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Abstract

As elemental diets are effective therapy for inflammatory bowel disease (IBD), intralumenal environment
including ingested food, indigenous flora, bacterial component, microbial metabolites and fermentation products
closely related to the etiology and pathophysiology of IBD. The aim of this project is to identify the nutritional
stimuli-inducing signaling pathways related to gastrointestinal inflammation, and eventually to apply the result

to the development of remedies against IBD.

In a previous study, we showed that fasting-refeeding in mice induces transient hyperproliferation of
colonic epithelial cells, which is dependent on the lactate produced as a metabolite of commensal bacteria
(Okada T, et. al. Nat Commun, 4, 1654, 2013). In this project, we attempted to manipulate colonic epithelial cell
turnover with intermittent fasting to prompt recovery from acute colitis. Acute colitis was induced in mice by
administration of 2% dextran sulfate sodium in the drinking water for 5 days. From day 6, mice were fasted for
36 h and refed with normal diet (CE2), glucose powder, or lactylated high-amylose starch. On day 9, mice refed
with CE-2 showed a trend to gain more body weight than other groups, but this difference was not statistically
significant. Histologically, the fasting group (refed CE-2) showed higher numbers of regenerating crypts. When
expression of inflammatory cytokines was evaluated at mMRNA levels, the fasting group showed dramatically
decreased levels of IL-1p and IL-17. The fasting group (refed glucose) showed lower levels of these cytokines
compared with the ad libitum-fed group but this did not reach statistical significance. In contrast, TNF-a. levels
did not change. These results indicated that intermittent fasting suppressed the crypt loss as well as inflammatory
cytokines. Based on our previous result, we next investigated whether increase in intracolonic lactate is
beneficial to reduce colitis. For this purpose, an enema of lactate, acetate, or butyrate was performed in the mice
refed with glucose. Intrarectal administration of lactate or butyrate, but not acetate, induced crypt regeneration,
suggesting that fasting followed by the high concentration of lactate in the colon induced a beneficial effect in
the resolution phase of DSS colitis (Okada T, et. al. J Clin Biochemistry & Nutrition, in press).

In this project, we also elucidated the influence of starvation and refeeding on immune cells using
murine models. Starvation for 36 h dramatically decreased the number of cells in Peyer's patches (PP). In
addition, we found the significant decrease in the number of B cells and the change in the localization of CD11c*
dendritic cells in PP located in the lower part of small intestine after starvation. After starvation of 36 h, mice
were refed with normal diet (CE2). After refeeding of 48 h, starvation-induced reduction of the number of cells
in PP was recovered to the basal level. To clarify dietary-inducing mechanisms to maintain the number of
immune cells in gut-associated lymphoid tissues, the expressions of chemokines and their receptors were
examined in starved or refed mice. We found that the level of some chemokines related to B cell retention in PP
was strikingly decreased during starvation. These results indicate that the nutritional stimuli-inducing signaling
pathways affect production of chemokines by stromal cells in PP, resulting the changes of the number of

