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Abstract 

A number of disease states, including type 2 diabetes (T2D), are associated with an in-
creased risk of pulmonary infection. Glucagon-like peptide-1 (GLP-1) receptor agonists 
are used to treat T2D and exert anti-inflammatory actions through a single, well-defined 
GLP-1 receptor (GLP-1R). Although highly expressed in the lung, little is known about 
the role of the GLP-1R in the context of pulmonary inflammation. Here we examined 
the consequences of gain or loss of GLP-1R activity in infectious and noninfectious lung 
inflammation. We studied wild-type mice treated with a GLP-1R agonist, and Glp1r–/– 
mice, in the setting of bleomycin-induced noninfectious lung injury and influenza virus 
infection. Loss of the GLP-1R attenuated the severity of bleomycin-induced lung injury, 
whereas activation of GLP-1R signaling increased pulmonary inflammation via the sym-
pathetic nervous system. In contrast, GLP-1R agonism reduced the pathogen load in 
mice with experimental influenza virus infection in association with increased expres-
sion of intracellular interferon-inducible GTPases. Notably, the GLP-1 receptor agonist 
liraglutide improved the survival rate after influenza virus infection. Our results reveal 
context-dependent roles for the GLP-1 system in the response to lung injury. Notably, the 
therapeutic response of GLP-1R agonism in the setting of experimental influenza virus 
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infection may have relevance for ongoing studies of GLP-1R agonism in people with T2D 
susceptible to viral lung injury.

Key Words: glucagon-like peptide-1 (GLP-1), lung inflammation, influenza

The lung is a complex organ, designed to facilitate gas 
and oxygen exchange, while preventing access of harmful 
noxious and infectious agents through a complex network 
of structural barriers and cellular defense systems (1, 2).  
Epithelial cells of the airway and alveoli and immune 
cells play central roles in lung barrier function. Epithelial 
cells act as a physical barrier while secreting mucus and 
antimicrobial peptides into the airway (3) as the first line 
of defense. Epithelial cells may also reduce infection by 
activating interferon-induced GTPases called guanylate-
binding proteins (GBPs) (4) as the second line of defense, 
and secrete cytokines and chemokines to activate immune 
cell and to recognize and eliminate pathogens while redu-
cing the extent of tissue damage as the third line of defense.

A distinct set of host responses are invoked by exposure 
of the lung to agents promoting chemical injury. When 
the lungs are exposed to toxic agents such as bleomycin, 
damaged pulmonary cells produce danger signals such as 
damage-associated molecular patterns (DAMPs), and im-
mune cells are activated, contributing to repair of tissue 
damage, and lung remodeling (5). When infected with in-
fluenza virus, lung epithelial cells produce interferons and 
proinflammatory cytokines through the activation of pat-
tern recognition receptors such as Toll-like receptor-3, Toll-
like receptor-7, and retinoic acid-inducible gene-I (RIGI). 
Interferons in turn activate interferon-stimulated genes 
(ISGs), promoting cell host defenses that facilitate viral 
elimination through humoral and cellular immunity (6, 7).

A number of interacting systems contribute to control 
of immune activation within the lung, including the auto-
nomic nervous system (8). The sympathetic nervous system 
may also contribute to organ homeostasis by modulating 
the immune system (9). Moreover the intestinal environ-
ment, exemplified by the gut microbiota and its metabol-
ites, may also affect the susceptibility to lung inflammation 
through an emerging gut-lung axis (10, 11).

Gut hormones, exemplified by glucagon-like peptide-1 
(GLP-1), are secreted from enteroendocrine L cells by nu-
trients, including short-chain fatty acids (12). Intriguingly, 
GLP-1 secretion is also controlled by microbial metabolites 
(13), and in turn, GLP-1 communicates locally with its re-
ceptor expressed on local intestinal intraepithelial lympho-
cytes (14, 15). GLP-1 attenuates experimental inflammation 
in preclinical studies and GLP-1 receptor (GLP-1R) agonists 
reduce systemic markers of inflammation in people with type 
2 diabetes (T2D) (16). Notably, plasma levels of GLP-1 rise 

rapidly following the induction of experimental inflamma-
tion in humans (17), whereas GLP-1R-deficient mice exhibit 
enhanced sensitivity to chronic inflammation (18-20).

