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研究成果の概要（和文）：水溶性食物繊維の一種であるペクチンが腸管を構成する細胞に作用し，炎症性疾患に
対して保護的に働いていることを明らかにした。このペクチンの疾患予防効果は，ペクチンの化学構造（中性糖
側鎖含量やメチルエステル基の数や分布）に大きく依存することが明らかとなった。この成果は，腸内細菌叢に
は依存しない食物繊維の新たな保健効果が存在することを示唆している。

研究成果の概要（英文）：We found that pectin, a soluble dietary fiber, act on intestinal cells to  
protect against inflammatory diseases. This protective effects of pectin depend on its chemical 
structure (content of neutral sugar side chains and/or number and distribution of methyl ester 
groups). These results suggest the existence of a novel health-beneficial effect of dietary fiber 
that is independent of the intestinal microbiota.

研究分野：食品免疫学

キーワード： 食物繊維　ペクチン　炎症　病原性大腸菌　大腸

  １版

令和

研究成果の学術的意義や社会的意義
疫学研究により食物繊維の摂取と疾病の予防効果に相関があることが見出されてきたが，「どのような食物繊維
（種類・質）をどのくらい（量）食べれば，どのような疾患を予防できるのか」を示す科学的根拠に乏しいのが
現状である。本研究成果は，保健効果の発揮に寄与する食物繊維の質の一端を明らかにし，新たな機能性食品の
創出や疾病時の食事介入に関する重要な基盤情報を提供するものである。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
	 食物繊維の摂取が，糖尿病や肥満などの代謝性疾患のみならず，喘息やアレルギー，炎症性
腸疾患などの免疫疾患に対しても効果的であることが示唆されている。近年，腸内細菌が様々
な疾病の発症や増悪化に関与することが報告され，食物繊維が腸内細菌により資化された結果
生じる短鎖脂肪酸などの代謝産物を介して保健機能を示すこと（プレバイオティクス作用）が
明らかとされつつある。一方で，特定の食物繊維が，腸管構成細胞に直接作用し，その生理的
な機能を制御している可能性も示唆されている 1)。我々は，水溶性食物繊維の一種であるペク
チンを経口投与すると，小腸パイエル板の CD11c 陽性細胞に作用し，全身性の炎症応答である
エンドトキシンショックが緩和できることを報告した 2)。さらに，この抗炎症作用を発揮する
ためには，ペクチンに付加した中性糖からなる側鎖が必要不可欠であることも見出している。	
	 ペクチンは、陸生植物の細胞壁を構成する複合多糖類であり、その主要骨格は、D-ガラクツ
ロン酸がα-1,4 結合によって直鎖状に結合した重合体である。6 位のカルボキシ基の一部はメ
チルエステル化されており、L-ラムノース、D-アラビノースや D-ガラクトースといった 13 個
の異なる単糖から構成される数種類の構造領域が付加している。ペクチン主鎖のメチルエステ
ル化度が腸内発酵や Toll-like	receptor との結合力と相関する可能性も示唆されている。しか
しながら，疾患予防効果を示すペクチンの活性構造に関しては不明な点が多く，ペクチンが相
互作用する分子も同定されていない。	
 
２．研究の目的 
	 本研究では，食物繊維ペクチンによる腸内細菌非依存性の新たな疾患予防効果とペクチンの
化学構造との活性相関を明らかにし，腸管免疫系におけるペクチン認識機構とその生理的な意
義を明らかにすることを目的として研究を実施した。	
 
３．研究の方法 
（１）ペクチンは由来植物種により構造が異なることが知られており，オレンジペクチンには，
シトラスペクチンよりも中性糖側鎖が多く含まれていることが知られている。大腸におけるペ
クチン側鎖を介した直接的な抗炎症作用を調査する為に，シトラス由来ペクチンもしくはオレ
ンジ由来ペクチンをそれぞれ 5%ずつ含有する飼料を大腸炎モデルマウス（TNBS および DSS 誘導
大腸炎）に給餌し，その病態を比較した。さらに，粘膜固有層のヘルパーT 細胞亜集団の割合
や大腸組織中の炎症性サイトカイン濃度をそれぞれフローサイトメトリーと ELISA 法により測
定した。	
	
（２）ペクチンのメチルエステル化度が TLR2 により誘導される炎症に及ぼす影響評価するため
にC57BL/6マウスにメチルエステル化の割合や分布の異なるペクチンを7日間経口投与した後，
抗癌剤 Doxorubicin 投与後の体重減少ならびに小腸組織の損傷を病理組織解析と炎症性サイト
カイン産生量を測定することで調査した。	
	
