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研究成果の概要（和文）：食物繊維の摂取が炎症性疾患発症のリスクを低下させること示唆されている。この抗
炎症作用の一部は腸内細菌を介していることが判明しているが，水溶性食物繊維の一種であるペクチンは，直接
宿主細胞に働きかけ，炎症応答を調節する可能性が示唆されている。しかしながら，その作用機構は不明であ
る。TLR刺激RAW264.7細胞からのIL-6産生がペクチンの添加で抑制され，この抑制は主鎖分解ペクチンでも維持
されていることを発見した。さらに，ペクチン投与マウスでは，LPS誘導性の炎症応答が減弱化し，パイエル板
の炎症性サイトカイン発現量も低下した。以上より，ペクチン側鎖がTLRシグナルを抑制している可能性が示唆
された。

研究成果の概要（英文）：Dietary fiber intake has been reported to decrease the risk of developing 
inflammatory diseases. This anti-inflammatory effect is at least partially due to fermentation of 
dietary fiber by the colonic microbiota. In addition it has been suggested that pectin, a 
water-soluble dietary, directly influence host cells and thereby modulate inflammatory responses. 
However, the underlying mechanism by which pectin exerts its protective effect against inflammatory 
diseases remains unknown. IL-6 secretion from TLR-activated RAW264.7 cells was suppressed by 
pretreatment with pectin. This suppression was observed even with degraded pectin pretreatment but 
not with polygalacturonic acid, as the principal constituent of the pectin backbone. Furthermore, we
 found that pectin-administered mice showed attenuation of LPS-induced inflammatory responses and 
reduced levels of inflammatory cytokine in Peyer’s patches. These results suggest that pectin 
suppresses TLR signaling by its side chains.

研究分野：食品免疫学

キーワード： 食物繊維　炎症　腸管免疫　マクロファージ

  ２版

令和

研究成果の学術的意義や社会的意義
近年，生活習慣病のみならず，がんや神経変性疾患などの 基盤病態として，免疫系細胞の過剰な活性化と慢性
的な炎症応答の持続が指摘されている。本研究成果より，ペクチンを摂取することで，腸管免疫系を介して過剰
な免疫細胞の活性化や炎症を制御でき，炎症が関与する様々な慢性疾患や生活習慣病の予防や治療に応用できる
可能性が示された。また本研究により，ペクチン分子内の抗炎症活性の発現に必要な化学構造が推定できた。こ
の活性成分のみを濃縮・添加することにより，少量の摂取で充分にペクチンの抗炎症機能を発揮できる新たな機
能性食品を創出できる可能性が考えられる。



様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	
１．研究開始当初の背景 
	 近年の健康志向の高まりから，日々の食生活を改善し，肥満や糖尿病，動脈硬化等の生活習
慣病の予防・治療することが期待されている。とりわけ食物繊維は，血糖上昇抑制，血中コレ
ステロール低減作用や便通改善作用などの生体調節機能を有し，特定保健用食品の素材として
も広く利用されている。さらに，食物繊維は，腸内細菌叢の組成を変化させることで，保健機
能を発揮するプレバイオティクスとしての効能を有し，生活習慣病の改善と密接に関わってい
ることが明らかにされつつある。一方で，食物繊維が直接，腸管の細胞に作用し，その細胞機
能を調節している可能性も示唆されている。とりわけ腸管組織には全末梢リンパ球の	7	割にも
及ぶリンパ球が集積しており，腸管局所のみならず，全身性の免疫応答を調節していることが
明らかとなっていることから，食物繊維が腸管免疫細胞に直接作用し，その機能を調節する可
能性が考えられた。近年，生活習慣病のみならず，がんや神経変性疾患などの基盤病態として，
免疫系細胞の過剰な活性化と慢性的な炎症応答の持続が指摘されており，特定の食物繊維の摂
取により，腸管免疫系を介して過剰な免疫細胞の活性化や炎症を制御できれば，炎症が関与す
る様々な慢性疾患や生活習慣病の予防や治療に資する食品を創生できる可能性が考えられる。
水溶性食物繊維のペクチンは，ガラクツロン酸が	α-1,4	結合した主鎖に中性糖で構成される
側鎖が付加した複合多糖類の一種であり，直接免疫細胞に作用することで抗炎症作用を示す可
能性が示唆されている。しかしながら，ペクチンと腸管免疫細胞との直接の相互作用ならびに
その炎症調節機構には不明な点が多い。	
	