GLP-1Rs are expressed in the lung; however, the physio-
logical importance of the pulmonary GLP-1R remains un-
clear (21-23). GLP-1 promotes secretion of pulmonary 
surfactant (24, 25), but whether these GLP-1 actions confer 
protection against inflammation-induced lung injury is not 
well established. A  number of disease states are associ-
ated with increased risk of pulmonary infection, including 
T2D (26). The increased risk of influenza virus in people 
with T2D raises questions about whether different classes 
of glucose-lowering therapies might differentially attenuate 
inflammation-associated lung injury. Here we examined the 
importance of GLP-1 for the response to sterile bleomycin-
induced lung injury and influenza virus infection in mice. Our 
findings support a role for activation of GLP-1R signaling 
in protection from influenza virus pulmonary injury. These 
actions are associated with activation of i) GBPs in lung epi-
thelial cells and ii) danger signal-induced recruitment and 
activation of immune cells. Surprisingly, we see divergent ef-
fects of activating GLP-1R signaling in the 2 distinct lung in-
jury models. Collectively, these results establish the GLP-1R 
as an additional component of an emerging gut-lung axis 
essential for control of a subset of biological responses to 
chemical- and pathogen-associated lung inflammation.

Materials and Methods

Animals

All animal care and experiments were approved by and 
conducted in accordance with protocols and guidelines of 
the Institutional Animal Care and Use Committee at the 
Akita University Graduate School of Medicine.

Wild-type (Glp1r+/+) mice of C57BL/6 background were 
purchased from CLEA Japan, Inc, at age 6 to 7 weeks and 
maintained in a pathogen-free mouse facility until approxi-
mately age 9 to 10 weeks. GLP-1 receptor knockout (KO) 
(Glp1r–/–) mice of C57BL/6 background were also maintained 
in a pathogen-free mouse facility. The generation of Glp1r–/– 
mice was described previously (27). No littermates were used 
in all experiments comparing wild-type and GLP-1R KO mice 
groups. All the mice used in the present study were male. Mice 
were anesthetized with an intraperitoneal injection of pento-
barbital sodium (Sumitomo Dainippon Pharma, 50  mg/kg  
body weight), or a mixture of 3 anesthetics (medetomidine, 
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Nippon Zenyaku Kogyo, 0.6 mg/kg body weight; midazolam, 
Astellas, 4  mg/kg body weight; butorphanol, Meiji Seika 
Pharma, 5  mg/kg body weight) followed by subcutaneous 
administration of atipamezole (Nippon Zenyaku Kogyo, 
0.6 mg/kg body weight), which is an α2 adrenergic receptor 
antagonist, as an anesthetic antagonist.

Bleomycin-induced lung injury model

At age approximately 9 to 10 weeks, mice were adminis-
tered bleomycin hydrochloride (Nippon Kayaku, 2.5 mg/
kg body weight) (28-30), in 50  μL of sterile phosphate-
buffered saline by a single intratracheal injection after an-
esthesia. The GLP-1R agonists liraglutide (200 μg/kg body 
weight) were injected subcutaneously because previous 
in vivo experimentation has shown that 200  μg/kg body 
weight liraglutide causes an increase in tissue 3′,5′-cyclic 
AMP (cAMP) concentration (18). MR16-1, a neutralizing 
antibody against the murine interleukin-6 (IL-6) receptor, 
was kindly provided by Chugai Pharmaceutical (31). 
MR16-1 was administrated by a single intraperitoneal in-
jection (2 mg/body weight) (32-34).

Influenza virus infection model

At the age of 9~10 weeks, mice were anesthetized and 
A/Puerto Rico/8/34 (H1N1; PR8) influenza virus (10 
TCID50/50  μL) was administered intratracheally to each 
mouse as described previously (35).

Histopathology of lung tissues

After thoracotomy, the lungs were perfused with phosphate-
buffered saline and fixed with 4% paraformaldehyde. The 
lung samples were cut into 10-μm sections and stained with 
hematoxylin-eosin or Masson-Trichrome. In situ hybridiza-
tion were performed using sense and antisense riboprobes 
directed against mouse Glp1r messenger RNA (mRNA) as 
described (18).

Collagen content of lung tissues

The frozen inferior lobe of the right lung was homogenized 
in 0.5 M acetic acid containing 1% pepsin (Sigma), and the 
lung collagen contents were measured using a Sircol col-
lagen assay kit (Biocolor).

Isolation of CD45-positive and CD45-negative 
cells from murine lung

Briefly, 1 mL of dispase (BD Biosciences Discovery Labware) 
was instilled into the lungs via the trachea. The lungs were 

removed and incubated in a dispase-containing solution 
for 6 minutes at 37°C. The parenchymal tissue was care-
fully teased apart. The cells were passed through 40 μm of 
nylon cell strainers (BD Falcon) twice. After centrifuging 
cell suspension for 8 minutes at 130g, the cells were divided 
into CD45-positive and CD45-negative cells using CD45 
microbeads (Miltenyi Biotec) (36) and an LS MACS separ-
ation column (Miltenyi Biotec).