（３）病原細菌の一部は、宿主の炎症応答を誘導することで自身の定着や増殖に有利な環境を
形成することが知られている。サルモネラや病原性大腸菌感染のげっ歯類モデルである
Citrobacter	rodentium 感染に対するペクチンの効果をマウス大腸上皮細胞 CMT93 の培養細胞
感染実験で調査した。	
	
４．研究成果	
（１）側鎖含量の高いオレンジペクチンを給餌し
たマウスでは大腸炎の症状が緩和したが，側鎖含
量の低いシトラスペクチンの給餌はペクチン無添
加飼料給餌の場合と同程度の大腸炎の症状を示し
た（図１）。大腸の制御性 T 細胞や Th17 などのヘ
ルパーT 細胞亜集団が大腸炎病態に関与すること
が報告されているが，ペクチン側鎖はヘルパーT
細胞の分化には影響を与えなかった。しかしなが
ら，大腸の炎症性サイトカイン産生量が側鎖含量
に依存して低下しており（図２），ペクチンが骨髄
球系細胞へ作用している可能性が考えられた。さ
らに，側鎖含量に依存した大腸炎の保護効果は，
抗生剤投与により腸内細菌を除菌した場合でも維
持されていた(図３)ことから，ペクチンが側鎖を	 	 図１	 ペクチン給餌マウスにおける大腸	
介して大腸の炎症細胞の機能を腸内細菌非依存的	 	 					 組織画像と病理スコア	
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FIGURE 1 | Effects of pectin feeding on trinitrobenzoic sulfonic acid (TNBS)-induced colitis in mice. (A) Experimental design and time-course of treatment. Change in

(B) body weight and (C) food intake after TNBS challenge. (D) Histological score 3 days after TNBS challenge. Scale bars: 100µm. Values are presented as means ±

standard error of the mean (n = 8–9). **P < 0.01. Values not sharing a common letter (a or b) were significantly different (P < 0.05).
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に制御している可能性が示唆された 3)。	

図２	 大腸組織中の炎症性サイトカイン濃度	
	
	
	
	
	
	
	
	
													
	
	
	
	
																			図３	 抗生剤投与マウスにおける大腸組織中 IL-6 濃度	
	
（２）低メトキシルペクチンの経口投
与により，Doxorubicin 投与に伴う小
腸アポトーシス細胞数が有意に低下
した。さらに，メトキシ化度の高いペ
クチンの経口投与でもメトキシ基の
分布が異なるとアポトーシス抑制作
用に大きな違いが観察された（図４）。
したがって，Doxorubicin 投与による
小腸の炎症緩和には，ペクチンのメチ
ルエステル基の数のみならず，分布も
影響することが示唆された 4)。	
	
	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 図４	 Doxorubicin 投与マウス小腸における TUNEL 陽	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 性細胞数	 	
	
（３）ペクチン投与により C.	rodentium 感染に伴う腸管バリア機能の低下が改善し，C.	
rodentiumと上皮細胞との結合が抑制されることを発見した（図５）。この感染阻害作用は，ペ
クチンのメチルエステル化度には依存しなかった。さらに，ペクチンが，腸管上皮細胞ではな
く C.	rodentium に優先的に結合
し，増殖を阻害することで感染を
抑制していることも判明した（図
６）。興味深いことに，この増殖
阻害活性は，ペクチンの主鎖のみ
あるいは側鎖のみの投与では観
察されず，ペクチン全分子が必要
不可欠であった。本成果は，ペク
チンが特定の病原性細菌に優先
的に結合し，その増殖を抑制して
いることを示している 5)。	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 図５	 CMT93 細胞に感染した C.	rodentiumの数	
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FIGURE 3 | Effects of pectin feeding on colonic inflammatory cytokine production in mice with trinitrobenzoic sulfonic acid (TNBS)-induced colitis. Levels of (A)

interleukin (IL)-1β, (B) IL-6, (C) tumor necrosis factor (TNF)-α, (D) IL-17A, and (E) interferon (IFN)-γ levels 3 days after TNBS administration. Values are presented as

means ± standard error of the mean (n = 8–9). Values not sharing a common letter (a or b) were significantly different (P < 0.05).

