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Abstract

AIM: To investigate the effect of a fat rich diet on non-steroidal anti-inflammatory drug (NSAID)-induced mucosal damage in the murine small intestine. 

METHODS: C57BL6 mice were fed 4 types of diets with or without indomethacin. One group was fed standard laboratory chow. The other groups were fed a fat diet consisting of 8% w/w fat, beef tallow (rich in SFA), fish oil, (rich in omega-3 PUFA), or safflower oil (rich in omega-6 PUFA). Indomethacin (3 mg/kg) was injected intraperitoneally from day 8 to day 10. On day 11, intestines and adhesions to submucosal microvessels were examined.

RESULTS: In the indomethacin-treated groups, mucosal damage was exacerbated by diets containing beef tallow and fish oil, and was accompanied by leukocyte infiltration (P < 0.05). The mucosal damage induced by indomethacin was significantly lower in mice fed the safflower oil diet than in mice fed the beef tallow or fish oil diet (P < 0.05). Indomethacin increased monocyte and platelet migration to the intestinal mucosa, whereas safflower oil significantly decreased monocyte and platelet recruitment (P < 0.05).

CONCLUSION: A diet rich in SFA and omega-3 PUFA exacerbated NSAID-induced small intestinal damage via increased leukocyte infiltration. Importantly, a diet rich in omega-6-PUFA did not aggravate inflammation as monocyte migration was blocked. 
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Core tip: Non-steroidal anti-inflammatory drugs (NSAIDs) frequently induce mucosal damage in the gastrointestinal tract. The recently developed techniques of capsule enteroscopy and double balloon enteroscopy have shown that NSAIDs cause ulcers in the small intestine (68%) more frequently than previously thought. Although proton pump inhibitors are key drugs for NSAIDs-induced gastropathy, proton pump inhibitors have no effect on NSAIDs-induced intestinal lesions and no drugs are currently available for the prevention and treatment of NSAIDs-induced intestinal lesions. In the present study, we showed the beneficial effect of an omega-6 PUFA-rich diet in NSAID-induced mucosal damage in the murine small intestine. This is a completely novel finding and is important not only in the clinical field, but also in preventive medicine.
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INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most frequently used drugs worldwide to control pain or inflammation and are known to cause gastrointestinal tract damage as an adverse effect. The recently developed techniques of capsule enteroscopy and double balloon enteroscopy have shown that NSAIDs cause ulcers in the small intestine more frequently than previously thought[1]. According to a recent study, gross damage was observed in 68% of volunteers who were administered 75 mg of diclofenac for 2 wk[2]. Several factors have been postulated as the pathogenic element of NSAIDs-induced small intestinal lesions. NSAIDs inhibit the activity of cyclooxygenase, a key enzyme, and the resulting prostaglandin deficiency is thought to cause small intestinal damage as well as the development of gastric ulcers[3]. Antibiotic treatments affect NSAIDs-induced small intestinal lesions[4], and probiotic treatments modulate these lesions[5,6]. These reports have suggested that the luminal flora is involved. Involvement of the Toll-like receptor family in the development of lesions suggests that the intestinal immune system plays a significant role in the pathophysiology[4]. Indeed, the amelioration of NSAIDs-induced small intestinal lesions via the depletion of leukocytes suggests that leukocytes contribute to the development of intestinal lesions[7]. Platelets are involved in intestinal inflammation by modulating leukocyte migration to small intestinal microvessels[8,9]. Indeed anti-platelet drugs ameliorate murine NSAIDs-induced small intestinal lesions[10]. Although there are numerous reports on this topic, suitable drugs for the prevention and treatment of these lesions are not currently clinically available, except for prostaglandin analogs[11].

Dietary fat consumption modulates immune function in the intestine by regulating various processes such as leukocyte recruitment to the intestinal mucosa[12], cytokine expression by intraepithelial lymphocytes[13] or residual macrophages[14], and expression of anti-inflammatory agents such as adiponectin[15]. In addition, dietary fat consumption exacerbates intestinal diseases including inflammatory bowel disease[16]. Luminal antigens and food affect the small intestine to a greater extent than the colon when the small intestine is directly exposed. We previously reported that dietary fat intake enhanced leukocyte recruitment to the intestinal mucosa, leading to the enhancement of intestinal inflammation[12]. Fat intake aggravates lifestyle-related diseases such as atherosclerosis by enhancement of leukocyte recruitment, especially monocytes/macrophages[17-19]. On the basis of these findings, we hypothesized that excessive dietary fat intake exacerbates NSAIDs-induced small intestinal lesions by enhancing leukocyte recruitment to the intestinal mucosa. However, no studies have reported the relationship between dietary fat intake and NSAIDs-induced small intestinal lesions.

