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Abstract

Acute kidney injury (AKI) contributes to the development of acute lung injury (ALI) via proinflammatory responses. We hypothe-
sized that activation of a nicotinic acetylcholine receptor (nAChR), which exerts cholinergic anti-inflammatory effects on macro-
phages, could reduce ALI after AKI. We aimed to determine whether nAChR agonists could reduce ALI after AKI and which
macrophages in the lung or spleen contribute to the improvement of ALI by nAChR agonists. 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 and systemic mononuclear phagocytes via intravenous administra-
tion 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, a key proinflammatory
cytokine, and lung chemokine (C-X-C motif) ligand (CXCL)1 and CXCL2 and neutrophil infiltration, and Evans blue dye (EBD) vas-
cular leakage increased after renal IRI. In splenectomized mice, GTS-21 did not reduce circulating IL-6 and lung CXCL1 and
CXCL2 levels and neutrophil infiltration, and EBD vascular leakage increased after renal IRI. In mice depleted of splenic macro-
phages and systemic mononuclear phagocytes, GTS-21 treatment did not reduce lung neutrophil infiltration, and EBD vascular
leakage increased after renal IRI. In mice depleted of alveolar macrophages, GTS-21 treatment significantly reduced lung neutro-
phil infiltration, and EBD vascular leakage increased after renal IRI. Our findings show that nAChR agonist reduces circulating IL-
6 levels and acute lung injury after renal IRI by acting on splenic macrophages.

NEW & NOTEWORTHY Acute lung injury associated with acute kidney injury contributes to high mortality. This study showed,
for the first time, that nicotinic acetylcholine receptor agonists reduced circulating IL-6 and ALI after renal ischemia-reperfusion
injury in mice. These effects of a7nAChR agonist were eliminated in both splenectomized and splenic macrophage (including
systemic mononuclear phagocyte)-depleted mice but not alveolar macrophage-depleted mice. nAChR agonist could reduce ALI
after AKI via splenic macrophages and provide a novel strategy in AKI.

acute kidney injury; acute lung injury; macrophage; nicotinic acetylcholine receptor agonist

INTRODUCTION

Acute kidney injury (AKI) is characterized by rapid deteri-
oration of renal function, which is associated with �12% of
patients being hospitalized and �50% of these admitted to
the intensive care unit (1, 2). Complications of AKI worsen
the prognosis of hospitalized patients (3). High-intensity re-
nal replacement therapy and early renal replacement ther-
apy do not improve the prognosis of patients with AKI (4, 5),
suggesting that there are other factors that influence mortal-
ity in addition to decreased clearance of uremic toxins.
Distant organ damage with concomitant AKI may contribute
to high mortality (6, 7). Mortality in patients with AKI

requiring renal replacement therapy increases from 40–50%
to 60–80% due to complications of distant organ damage (8,
9). In particular, acute lung injury (ALI) associated with AKI
is thought to contribute to the worsening of prognosis (10–
12). Thus, ALI associated with AKI is an important therapeu-
tic target in patients with AKI.

The development of ALI after AKI has been shown to con-
tribute to both hydrostatic and nonhydrostatic edema (13).
One of the causes of nonhydrostatic edema is systemic
inflammation caused by IL-6, IL-8, and TNF-a (14–17). In par-
ticular, circulating IL-6 plays a central role in ALI develop-
ment after AKI (15). The major organs that produce IL-6 after
AKI could be the spleen and liver in addition to the kidney,
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and macrophages could be a major producing cell of IL-6
production after AKI (14, 17, 18). Depletion of macrophages
reduces lung inflammation after AKI (14, 19). Taken together,
this indicates that splenic macrophages may play an impor-
tant role in the development of ALI after AKI. The anti-
inflammatory mechanism of action of splenic macrophages
might improve ALI after AKI.

Nicotine, an acetylcholine (ACh) receptor agonist, and 3-
(2,4-dimethoxy-benzylidene)-anabaseine dihydrochloride
(GTS-21), an a7-nicotinic ACh receptor (a7nAChR)-selective
agonist, bind to a7nACRs of macrophages in the spleen and
suppress the production of proinflammatory cytokines such
as TNF-a and IL-6 to exert an anti-inflammatory effect (20,
21). The activation of a7nACRs of macrophages in the spleen
plays an important role in the cholinergic anti-inflammatory
pathway (CAP) (22–24), by which vagus nerve stimulation
protects organs from injuries, including ventilator-induced
lung injury (25). We hypothesized that a7nAChR agonists
have anti-inflammatory effects that act on splenic macro-
phages and improve ALI after AKI.