(Supplementary Figure 3, Supplementary Information). It has
been previously reported that antibiotic treatment or germ-
free bleeding of murine model of IBD is associated with
markedly less severe intestinal inflammation because of loss
of commensal bacterial antigen to induce colitis (37, 38), but
TNBS-haptenized autologous antigen also induces both innate
and adaptive immune responses in TNBS colitis even without
microflora (23, 39). When mice pre-treated with antibiotics were
challenged with TNBS, the control and citrus pectin-fed mice
exhibited progressive weight loss and decreased food intake,
while orange pectin-fed mice showed significant attenuation of
weight loss and decreased food intake compared with control
mice 2 days after TNBS challenge (Figures 5B,C). Furthermore,
the levels of colonic IL-1β, IL-6, and TNF-α in orange pectin-fed
mice were significantly decreased compared with control mice
(Figures 5D–F). Citrus pectin-fed mice also showed significant
decreases in the production of cytokines IL-1β and TNF-α

(Figures 5D,F), but not IL-6 (Figure 5E). Nevertheless, feeding
with citrus pectin did not diminish the effects of TNBS on
weight loss and reduction in food intake (Figures 5B,C). Several

studies have suggested that neutralization of IL-6 attenuates
murine colitis (40, 41), while Terabe et al. went further,
demonstrating that neutralization of the IL-6 receptor specifically
had stronger therapeutic efficacy than neutralization of TNF-α
(42). These results indicated that orange pectin could attenuate
TNBS-induced colitis via downregulation of IL-6 production,
independent of its prebiotic effect.

Orange Pectin Directly Suppresses IL-6
Production Triggered by TLR1/2 and TLR4
Stimulation in Macrophages
Previous studies reported that the activation of TLR2 and TLR4
expression on macrophages and dendritic cells was involved
in the pathogenesis of mouse colitis (33, 43). Furthermore,
pectin and galactan, the oligosaccharide component of side
chains, were reported to directly interact with TLR2 and 4
and to block downstream signaling of TLR2/4 (17, 44). These
studies prompted us to examine whether pectin directly regulates
activation of TLR2 and TLR4 in myeloid cells. To investigate
this possibility in vitro, we treated cultures of the macrophage
cell line RAW264.7 with citrus and orange pectin followed by
stimulation with Pam3CSK4 or LPS. Consistent with the in vivo
results, we found a marked reduction in IL-6 production under
stimulation with Pam3CSK4 or LPS in cells pre-treated with
orange pectin but not citrus pectin (Figures 6A,B). To assess the
anti-inflammatory activity of side chain, we treated cells with
polysaccharides derived from side chains of orange and citrus
pectin. Treatment of side chain polysaccharides significantly
suppressed IL-6 production in LPS-stimulated RAW264.7 cells
and the inhibitory effect on IL-6 production was comparable
between the orange and citrus polysaccharides (Figure 6C).
These results suggested that both side chain of citrus and
orange pectin contained polysaccharides that directly interact
with the macrophages and regulate the production of at least one
inflammatory cytokine.
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FIGURE 5 | Effects of pectin feeding on trinitrobenzoic sulfonic acid (TNBS)-induced colitis in mice pre-treated with two antibiotics (Abx). (A) Experimental design and

time-course of treatment. Changes in (B) body weight and (C) food intake after TNBS challenge. Colonic (D) interleukin (IL)-1β, (E) IL-6, and (F) tumor necrosis factor

(TNF)-α levels 3 days after TNBS challenge. Values are presented as means ± standard error of the mean (n = 9–12). Values not sharing a common letter (a—c) were

significantly different (P < 0.05). *P < 0.05.
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Figure 2. Study timeline and bodyweight development in the pectins and TLR2 treated doxorubicin treated mice. A) Mice received pectins or water via
oral administration for a period of 9 days. On day 7, TLR2 blocking antibody and doxorubicin were intraperitoneally injected and mucositis was induced.
Mice were sacrificed on day 9. B) Bodyweight was measured of control (n = 7), doxorubicin (dox; n = 7), doxorubicin + TLR2 blocking antibody (n = 7),
doxorubicin + DM18 pectin (low DB; n = 7), doxorubicin + DM19 (high DB; n = 8), doxorubicin + DM49 (low DB; n = 8), and doxorubicin + DM43
(high DB; n = 8) treated mice to follow changes after pectin and doxorubicin treatment. C) Final weight loss compared to day 0 was also determined.
Data is represented as mean ± SD. a–d indicate statistical differences (p < 0.05) between doxorubicin and other experimental groups as quantified with
one-way ANOVA test and Tukey’s post-hoc test.