２．研究の目的 
	 本研究では，食物繊維の一種であるペクチンの新たな炎症調節機能を明らかにすることを目
的とし，以下の 2点に着目して研究を実施した。	
（１）抗炎症活性に重要なペクチンの化学構造を同定すること	
（２）腸管免疫系におけるペクチンの抗炎症作用機序を明らかにすること 
	

３．研究の方法 
（１）マクロファージは，病原体関連分子パターンを認識することで炎症性サイトカインを放
出し，炎症の起点に働く細胞であることから，ペクチンがマクロファージに直接作用している
可能性が考えられた。そこで，マクロファージ様細胞株 RAW264.7 をペクチンと共培養した後，
リポ多糖(LPS)で RAW264.7 細胞を刺激し，炎症性サイトカインの産生を誘導した。炎症性サイ
トカイン遺伝子発現量や培地に放出された炎症性サイトカインの一つ IL-6 のタンパク質量を
測定し，ペクチンの添加により炎症性サイトカイン産生が抑制されるのかを調査した。	
	
（２）C57BL/6 マウスにペクチンを経口投与した後，LPS を腹腔内に投与することで，全身性の
炎症を誘導した。LPS 投与後の体温低下や炎症性サイトカイン発現量を測定し，ペクチンを摂
取することで炎症が抑制されるのかを調査した。また，ペクチン含有飼料を摂取させたマウス
にデキストラン硫酸ナトリウム(DSS)を飲水投与することで，実験的大腸炎を誘導し，ペクチン
の摂取で大腸炎が緩和されるのかを調査した。	
	
４．研究成果	
（１）LPS 刺激で誘導される TNF-αや IL-6,	IL-1βの遺伝子発現量の上昇が，ペクチンを添加
することで有意に低下した。培地中の IL-6 もペクチン添加用量依存的にタンパク質レベルで濃
度が低下した(図１)ことから，ペクチンがマクロファージに直接作用して，炎症性サイトカイ
ンの産生を抑制している可能性が示唆された。この IL-6 抑制効果は，ペクチンを構成する中性
糖からなる側鎖のみを添加した場合でも観察されたが，ポリガラクツロン酸	(側鎖を含まない
主鎖のみの多糖)の添加では，IL-6 産生抑制効果がみられなかった。さらに，LPS のみならず，
他の Toll-like	receptor(TLR)リガンドで RAW264.7 細胞を刺激した際に誘導される IL-6 産生
もペクチンの添加で抑制された。以上の結果より，ペクチンの側鎖が直接マクロファージに認
識され，抑制性のシグナルを細胞内に導入することで，催炎症シグナル経路である TLR-MyD88
経路を抑制している可能性が示唆された。	
	
（２）LPS 投与により全身性の炎症を誘
導したマウスは，エンドトキシンショッ
クにより体温が低下するが，ペクチンを
摂取することで体温の低下が有意に緩
和された(図２)。腸間膜リンパ節，パイ
エル板および脾臓の炎症性サイトカイ
ン発現量を測定した結果，パイエル板で
のみペクチン摂取マウスの炎症性サイ
トカイン発現量が有意に低下した。した
がってパイエル板細胞にペクチンが作
用した可能性が考えられたため，ペクチ