Analysis of a lung epithelial cell line

The MLE12 mouse lung alveolar epithelial cell line (37) 
was obtained from ATCC and cultured with Dulbecco’s 
modified Eagle’s medium F12 (ATCC) supplemented with 
hydrocortisone (10 nM, Sigma), insulin (5 μg/mL, Sigma), 
transferrin (0.01  mg/mL, Sigma), β-estradiol (10  nM, 
Sigma), sodium selenite (30  nM, Sigma), HEPES (N-2-
hydroxyethylpiperazine-N′-2-ethane sulfonic acid; 10 mM, 
Sigma), L-glutamine (2  mM, Gibco), fetal bovine serum 
(2%, HyClone Laboratories), and antibiotics (100  U/mL 
penicillin and 100  μg/mL streptomycin, Gibco) at 37°C 
in 5% CO2. MLE12 cells were incubated with tumor ne-
crosis factor α (TNFα; R&D, 100 ng/mL) and/or forskolin 
(Sigma, 10  μM) for 1  hour. H89 (Santa Cruz) was used 
at a concentration of 20 μM. 8-pCPT-2-O-Me-cAMP-AM 
(R&D) was used as an Epac activator at a concentration 
of 10 μM.

Quantitative real-time polymerase chain reaction

For quantitative real-time polymerase chain reaction 
(qPCR), total RNA was extracted from frozen middle lobes 
of the right lung using the RNeasy Mini kit (Qiagen). After 
reverse transcription was performed using the PrimeScript 
first-strand complementary DNA synthesis kit (Takara 
Bio), expression of each gene was assessed by qPCR using 
universal probe library assays (Roche Diagnostics) with 
predesigned probes and primers (Supplementary Table) 
(38). Ribosomal RNA (18S) expression was used for 
normalization.

Microarray analysis and pathway analysis

Lungs were excised from mice (age 9 weeks, n = 3 per 
group) 1 day after influenza virus infection and were used 
for microarray analysis. Briefly, total RNA was isolated 
using the RNeasy Mini kit, and microarray analysis was 
performed as described previously (39). A list of gene ex-
pression ratios and P values for the Welch t test derived from 
analysis of gene expression in the liraglutide-administered 
and nonadministered groups was imported into Ingenuity 
Pathways Analysis (Ingenuity). Data have been deposited 
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to the National Center for Biotechnology Information 
Gene Expression Omnibus (accession No.: GSE151886).

Statistical analysis

Paired and nonpaired t tests, one-way analysis of variance, and 
Mann-Whitney tests were performed with GraphPad prism 8, 
and log-rank tests were performed with SPBS, version 9.68.

Results

Bleomycin-induced lung injury is attenuated in 
Glp1r–/– mice

To investigate the role of endogenous GLP-1 signaling in 
the acute response to sterile lung inflammation, we ad-
ministrated intratracheal bleomycin to GLP-1R-deficient 
(Glp1r–/–) or wild-type (Glp1r+/+) mice. The survival rates of 
Glp1r–/– and Glp1r+/+ mice after bleomycin administration 
were similar as assessed at 2 weeks (Fig. 1A). Unexpectedly, 
Glp1r–/– mice exhibited less weight loss at 1 and 2 weeks 
after bleomycin instillation (Fig. 1B).

The pulmonary repair process after bleomycin adminis-
tration is divided into acute inflammatory (days 0-3), pro-
liferative (days 4-13), and remodeling phases (day 14). We 
evaluated the state of pulmonary inflammation during the 
acute inflammatory phase 2 days after bleomycin instillation. 
Interestingly, the relative induction of cytokine and chemokine 
mRNA transcripts was attenuated in bleomycin-treated 
Glp1r–/– vs Glp1r+/+ mice (Fig. 1C). In the proliferative phase, 
the expansion of lung interstitium and associated infiltration 
of immune cells was also relatively reduced in Glp1r–/– com-
pared to Glp1r+/+ mice 1 week after bleomycin instillation 
(Fig. 1D). Moreover, mRNA transcripts encoding key mo-
lecular components of the proliferative pathway (40, 41)  
for epidermal growth factor receptor (Egfr) and trans-
forming growth factor-β1 (Tgfb1) were expressed at lower 
levels in the lung of bleomycin-treated Glp1r–/– vs Glp1r+/+ 
mice (Fig. 1E). We next evaluated the extent of lung fibrosis 
during the remodeling phase 2 weeks after bleomycin in-
stillation. Histological findings showed that lung fibrosis in 
Glp1r–/– mice was comparatively modest (Fig. 1F), and col-
lagen content in the lung was lower in Glp1r–/– vs Glp1r+/+ 
mice (Fig. 1G). Moreover, levels of Tgfb1 (42) mRNA tran-
scripts were lower in lung RNA from Glp1r–/– vs Glp1r+/+ 
mice (Fig.  1H). Collectively, these data reveal a reduced 
inflammatory and fibrotic response in the lungs of Glp1r–/– 
mice following bleomycin instillation.