Both alveolarmacrophages as well as splenicmacrophages
contain a7nAChRs (26), and the systemic administration of
a7nAChR agonists could act on macrophages in both the
spleen and lungs. It has been reported that depletion of both
systemic and alveolar macrophages reduces lung inflamma-
tion after AKI but exacerbates lung capillary leakage (14). It
has not yet been determined whether both splenic and alve-
olar macrophages could mediate ALI after AKI. To clarify
which macrophages predominantly mediate ALI after AKI in
our experimental setting, the effects of a7nAChR agonists
were evaluated in mice depleted of systemic mononuclear
phagocytes including splenic macrophages or alveolar mac-
rophages via intravenous or intratracheal administration of
clodronate liposomes.

In this study, we aimed to verify the hypothesis that
a7nAChR agonists improve ALI after AKI using a renal is-
chemia-reperfusion injury (IRI) model and examined the
involvement of splenic macrophages and alveolar macro-
phages in themechanism of action of a7nAChR agonists.

MATERIALS AND METHODS

Nicotinic AChR Agonist

(�)-Nicotine (Cat. No. N3876), a nonselective nicotinic
AChR agonist, was obtained from Sigma-Aldrich (St.
Louis, MO). GTS-21 (Cat. No. ab120560) was obtained from
Abcam (Cambridge, UK). Before experimentation, nicotine
was diluted with 0.9% saline, and GTS-21 was dissolved in
PBS. Saline (0.9%) and PBS were used as vehicles for nico-
tine and GTS-21, respectively.

Antibody

Anti-mouse CD64 FITC (Cat. No./Clone: 139316/X54-5/7.1),
anti-mouse F4/80 PE (Cat. No./Clone: 123109/BM8), anti-
mouse CD11c APC (Cat. No./Clone: 117309/N418), anti-mouse
CD11b APC-Cy7 (Cat. No./Clone: 101225/M1/70), anti-mouse
CD45 Pacific blue (Cat. No./Clone: 103125/30-F11), and
appropriate isotype control antibodies were obtained from
BioLegend (San Diego, CA).

Animal Preparation

Seven- to eight-week-old C57BL6/J male mice were
obtained from SLC Japan (Hamamatsu, Japan) for all experi-
ments. Mice were bred in a standard laboratory environment
(temperature: 24±2�C, humidity: 55± 5%, 12:12-h light-dark
cycle) with free access to water and food. All protocols were
approved by the Ethics Committee for Animal Experiments
of Hamamatsu University School of Medicine (Approval No.
2019022).

Unilateral NephrectomyWith or Without Splenectomy

Mice were anesthetized with 5% sevoflurane. A right flank
incision was made, and the right kidney was removed after
ligation of the right renal hilum.When splenectomy was per-
formed at the same time, a midline abdominal incision was
made, after which the left kidney and spleen were removed
after ligation of the left renal hilum and splenic vasculature.
After skin closure, mice received 0.25 mg/kg body wt bupre-
norphine as an analgesic. Mice were allowed to recover for 2
wk before the renal IRI experiments.

Renal Unilateral IRI

Mice were anesthetized with three anesthetics: medetomi-
dine hydrochloride (0.3 mg/kg body wt), midazolam (4 mg/
kg body wt), and butorphanol tartrate (5 mg/kg body wt).
During the operation, rectal temperature was maintained at
37�C–38�C using a heat pad and an infrared lamp. Kidney
unilateral IRI was performed through the left or right flank
incision by clamping the left or right renal hilumwith a cere-
bral aneurysm clip for 35 min. The clamp was removed, and
the kidney color changed from black to red. After skin clo-
sure, mice received 0.25 mg/kg body wt buprenorphine as an
analgesic and were woken from anesthesia with atipamezole
hydrochloride (0.3 mg/kg body wt). Sham-operated mice
underwent the same procedure except for clamping the left
or right renal hilum.

