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研究成果の概要（和文）：急性腎障害(AKI)は臓器連関作用によって多臓器障害に陥いる。AKIによって生じる肺
障害を軽減できれば生命予後改善に繋がる。本研究では、ニコチン性アセチルコリン受容体アゴニスト(GTS-21)
はマウスにおける急性腎障害(AKI)後の血漿IL-6と肺障害を軽減した。GTS-21による肺障害軽減効果は脾臓摘出
及び脾臓マクロファージを枯渇させたマウスで消失したが、肺胞マクロファージを枯渇させたマウスでは維持し
た。以上より、ニコチン性アセチルコリン受容体アゴニストは脾臓におけるコリン作動性抗炎症経路を介して
AKIによる肺障害を軽減した。

研究成果の概要（英文）：We hypothesized that activation of a nicotinic acetylcholine receptor 
(nAChR), which exerts cholinergic anti-inflammatory effects on macrophages, could reduce acute lung 
injury (ALI) after acute kidney injury (AKI).  We induced AKI in male mice by unilateral 
ischemia-reperfusion injury (IRI) with contralateral nephrectomy and administered nAChR agonists in 
three experimental settings: 1) splenectomy, 2) deletion of splenic macrophages via intravenous 
administration of clodronate liposomes, and 3) alveolar macrophage deletion via intratracheal 
administration of clodronate liposomes. Treatment with GTS-21, an a7nAChR-selective agonist, 
significantly reduced the levels of circulating IL-6 and lung injury after renal IRI. The effect of 
GTS-21 on the lungs was eliminated in splenectomized mice and mice depleted of splenic macrophages, 
but not in mice with depleted alveolar macrophages. These findings suggest that nAChR agonist 
reduces ALI after IRI-induced AKI via macrophages in the spleen.

研究分野：急性腎障害

キーワード： 急性腎障害　急性肺障害　マクロファージ　ニコチン性アセチルコリン受容体アゴニスト
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研究成果の学術的意義や社会的意義
急性腎障害は高頻度、高死亡率な病態である。特に、透析を要する急性腎障害に多臓器障害を伴うと死亡率は
40-50%程度と生命予後不良である。このように透析を行なっても急性腎障害の予後が悪いのは、急性腎障害から
の臓器連関作用による多臓器障害によると考えられている。本研究では、ニコチン性アセチルコリン受容体アゴ
ニストが脾臓マクロファージでの抗炎症経路を活性化して急性腎障害によって誘導される肺障害を軽減すること
を初めて明らかにした。本研究は、AKIによる臓器連関障害を軽減する新たな治療ストラテジーを提唱するもの
で、ニコチン性アセチルコリン受容体アゴニストの急性腎障害患者び対する臨床応用への礎となる。

※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 
急性腎障害(acute kidney injury : AKI)は腎代替療法を行なっても生命予後が不良である。それ
は AKI からのリモート作用で遠隔臓器に障害をきたすことが一因とされ、IL-6 などの炎症性サ
イトカインが悪玉因子として血液を介して遠隔臓器に到達し障害をきたす。近年神経伝達経路
が免疫応答を制御すること、さらに迷走神経刺激によって炎症性サイトカインが抑制されるこ
とが明らかとなってきた。以上より AKI からのリモート作用は悪玉因子を運ぶ血液と善玉因子
を運ぶ神経が拮抗しそのバランスで決定されること、迷走神経を刺激して抗炎症作用を強める
ことで AKI による遠隔臓器障害が軽減し、生命予後が改善されるという仮説を立てた。 
２．研究の目的 
本研究の目的は AKI 誘発急性肺障害に対してアセチルコリン受容体アゴニストが脾臓を介した
神経免疫応答によって抗炎症作用を発揮して肺障害を軽減することを明らかにすることである。
３．研究の方法 
C57/B6 マウスを以下の 4群に分けて肺障害の評価項目を検証した。偽手術＋vehicle 群、偽手術
＋アセチルコリン受容体アゴニスト群、腎虚血再還流(IRI)＋vehicle 群、IRI ＋ アセチルコリ
ン受容体アゴニスト群。AKI は腎虚血再還流障害によって惹起した。IRI は右腎摘出 2週後に左
腎動静脈に 35 分虚血再還流を行った。偽手術は右腎摘出２週後に、左腎動静脈を剖出した。ア
セチルコリン受容体アゴニストはニコチン(1mg/kg)またはα7 ニコチン性アセチルコリン受容
体アゴニスト GTS-21（4 mg/kg）を腎再還流の 5時間前と 0.5 時間前に腹腔内投与した。 
さらに、アセチルコリン受容体アゴニストの作用部位を明らかにするために、脾臓摘出モデル、
脾臓マクロファージ枯渇モデル、肺胞マクロファージ枯渇モデルを作成してアセチルコリン受
容体アゴニストの肺障害への効果を検証した。脾臓摘出モデルとして右腎摘出時に脾臓摘出を
行った。脾臓マクロファージ枯渇モデルは、クロドロネート 150μLを IRI 1 時間前に静脈内投
与を行った。肺胞マクロファージ枯渇モデルは、クロドロネート 40μLを IRI 投与前３日間気
管内投与を行った。 
肺の評価項目は、HE 染色での肺組織障害、好中球数、ELISA による肺 CXCL1 定量、血管透過性指
標としての evans blue dye の血管外漏出量を測定した。また、肺障害に関連する血漿 IL-6値
を測定した。 