Glucagon-like peptide-1 receptor agonists 
enhance bleomycin-induced lung inflammation

To assess the effects of activating the GLP-1 pathway on the 
development of acute lung inflammation, we administered 

liraglutide, a clinically approved GLP-1R agonist, to 
mice with bleomycin-induced lung injury. Unexpectedly, 
liraglutide produced a striking reduction in mouse survival 
after 2 weeks (Fig.  2A), associated with greater weight 
loss than observed in vehicle-treated mice (see Fig.  2A). 
Consistent with these findings, levels of mRNA transcripts 
for Il6, C-C motif chemokine 2 (Ccl2), interleukin-1β 
(Il1b), and C-X-C motif chemokine ligand 2 (Cxcl2), were 
increased in the lungs from the liraglutide-treated mice 
(Fig. 2B). Moreover, interstitial lung area was expanded in 
the liraglutide-treated mice after bleomycin administration 
(Fig. 2C).

Interestingly, the mortality of mice treated with 
liraglutide from 0 to 2 days was comparable with those of 
mice treated with liraglutide for 2 weeks after bleomycin 
administration (Fig. 2D).

Glucagon-like peptide-1 acts directly on alveolar 
type 2 epithelial cells to regulate cytokine 
expression

To identify the cellular targets of GLP-1 in the lung, we used 
in situ hybridization to localize GLP-1R mRNA within pul-
monary cell types. Glp1r mRNA transcripts were detected 
in comparatively large-sized cells with a morphology con-
sistent with alveolar type II (ATII) cells or alveolar macro-
phages (Fig.  3A). We isolated alveolar macrophages by 
bronchoalveolar lavage; however, Glp1r mRNA transcripts 
were not detected in RNA isolated from cellular compo-
nents within bronchoalveolar lavage fluid (Fig.  3B). We 
then evaluated the expression levels of Glp1r mRNA in 
CD45-positive and CD45-negative cells. Through simultan-
eous examination of CD206 expression to identify macro-
phages, and surfactant protein C, a marker of ATII cells, we 
determined that Glp1r mRNA transcripts were localized 
to CD45-negative cells (Fig. 3C), suggesting that GLP-1Rs 
were expressed within ATII cells in the murine lung.

Although endogenous or pharmacological GLP-1R 
signaling modulated cytokine expression in the injured 
lung, the cells responsible for bleomycin and GLP-1R–de-
pendent cytokine expression remained uncertain. We de-
tected increased levels of Il6 mRNA transcripts in RNA 
from CD45-negative cells isolated from Glp1r+/+ but not 
from Glp1r–/– mouse lung 2 days after bleomycin instilla-
tion (Fig.  3D). Moreover, Il6 mRNA levels were further 
upregulated by liraglutide treatment (see Fig. 3D). In con-
trast, Il6 mRNA levels were at the lower limit of detection 
in CD45-positive cells and not different after bleomycin or 
liraglutide administration (see Fig. 3D). Ccl2 mRNA levels 
were increased after bleomycin and further upregulated by 
liraglutide treatment both in CD45-negative and CD45-
positive cells (see Fig. 3D). CCl2 mRNA levels were lower 
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Figure 1. Bleomycin-induced lung injury in Glp1r+/+and Glp1r–/– mice. A, Survival rates (each n = 10) and B, body weight changes (Glp1r–/–: n = 11, 
Glp1r+/+: n = 13) of Glp1r–/– mice and Glp1r+/+ mice after intratracheal bleomycin instillation. C, Cytokines and chemokines gene expression in the 
lung 2 days after bleomycin instillation (n = 7~8), Glp-1r–/– without bleomycin (n = 4~5) or in the control lungs (n = 3). Control Ct values (interleukin-6 
[IL-6], 35.8 ± 0.50; C-C motif chemokine 2 [CCL2], 38.6 ± 0.51; IL-1b, 31.4 ± 0.96; CXCL-2, 38.0 ± 0.98) D, Histological examination of hematoxylin-eosin 
staining 1 week after bleomycin. Upper panel: original magnification ×40, lower panel: original magnification ×200. E, Egfr (from left n = 3:5:5:5) and 
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in CD45-negative and CD45-positive cells from Glp1r–/– 
lung (see Fig. 3D).

Next, we examined regulation of cytokine expres-
sion using MLE12 cells, a murine ATII cell line (43). 
Because the nuclear factor (NF)-κB signaling pathway is 

activated in the bleomycin-induced lung injury model (42), 
we treated the MLE12 cells with TNFα, an activator of 
NF-κB. As GLP-1R signaling increases intracellular cAMP, 
but MLE12 cells do not express the GLP-1R, we treated 
the cells with forskolin, an adenylate cyclase activator. 