Experiment Groups

Mice were divided into the following four groups: sham-
operated þ vehicle group, sham-operated þ a7nACh ago-
nist group, IRI þ vehicle group, and IRI þ a7nACh agonist
group. The sham-operated groups underwent right ne-
phrectomy or right nephrectomy and splenectomy þ
sham IRI. The IRI group underwent right nephrectomy or
right nephrectomy and splenectomy þ IRI. Mice received
a7nACh agonists [nicotine (1 mg/kg) or GTS-21 (4 mg/kg)]
or vehicles 5 and 0.5 h before reperfusion (27, 28). Mice
were euthanized with an overdose of sevoflurane 2 or 24 h
after reperfusion. The evaluation points were determined
by referring to the preliminary experiments and previous
reports (Supplemental Fig. S1; all Supplemental Material is
available at https://doi.org/10.6084/m9.figshare.16608162.
v1) (16, 18).

Measurement of Plasma Creatinine Levels

Blood samples were collected via cardiac puncture and
centrifuged at 4�C at 8,000 rpm for 10 min. Plasma creati-
nine levels were measured using enzymatic assays con-
ducted by Sanritsu Zelkova Laboratory (Kanagawa, Japan).
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Homogenization of Lung Tissue

The frozen right lobe of the lung was homogenized on ice
in 280 mL PBS with 1% protease inhibitor cocktail (Cat. No.
11836153001) obtained from Roche (Mannheim, Germany).
Subsequently, 70 mL of 5% Triton X-100 in PBS was added to
the sample, and the sample was vortexed and incubated on
ice for 20 min. Samples were then centrifuged at 4�C and
14,000 g for 15 min. Lysates were stored at �80�C until pro-
tein and cytokinemeasurements (29).

Measurement of Plasma and Pulmonary
Proinflammatory Cytokines

Plasma and pulmonary IL-6 and TNF-a and pulmonary
IL-10 levels were determined using ELISA kits (Cat. Nos.
M6000B, MTA00B, MKC00B, MM200, M1000B, and ab1007143)
obtained from R&D Systems (Minneapolis, MN) and Abcam
according to the manufacturer’s instructions. Protein con-
centrations in the pulmonary lysate were measured using a
protein assay kit (Cat. No. 30181002) obtained from WAKO
(Osaka, Japan) according to the manufacturer’s instruc-
tions. Pulmonary cytokine levels were calculated as cyto-
kine concentration/protein concentration.

Renal Histology

The left kidneys were fixed in 10% formalin for 24 h, em-
bedded in paraffin, and cut into 4-mm sections to prepare
them for periodic acid-Schiff staining. The percentages of
necrotic tubules were calculated by an investigator who was
blinded to the experimental groups in 10 nonoverlapping
areas randomly selected in the outer stripe of the outer me-
dulla (OSOM) at �400 magnification in the respective sec-
tions of each kidney and averaged (30).

Lung Histology

Whole lungs fixed with 10% formalin for 24 h were embed-
ded in paraffin and cut into 4-mm sections. They were then
prepared for hematoxylin and eosin staining. Neutrophils
were counted by an investigator who was blinded to the ex-
perimental groups, and the data were averaged from 20 non-
overlapping areas randomly selected at �400 magnification
in the respective sections of each lung (31).

Vascular Permeability Assay Using Evans Blue Dye

Vascular permeability was evaluated using Evans blue dye
(EBD; Cat. No. E2129) obtained from Sigma-Aldrich. This
assay is a well-established method for determining noncar-
diogenic pulmonary edema (18, 32). Briefly, 250-mL EBD (5
mg/mL) was injected into the retroorbital sinus 1 h before
the mice were euthanized. To remove EBD within the vascu-
lature, the lungs were perfused with 5-mL PBS via the right
ventricle. The harvested lungs were weighed and homoge-
nized in 1-mL formamide. The homogenate was incubated
overnight at 37�C and then centrifuged at 10,000 g for 30
min. Absorbance at 620 nm (A620) and 740 nm (A740) of the
supernatant was determined. The value of A620 was cor-
rected for the presence of heme pigments using the follow-
ing formula: A620 (corrected) = A620 – (1.426 � A740 þ
0.030). The EBD content in the lungs was calculated by
comparison with a standard curve. The results were

expressed as micrograms of EBD per gram of organ tissue
(wet weight).