４．研究成果  

1) AKI は肺障害を惹起し、ニコチンは AKI による肺障害を軽減する。 
腎 IRI は肺組織障害を誘発し、肺好中球を増加させ、肺血管透過性を亢進させた(図 1B-D)。ニ
コチンは腎 IRI によるこれらの急性肺障害を軽減した(図 1B-1D)。ニコチンは腎 IRI による AKI
を軽減しなかった(図 1F,1G)。 
図 1 

 
2) α7ニコチン性アセチルコリン受容体 

アゴニスト GTS-21 は AKI による肺障害

を軽減する。 
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図 2 

multiple-comparisons test or Bonferroni's multiple-com-
parisons test. All statistical calculations were performed
using GraphPad Prism 9 software (GraphPad, La Jolla, CA).

RESULTS

a7nAChR Agonists Reduce Lung Injury after Renal IRI

Nicotine (1 mg/kg) was administered tomice at 5 and 0.5 h
before reperfusion as a a7nAChR agonist (Fig. 1A). The lungs

of mice that underwent renal IRI were heavily infiltrated
with neutrophils after 2 h [IRI þ saline vs. sham þ saline:
17.1 ±4.47 vs. 4.8± 2.44 cells/high-powered field (HPF), P <
0.0001, F1Fig. 1, B and C]. Administration of nicotine signifi-
cantly reduced the number of neutrophil infiltrations into
the lung (IRI þ nicotine vs. IRI þ saline: 11.4 ±4.16 vs.
17.1 ±4.47 cells/HPF, P < 0.01, Fig. 1, B and C). Vascular per-
meability 24 h after reperfusion was significantly diminished
by the administration of nicotine (IRI þ nicotine vs. IRI þ
saline: 11.82±2.415 vs. 19.23 ±6.604 mg/g lung tissue, P <
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Figure 1.Nicotine reduced lung neutrophil
infiltration 2 h after ischemia-reperfusion
injury (IRI) and lung Evans blue dye (EBD)
leakage 24 h after IRI but did not decrease
plasma creatinine (Cr) levels and necrosis
area in the kidney 24 h after IRI. A: experi-
ment protocol. B: representative images
of hematoxylin and eosin (HE)-stained
lung tissue. C: neutrophil infiltration in the
lung 2 h after IRI (n = 15 or 16 in the IRI
group and n = 7 or 8 in the sham group).
D: lung EBD leakage 24 h after IRI (n = 12/
group). E: representative images of peri-
odic acid-Schiff (PAS)-stained renal tissue.
F: the percentage of necrotic tubules in
the outer stripe of the outer medulla in the
kidney 24 h after IRI (n = 6–8/group). G:
plasma Cr levels 24 h after IRI (n = 6–8/
group). The data set in D was analyzed by
an unpaired t test. The other data sets
were analyzed by two-way ANOVA fol-
lowed by Tukey’s multiple-comparisons
tests. Individual data are shown as dots.
The top, middle, and bottom lines indicate
the 75th, 50th, and 25th percentile values,
respectively. Whiskers indicate the mini-
mum to maximum values. ""P < 0.01 and
""""P < 0.0001. Scale bars = 50 mm. ns,
not significant.AQ: 10
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permeability: IRI þ GTS-21 vs. IRI þ PBS: 49.93±41.770 vs.
34.78±21.550 mg/g lung tissue, P < 0.01, Fig. 4F). The necrotic
area in the kidney and plasma creatinine significantly
increased 24 h after reperfusion (necrotic area: IRI þ PBS vs.
sham þ PBS: 80.7±3.08% vs. 0.2±0.30%, P < 0.0001,
Supplemental Fig. S5, A and B; plasma creatinine: IRI þ PBS