Figure 3. Effects of pectins on epithelial apoptosis. A) TUNEL+ staining of ileal sections was performed to determine apoptotic epithelial cells in crypts
as is depicted for control and doxorubicin treated mice. B) The number of apoptotic cells per crypt was determined from mice. Data is represented as
mean ± SD. a–d indicate statistical differences (p < 0.05) between doxorubicin and other experimental groups as quantified with one-way ANOVA test
and Tukey’s post-hoc test. Scale bar = 60 µm.

mice treated with doxorubicin only (4.72 for doxorubicin only)
(Figure 4B). Pectins also prevented doxorubicin-induced villus
degeneration with 88.6% (p < 0.05) for DM18 (low DB) pectin,
49.6% (p < 0.05) for DM19 (high DB) pectin, 66.2% (p < 0.05)
for DM49 (low DB) pectin, and 66.6% (p < 0.05) for DM43 (high
DB) pectin compared to doxorubicin treated only (Figure 4C).
Furthermore, the DM18 (low DB) pectin prevented villus
thickening with 60.0% (p < 0.05), the DM19 (high DB) pectin
with 63.6% (p < 0.05), and the DM43 (high DB) pectin with
55.2% (p < 0.05; Figure 4C). The DM49 (low DB) pectin did
not protect villus thickening significantly. Together, these
findings show that all pectins prevented the development of

doxorubicin-induced intestinal mucositis independently of their
TLR2-inhibitory properties.

2.5. Pectins Limit Doxorubicin-Induced Peritoneal Inflammation

Doxorubicin-induced peritoneal inflammation is accompanied
by neutrophil influx and increasing cytokine and chemokine
production in the peritoneum.[11] The influence of the differ-
ent pectin structures on peritoneal inflammation was, therefore,
investigated by measuring peritoneal neutrophil influx, Gro-!,
MCP-1 chemokine levels, and TNF-!, IL-6, and IL-10 cytokine
levels.
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Pectins induce anti-adhesive effects of C. rodentium on
epithelial cells by interacting with C. rodentium and not
with the epithelium

To study how pectins can protect the epithelium against
C. rodentium, the adhesion of C. rodentium to CMT93 epithelial
cells was determined. Epithelial cells were pretreated with
pectins and then incubated for 4 hours with C. rodentium. As
shown in Fig. 4A, pectins strongly inhibited the attachment of
C. rodentium to CMT93 cells. At 2 mg ml−1, pectin with DM32,
DM59 and DM64 induced anti-adhesive effects of 87.6% (p <
0.001), 85.4% (p < 0.01) and 81.6% (p < 0.01), respectively. As
with TEER and LY fluxes, the effects of pectins on bacterial
attachment were independent of the DM or DB. This indicates
that pectins protect the epithelial barrier by reducing the
adhesion of C. rodentium to epithelial cells.

We next investigated whether pectins interact with epi-
thelial cells directly which may be a possible mechanism
explaining how pectins prevent the attachment of C. rodentium
to epithelial cells. Pectins were first incubated on epithelial
cells for 24 hours. Afterward, the medium containing
unbound pectins was removed and replaced for medium con-
taining C. rodentium. After 4 hours, the attachment of
C. rodentium was assessed. As shown in Fig. 4B, the pectins

did not induce anti-adhesive effects on C. rodentium by having
a direct interaction with epithelial cells. This suggests that the
anti-adhesive effects of pectins on C. rodentium were derived
from a direct interaction of the pectins with C. rodentium.

Pectins inhibit the growth of C. rodentium

We hypothesize that pectins directly interact with C. rodentium.
Therefore, we investigated if pectins influence the growth of
C. rodentium. As shown in Fig. 5A, C. rodentium exhibited a pro-
gressive increase in OD600 value from one to four hours after
incubation without pectins (control). However, C. rodentium
incubated with the pectins showed little growth for 4 hours.
The AUC of pectin-treated C. rodentium was significantly
decreased as compared to that of pectin-free C. rodentium
(Fig. 5B). Consistent with the results of C. rodentium infection to
CMT93 cells, pectins strongly inhibited the growth of
C. rodentium, irrespectively of DM. Furthermore, we investigated
whether the whole pectin molecule or fractions of the pectin
molecule are required for the growth inhibition of C. rodentium.
The growth inhibitory effect of RG-I polysaccharides or poly-
galacturonic acid (analog to pectin backbone with DM0) was
tested. The RG-I, polysaccharides composed of neutral sugars,
is known to covalently attach with the pectin backbone.19 The
growth of C. rodentium did, however, not change after incu-
bation with either RG-I or poly-galacturonic acid (Fig. 5C and
D). This suggests that the whole molecule of pectin is important
for the growth inhibitory effect.