Reduction of Macrophages

Clodronate liposomes (Clophosome, Cat. No. F70101C-
N) obtained from FormuMax (Sunnyvale, CA) was used to
reduce macrophages. To reduce splenic macrophages
including systemic mononuclear phagocytes, 150 mL of
clodronate liposomes were injected into the retroorbital
sinus 1 day before IRI. For the reduction of alveolar macro-
phages, 40 mL of clodronate liposomes were administered
intratracheally once per day for 3 days before IRI (33).
Control liposomes obtained from the same source were
used in all experiments.

Identification of Spleen Macrophages (Red Pulp
Macrophages) and Alveolar Macrophages by Flow
Cytometry

Mice were perfused with 5-mL PBS before the lungs and
spleen were harvested. Spleens were minced with a syringe
on a 70-mm nylon cell strainer (Cat. No. 352350) obtained
from Falcon (Corning, NY). Cell suspensions were washed
and passed through 40-mm nylon cell strainers (Cat. No.
352340) obtained from Falcon. The lungs were incubated
with 2 mg/mL collagenase type 2 (Cat. No. LS004176,
Worthington, Lakewood, NJ) and 0.1 mg/mL DNase 1
(Worthington) for 30 min at 37�C in PBS. Digested lung tis-
sues were then cut using a gentleMACS Dissociator (Miltenyi
Biotechnology, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. Cell suspensions were
washed and filtered through 40-mm cell strainers. Red blood
cells were excluded from the spleen and lung cells using
lysis buffer (Cat. No. 130-094-183) obtained from Miltenyi
Biotechnology. Single cell suspensions were labeled with
antibodies after incubation with BD PharMingen (Cat. No.
553142) obtained from BD Biosciences (Franklin Lakes, NJ)
to reduce nonspecific binding. To identify spleen macro-
phages (red pulp macrophages) or alveolar macrophages,
cell phenotyping was performed (Supplemental Fig. S2, A
and B) using a Gallios Flow Cytometer (Beckman Coulter,
Brea, CA) (34, 35). First, doublet cells were excluded by
FSC-W and FSC-A discrimination, and the distinction
between living and dead cells was made using 7-aminoac-
tinomycin D (Cat. No. 7240-37-1) from Sigma-Aldrich.
Next, CD45þ immune cells were gated from the living sin-
glet cells. Finally, red pulp macrophages and alveolar mac-
rophages were gated from CD45þ immune cells. Red pulp
macrophages were characterized as CD64þ F4/80þ and al-
veolar macrophages were characterized as F4/80þ CD11cþ

CD11b�. The number of macrophages was calculated for
the whole spleen or lung using CountBright (Cat. No./Lot
C36950/2162689) obtained from Invitrogen (Waltham,
MA). The results were analyzed using FlowJo software
(Tree Star, Ashland, OR).

Statistical Analyses

Results are expressed as means ± SD. Differences
between two groups were analyzed using an unpaired t test
or Mann–Whitney test, and differences among four groups
were analyzed using two-way ANOVA followed by Tukey’s
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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

α7nAChR 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, Fig. 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 <

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.
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0.01, Fig. 1D). The necrotic area in the kidney and plasma cre-
atinine increased 24 h after reperfusion (necrotic area: IRI þ
saline vs. sham þ saline, 78.8±2.64% vs. 3.1±2.04%, P <
0.0001, Fig. 1, E and F; plasma creatinine: IRI þ saline vs.
sham þ saline, 1.85±0.156 vs. 0.15±0.018 mg/dL, P< 0.0001,
Fig. 1G). Nicotine administration did not reduce the necrotic
area in the kidney and plasma creatinine 24 h after reperfu-
sion [necrotic area: IRI þ nicotine vs. IRI þ saline, 78.9±
2.13% vs. 78.8±2.64%, P = not significant (NS), Fig. 1, E and F;
plasma creatinine: IRI þ nicotine vs. IRI þ saline, 1.83±0.152
vs. 1.85±0.156mg/dL, P = NS, Fig. 1G].