In this study, we used a murine model to determine whether (1) dietary fat intake affects the severity of NSAIDs-induced small intestinal lesions as assessed by the area of small intestinal lesions; (2) whether recruitment of monocytes/macrophages to the intestinal mucosa is involved in NSAIDs-induced small intestinal lesions; and (3) whether dietary fat intake affects the recruitment of monocytes/macrophages to the inflamed intestinal mucosa.

MATERIALS AND METHODS

Animals and induction of small intestinal damage

Eight-week-old, male C57B6/J mice weighing 20.6 ± 0.16 g were maintained on CE-2 as standard laboratory chow (Clea, Tokyo, Japan). The care and use of the laboratory animals were in accordance with the guidelines of the animal facility at the National Defense Medical College (NDMC). The experimental protocol was approved by the Animal Research Committee of NDMC (No. 09016). Indomethacin (IND) (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was dissolved in DMSO (20 mg/mL) and stored at -20 ℃ until used in the experiments. To induce small intestinal injury, 3 mg/kg IND was administered i.p. for 3 d (n = 8 in each group). Evans blue (Wako Pure Chemical Industries, Ltd. Tokyo, Japan) was injected intravenously (i.v.) 30 min before sacrifice, after which the small intestine was removed.

The small intestine was then opened along the anti-mesenteric attachment and examined for injury. Blue-stained depressive areas were diagnosed as small intestinal lesions induced by IND. The small intestine was placed on a grid sheet, and the area of the intestinal lesions was calculated after photographs were taken.

Dietary fat protocol

Dietary fat administration was commenced 1 wk prior to the administration of IND. Each fat-containing diet consisted of a fat-free AIN76 (Clea Japan, Tokyo) diet and 3 different types of 8% w/w fatty acids. We chose serum bovine tallow (BT) (Clea Japan, Tokyo) as an SFA, fish oil (FO) (Sigma, MO, United States) as a source of omega-3 PUFA, and safflower seed oil (SO) (Sigma, MO, United States) as a source of omega-6 PUFA. CE-2 was given as a reference diet (R). The feeds were stored at 4 ℃ to prevent fatty acid oxidation[20]. The lipid composition of each diet and approximate fatty acid profile are shown in Tables 1 and 2. 

Histological evaluation

We examined the small intestinal damage histologically. The ileum was fixed in 10% buffered formalin. Tissues were embedded in paraffin and stained with HE. Histological damage was examined in a blinded fashion according to the villous height and the histopathological scale previously described[21,22]. Briefly, the tissue damage was graded from 0 to 5 according to the following criteria: grade 0, normal villi structure; grade 1, development of a small subepithelial space at the villous apex; grade 2, enlarged subepithelial space, but no change in villous length and width; grade 3, few shortened villi and the presence of cells in the lumen; grade 4, most villi are shortened and widened with crypt hyperplasia and cells in the lumen; and grade 5, blunting of all villi with elongated crypts and a high number of cells in the lumen. The number of infiltrating cells was calculated as the number of cells per millimeter of muscularis mucosa and graded as follows: grade 1, less than 30 cells/mm; grade 2, 30-59 cells/mm; grade 3, 60-89 cells/mm; and grade 4, over 90 cells/mm. 

Messenger RNA expression of adhesion molecules by qRT-PCR 

The intestinal mucosa was removed after the mice were sacrificed. We separated the small intestine into 24 pieces and numbered them. We excluded the pieces that included deep ulcers from the qRT-PCR analysis as the evaluation of these pieces would be completely different. To eliminate selection bias, the same numbered pieces were also excluded from the control group. Total mRNA was extracted using the RNeasy Mini isolation kit (Qiagen, CA, United States). TaqMan RT-PCR was performed in triplicate for each sample using the ABI PRISM 7700 Sequence Detector (Applied Biosystems, CA, United States). The primer and probes used in this study [MAdCAM-1 (Mm00522088), ICAM-1 (Mm00516023), and VCAM-1 (Mm00449197)] were purchased from Applied Biosystems.
Isolation of monocytes and labeling with CFDSE for migration study
Monocytes were isolated from the bone marrow of C57B6/J mice by magnetic cell sorting (MACS, Miltenyi Biotec, CA, United States) with a bead-conjugated anti-rabbit CD11b polyclonal antibody (Miltenyi Biotec) as described previously[8]. Monocytes were stained with carboxyfluorescein diacetate succinimidyl ester (CFDSE, Molecular Probes, Eugene, OR, United States) solution[8].

