter of each diluted sample was used for DNA extraction. After pretreatment in TE buffer with 50 U of achromopeptidase (Wako) at 50°C for 30 min, phenol: chloroform: isoamyl alcohol (25:24:1, v/v/v) was used for DNA purification.

We performed an Illumina 16S metagenomic sequencing protocol, which targeted the V3 to V4 region of bacterial and archaeal 16S rRNA genes, for comprehensive analysis of the fecal microbiota, following the manufacturer's workflow of 16S Metagenomic Sequencing Library Preparation, recommended by Illumina. We used 16S universal primers without adapter sequences, 16S amplicon PCR forward primer (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and 16S amplicon PCR reverse primer (5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′). The PCR reaction mixture consisted of two μL of DNA extract in a total volume of 25 μL containing 1× KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Boston, MA, USA) and 10 pmol of each primer. Reaction mixtures were thermally cycled once at 95°C for 2 min; then 25–30 times at 95°C for 30 s, 65°C for 30 s, and 72°C for 90 s; and then once at 72°C for 2 min. DNA fragments were analyzed by electrophoresis in TAE buffer on a 1% agarose gel stained with ethidium bromide. The PCR products were then purified using AMPure beads (Beckman Coulter, Inc., CA), according to the manufacturer's protocol. PCR products were uniquely indexed using a Nextera XT Index Kit (Illumina, San Diego, CA, USA). NucleoMag NGS Cleanup and Size Select technology (Macherey-Nagel, Düren, Germany) was used twice for cleanup and size selection of NGS libraries, according to a protocol for removing adapter dimers. Sequencing was performed using a Miseq reagent kit v3 (600 Cycle) and a paired-end 2× 300-bp cycle run on an Illumina MiSeq sequencing system (Illumina, San Diego, CA, USA).

MiSeq-read 1 and 2 reads were stitched by FLASH (36). The merged reads were filtered and trimmed by removing bases with quality value (QV) scores of 20 or less and read lengths shorter than 200 bases, and then converted from FASTQ to FASTA format using FASTX toolkit ver. 0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit). Analyses of the trimmed sequencing reads were performed using blastn by blast 2.5.0+, with an e−10 e-value cutoff (37). Taxonomic classification was performed using MEGAN version 5 (38).



Histological Analysis

Entire colons were cut longitudinally and fixed in 10% formalin and embedded in paraffin. 3-μm sections of the rectum were stained with hematoxylin and eosin (H&E).



Statistical Analysis

Statistical analysis was performed using the Student's t test. GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) was used for all statistical calculations. We performed a Wilcoxon rank sum test against bacterial genus exhibiting increase or decrease in relative abundance. A p-value of <0.05 was considered statistically significant.
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