(MyD)-88, and induce the transcription of inflammatory
cytokines [23–26]. The MyD88-dependent pathway is common to
almost all TLRs. Therefore, we were interested in the possibility that
pectin could attenuate not only LPS-induced cell activation but also
that induced by other TLR ligands. To examine this possibility,
RAW264.7 cells were stimulated with several TLR ligands: Pam3CSK4
(ligand for TLR1/2), FSL-1 (ligand for TLR2/6), and CpG-ODN
(ligand for TLR9). Upon stimulation with Pam3CSK4 and FSL-1, the
level of IL-6 production by pectin-pretreated cells was significantly

decreased in a dose-dependent manner, similar to the observations
with LPS (Fig. 4A and B). Interestingly, we found that CpG-induced IL-6
productionwasalsodecreasedbypectinpretreatment inadose-dependent
manner (Fig. 4C). TLR9 is localized in the intracellular endosomal
compartment, whereas TLR1/2, TLR2/6, and TLR4 are expressed on the
cell surface. Therefore, these results suggested that pectin inhibited TLR-
induced cell activation by attenuating the TLR–MyD88 intracellular
signaling pathway in MΦ regardless of TLR ligand, but not by blocking
extracellular interaction between TLRs and their ligands.
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Fig. 3. Effects of pectin pretreatment on LPS-stimulated RAW264.7. (A) RAW264.7 cells were pretreated with 0.5–4.0 mg/ml pectin for 24 h and the cell numbers were determined by
WST assay. (B) RAW264.7 cells were pretreatedwith 500 μg/ml pectin for 24 h and stimulatedwith 10 ng/ml LPS after washout of pectin. Expression level ofmRNAwas determined at 6
h after LPS stimulation. (C) RAW264.7 cells were pretreated with 0–500 μg/ml pectin for 24 h and stimulated with 10 ng/ml LPS after washout of pectin. IL-6 concentration in the
supernatantwas determined at 24 h after LPS stimulation. (D) RAW264.7 cellswere pretreatedwith 0 (left, solid line) or 50 (left, dashed line) μg/ml pectin for 24 h, and cell-surface TLR4
and CD14 expression were determined by flow cytometry. The gray histogram (left) indicates isotype control sample. PE fluorescence was measured by flow cytometry, and mean
fluorescence intensity (right) was quantified. (E) RAW264.7 cells were incubatedwith 0 (left, solid line), 50 (left, dashed line), or 500 (left, dotted line) μg/ml pectin for 24 h and stained
with 10 μg/ml FITC-LPS for 60 min. The gray histogram (left) indicates unstained sample. FITC fluorescence was measured by flow cytometry, and mean fluorescence intensity (right)
was quantified. Values are presented asmeans±S.E.M. of three independent experiments. *, Pb.05, **, Pb.01. n.s., not statistically significant, a–c, Values not sharing a common letter are
significantly different (Pb.05).
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3. Results

3.1. Oral administration of pectin suppressed LPS-induced hypothermia
and inflammatory cytokine gene expression in PPs and MLN

To investigate the effects of orally administered pectin on the
pathophysiology of endotoxin shock, we assessed the LPS-induced
hypothermia in mice subjected to oral administration of pectin.
Vehicle control mice exhibited a progressive decrease in rectal
temperature to 2.4°C below the basal level at 2 h after challenge
with LPS. Pectin-treated mice showed a mild decrease in rectal
temperature compared to the controls (Fig. 1A). However, no
difference was detected at the rectal temperature recovery phase at
4 h after LPS injection. These observations indicated that pectin
administration attenuated exacerbation of the hypothermia but did