Isolation of platelets and labeling with CFDSE for migration study
Platelets were isolated from the blood of donor mice by centrifugation, as described previously[8]. Platelets were stained with carboxyfluorescein diacetate succinimidyl ester (CFDSE, Molecular Probes, Eugene, OR, United States) solution[8].

Intravital observation of monocytes or platelets in intestinal microvessels

For the migration studies a murine ileal segment 1-3 cm in length was selected for observation. The movement and interaction of monocytes in submucosal venules were observed from the serosal side using an intravital microscope through a silicon-intensified target image tube system using a previously described method, and recorded on a digital hard disk recorder[8]. The movement and interaction of platelets were observed using the same method[8]. Cells were counted offline from digital video disk images for analysis, as described previously[8].

Statistical analysis

All results are expressed as the mean ± SEM. Differences between groups were examined for statistical significance using 2-way factorial ANOVA followed by a post hoc test in the IND-administered animal study and a Kruskal-Wallis test in the microscopic study. Statistical significance was defined as P < 0.05.

RESULTS

Impact of IND and fat-rich diet on small intestine

IND caused the development of hemorrhagic lesions in the small intestine, mostly in the jejunum and ileum. The area of ulceration in the small intestine was 21.8 ± 2.3 mm2 in the control diet group (Table 3). The results of the histological examination are shown in Figure 1. IND caused a significant increase in the number of cells infiltrating the intestinal mucosa (Table 4). 

Next, we investigated whether the administration of dietary fat influenced the severity of intestinal lesions and whether inflammatory cell infiltration was involved in this mechanism. We evaluated the effects of various fat-containing diets (such as those including BT as an SFA, FO as a source of omega-3 PUFA, and SO as a source of omega-6 PUFA) on the degree of inflammation in NSAID-induced intestinal lesions. Table 3 shows the area of ulceration in the small intestine. Treatment of mice with SFA (BT) or omega-3 PUFA (FO) aggravated the small intestinal lesions. However, treatment with omega-6 PUFA (SO) did not increase the area of small intestinal lesions, histological scores or the number of infiltrating cells when compared with mice fed the control diet. The area of small intestinal lesions was significantly lower in the omega-6 PUFA (SO) diet group than in the SFA (BT) or omega-3 PUFA (FO) diet group (P < 0.05). Figure 1A shows the histological scores, which were significantly lower in the omega-6 PUFA (SO) diet group than in the SFA (BT) or omega-3 PUFA (FO) diet group (P < 0.05). Furthermore, we calculated the number of infiltrating cells in the sections stained with HE, as leukocyte infiltration is involved in pathogenesis of NSAIDs-induced small intestinal lesions[10]. The increase in the number of cells infiltrating the intestinal mucosa following the administration of IND was further increased by SFA or omega-3 PUFA, but not by omega-6 PUFA, which corresponded to a reduced area of intestinal ulceration (Table 5). Significantly fewer infiltrating cells were observed in the omega-6 PUFA (SO) group than in the SFA (BT) or omega-3 PUFA (FO) group (P < 0.05). Collectively, the omega-6-PUFA diet resulted in significantly less intestinal damage than the SFA or omega-3 PUFA diet, with decreased infiltration of inflammatory cells. From these observations, it is suggested that treatment with a diet rich in fat affects the severity of small intestinal lesions by modulating leukocyte infiltration. 