Nicotine is a nonselective agonist that binds to any subunit
of the nicotine receptor. The nAChR consists of nine types of
a (a2�a9) and three types of b (b2�b4) subunits, and there are
homomeric (a7 or a9) and heteromeric (a2�a6 with b2 � b4)
subtypes (36). Heteromeric subtypes are also present in lung
epithelial cells, among which a3b2a5nAChR attenuates sig-
nals through a7nAChRs (37). It has also been reported that the
a9 homomeric subunit exists in most immune cells (36).
Therefore, to confirm that the ALI protective effect of nicotine
is mediated by a7nAChR, further verification was performed
using GTS-21, an a7nAChR-selective agonist. GTS-21 was
administered to mice 5 and 0.5 h before reperfusion (Fig. 2A).
In the lungs of mice treated with GTS-21, the number of neu-
trophil infiltrates into the lungs 2 h after reperfusion was sig-
nificantly reduced (IRI þ GTS-21 vs. IRI þ PBS: 11.7±2.55 vs.
23.0±3.56 cells/HPF, P< 0.0001, Fig. 2,B and C), and vascular
permeability 24 h after reperfusion was significantly dimin-
ished (IRI þ GTS-21 vs. IRI þ PBS: 8.04±3.359 vs. 13.54±
5.475 mg/g lung tissue, P< 0.01, Fig. 2D). Pulmonary cytokines
including IL-6, TNF-a, chemokine (C-X-C motif) ligand
(CXCL)1, CXCL2, and IL-10 (Fig. 2, E–I), and plasma cytokines,
including IL-6, TNF-a, CXCL1, and IL-10 (Fig. 2, J–M) were
measured at 2 and 24 h after operation. Administration of
GTS-21 significantly reduced pulmonary CXCL1 and CXCL2
levels 2 h after renal IRI (CXCL1: IRI þ GTS-21 vs. IRI þ PBS:
1,036±256.5 vs. 1,631±755.2 pg/mg protein, P < 0.05, Fig. 2G;
CXCL2: IRI þ GTS-21 vs. IRI þ PBS: 69.3±50.54 vs.
267.6±342.5 pg/mg protein, P< 0.05, Fig. 2H), although it did
not change the other pulmonary cytokine levels (Fig. 2, E, F,
and I). GTS-21 administration significantly reduced plasma
IL-6 levels 2 h after renal IRI (IRI þ GTS-21 vs. IRI þ PBS:
1,311± 1,150 vs. 4,044±5,798 pg/mL, P < 0.05, Fig. 2J) but did
not alter the levels of other plasma cytokines (Fig. 2, K–M).
Administration of GTS-21 did not reduce the necrotic area in
the kidney and plasma creatinine 24 h after reperfusion (ne-
crotic area: IRI þ GTS-21 vs. IRI þ PBS: 81.4±3.76% vs.
78.3±5.06%, P = NS, Supplemental Fig. S3, A and B; plasma
creatinine: IRI þ GTS-21 vs. IRI þ PBS: 1.83±0.278 vs.
1.78±0.336mg/dL, P = NS, Supplemental Fig. S3C).

GTS-21 Did Not Reduce Lung Injury After Renal IRI
Without the Spleen

Splenectomy was performed 2 wk before IRI to investigate
whether the spleen contributed to the protective effect of
GTS-21 on lung injury after renal IRI (Fig. 3A). The lungs of
splenectomized mice that underwent renal IRI were heavily
infiltrated with neutrophils after 2 h (IRI þ PBS vs. sham þ
PBS: 46.4± 17.80 vs. 23.7 ± 13.45 cells/HPF, P < 0.05, Fig. 3, B
and C). In contrast to mice with spleens, GTS-21 did not

reduce the number of neutrophil infiltrates into the lung at 2
h and vascular permeability at 24 h after reperfusion (neu-
trophil infiltration: IRI þ GTS-21 vs. IRI þ PBS: 37.5 ± 13.80
vs. 46.4± 17.80 cells/HPF, P = NS, Fig. 3, B and C; vascular
permeability: IRI þ GTS-21 vs. IRI þ PBS: 22.18± 10.980 vs.
23.30±9.358 mg/g lung tissue, P = NS, Fig. 3D) in splenectom-
ized mice. Unlike in the case of mice with spleens, GTS-21
did not change the levels of pulmonary cytokines (Fig. 3,
E–I) or plasma cytokines (Fig. 3, J–M). The necrotic area in
the kidney and plasma creatinine 24 h after reperfusion
increased in IRI-treated mice (necrotic area: IRI þ PBS vs.
sham þ PBS: 79.3±3.71% vs. 0.1 ±0.16%, P < 0.0001,
Supplemental Fig. S4, A and B; plasma creatinine: IRI þ PBS
vs. sham þ PBS: 1.96±0.051 vs. 0.17±0.008 mg/dL, P <
0.0001, Supplemental Fig. S4C). There was no reduction in
the necrotic area in the kidney and plasma creatinine in the
presence of GTS-21 at 24 h after renal IRI (necrotic area:
IRI þ GTS-21 vs. IRI þ PBS: 79.4±2.36% vs. 79.3± 3.71%, P =
NS, Supplemental Fig. S4, A and B; plasma creatinine: IRI þ
GTS-21 vs. IRI þ PBS: 79.4±2.36% vs. 79.3 ±3.71%, P = NS,
Supplemental Fig. S4C).