not contribute to its amelioration. Furthermore, Pectin administration
significantly reduced the concentration of serum IL-6 at 2 h after LPS
injection and there was a downward trend in serum IL-6 level with
pectin administration at 4 h after LPS injection (Fig. 1B). On the other
hands, serum IL-1β and TNF-α levels were comparable between
control and pectin-treated mice (Fig. S1). IL-6 is thought to play a key
role in the severity of hypothermia induced by endotoxin shock [18],
hence these results indicated that pectin attenuated LPS-induced
hypothermia via reduction of serum IL-6. As Meyer et al. reported that
the intestinal mucosa participated in the cytokine response of
endotoxin shock [19], IL-6 level in small intestine was evaluated.
Pectin administration exhibited significant decrease in small intestinal
IL-6 level at 4 h but not 2 h after LPS injection (Fig. S2). This result
suggests pectin could partly regulate the production of intestinal IL-6
but the effect does not contribute to suppress the hypothermia.
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Fig. 1. Effects of oral administration of pectin on endotoxin shock in mice. (A) Changes in rectal temperature in vehicle control mice and pectin-treated mice at 0, 2, and 4 h after LPS
injection. (B) Serum IL-6 in controlmice and pectin-treatedmice at 2 and 4 h after LPS injection. (C) Gene expression of IL-1β, IL-6, and TNF-α on PP,MLN, and spleen in controlmice and
pectin-treated mice at 2 and 4 h after LPS injection. Values are presented as means±S.E.M. (n=7–9). *, Pb.05, **, Pb.01. n.s., not statistically significant.
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ンを経口投与したマウスからパイエル板細胞を採
取し，ex	vivo で LPS 刺激による IL-6 産生量を測
定した。その結果，マクロファージや樹状細胞を
含むパイエル板 CD11c 陽性細胞では，ペクチン摂
取により IL-6 産生量が有意に低下したが，CD11c
陰性細胞やB細胞を含むB220陽性細胞ではペクチ
ン摂取による影響はみられなかった。以上の結果
から，経口摂取したペクチンがパイエル板のマク
ロファージや樹状細胞に作用している可能性が示
唆された(図３)。さらに，in	vitro の実験結果か
ら，ペクチンの側鎖が炎症抑制に重要な役割を果
たす可能性が示唆されたことから，DSS 大腸炎モ
デルマウスに側鎖含有率の異なるペクチンを給餌
し，ペクチン側鎖が大腸炎病態に及ぼす影響を調
査した。側鎖含有率の高いペクチンを摂取したマ
ウスでは，大腸炎に進行に伴う体重低下や大腸の
萎縮および炎症性サイトカイン発現量の亢進が，
側鎖含有率の低いペクチンを摂取したマウスに比べて有意に改善していた。以上の結果より，
ペクチン側鎖には腸管の炎症を抑制するオリゴ糖・多糖構造が含まれている可能性が示唆され
た。	
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(MyD)-88, and induce the transcription of inflammatory
cytokines [23–26]. The MyD88-dependent pathway is common to
almost all TLRs. Therefore, we were interested in the possibility that
pectin could attenuate not only LPS-induced cell activation but also
that induced by other TLR ligands. To examine this possibility,
RAW264.7 cells were stimulated with several TLR ligands: Pam3CSK4
(ligand for TLR1/2), FSL-1 (ligand for TLR2/6), and CpG-ODN
(ligand for TLR9). Upon stimulation with Pam3CSK4 and FSL-1, the
level of IL-6 production by pectin-pretreated cells was significantly

decreased in a dose-dependent manner, similar to the observations
with LPS (Fig. 4A and B). Interestingly, we found that CpG-induced IL-6
productionwasalsodecreasedbypectinpretreatment inadose-dependent
manner (Fig. 4C). TLR9 is localized in the intracellular endosomal
compartment, whereas TLR1/2, TLR2/6, and TLR4 are expressed on the
cell surface. Therefore, these results suggested that pectin inhibited TLR-
induced cell activation by attenuating the TLR–MyD88 intracellular
signaling pathway in MΦ regardless of TLR ligand, but not by blocking
extracellular interaction between TLRs and their ligands.
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Fig. 3. Effects of pectin pretreatment on LPS-stimulated RAW264.7. (A) RAW264.7 cells were pretreated with 0.5–4.0 mg/ml pectin for 24 h and the cell numbers were determined by
WST assay. (B) RAW264.7 cells were pretreatedwith 500 μg/ml pectin for 24 h and stimulatedwith 10 ng/ml LPS after washout of pectin. Expression level ofmRNAwas determined at 6
h after LPS stimulation. (C) RAW264.7 cells were pretreated with 0–500 μg/ml pectin for 24 h and stimulated with 10 ng/ml LPS after washout of pectin. IL-6 concentration in the
supernatantwas determined at 24 h after LPS stimulation. (D) RAW264.7 cellswere pretreatedwith 0 (left, solid line) or 50 (left, dashed line) μg/ml pectin for 24 h, and cell-surface TLR4
and CD14 expression were determined by flow cytometry. The gray histogram (left) indicates isotype control sample. PE fluorescence was measured by flow cytometry, and mean
fluorescence intensity (right) was quantified. (E) RAW264.7 cells were incubatedwith 0 (left, solid line), 50 (left, dashed line), or 500 (left, dotted line) μg/ml pectin for 24 h and stained
with 10 μg/ml FITC-LPS for 60 min. The gray histogram (left) indicates unstained sample. FITC fluorescence was measured by flow cytometry, and mean fluorescence intensity (right)
was quantified. Values are presented asmeans±S.E.M. of three independent experiments. *, Pb.05, **, Pb.01. n.s., not statistically significant, a–c, Values not sharing a common letter are
significantly different (Pb.05).
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3. Results