Impact of IND and fat-rich diet on monocyte migration to intestinal microvessels observed by intravital microscopy
In order to clarify whether a diet rich in fat affects leukocyte recruitment from the blood stream to the intestinal mucosa directly, we studied the migration of leukocytes to NSAID-induced inflamed intestinal mucosa using intravital microscopy in vivo. We focused on the recruitment of monocytes for the following reasons; (1) macrophages in intestinal mucosa play significant roles through the TLR4 receptor in NSAIDs-induced small intestinal lesions[4]; (2) we observed infiltration of P-selectin glycoprotein ligand-1 (PSGL-1) positive cells, which were mainly expressed on macrophages/monocytes, in NSAIDs-induced inflamed intestinal mucosa in our preliminary study (data not shown); and (3) anti-PSGL-1 antibody ameliorated NSAIDs-induced small intestinal lesions[10]. We isolated monocytes from donor mice and injected them into the jugular vein of recipient mice. Figure 2A shows the time-course of monocyte adherence to intestinal microvessels. NSAID treatment increased the adherence of monocytes to intestinal microvessels (P < 0.05, Figure 2B). Significantly fewer adherent cells were induced by NSAID in the omega-6 PUFA (SO) diet group compared with the SFA (BT) or omega-3 PUFA (FO) group (P < 0.05, Figure 2C). Figure 3 shows the time-course of monocyte adherence to postcapillary venules in Peyer’s patches. NSAID administration increased the adherence of monocytes to postcapillary venules (P < 0.05). Treatment with the diet rich in omega-6 PUFA (SO) decreased the enhanced leukocyte adherence induced by NSAID, and the number of adherent leukocytes was significantly less than that in the BT and FO group (P < 0.05, Figure 3C). 

Messenger RNA expression of adhesion molecules determined by qRT-PCR 

We investigated the mRNA expression of ICAM-1, VCAM-1, and MAdCAM-1, which are involved in the pathophysiology of many intestinal diseases, using qRT-PCR. The level of ICAM-1 and VCAM-1 mRNA did not increase after NSAID administration. NSAID significantly increased the expression of MAdCAM-1 mRNA (P < 0.05), but the addition of dietary fat did not increase the expression of MAdCAM-1 mRNA, suggesting that changes in the expression of adhesion molecules were not involved in the dietary fat-induced modification of NSAID-induced small intestinal lesions (data not shown). 

Impact of IND and fat-rich diet on platelet migration to intestinal microvessels observed by intravital microscopy
Recently, it was reported that platelet adherence to the vascular endothelium plays a significant role in the adherence of leukocytes, especially monocytes, by crosslinking between the endothelium and monocytes[8]. We reported that inhibition of the interaction between platelets and monocytes following treatment with an anti-platelet drug ameliorated NSAIDs-induced small intestinal lesions[10]. We studied whether dietary fat modulated platelet adherence to the endothelium, thereby affecting small intestinal lesions. We isolated platelets from donor mice and injected them into the jugular vein of recipient mice. NSAID treatment increased the adherence of platelets to intestinal microvessels (P < 0.05) (Figure 4). Treatment with diets rich in SFA and omega-3 PUFA further increased the adherence of platelets to intestinal microvessels. Treatment with the omega-6 PUFA-rich diet ameliorated the increased platelet adherence induced by the NSAID, and the number of adherent platelets was significantly lower in this group than that in the SFA (BT) and omega-3 PUFA (FO) group (P < 0.05). These results are consistent with the effects observed for the area of NSAID-induced small intestinal lesions and for the number of monocytes adhering to intestinal microvessels.

DISCUSSION

In this study, we showed the following: (1) treatment with a diet rich in SFA, omega-3 PUFA, or omega-6 PUFA without NSAID did not cause small intestinal injury[2]; (2) treatment with a diet rich in SFA aggravated NSAID-induced small intestinal lesions; (3) NSAID-induced small intestinal lesions were significantly smaller in the omega-6 PUFA group than in the SFA and omega-3 PUFA group; and (4) treatment with the omega-6 PUFA-rich diet significantly decreased the enhanced leukocyte infiltration to intestinal mucosa caused by NSAID administration. From these observations, we conclude that NSAID-induced small intestinal lesions were affected by dietary fat and that an omega-6 PUFA-containing diet is preferable for the prevention of NSAID-induced small intestinal lesions than a diet rich in omega-3 PUFA or SFA. 