To determine whether the effect was C. rodentium specific,
we also studied the influence of pectins on the growth of other
bacteria, L. plantarum WCFS1 and E. coli O119. The growth
curves of L. plantarum exhibited similar kinetics with or
without pectins (Fig. 6A). However, the AUC of pectin-treated
L. plantarum was slightly but significantly decreased as com-
pared to that of pectin-free L. plantarum cultures (Fig. 6B). The
growth and AUC of E. coli were similar in cultures with or
without pectins (Fig. 6C and D). These results suggest that
pectin acts preferentially on C. rodentium to inhibit its growth.

Pectins preferentially interact with C. rodentium

As the pectins markedly inhibited the growth of C. rodentium,
we conducted an ELISA-based competition assay to detect a

Fig. 3 TLR2 activating properties of structurally different pectins.
Mouse TLR2 reporter cells expressing an secreted alkaline phosphatase
(SEAP) reporter gene under the control of a promoter inducible by NF-B
and AP-1 transcription factors were treated with DM32, DM59 and
DM64 pectins at 0.5, 1.0 and 2.0 mg ml−1. TLR2 activation was deter-
mined by measuring the SEAP activity secreted into cell culture super-
natant. Significant differences compared to control were indicated by *
(p< 0.05) or **** (p< 0.0001).

Fig. 4 Protective effects of pectins against the attachment of C. rodentium to CMT93 epithelial cells. CMT93 cells were pre-treated with pectins for
24 hours, and then C. rodentium was inoculated under pectin coexisting conditions (A) or under pectin removal conditions (B) in the culture
medium. Significant differences compared to the C. rodentium only were indicated by ** (p< 0.01) or *** (p< 0.001).
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	 	 	 	 	 	 	 				図６	 ペクチン添加時の C.	rodentiumの増殖	

	

	 以上の成果より，ペクチンは腸管マクロファージや上皮細胞に作用し，その化学構造に依存

した疾患保護効果を示すことが明らかとなった。	
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direct interaction between pectin and C. rodentium. We devel-
oped an ELISA that detects plate-coated pectins by using an
anti-pectin antibody. We examined whether the interaction
between anti-pectin antibody and pectin was inhibited by incu-
bating bacteria including C. rodentium, L. plantarum, and
E. coli as its potential competitors. As shown in Fig. 7A, the
ED50 of the pectin antibody was significantly increased in a
bacterial dose dependent manner by co-incubating
C. rodentium. Although L. plantarum significantly increased the
ED50 of pectin antibody at the highest concentration (L. plan-
tarum 1 : 10, p < 0.05 vs. control; Fig. 7B), this increase was
smaller as compared with the C. rodentium competitor. Since
E. coli showed only a marginal effect on the ED50 of pectin
antibody (Fig. 7C), the competitive activities were correlated
with the bacterial growth inhibitions (Fig. 5 and 6). Together,
these results suggest that pectin preferentially interacts with
C. rodentium, and thereby inhibits its bacterial growth.

Discussion
To the best of our knowledge, this is the first study demon-
strating that the dietary fibre pectin limits C. rodentium

induced epithelial barrier disruption through direct inter-
actions with C. rodentium per se. Previous studies demon-
strated that dietary fibres exert protective effects against
C. rodentium by stimulating the growth of commensals that
outcompete the growth of C. rodentium4,5 or by stimulating the
production SCFAs,6,7 but the current study shows an
additional property of the dietary fibre pectin to protect the
epithelial barrier from C. rodentium induced damage by inhi-
biting the growth of this enteric pathogen.

The present study demonstrates that pectin preserves epi-
thelial integrity from C. rodentium induced disruption (Fig. 2).
This is in line with previous studies showing that pectin
enhances epithelial barrier function by upregulating tight
junction proteins in rats and mice.26,27 Several studies also
demonstrated that pectin can bind to TLR213,18 and that
stimulation of TLR2 on epithelial cells maintains epithelial
integrity mediated by the tight junction protein ZO-1.25,28

Although it is tempting to assume that stimulation of TLR2 by
pectin may protect the epithelial barrier against C. rodentium,
our data showed that protection of the epithelium is indepen-
dent of TLR2 activation. Instead, our data suggest that the pro-
tective effect of pectin against C. rodentium induced barrier
disruption may be, at least partly, due to the inhibition of the

Fig. 5 Growth curves of C. rodentium co-incubated with pectins. In a concentration of 2 mg ml−1, whole pectins (A and B), or with poly-galacturo-
nic acid (PG; DM0 pectin) and RG-I (C and D) were added in the LB medium, and OD600 was measured for 4 hours. Significant differences com-
pared to the C. rodentium only were indicated by **** (p< 0.0001).
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