3.1. Oral administration of pectin suppressed LPS-induced hypothermia
and inflammatory cytokine gene expression in PPs and MLN

To investigate the effects of orally administered pectin on the
pathophysiology of endotoxin shock, we assessed the LPS-induced
hypothermia in mice subjected to oral administration of pectin.
Vehicle control mice exhibited a progressive decrease in rectal
temperature to 2.4°C below the basal level at 2 h after challenge
with LPS. Pectin-treated mice showed a mild decrease in rectal
temperature compared to the controls (Fig. 1A). However, no
difference was detected at the rectal temperature recovery phase at
4 h after LPS injection. These observations indicated that pectin
administration attenuated exacerbation of the hypothermia but did

not contribute to its amelioration. Furthermore, Pectin administration
significantly reduced the concentration of serum IL-6 at 2 h after LPS
injection and there was a downward trend in serum IL-6 level with
pectin administration at 4 h after LPS injection (Fig. 1B). On the other
hands, serum IL-1β and TNF-α levels were comparable between
control and pectin-treated mice (Fig. S1). IL-6 is thought to play a key
role in the severity of hypothermia induced by endotoxin shock [18],
hence these results indicated that pectin attenuated LPS-induced
hypothermia via reduction of serum IL-6. As Meyer et al. reported that
the intestinal mucosa participated in the cytokine response of
endotoxin shock [19], IL-6 level in small intestine was evaluated.
Pectin administration exhibited significant decrease in small intestinal
IL-6 level at 4 h but not 2 h after LPS injection (Fig. S2). This result
suggests pectin could partly regulate the production of intestinal IL-6
but the effect does not contribute to suppress the hypothermia.
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Fig. 1. Effects of oral administration of pectin on endotoxin shock in mice. (A) Changes in rectal temperature in vehicle control mice and pectin-treated mice at 0, 2, and 4 h after LPS
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(MyD)-88, and induce the transcription of inflammatory
cytokines [23–26]. The MyD88-dependent pathway is common to
almost all TLRs. Therefore, we were interested in the possibility that
pectin could attenuate not only LPS-induced cell activation but also
that induced by other TLR ligands. To examine this possibility,
RAW264.7 cells were stimulated with several TLR ligands: Pam3CSK4
(ligand for TLR1/2), FSL-1 (ligand for TLR2/6), and CpG-ODN
(ligand for TLR9). Upon stimulation with Pam3CSK4 and FSL-1, the
level of IL-6 production by pectin-pretreated cells was significantly