GTS-21 Did Not Reduce Lung Injury After Renal IRI
Under Deletion of Splenic Macrophages and Systemic
Mononuclear Phagocytes

To confirm that GTS-21 reduced lung injury after renal IRI
via splenic macrophages, splenic macrophages and systemic
mononuclear phagocytes were removed by intravenous
administration of 150 mL of clodronate liposomes 1 day before
renal IRI (Fig. 4A). The intravenous administration of clodro-
nate liposomes dramatically reduced the red pulpmacrophage
count in the spleen compared with vehicle administration
(clodronate vs. control: 0.34±0.251 vs. 1.14±0.363� 106 cells/
whole spleen, P < 0.001, Fig. 4B) but not alveolar macrophage
count (clodronate vs. control: 8.47±1.408 vs. 8.30±1.256� 105

cells/whole lung, P = NS, Fig. 4C). Resident macrophages in
the spleen are thought to have subtypes of red pulp macro-
phages, marginal zone macrophages, marginal zone metallo-
philic macrophages, and white pulp macrophages (38). The
expression of surface markers differs depending on the sub-
type, and it has been reported that F4/80 is strongly expressed
in red pulpmacrophages, but F4/80 is weakly expressed in tin-
gible body macrophages in the white pulp of the spleen (39).
In this study, the elimination of red pulp macrophages was
confirmed by flow cytometry, but the elimination of other sub-
types of macrophages was not confirmed using surface
markers characteristic of other subtypes. However, Rosas-
Ballina et al. (24) have previously reported that red pulp mac-
rophages produce TNF-a during endotoxinemia and that the
production is suppressed by nicotine and that it is reasonable
to consider red pulp macrophages as a target for nAChR ago-
nists even in IRI.

The lungs in mice without splenic macrophages and sys-
temic mononuclear phagocytes were heavily infiltrated with
neutrophils 2 h after renal IRI (IRI þ PBS vs. sham þ PBS:
37.0± 11.27 vs. 11.3 ±8.50 cells/HPF, P < 0.001, Fig. 4, D and
E). GTS-21 did not reduce lung neutrophil infiltration at 2 h
or vascular permeability at 24 h after reperfusion (neutrophil
infiltration: IRI þ GTS-21 vs. IRI þ PBS: 34.4± 12.42 vs.
37.0± 11.27 cells/HPF, P = NS, Fig. 4, D and E; vascular
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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

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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(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 (Fig. 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

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

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

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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assessments met the criteria for the evaluation of ALI in ani-
mal experiments. These results indicate that nAChR agonists
attenuate lung injury induced by AKI. Our findings were
consistent with those of previous reports showing the benefi-
cial effects of nAChR agonists on noninfectious lung injury
models, such as administration of acid or LPS and hyperoxia
(40–43). In infectious models, the effects of nAChR agonists
on lung injury are mostly consistent. Although nAChR ago-
nists improve acute Escherichia coli pneumonia (44), nAChR
agonists exacerbate acute lung injury by polymicrobial peri-
tonitis and pneumococcal pneumonia by impairing host
defense (45, 46). Thus, nAChR agonists could protect against
ALI in noninfectious and infectious states if the infection is
under control. Administration of nAChR agonists had little
effect on the renal necrotic area, and plasma creatinine
increased after renal IRI. These results suggest that the pro-
tective effects of AChR agonists on lung injury were not due
to the improvement of kidney injury induced by AChR ago-
nists. In contrast to our results, Yeboah et al. (28) reported
that the administration of nAChR agonists improved renal
damage caused by renal IRI, and Inoue et al. (47) reported
that VNS improved renal damage caused by IRI via splenic
a7nACR activation. These differences could be attributed to
differences in the severity of kidney injury and the timing of
AChR activation. In particular, our renal IRI model caused
severe damage, with 80% of the OSOM being necrotic, that
could not be alleviated by AChR agonists.