vs. sham þ PBS: 1.71±0.117 vs. 0.18±0.013 mg/dL, P< 0.0001,
Supplemental Fig. S5C). The administration of GTS-21 slightly
decreased the necrotic area in the kidney 24 h after reperfusion
(IRI þ GTS-21 vs. IRI þ PBS: 77.8±2.13% vs. 80.7±3.08%, P <
0.05, Supplemental Fig. S5, A and B). The administration of
GTS-21 did not reduce plasma creatinine 24 h after reperfusion
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Figure 2. GTS-21 reduced lung neutrophil infiltration 2 h after ischemia-reperfusion injury (IRI), lung Evans blue dye (EBD) leakage 24 h after IRI, and pul-
monary chemokine (C-X-C motif) ligand (CXCL)1 and CXCL2 levels 2 h after IRI and plasma IL-6 levels 2 h after IRI. A: experiment protocol. B: representa-
tive images of hematoxylin and eosin (HE)-stained lung tissue. C: neutrophil infiltration in the lung 2 h after IRI (n = 7 or 8/group). D: lung EBD leakage 24
h after IRI (n = 16–18/group). E–I: pulmonary cytokine levels 2 and 24 h after IRI. E: IL-6 (n = 8 or 9/group); F: TNF-a (n = 8 or 9/group); G: CXCL1 (n = 8 or 9/
group); H: CXCL2 (n = 8 or 9/group); I: IL-10 (n = 8 or 9/group). J–M: plasma cytokine levels 2 and 24 h after IRI. IL-6 (n = 16 or 17/group) (J), TNF-a (n = 16
or 17/group) (K), CXCL1 (n = 8 or 9/group) (L), IL-10 (n = 8 or 9/group) (M). The data set in C was analyzed by two-way ANOVA followed by a Tukey’s multi-
ple-comparisons test. The data set in D was analyzed by an unpaired t test. The other data sets were analyzed by two-way ANOVA followed by
Bonferroni's multiple-comparisons tests. The individual data are shown as dots. The top, middle, and bottom lines indicate the 75, 50th, and 25th per-
centile values, respectively. Whiskers indicate the minimum to maximum values. "P< 0.05, ""P< 0.01, and """"P< 0.0001. Scale bars = 50 mm. ns, not
significant.
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3) 脾臓が摘出されたマウスでは GTS-21 は AKI による肺障害を軽減しなかった。 
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脾臓摘出マウスでは、AKI 後に肺組織障害、

肺好中球数増加がみられ、肺障害をきたし

た(図 3B,3C)。脾臓摘出マウスで AKI 後の

肺組織障害、肺好中球数増加、肺血管透過

性を GTS-21 は低下させなかった(図 3B-

3D)。さらに、脾臓摘出マウスで GTS-21 は

AKI 後早期の肺 CXCL1、血漿 IL-6 を低下さ

せなかった(図 3G、3J)。 

 

 

 

 

 

 

 

 

 

4) 脾臓マクロファージを枯渇させたマウスでは、GTS-21 は AKI 後の肺障害を軽減しなかった。 

図 4 

クロドロネート静脈内投与によって脾臓マクロ

ファージは 20%程度にまで低下した(図 4B)。 

脾臓マクロファージを枯渇させたマウスでは、

GTS-21 は AKI 後の肺障害を軽減させなかった

(4D-4F)。 

 

 

 

 

 

 

 

 

 

5) 肺胞マクロファージを枯渇させたマウスでは GTS-21 は AKI 後の肺障害を軽減した。 

図 5 

クロドロネート気管内投与によって脾臓マクロ

ファージ数は変えずに肺胞マクロファージ数を

60%程度にまで減少させた(図 5B,5C)。肺胞マク

ロファージを枯渇させたマウスでは、GTS-21 は

AKI 後の肺障害を軽減した(図 5D-5F)。 

 

 

 

 

 

 

 

 

以上より、ニコチン性アセチルコリン受容体アゴニストは脾臓のマクロファージを介して血漿

IL-6 を抑制して腎 IRI 誘発 AKI 後の急性肺障害を軽減した。本研究の結果より、急性腎障害に

伴う肺障害を軽減するには脾臓におけるコリン作動性抗炎症経路が重要であることがわかり、

ニコチン性アセチルコリン受容体アゴニストによる急性腎障害患者の多臓器障害への進展抑制

効果が期待される。 

(IRI þ GTS-21 vs. IRI þ PBS: 1.70±0.375 vs. 1.71±0.117 mg/dL,
P =NS, Supplemental Fig. S5C).