Tgfb1 (from left n = 3:5:10:7) gene expression 1 week after bleomycin. F, Histological examination of hematoxylin eosin staining (upper panel) and 
Masson trichrome staining (lower panel) in the lung 2 weeks after bleomycin, original magnification ×200. G, Collagen content of the lung 2 weeks 
after bleomycin (from left n = 3:5:5). H, Transforming growth factor β1 (TGF-β1) gene expression 2 weeks after bleomycin (from left n = 3:5:5). All 
values represent mean ± SEM *P less than .05. **P less than .01. ***P less than .001 not significant (NS) by A, log-rank test; C, E, and H, one-way 
analysis of variance with multiple comparison test; or B and G, nonpaired t test.
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Figure 3. Glucagon-like peptide 1 (GLP-1) acts directly on type 2 alveolar epithelial cells to regulate cytokine expression. A, In situ hybridization 
analysis of murine lung using the antisense (upper) or sense (lower) probe for GLP-1 receptor messenger RNA (mRNA). B, Full-length Glp1r mRNA 
(upper) and partial 18S ribosomal RNA in the lung and alveolar macrophage. C, Glp1r, Cd206, and Sftpc mRNA transcripts in CD45-positive cells and 
CD45-negative cells from whole-lung cell suspension (each: n = 3). D, Gene expression of cytokine and chemokine in CD45-positive cells and CD45-
negative cells from whole-lung cell suspension 2 days after bleomycin administration (each: n = 4). E, Gene expression of cytokine and chemokine 
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Levels of Il6 and Ccl2 mRNA transcripts were increased 
in response to TNFα, and the induction was partially at-
tenuated by the protein kinase A inhibitor H89 (Fig. 3E). 
Moreover, the combination of TNFα and forskolin fur-
ther increased the expression levels of Il6 (but not Ccl2) 
to the extent of induction attenuated by H89 (see Fig. 3E). 
Interestingly, the combination of TNFα and forskolin also 
increased IL-6 promoter activity through H89-sensitive 
mechanisms (Supplemental Fig. 1A) (38) and double mu-
tation of the NF-κB–responsive element (κB motif) and 
cAMP responsive element resulted in the complete loss of 
induction of IL-6 promoter activity by TNFα and forskolin 
(Supplemental Fig. 1B) (38). 8-pCPT-2-O-Me-cAMP-AM, 
a selective activator of the exchange protein directly acti-
vated by cAMP (Epac), did not increase IL-6 promoter ac-
tivity (Supplemental Fig. 1A) (38).

Glucagon-like peptide-1 receptor agonism 
modulates lung inflammation via the 
sympathetic nervous system

Because liraglutide upregulated Il6 expression in lungs 
after bleomycin administration, we assessed the importance 
of IL-6 in this model (44) using the anti–IL-6 receptor anti-
body MR16-1. No difference in survival was noted after 
bleomycin and liraglutide administration in the presence or 
absence of MR16-1 administration (Fig. 3F).

Next, we examined the potential role of the autonomic 
nervous system, known to convey GLP-1R–dependent 
signals (45-48), as an indirect mediator of GLP-1 action 
in the setting of bleomycin-induced lung injury (45-47)
Using atipamezole, an α2 adrenergic receptor antagonist. 
Sympathetic blockade improved survival and attenuated 
body weight reduction in vehicle-treated mice adminis-
tered bleomycin, and markedly reduced mortality and the 
extent of body weight reduction in liraglutide-treated mice 
with bleomycin lung injury (Fig. 4A and 4B). Furthermore, 
pulmonary levels of Il6 and Ccl2 mRNA transcripts were 
elevated following liraglutide administration but reduced 
in mice with concomitant sympathetic blockade (Fig. 4C). 
In contrast, levels of mRNA transcripts for Il1b and 
Cxcl2 were not different across experimental groups (see 
Fig. 4C). The attenuation of lung congestion and inflam-
mation after sympathetic blockade was also evident at 
the macroscopic and microscopic levels (Fig. 4D and 4E). 
These data indicate that the GLP-1R agonist liraglutide 
enhances bleomycin-induced lung inflammation through 

mechanisms requiring sympathetic nervous system 
activation.

Glucagon-like peptide-1 receptor agonist 
ameliorates influenza virus infection

To further probe the role of GLP-1R signaling in a different 
model of lung inflammation, we examined mice with experi-
mental influenza virus infection. Remarkably, in contrast to 
findings in the sterile bleomycin injury model, liraglutide 
administration over 2 days improved the survival rate of 
influenza virus-infected mice (Fig. 5A). Levels of Il6, Ccl2, 
Il1b, and Cxcl2 were higher in the lungs of mice with viral 
infection and reduced in liraglutide-treated mice (Fig. 5B). 
The levels of mRNA transcripts encoding the nuclear pro-
tein of influenza virus (NP), an indirect indicator of viral 
titer, were reduced in the lungs of liraglutide-treated mice 
(Fig.  5C). Interestingly, Il6 and Ccl2 mRNA levels were 
lower after influenza virus infection, whereas the ratios 
of Il6/NP and Ccl2/NP were increased by liraglutide, sug-
gesting that liraglutide may also augment danger signal-
induced recruitment and activation of immune cells after 
influenza virus infection (Fig. 5D).