We evaluated the sites of anti-inflammatory action of
GTS-21 after renal IRI. With the administration of GTS-21,
there was no reduction in neutrophil infiltration, vascular
permeability, and CXCL1 and CXCL2 levels in the lungs after
renal IRI in splenectomized mice and mice depleted of sple-
nic macrophages and systemic mononuclear phagocytes by
intravenous injection of clodronate liposomes. These find-
ings indicate that the action of the nAChR agonist on the
spleen, especially splenic macrophages, contributed to the
attenuation of ALI after AKI. These mechanisms of action of
GTS-21 participate in the CAP (48). Activation of the catecho-
laminergic splenic nerve releases norepinephrine from its
terminals, which interacts with choline acetyltransferase-
positive T-cells in the spleen, causing ACh release; ACh
binds to a7nAChRs expressed on macrophages, resulting in
the suppression of proinflammatory cytokine production,
such as TNF-a and IL-6 (20, 23, 24). Thus, in the CAP con-
cept, the spleen could be treated as a proinflammatory
organ. This evidence suggests that in the remote action of
AKI in lung injury, the spleen is an important immunomo-
dulatory transit point and could act as a proinflammatory
organ and that GTS-21 reduces ALI via the splenic CAP.
However, it has been reported that the spleen is an impor-
tant organ that exerts anti-inflammatory actions in the
model of ALI (18, 49, 50). Andres-Hernando et al. (18, 50)
reported that splenectomy upregulated circulating IL-6
and exacerbated lung injury after renal IRI and that IL-10
in splenic CD4þ T-cells upregulated by IL-6 limited lung
inflammation after renal IRI. The spleen has the ability to
produce IL-10, which antagonizes IL-6. IL-6 causes lung
injury by increasing CXCL1 production, neutrophil infiltra-
tion, and vascular permeability via action on pulmonary
endothelial cells (15, 16, 51, 52). Our finding that GTS-21
reduced circulating IL-6 levels in mice with spleens but

not in splenectomized mice suggests that circulating IL-6
is reduced via the spleen by GTS-21. It appears reasonable
that GTS-21 could suppress IL-6 production in splenic
macrophages after AKI, because GTS-21 reduced IL-6 and
TNF-a production by macrophages in vitro (53). However,
IL-6 has been shown to be produced by the kidney and liver
as well as the spleen after renal IRI (18, 54). In splenectom-
ized mice, IL-6 may be produced by the liver and kidneys in
a compensatory manner to escape the anti-inflammatory
effect of the spleen after AKI, resulting in lung injury. This
hypothesis has not been tested (18), and further studies are
needed to evaluate it. GTS-21 might indirectly decrease IL-6
production in the liver and kidneys via the splenic CAP.
GTS-21 did not alter circulating IL-10 level after AKI with or
without the spleen, suggesting that circulating IL-10 had lit-
tle effect on the effect of GTS-21 in reducing lung injury af-
ter AKI. Thus, GTS-21 exerted its anti-inflammatory effect
by suppressing the production of proinflammatory circulat-
ing IL-6 rather than enhancing the production of the anti-
inflammatory cytokine IL-10 via splenic macrophages.