GTS-21 Reduced Lung Injury after Renal IRI under
Deletion of Alveolar Macrophages

To evaluate whether GTS-21 acts on alveolar macro-
phages to protect against lung injury after renal IRI,

alveolar macrophages were removed intratracheally to
give mice 40 mL/day of clodronate liposomes 3 days before
IRI ( F5Fig. 5A). In mice treated by intratracheal administra-
tion of clodronate liposomes, red pulp macrophages in the
spleen did not change (clodronate vs. control: 1.34 ±0.329
vs. 1.24 ±0.150" 106 cells/whole spleen, P = NS, Fig. 5B),
but alveolar macrophages were significantly reduced
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Figure 3. GTS-21 did not reduce lung neutrophil infiltration 2 h after ischemia-reperfusion injury (IRI), lung Evans blue dye (EBD) leakage 24 h after IRI,
and pulmonary and plasma cytokine levels 2 and 24 h after IRI in splenectomized mice. A: experiment protocol. B: representative images of hematoxylin
and eosin (HE)-stained lung tissue. C: neutrophil infiltration in the lung 2 h after IRI (n = 7 or 8/group). D: lung EBD leakage 24 h after IRI (n = 10/group). E–
I: pulmonary cytokine levels 2 and 24 h after IRI. IL-6 (n = 8 or 9/group) (E), TNF-a (n = 8 or 9/group) (F), chemokine (C-X-C motif) ligand (CXCL)1 (n = 8 or
9/group) (G), CXCL2 (n = 8 or 9/group) (H), IL-10 (n = 8 or 9/group) (I). J–M: plasma cytokine levels 2 and 24 h after IRI. IL-6 (n = 16–18/group) (J), TNF-a (n =
9–19/group) (K), CXCL1 (n = 7–9/group) (L), IL-10 (n = 8 or 9/group) (M). The data set in C was analyzed by two-way ANOVA followed by a Tukey’s multi-
ple-comparisons test. The data set in D was analyzed by unpaired t tests. The other data sets were analyzed by two-way ANOVA followed by
Bonferroni's multiple-comparisons tests. The individual data are shown as dots. The top, middle, and bottom lines indicate the 75th, 50th, and 25th per-
centile values, respectively. Whiskers indicate the minimum to maximum values. #P< 0.05. Scale bars = 50 mm. ns, not significant.
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(clodronate vs. control: 3.01 ± 0.547 vs. 5.29 ± 1.144! 105

cells/whole lung, P < 0.05, Fig. 5C). The lungs were heavily
infiltrated with neutrophils 2 h after renal IRI (IRI þ PBS
vs. sham þ PBS: 21.0 ± 8.05 vs. 5.1 ± 1.77 cells/HPF, P <
0.001, Fig. 5, D and E). In contrast to mice treated with in-
travenous administration of clodronate liposomes, in mice
treated by intratracheal administration of clodronate lipo-
somes, GTS-21 significantly reduced lung neutrophil infil-
tration at 2 h and vascular permeability at 24 h after
reperfusion (neutrophil infiltration: IRI þ GTS-21 vs.
IRI þ PBS: 12.9 ± 3.89 vs. 21.0 ± 8.05 cells/HPF, P < 0.05,
Fig. 5, D and E; vascular permeability: IRI þ GTS-21 vs.
IRI þ PBS: 9.74±2.361 vs. 13.86±4.789 mg/g lung tissue, P <
0.05, Fig. 5F).The necrotic area in the kidney and plasma cre-
atinine increased 24 h after reperfusion (necrotic area: IRI þ

PBS vs. sham þ PBS: 78.8±2.61% vs. 0.1 ±0.14%, P < 0.0001,
Supplemental Fig. S6, A and B; plasma creatinine: IRI þ PBS
vs. sham þ PBS: 1.98±0.169 vs. 0.17 ±0.014 mg/dL, P <
0.0001, Supplemental Fig. S6C). The administration of GTS-
21 did not reduce the necrotic area in the kidney and plasma
creatinine 24 h after reperfusion (necrotic area: IRI þ GTS-21
vs. IRI þ PBS: 76.5±3.21% vs. 78.8±2.61%, P = NS,
Supplemental Fig. S6, A and B; plasma creatinine: IRI þ
GTS-21 vs. IRI þ PBS: 1.85±0.093 vs. 1.98±0.169 mg/dL, P =
NS, Supplemental Fig. S6C).