The intestinal lesions were significantly smaller in the omega-6 PUFA group than in the SFA and omega-3 PUFA group, and omega-6 PUFA decreased NSAID-induced leukocyte recruitment to the small intestine. Therefore, we performed an additional study to determine the mechanisms by which omega-6 PUFA induced the decrease in the number of infiltrating leukocytes. We observed that the omega-6 PUFA-rich diet decreased monocyte migration to intestinal microvessels using intravital microscopy. Recently, platelets were postulated to be involved in the recruitment of leukocytes, and the migration of platelets was postulated to be involved in the pathophysiology of a murine chronic ileus model[8,23,24]. We previously reported the involvement of platelets in the pathophysiology of NSAIDs-induced small intestinal damage due to the following observations: (1) NSAID administration enhanced leukocyte migration with an increase in leukocyte-platelet interactions; and (2) cilostazol, an anti-platelet drug, ameliorated NSAIDs-induced small intestinal damage through the inhibition of leukocyte recruitment by blocking leukocyte-platelet interactions[10]. In the present study, adherence of platelets to intestinal microvessels was increased following NSAID administration and was further increased by the SFA or omega-3 PUFA diet and decreased by the omega-6 PUFA diet. These results suggested that dietary fat modulates the severity of NSAID-induced small intestinal lesions by monocyte recruitment to intestinal microvessels by changing platelet migration. Because the side effects of anti-platelet drugs are apparent despite their anti-inflammatory role, omega-6 PUFA is advantageous in terms of its safety.

The expression of adhesion molecules plays an important role in leukocyte recruitment, and fatty acids, especially omega-3 PUFA, are known to modulate the expression of ICAM-1 and VCAM-1 on vascular endothelium[25]. Recently, it was reported that treatment with omega-3 PUFA decreased VCAM-1 expression on IL-1(-activated human intestinal microvascular endothelial cells in vitro. In addition, omega-3 PUFA treatment ameliorated the increased VCAM-1 expression on the large intestinal endothelium of rats caused by trinitrobenzene sulfonic acid (TNBS) treatment[25]. We investigated the expression of ICAM-1 and VCAM-1 in the NSAID-treated small intestine; however, we found that their expression did not increase after NSAID administration. The expression of MAdCAM-1 increased in NSAID-induced intestinal lesions, but did not change after administration of the fat-rich diet. Thus, it is unlikely that a fat-rich diet affects NSAID-induced lesions via the modulation of adhesion molecules expression on the vascular endothelium. These discrepancies between the results of our study and those of a previous study are likely the result of different causes of inflammation. In the previous study, IL-1(-induced inflammation and TNBS-induced inflammation were accompanied by increased expression of cyclooxygenase and PGE2, which are considered exacerbating factors for inflammation. The inhibitory effect of omega-3 PUFA treatment on VCAM-1 expression was accompanied by a decrease in PGE2 both in vitro and in vivo[26]. In contrast, the NSAIDs-induced small intestinal injury was characterized by a decrease rather than an increase in PGE2. This contrasting involvement of PGE2 in different pathophysiological mechanisms may account for the difference in the effect of omega-3 PUFA treatment on VCAM-1 expression between NSAIDs-induced inflammation and TNBS- and IL-1(-induced inflammation.

The adverse effects of SFA on intestinal inflammation have been reported by other groups[27,28]. In particular, SFA activates the expression of pro-inflammatory cytokines in inflammatory cells such as macrophages through the TLR4-Myd88 pathway[27]. Recently, it was reported that consumption of diets high in fat causes changes in the luminal flora[28]. Because the luminal flora is involved in the development of NSAIDs-induced small intestinal lesions[5,6], it is also possible that the addition of a fat-containing diet to the NSAIDs treatment modifies the intestinal injury by changing the luminal microflora.