We next examined the consequences of influenza virus 
infection in GLP-1R–deficient mice. In contrast to data 
obtained with pharmacological GLP-1R agonism, cyto-
kine and NP expression, body weight, and survival were 
not different in Glp1r–/– vs Glp1r+/+ mice with influenza 
virus infection (Supplemental Fig. 2) (38). Moreover, sym-
pathetic blockade did not alter the effect of liraglutide on 
survival in mice with influenza infection (Supplemental 
Fig. 3) (38).

Glucagon-like peptide-1 receptor 
agonism increases the expression of 
interferon-inducible GTPases

To investigate how liraglutide promotes resistance against 
the inflammatory sequelae activated by the influenza virus, 
we examined gene expression in the lung after influenza 
virus infection using microarray analysis. In the pathway 
analysis, expression of genes contributing to interferon 
signaling were increased in the lung the first day after 
influenza virus infection (Supplemental Fig. 4A) (38). 
Therefore, we next analyzed the expression of a subset 
of ISGs (49) (Fig.  6A). We detected increased expression 
of several members of the interferon-inducible GTPases, 

in the MLE12 1 hour after medication. Black bar: without H89, gray bar: with H89 (each n = 4). F, Survival rates of mice after intratracheal bleomycin 
instillation with liraglutide medicated with or without MR16-1 (without MR16-1, n = 7; with MR16-1,n = 10). All values represent mean ± SEM. *P less 
than .05. **P less than .01. ***P less than .001 Not significant (NS) by one-way analysis of variance (ANOVA) with D and E, multiple comparison test; 
or F, log-rank test. In Fig. 3E, # P less than .05, ###P less than .001 vs absence of H89 by one-way ANOVA with multiple comparison test.
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GBPs, in lung tissue from liraglutide-treated mice with 
experimental influenza virus infection. These findings 
prompted us to examine expression levels of other GBPs 
(7). Levels of mRNA transcripts for several members of the 
immunity-related guanosine triphosphatase (IRG) family, 
GBP family, and very large interferon-inducible GTPase 
family were selectively increased in liraglutide-treated mice 
(Fig.  6B). Interferon-γ–induced GTPase (Igtp) and T-cell 
specific GTPase 2 (Tgtp2), members of the IRG family 
not included in the analysis shown in Fig.  6A, were in-
creased by influenza virus infection and further induced 
by liraglutide treatment (Fig.  6C). In contrast, levels of 
myxovirus resistance 1 (Mx1), a gene encoding a compo-
nent of the antiviral response, were lower with liraglutide 
administration (Supplemental Fig. 5A) (38) and were cor-
related with influenza virus load as approximated by NP 
expression (Supplemental Fig. 5B) (38). Nevertheless, the 
Mx1/NP ratio was increased in liraglutide-treated mice 
(Supplemental Fig. 5C) (38). Although there was no dif-
ference in the expression of most interferon genes with 
liraglutide treatment (Fig. 6D, Supplemental Fig. 4B) (38), 
Ifna1 levels were higher and interferon regulatory factor 
1 (Irf1) and interferon regulatory factor 9 (Irf9), which 
are transcription factors involved in stimulating ISG gene 
expression interferon independently, were increased after 
liraglutide administration (Fig. 6D and 6E). These data sug-
gest that enhanced expression of the GBPs by liraglutide 
may contribute to augmenting a subset of the interferon 
response enabling increased resistance to influenza virus 
infection.

Discussion

The secretion of GLP-1, a hormone secreted from the intes-
tinal tract, is known to be induced by inflammatory stimuli, 
including microbial metabolites, and lipopolysaccharide 
(LPS) (50, 51). Indeed, levels of GLP-1 rise rapidly in hu-
mans after LPS administration (17), and higher levels of 
circulating GLP-1 correlate with adverse outcomes in hos-
pitalized patients with critical illness, notably individuals 
with sepsis admitted to the intensive care unit (52). These 
findings are consistent with the notion that the L cell is a 
pathogen sensor, and activates GLP-1 secretion in response 
to inflammation.

Here we analyzed the importance of endogenous and 
pharmacological GLP-1 action in 2 distinct mouse models 
of lung inflammation: (1) chemical toxicity induced by 
bleomycin, an agent known to produce oxidative damage 
in the human lung, and (2) influenza virus infection. We 
found that disruption of endogenous GLP-1R signaling 
improved outcomes in mice with bleomycin-induced lung 
injury, but is not important for the response to influenza 

virus infection. In contrast, pharmacological activation of 
GLP-1R signaling with liraglutide exacerbated outcomes in 
the bleomycin model, yet reduced mortality in mice with 
influenza virus infection. These divergent findings highlight 
the importance of studying substantially different models 
of lung injury for gaining insights into the intersection of 
GLP-1R signaling and tissue inflammation. Our findings 
suggest that GLP-1R signaling protects the lung from influ-
enza infection via 2 lines of defense, activation of GBPs in 
lung epithelial cells and danger signal–induced recruitment 
and activation of immune cells (Fig. 7).