DISCUSSION

This study showed, for the first time, the beneficial effect
of nAChR agonists on ALI after AKI due to renal IRI. The
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Figure 4. GTS-21 did not reduce lung neutrophil infiltration 2 h after ischemia-reperfusion injury (IRI) and lung Evans blue dye (EBD) leakage 24 h after IRI
in mice whose splenic macrophages and systemic mononuclear phagocytes were deleted. A: experiment protocol. B: red pulp macrophages calculated
by flow cytometry (n = 6 or 7/group). C: alveolar macrophages calculated by flow cytometry (n = 6 or 7/group). D: representative images of hematoxylin
and eosin (HE)-stained lung tissue. E: neutrophil infiltration in the lung 2 h after IRI (n = 8/group). F: lung EBD leakage 24 h after IRI (n = 11/group). The
data set in F was analyzed by two-way ANOVA followed by a Tukey’s multiple-comparisons test. The other data sets were analyzed by unpaired t tests.
The individual data are shown as dots. The top,middle, and bottom lines indicate the 75th, 50th, and 25th percentile values, respectively. Whiskers indi-
cate the minimum to maximum values. ###P< 0.001. Scale bars = 50 mm. ns, not significant.
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findings are summarized as follows: 1) nAChR agonists
reduced lung neutrophil infiltration and vascular permeabil-
ity and upregulated pulmonary CXCL1, CXCL2, and plasma
IL-6 levels after renal IRI; 2) the effect of GTS-21, a selective
a7nAChR agonist, on plasma IL-6 and lungs was eliminated
in splenectomized mice; 3) the effect of GTS-21 on the lungs
was diminished in mice depleted of splenic macrophages
and systemic mononuclear phagocytes; and 4) the effect of
GTS-21 on the lungs was not diminished in mice with
depleted alveolar macrophages. These findings suggest that
nAChR agonist reduces ALI after IRI-induced AKI via macro-
phages in the spleen.

Nicotine reduced neutrophil infiltration and vascular per-
meability in the lungs after renal IRI. Neutrophil infiltration,

vascular permeability, and CXCL1 and CXCL2 levels in the
lung after renal IRI were reduced by GTS-21. An official
American Thoracic Society workshop (31) reported that three
of four features—1) histological evidence of tissue injury, 2)
alteration of the alveolar capillary barrier, 3) an inflamma-
tory response, and 4) evidence of physiological dysfunction
—should be shown in experimental ALI models. Evidence of
tissue injury includes accumulation of neutrophils as a very
relevant marker. Evidence of the inflammatory response
includes proinflammatory cytokines in lung tissue. In this
study, lung neutrophil counts representing histological tis-
sue injury, EBD staining representing vascular permeability,
and lung CXCL1 level representing the inflammatory
response were evaluated as injury markers of ALI. These
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Figure 5. GTS-21 reduced lung neutrophil infiltration 2 h after ischemia-reperfusion injury (IRI) and lung Evans blue dye (EBD) leakage 24 h after IRI in
mice whose alveolar macrophages were deleted. A: experiment protocol. B: red pulp macrophages calculated by flow cytometry (n = 4/group). C: alveo-
lar macrophages calculated by flow cytometry (n = 4/group). D: representative images of hematoxylin and eosin (HE)-stained lung tissue. E: neutrophil
infiltration in the lung 2 h after IRI (n = 7 or 8/group). F: lung EBD leakage 24 h after IRI (n = 11 or 12/group). The data sets in B and C were analyzed by
Mann–Whitney tests. The data set in E was analyzed by two-way ANOVA followed by a Tukey’s multiple-comparisons test. The data set in F was ana-
lyzed by an unpaired t test. The individual data are shown as dots. The top,middle, and bottom lines indicate the 75th, 50th, and 25th percentile values,
respectively. Whiskers indicate the minimum to maximum values. !P< 0.05 and !!!!P< 0.0001. Scale bars = 50 mm. ns, not significant.
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