decreased in a dose-dependent manner, similar to the observations
with LPS (Fig. 4A and B). Interestingly, we found that CpG-induced IL-6
productionwasalsodecreasedbypectinpretreatment inadose-dependent
manner (Fig. 4C). TLR9 is localized in the intracellular endosomal
compartment, whereas TLR1/2, TLR2/6, and TLR4 are expressed on the
cell surface. Therefore, these results suggested that pectin inhibited TLR-
induced cell activation by attenuating the TLR–MyD88 intracellular
signaling pathway in MΦ regardless of TLR ligand, but not by blocking
extracellular interaction between TLRs and their ligands.
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Fig. 3. Effects of pectin pretreatment on LPS-stimulated RAW264.7. (A) RAW264.7 cells were pretreated with 0.5–4.0 mg/ml pectin for 24 h and the cell numbers were determined by
WST assay. (B) RAW264.7 cells were pretreatedwith 500 μg/ml pectin for 24 h and stimulatedwith 10 ng/ml LPS after washout of pectin. Expression level ofmRNAwas determined at 6
h after LPS stimulation. (C) RAW264.7 cells were pretreated with 0–500 μg/ml pectin for 24 h and stimulated with 10 ng/ml LPS after washout of pectin. IL-6 concentration in the
supernatantwas determined at 24 h after LPS stimulation. (D) RAW264.7 cellswere pretreatedwith 0 (left, solid line) or 50 (left, dashed line) μg/ml pectin for 24 h, and cell-surface TLR4
and CD14 expression were determined by flow cytometry. The gray histogram (left) indicates isotype control sample. PE fluorescence was measured by flow cytometry, and mean
fluorescence intensity (right) was quantified. (E) RAW264.7 cells were incubatedwith 0 (left, solid line), 50 (left, dashed line), or 500 (left, dotted line) μg/ml pectin for 24 h and stained
with 10 μg/ml FITC-LPS for 60 min. The gray histogram (left) indicates unstained sample. FITC fluorescence was measured by flow cytometry, and mean fluorescence intensity (right)
was quantified. Values are presented asmeans±S.E.M. of three independent experiments. *, Pb.05, **, Pb.01. n.s., not statistically significant, a–c, Values not sharing a common letter are
significantly different (Pb.05).
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3. Results

3.1. Oral administration of pectin suppressed LPS-induced hypothermia
and inflammatory cytokine gene expression in PPs and MLN

To investigate the effects of orally administered pectin on the
pathophysiology of endotoxin shock, we assessed the LPS-induced
hypothermia in mice subjected to oral administration of pectin.
Vehicle control mice exhibited a progressive decrease in rectal
temperature to 2.4°C below the basal level at 2 h after challenge
with LPS. Pectin-treated mice showed a mild decrease in rectal
temperature compared to the controls (Fig. 1A). However, no
difference was detected at the rectal temperature recovery phase at
4 h after LPS injection. These observations indicated that pectin
administration attenuated exacerbation of the hypothermia but did

not contribute to its amelioration. Furthermore, Pectin administration
significantly reduced the concentration of serum IL-6 at 2 h after LPS
injection and there was a downward trend in serum IL-6 level with
pectin administration at 4 h after LPS injection (Fig. 1B). On the other
hands, serum IL-1β and TNF-α levels were comparable between
control and pectin-treated mice (Fig. S1). IL-6 is thought to play a key
role in the severity of hypothermia induced by endotoxin shock [18],
hence these results indicated that pectin attenuated LPS-induced
hypothermia via reduction of serum IL-6. As Meyer et al. reported that
the intestinal mucosa participated in the cytokine response of
endotoxin shock [19], IL-6 level in small intestine was evaluated.
Pectin administration exhibited significant decrease in small intestinal
IL-6 level at 4 h but not 2 h after LPS injection (Fig. S2). This result
suggests pectin could partly regulate the production of intestinal IL-6
but the effect does not contribute to suppress the hypothermia.
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Fig. 1. Effects of oral administration of pectin on endotoxin shock in mice. (A) Changes in rectal temperature in vehicle control mice and pectin-treated mice at 0, 2, and 4 h after LPS
injection. (B) Serum IL-6 in controlmice and pectin-treatedmice at 2 and 4 h after LPS injection. (C) Gene expression of IL-1β, IL-6, and TNF-α on PP,MLN, and spleen in controlmice and
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