These observations raise multiple hypotheses for mech-
anisms linking GLP-1R signaling to the extent of pul-
monary inflammation. GLP-1 may act directly on local 
GLP-1R–positive cells to enhance cytokine and chemokine 
production. Indeed, liraglutide increased Il6 gene expres-
sion in CD45-negative cells after bleomycin-induced lung 
injury, which included ATII cells. Moreover, canonical 
GLP-1 signaling activates G

s–coupled pathways, notable 
in the context of our findings in that forskolin-activated 
cAMP signaling promoted Il6 expression alone and in com-
bination with TNFα. These results are consistent with the 
possibility that GLP-1 acts directly on alveolar epithelial 
cells in vivo, as postulated in the context of LPS-induced 
lung injury (53). Mechanistically, although IL-6 expression 
was induced by liraglutide administration, IL-6 receptor 
blockade had no effect on the mortality rate in liraglutide-
treated mice with bleomycin-induced lung injury. Although 
GLP-1–induced IL-6 elevation may contribute to the in-
flammatory process in some settings, our data suggest that 
IL-6–independent mechanisms likely mediate bleomycin-
induced mortality.

Alternatively, liraglutide may act indirectly to modify 
bleomycin-induced lung injury through the autonomic 
nervous system. Various studies have revealed that the 
autonomic nervous system plays an important role in the 
regulation of inflammation and GLP-1 modulates the ac-
tivity of the autonomic nervous system (45, 54). Notably, 
chemical sympathetic blockade markedly improved the 
survival rate, attenuated body weight loss, and reduced 
pulmonary cytokine expression in liraglutide-treated mice 
with bleomycin-induced lung injury. Our findings are also 
consistent with reports that the deleterious effects observed 
with exendin-4 on lung inflammation in mice with exten-
sive thermal injury are attenuated by sympathetic nervous 
system blockade (55). Collectively, these results highlight 
emerging roles for the sympathetic nervous system in trans-
ducing deleterious actions of GLP-1R agonists in mice with 
experimental lung injury.

Our studies of mice with influenza virus infection were 
prompted in part by data highlighting the role of gut mi-
crobial signals in modulating the pulmonary immune 
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response to influenza infection (56). Intriguingly, GLP-1R 
agonists have been reported to reduce influenza virus in-
fection in a meta-analysis of observational clinical studies 
(57). In our mouse influenza experiments, liraglutide im-
proved survival and suppressed inflammation, findings 
associated with a reduction in influenza virus load. Gene 

pathway analysis suggested that GLP-1R signaling acti-
vates interferon-related signals, consistent with extensive 
data implicating interferon-inducible GTPases as key com-
ponents of the immune response to viruses and bacteria  
(4, 7, 58). Intriguingly, liraglutide upregulated expres-
sion of the GLP-1R in circulating white blood cells from 
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people with chronic obstructive pulmonary disease, and en-
hanced interferon-γ production from phytohemagglutinin-
stimulated human mononuclear cells cultured ex vivo (59). 
Hence, our present findings support the concept of GLP-1R 
agonists modulating anti-inflammatory responses in ex-
perimental viral infection through augmentation of the en-
dogenous interferon response.

The possibility that GLP-1 may alternatively enhance 
or suppress inflammation, depending on the model system, 
and the timing and duration of activated GLP-1 signaling, 
has been previously established. Indeed, we previously dem-
onstrated that acute administration of exendin-4 to healthy 
mice rapidly and transiently upregulated the expression 
of multiple cytokine genes as well as genes encoding anti-
microbial proteins in the jejunum (14). Exendin-4 also 
upregulated the expression of proinflammatory and anti-
microbial genes in the distal gut of mice with dextran 
sulfate–induced colitis. In contrast, activation of GLP-1R 
signaling suppressed cytokine activation in intestinal epi-
thelial lymphocytes (14), and extensive literature supports 
a sustained anti-inflammatory effect of GLP-1R agonists 
in multiple cell types and tissues (16, 20, 60). Collectively, 
these data support the concept that GLP-1 acutely aug-
ments the initial innate immune response to acute injury, 
while serving to suppress ongoing deleterious inflammatory 
responses in the setting of chronic inflammation.