immune cells in gut-associated lymphoid tissues (Nagai M, et. al., in preparation for submission).
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We also analyzed the gastrointestinal tract of mice with high fat diet (HFD)-induced obesity. During
~8-20 weeks of HFD feeding, totally 35% of mice developed macroscopically distinct metaplastic patchy lesions
in stomach. This metaplastic patchy lesion was histologically characterized by severe loss of parietal cells
expressing HK-ATPase, a parietal cell marker, and the expression of ectopic Alcian blue-positive mucin. The
decrease of the number of parietal cells was clearly observed as early as 8 weeks after starting HFD. We
performed blood biochemical tests and measured cytokine levels, but there was no significant difference between
mice developed macroscopically distinct metaplastic lesions in stomach and mice without macroscopically
distinct lesion. To characterise further this metaplastic patchy lesion, we purified HK-ATPase-negative
non-parietal cells from the gastric corpus by flow cytometry and performed RT-PCR with single epithelial cells
by using Fluidigm single cell analysis system (C1 and Biomark). In total, we analyzed 93 genes from 165 control
cells and 156 cells isolated from metaplastic lesion of HFD-fed mice. Evidently, different patterns of gene
expression between the control mucosa and the metaplastic lesion were revealed. In the control mucosa,
differentiated cell types were easily identified, which included Mucbac (gastric type mucin)-positive epithelial
cells, Pgc (pepsinogen)-positive chief cells, Hdc (histidine decarboxylase)-positive enterochromaffin-like cells, a
few Atp4a and Atp4b (HK-ATPase subunit)-positive parietal cells, and Gif (gastric intrinsic factor)-positive cells.
In sharp contrast, the cells isolated from metaplastic lesion were almost homogenous. The majority of them
expressed Pigr, Gkn3, Vill, Wfdc2, PCNA, and CD44, all of which were difficult to detect in any cells from the
normal mucosa. In addition, the majority of cells isolated from metaplastic lesion strongly expressed Tff2, Tff1,
Muc6, and Pgc. A few of them, but none of the control cells, expressed the stem-cell marker Lgr5. These results
indicated that metaplastic cells that ectopically expressed genes normally expressed by enterocytes and
stem/progenitor cells with proliferation potential replaced most of the epithelial cells in the metaplastic lesion of
HFD-fed mice and this lesion was similar to previously reported precancerous lesion, spasmolytic polypeptide
expressing metaplasia (SPEM). Immunohistology confirmed the enhanced expression of metaplastic-specific
proteins such as VIL1, PIGR, and GKN3 in surgically resected human gastric adenocarcinoma as compared with
background mucosa. To further characterize the changes in the stomachs of HFD-fed mice, we performed
morphological analysis using electron microscopy. In control mice, the gastric corpus pits were mostly occupied
by parietal cells containing cytoplasmic tubulovesicles and numerous mitochondria. In contrast, HFD-fed mice
displayed a decrease in the frequency of parietal cells in the corpus mucosa. Furthermore, the parietal cells of
HFD-fed mice, but not those of the control mice, contained abnormal mitochondria with dense crystalline
inclusions. These pathological changes suggest the presence of mitochondrial stress in HFD-fed parietal cells. To
investigate the possibility that components of the diet are toxic to gastric parietal cells, we compared the
composition of the HFD with the gastric contents of the HFD-fed mice. We measured triacylglycerides (TGs),
FFAs, and bile acids by liquid chromatography-tandem mass spectrometry (LC-MS/MS). FFAs were present
with the reflux of duodenal juice in the stomachs of HFD-fed mice, and their levels increased as the mice
became obese. Bile acids, which were not detected in the HFD, were detected in the stomachs of HFD-fed mice.
In addition, the higher concentrations of TGs were detected in obese mice. These results indicate that FFAs are
liberated from TGs in the gastric lumen of HFD-fed mice, possibly causing stress signal from the mucosal
surface. To test whether FFAs affected cell viability in vitro, we isolated epithelial cells from the gastric corpus
mucosa by flow cytometry and performed short culture with a mixture of fatty acids that mimics the fatty acid

composition of the HFD. The addition of a concentrated mixed fatty acid solution to the culture medium induced
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parietal cell death in a dose-dependent manner. Among the individual fatty acids examined, linoleic acid and
oleic acid decreased cell viability more than stearic acid and palmitic acid. These results indicated that
unsaturated FFAs are more toxic than saturated ones to gastric epithelial cells. Based on this in vitro result, we
performed in vivo study feeding linoleic acid-rich diet and stearic acid-rich one. After 19 weeks, nine out of 10
mice on the linoleic acid-rich diet developed macroscopically distinct metaplastic lesions. In contrast, increased
mucin was seen only in two out of 10 mice on the stearic acid-rich diet. These results supported the notion that
free linoleic acid derived from the diet facilitated the development of metaplasia (Hirata Y, et. al. J
Gastroenterology, doi:10.1007/s00535-016-1291-0, 2016).

Using mucosal tissue samples from IBD patients, we have done global study of gene expression and
epigenetic changes and have integrated these data to find out the nutritional stimuli-inducing signaling pathway
related to gastrointestinal inflammation. Bioinformatics analysis identified IBD-specific patterns of histone

modifications and DNA methylation.
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