We evaluated another site, alveolar macrophages, of the
anti-inflammatory action of GTS-21 after renal IRI. In mice
intratracheally administered clodronate liposomes, GTS-21
reduced the infiltration of neutrophils and vascular perme-
ability in the lung after renal IRI. These findings indicate
that alveolar macrophages were not involved in the protec-
tive effects of the nAChR agonist on ALI after AKI. Although
alveolar macrophages have been shown to be involved in
lung injuries such as infection, ventilator induced, and instil-
lation of endotoxin (55–59), the role of alveolar macrophages
in ALI after renal IRI has been reported as follows: the intra-
tracheal administration of clodronate liposomes diminished
lung capillary leak and exacerbated lung CXCL1 and myelo-
peroxidase activity after bilateral renal IRI (14). The major
reason for GTS-21 not acting on alveolar macrophages de-
spite the previous report of the effects of alveolar macro-
phages after AKI might be attributed to the anatomy.
Alveolar macrophages are present in the alveolar space and
are in contact with antigens in the respiratory tract, causing
an immune response without exposure to blood. Cytokines,
including IL-6 and damage-associated molecular patterns
released into the blood circulation after AKI, might expose
less alveolar macrophages to act on than circulating mono-
cytes and/or splenic macrophages. In fact, intravenous
administration of clodronate liposomes reduced intrasplenic
macrophages but did not affect alveolar macrophages. Thus,
alveolar macrophages act against direct injury from the air-
ways but have less effect on lung injury due to remote effects
from AKI, and the anti-inflammatory effect of GTS-21 on al-
veolar macrophages may not have been sufficient to protect
against lung injury. There could be functional differences
between alveolar and splenic macrophages. Splenic macro-
phages express more Toll-like receptor (TLR)9 than alveolar
macrophages and migrate to the lungs via the function of
CpG motif-rich DNA, a ligand for TLR9. Alveolar macro-
phages have high expression levels of TLR4 instead of TLR9
and proliferate under stimulation by LPS, a ligand for TLR4.
In renal IRI, damage-associated pathogens, including mito-
chondrial DNA, are released from the kidney (16). Although
we did not evaluate the role of interstitial macrophages in
ALI after AKI, interstitial macrophages derived from the
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spleenmight have more effects on lung injury after AKI than
resident alveolar macrophages. Sabatel et al. (60) reported
that intrasplenic monocytes migrate into the alveolar inter-
stitium and protect against asthma when CpG motif-rich oli-
godeoxynucleotides were administered, suggesting that
interstitial macrophages primed by GTS-21, originating from
the spleen, might act against lung injury. Further studies are
needed to clarify the detailed mechanisms of action of pul-
monary macrophages in ALI after AKI. We will conduct fur-
ther studies, including those involving reconstitution, to
elucidate the differences between spleen and lung macro-
phages in the pathogenesis of ALI induced by AKI.

This study has some limitations. First, only lung EBD
staining was used for evaluating extravascular lung water,
although there are other markers such as the lung wet-to-dry
ratio and bronchoalveolar lavage protein. Our model was
that of an indirect lung injury by systemic response after
AKI, making it difficult to find suitable methods to evaluate
the wet-to-dry ratio and bronchoalveolar lavage protein con-
centration. In this study, lung neutrophil count representing
histological tissue injury, EBD staining representing vascular
permeability, and lung CXCL1 levels representing the inflam-
matory response were evaluated as injury markers of experi-
mental ALI. These assessments met the criteria for the
evaluation of ALI in animal experiments (31). Second, intra-
venous administration of clodronate liposomes has systemic
effects and affects not only splenic macrophages but also
Kupffer cells of the liver and circulating monocytes (61).
Based on results with two experimental settings of splenec-
tomy and intravenous administration of clodronate lipo-
somes, the site of action of nAchR agonist was shown to be
splenic macrophages. Third, in the model of deletion of al-
veolar macrophage by intratracheal instillation of clodro-
nate liposomes, a certain amount of alveolar macrophages
remained. The remaining alveolar macrophages may con-
found the effect of GTS-21. However, the disappearance of
the pulmonary protective effect of GTS-21 despite a certain
amount of red pulp macrophages remaining by intravenous
administration of clodronate indicates that the reduction in
the alveolar macrophage count by intratracheal administra-
tion of clodronate was sufficient. Fourth, the baseline levels
of lung injury varied among experimental settings. The ex-
perimental setting without the spleen or without splenic
macrophages tended to have higher lung neutrophil counts
and lung EBD values in mice with sham operation than the
experimental settings with the spleen (Fig. 1, C and D, Fig. 2,
C and D, Fig. 3, C and D, Fig. 4, E and F, and Fig. 5, E and F).
Although it was difficult to compare different experimental
settings, the increase in the levels of lung injury markers in
mice with sham operation might be caused by splenectomy
or splenic macrophage depletion. Our results are consistent
with those in a previous report that suggest that splenec-
tomy exacerbates lung damage caused by AKI (18).

Perspectives and Significance

We demonstrated, for the first time, that nAChR agonists
reduced lung injury induced by AKI even though they did
not ameliorate renal injury. The action mechanism of
nAChR agonists on ALI involved anti-inflammatory effects
on splenic, but not alveolar, macrophages with subsequent

downregulation of circulating IL-6. nAChR agonists have the
potential to break the organ-organ cross-talk from AKI to ALI
via splenic macrophages.

SUPPLEMENTAL DATA

Supplemental Figs. S1–S6: https://doi.org/10.6084/m9.figshare.
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