We did not expect to find that omega-3 PUFA aggravated NSAID-induced intestinal lesions as the anti-inflammatory role of omega-3 PUFA has been reported in many inflammatory diseases such as ischemic heart disease and rheumatoid arthritis[17,29]. However, the effects of omega-3 PUFA on intestinal inflammatory diseases have been recognized as equivocal[30,31]. In a murine model of inflammatory bowel disease, omega-3 PUFA aggravated dextran sodium sulfate-induced colitis[15], but ameliorated spontaneously developed ileitis[9], which suggests that the role of omega-3 PUFA differs according to the pathogenesis of inflammation. We consider that the unexpected findings in this study were a result of the dual role of PGE2 in inflammation. The anti-inflammatory effects of omega-3 PUFA on cytokine expression have been established in leukocytes activated by pro-inflammatory cytokines[32]. In cytokine-induced inflammation, PGE2 derived from COX-2 functions as a pro-inflammatory factor and cyclooxygenase inhibitors such as NSAIDs function as anti-inflammatory agents. Fatty acids are involved in PGE2 synthesis, and cyclooxygenase is involved in PGE2 production from omega-6 PUFA[33]. The anti-inflammatory role of omega-3 PUFA is based on the concept that omega-3 PUFA antagonizes omega-6 PUFA by downregulating the arachidonic acid cascade, which results in a decrease in PGE[34]. Thus, the effect of omega-3 PUFA resembles that of NSAIDs with regard to PG metabolism. In contrast, the opposite pattern was observed in this study, especially with regard to PGE2 concentration. A low concentration of PGE2 derived from constitutively expressed COX-1 functions to maintain homeostasis in tissues such as vascular endothelium[35]. The pathogenesis of NSAIDs-induced intestinal injury can thus be explained in part by a decrease in PGE2, which results in disruption of homeostasis. In this vein, the supplementation of PGE1 ameliorates NSAIDs-induced intestinal injury[11]. Because insufficiency of PGE is involved in the pathogenesis of NSAIDs-induced intestinal injury, it is possible that omega-6 PUFA treatment plays a protective role by supplementing PGE2 after metabolism by cyclooxygenase[36] and that omega-3 PUFA treatment has a deleterious effect resulting in a further decrease in PG concentration. It is difficult to measure the net effect of omega-3 PUFA on pro-inflammation and anti-inflammation in vivo. However, our results suggest that PGE2 is involved in NSAID-induced intestinal injury and the pro-inflammatory role of omega-3 PUFA is more dominant than its anti-inflammatory role. 

Although this study has some limitations: (1) this was an animal study; and (2) the mechanism of action was not completely elucidated, the results provide important information for medical practice. A clinical study to determine whether omega-6 PUFA capsules are effective in the prevention or treatment of NSAIDs-induced small intestinal lesions should be performed.
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Figure 1  Histological evaluation of impact of indomethacin and fat-rich diets. Representative microscopic images of the small intestine are shown. Control diet (R) without indomethacin (IND) (A), with IND (B), SFA-rich diet (BT) without IND (C), with IND (D), omega-3 PUFA-rich diet (FO) without IND (E), with IND (F), and omega-6 PUFA-rich diet without IND (G), with IND (H). 
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Figure 2  Effect of dietary fat treatment on the recruitment of monocytes to submucosal venules. A: Change over time of monocyte adhesion in the submucosal venules of the small intestine; B: Representative photographs of in vivo monocyte adherence to small intestinal microvessels of IND and control diet (R)-treated animals; C: Representative photographs of in vivo monocyte adherence to small intestinal microvessels of IND and omega-6 PUFA diet (SO)-treated animals (n = 8 in each group). Values are represented as mean ± SEM, n = 8; aP < 0.05 vs IND + control diet (R); cP < 0.05 vs IND + omega-6 PUFA diet (SO).
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Figure 3  Effect of dietary fat treatment on the recruitment of monocytes to postcapillary venules. A: Change over time of monocyte adhesion in the postcapillary venules of the small intestine; B: Representative photographs of in vivo monocyte adherence to small intestinal microvessels of IND + control diet (R)-treated animals; C: Representative photographs of in vivo monocyte adherence to small intestinal microvessels of IND + omega-6 PUFA diet (SO)-treated animals (n = 8 in each group). Values are represented as mean ± SEM, n = 8; aP < 0.05 vs control diet (R), cP < 0.05 vs IND + control diet (R), eP < 0.05 IND + omega-6 PUFA diet (SO).
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Figure 4  Effect of dietary fat treatment on recruitment of platelets to submucosal venules. Time-course change in platelet adhesion in the submucosal venules of the small intestine. aP < 0.05 vs control diet (R), cP < 0.05 vs IND + control diet (R), eP < 0.05 vs IND + omega-6 PUFA diet (SO).
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Table 3  Effect of dietary fat treatment on the histological score induced by indomethacin1


Lipid


�
Diet


�
�
�
R


�
BT


�
FO


�
SO


�
�
Without IND (grade)


�
0.20 ± 0.08


�
0.30 ± 0.11


�
0.20 ± 0.07


�
0.20 ± 0.08


�
�
With IND (grade)


�
3.24 ± 0.31


�
   3.71 ± 0.42a,b


�
   3.65 ± 0.31a,b


�
2.64 ± 0.51


�
�
1Values are represented as mean ± SEM, n = 8-12; aP < 0.05 vs IND, bP < 0.05 vs IND + SO. Grade 0, normal villi structure; grade 1, development of a small subepithelial space at the villous apex; grade 2, enlarged subepithelial space, but no change in villous length and width; grade 3, few shortened villi and presence of cells in the lumen; grade 4, most villi are shortened and widened with crypt hyperplasia and cells in the lumen; and grade 5, blunting of all villi with elongated crypts and a high number of cells in the lumen. IND: Indomethacin; R: Reference diet (CE-2); BT: Beef tallow; FO: Fish oil; SO: Safflower oil.