The concept of a gut-lung axis has been proposed (10) 
linking the intestinal environment, gut inflammation, and 
the pathophysiology of lung disorders (61). Current dogma 
highlights the importance of gut microbiota and micro-
bial metabolites such as short-chain fatty acids as key 

components of the gut-lung axis (10). As outlined earlier, 
L cells also serve as pathogen sensors, secreting GLP-1 in 
response to microbial-derived metabolites, LPS, or short-
chain fatty acids (16, 62, 63). Taken together, our findings 
extend the importance of understanding the impact of 
GLP-1R signaling in the context of lung inflammation and 
suggest that gut-derived peptides such as GLP-1 may be 
additional components of the emerging gut-lung axis.

The present findings have several limitations. First, we 
were unable to identify the precise cell types expressing the 
GLP-1R within or external to the lung, essential for trans-
ducing key signals affecting the pathophysiology of lung in-
jury after bleomycin or influenza virus infection. Although 
there is a clear difference in tissue inflammation and survival 
after treatment with liraglutide, we have examined changes 
only in gene expression for cytokines and other factors, and 
future studies would ideally analyze for protein levels of 
key mediators in similar experiments. Moreover, we used 
Glp1r–/– mice with germline loss of the GLP-1R, which may 
have evolved compensatory mechanisms throughout de-
velopment that masked the potential biology arising from 
acute loss of GLP-1R signaling in adult mice. Furthermore, 
we did not use littermates in wild-type and GLP-1R KO 
mice in our experiments, but the use of littermates is ideal. 
We observed a greater extent of bleomycin-induced lung 
injury using 0.2  mg/kg of liraglutide, whereas previous 
studies have demonstrated reduced inflammation and de-
creased fibrosis in mice with bleomycin-induced pulmonary 
inflammation after treatment with a 10-fold higher dose 
of liraglutide (64). Hence, further studies will be required 
to understand the precise-dose response relations for the 
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Figure 7. Conceptual models of glucagon-like peptide 1 (GLP-1) and defense against influenza virus infection. First step: Epithelial cells act as a phys-
ical barrier (whether GLP-1 is involved was not investigated in this study). Second step: GLP-1 reduces pathogens by expressing interferon-stimulated 
genes (ISGs) in the alveolar cells. Third step: GLP-1 activates immune cells and eliminates pathogens by enhancing danger signaling either directly 
to alveolar epithelial cells or via the sympathetic nervous system.
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negative vs beneficial effects of GLP-1R agonism in this 
model of sterile lung injury. Nevertheless, our studies 
demonstrating that activation of GLP-1R signaling attenu-
ates virus-induced lung injury in preclinical studies may 
have translational relevance for ongoing studies examining 
interventions suitable for attenuating lung injury in the 
context of diabetes and infectious lung injury, as exempli-
fied by SARS-CoV-2 infection (26).
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Supplementary Figure 1 

 

(A) Promoter activity of IL-6 under various conditions in MLE12. Each drug was used as  

described in MATERIALS AND METHODS.(B)IL-6 promoter activity after disruption of 

CREB and NFkB binding lesion in MLE12. All values represent mean ± SEM. **P<0.01, 

***P<0.001, ****P<0.0001 versus absence of TNFα and forskolin. # P<0.05, ###P<0.001, 

####P<0.0001. (each n=6) by one-way ANOVA with multiple comparison test. 

 

 

Supplementary Figure 2 

 

(A)Survival rates and (B)body weight change of the Glp1r +/+ mice and Glp1r -/- mice after 

influenza virus infection (Glp1r +/+ n=15, Glp1r -/- n=10). (C)Cytokines and chemokines 

gene expression in the lung of Glp1r +/+ mice and Glp1r -/- mice 2days after influenza virus 

infection. (each n=5) (D)NP protein gene expression in the lung of Glp1r +/+ mice and 

Glp1r -/- mice after influenza virus infection. (each n=5) All values represent mean ± SEM. 

*P<0.05, **P<0.01, NS: not statistically significant by non-paired t-test (B, C, D) and 

Log-Lank test (A). 

 

Supplementary Figure 3 

 

The effect of sympathetic block on the survival of the influenza infected mice with 

liraglutide. NS: not statistically significant by Log-Lank test . 

 

 

Supplementary Figure 4 

 

(A) Pathway analysis based on the gene expression in the lung 1 day after influenza 



administration. (B) Interferons gene expression after influenza virus infection. All values 

represent mean ± SEM.(NI: n=3 the other: n=5～6) *P<0.05 by non-paired t-test (B). 

 

 

Supplementary Figure 5 

 

(A)Mx1 mRNA transcripts in the lung after influenza infection with or without  

iraglutide (from the left n=6: 6: 6: 6: 6: 6: 5: 5). (B) Correlation between NP and Mx1 gene 

expression after influenza virus infection (day1,2,3,7). Mx1/NP gene expression ratio 

after influenza virus infection (from the left n=6: 6: 6: 6: 6: 5: 5: 5). *P<0.05, **P<0.01, 

***P<0.001 by one-way ANOVA with multiple comparison test (A) and Mann Whitney 

test (C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