Table 2  Approximate fatty acid profile (percent of total fat)


�
Beef tallow


�
Fish oil


�
Safflower oil


�
�
Myristic (14:0)


�
  3


�
�
�
�
Palmitic acid (16:0)


�
26


�
25.1


�
  7.1


�
�
Stearic acid (18:0)


�
14


�
  4.4


�
  2.5


�
�
Oleic acid (18:1)


�
47


�
12.9


�
13.3


�
�
Palmitoleic acid (16:1)


�
  3


�
14.9


�
�
�
Linoleic acid (18:2)


�
  3


�
  2.4


�
76.0


�
�
Linolenic acid (18:3)


�
  1


�
  1.2


�
  0.3


�
�
Eicosapentaenoic acid (20:5)


�
�
15.6


�
�
�
Docosahexaenoic acid (22:6)


�
�
  8.8


�
�
�
Others


�
3


�
  1.5


�
  0.8


�
�
Omega-3/omega-6 ratio


�
1:3


�
10.6:1


�
1:255


�
�
Dietary fat administration was commenced 1 wk prior to IND administration. Each fat-containing diet consisted of a fat-free AIN76 (Clea Japan, Tokyo) diet and 3 different types of 8% w/w fatty acids. Fatty acid profiles in the fat rich diet were Beef tallow, Fish oil and Safflower oil. CE-2 was given as a reference diet (R).





Table 1  Composition and fatty acid profile of the diet


Ingredient


�
Fat diet


�
Nutrients


�
CE-2®


�
�
Casein


�
19.3%


�
Water 


�
  8.9%


�
�
d,l-methionine


�
  0.3%


�
Crude protein 


�
25.4%


�
�
Sucrose


�
48.5%


�
Crude fat 


�
  4.4%


�
�
Corn starch


�
14.5%


�
Crude fiber 


�
  4.1%


�
�
Alphacel, Nonnutritive bulk


�
  4.8%


�
Crude ash 


�
  6.9%


�
�
Choline bitartate


�
  0.2%


�
Nitrogen-free extract


�
50.3%


�
�
Mineral mix


�
3.4%


�
�
�
�
Vitamin mix


�
1.0%


�
�
�
�
Fat1


�
8.0%


�
�
�
�
1Fat used was beef tallow, fish oil, or safflower oil.








Table 4  Effect of dietary fat treatment on the area of small intestinal lesions induced by indomethacin1


Lipid


�
Diet


�
�
�
R


�
BT


�
FO


�
SO


�
�
Without IND (mm2)


�
  0.80 ± 0.11


�
 0.9 ± 0.13


�
 0.7 ± 0.11


�
0.70 ± 0.14


�
�
With IND (mm2)


�
21.8 ± 2.3


�
32.1 ± 3.2a,b


�
41.6 ± 3.1a,b


�
19.1 ± 1.70


�
�
1Values are represented as mean ± SEM, n = 8-12; aP < 0.05 vs IND, bP < 0.05 vs IND + SO. IND: Indomethacin; R: Reference diet (CE-2); BT: Beef tallow; FO: Fish oil; SO: Safflower oil.





Table 5  Effect of dietary fat treatment on infiltrating cell score1


Lipid


�
Diet


�
�
�
R


�
BT


�
FO


�
SO


�
�
Without IND (mm2)


�
1


�
1


�
1


�
1


�
�
With IND (mm2)


�
2.0 ± 0.22 


�
2.9 ± 0.23a,b


�
2.7 ± 0.24a,b


�
1.9 ± 0.14


�
�
1Values are represented as mean ± SEM; n = 8-12; aP < 0.05 vs IND; bP < 0.05 vs IND + SO. The number of infiltrating cells was calculated as the number of cells per millimeter of muscularis mucosa and graded as follows: grade 1, less than 30 cells/mm; grade 2, 30-59 cells/mm; grade 3, 60-89 cells/mm; and grade 4, over 90 cells/mm. FO: Fish oil; SO: Seed oil; BT: Beef tallow; IND: Indomethacin; R: Reference diet (CE-2).











