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Abstract
Objective  Poorly controlled diabetes frequently exacerbates lung infection, thereby complicating treatment strategies. 
Recent studies have shown that exendin-4 exhibits not only hypoglycemic but also anti-inflammatory properties. This study 
aimed to explore the role of exendin-4 in lung infection with diabetes, as well as its association with NOD1/NF-κB and the 
T1R2/T1R3 sweet taste receptor.
Methods  16HBE human bronchial epithelial cells cultured with 20 mM glucose were stimulated with lipopolysaccharide 
(LPS) isolated from Pseudomonas aeruginosa (PA). Furthermore, Sprague‒Dawley rats were fed a high-fat diet, followed 
by intraperitoneal injection of streptozotocin and intratracheal instillation of PA. The levels of TNF-α, IL-1β and IL-6 were 
evaluated using ELISAs and RT‒qPCR. The expression of T1R2, T1R3, NOD1 and NF-κB p65 was assayed using western 
blotting and immunofluorescence staining. Pathological changes in the lungs of the rats were observed using hematoxylin 
and eosin (H&E) staining.
Results  At the same dose of LPS, the 20 mM glucose group produced more proinflammatory cytokines (TNF-α, IL-1β and 
IL-6) and had higher levels of T1R2, T1R3, NOD1 and NF-κB p65 than the normal control group (with 5.6 mM glucose). 
However, preintervention with exendin-4 significantly reduced the levels of the aforementioned proinflammatory cytokines 
and signaling molecules. Similarly, diabetic rats infected with PA exhibited increased levels of proinflammatory cytokines in 
their lungs and increased expression of T1R2, T1R3, NOD1 and NF-κB p65, and these effects were reversed by exendin-4.
Conclusions  Diabetic hyperglycemia can exacerbate inflammation during lung infection, promote the increase in NOD1/
NF-κB, and promote T1R2/T1R3. Exendin-4 can ameliorate PA-related pneumonia with diabetes and overexpression of 
NOD1/NF-κB. Additionally, exendin-4 suppresses T1R2/T1R3, potentially through its hypoglycemic effect or through a 
direct mechanism. The correlation between heightened expression of T1R2/T1R3 and an intensified inflammatory response 
in lung infection with diabetes requires further investigation.
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Abbreviations
DM	� Diabetes mellitus
Ex-4	� Exendin-4
GLP-1R	� Glucagon-like peptide-1 receptor
IL-1β	 �Interleukin-1β
IL-6	 �Interleukin-6
LPS	� Lipopolysaccharide
NF-κB	 �Nuclear factor-κB
NOD1	� Nucleotide-binding oligomerization domain-

containing protein 1
PA	� Pseudomonas aeruginosa
PRRs	� Pattern recognition receptors
STR	� Sweet taste receptor
T1Rs	� Taste 1 receptors
TNF-α	 �tumor necrosis factor-α

Introduction

Diabetes mellitus (DM) is a rapidly growing global endemic 
disease and is generally accepted as an independent risk fac-
tor for lower respiratory tract infections [1, 2]. Accumulat-
ing investigations have revealed that compared to a healthy 
lung, a diabetic lung is more susceptible to pathogenic 
microorganisms such as gram-negative bacteria, Mycobac-
terium tuberculosis (MT), and even severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2), and individuals 
with diabetes are also more prone to experiencing severe 
episodes of pneumonia [3–5]. Specifically, type 2 diabetes 
mellitus (T2DM) significantly increases the risk of mor-
tality and complications among hospitalized patients with 
pneumonia, particularly older adults [6, 7]. Although the 
glycemic index is known to be linked to increased infections 
in patients with diabetes [8–10], the underlying molecular 
mechanisms remain unclear.

Taste 1 receptors (T1Rs) belong to the G protein-coupled 
receptor family and consist of three subunits: T1R1, T1R2, 
and T1R3 [11]. T1R1 and T1R3 are primarily responsible 
for sensing umami taste, whereas sweetness is perceived by 
an obligate heterodimer formed by T1R2 and T1R3 [12, 13]. 
Therefore, T1R2 and T1R3 are also collectively referred to 
as the sweet taste receptors (STRs). Previous studies have 
demonstrated that metabolizable mono- and disaccharides, 
such as glucose and sucrose, as well as artificial sweeteners 
such as sucralose and aspartame, can stimulate STRs [13–
15]. Intriguingly, although T1R2 and T1R3 were initially 
identified in taste receptor cells clustered within tongue 
taste buds, recent studies have shown that these molecules 
are also highly expressed in the respiratory tract and play 
important regulatory roles in the airway immune response 
and pulmonary vascular endothelial permeability [16, 17]. 
Recently, the results of several studies have indicated that in 

the presence of sufficient glucose, STRs may inhibit nuclear 
and mitochondrial Ca2+ responses, reducing airway epithe-
lial ciliary oscillation and the production of nitric oxide, 
thus inhibiting the elimination of pathogens [18, 19]. This 
phenomenon may be one of the reasons for airway suscep-
tibility to pathogens during hyperglycemia. However, cur-
rent investigations on STRs predominantly focus on the 
upper airway, with few studies examining the lower air-
way. In addition, the role of STRs in the airway inflamma-
tory response and the signaling cascades involved remain 
unknown.

The occurrence of lung inflammatory storms has been 
identified as an important contributing factor to the elevated 
mortality rates observed in diabetic individuals with pneu-
monia [20]. Under normal circumstances, when various 
pathogens, including Pseudomonas aeruginosa (PA), invade 
the respiratory tract of the host, some of the molecular pat-
terns they express, such as lipopolysaccharide (LPS), can 
activate a group of pattern recognition receptors (PRRs) in 
airway epithelial cells [21]. Activated PRRs further stimu-
late downstream signaling pathways, such as nuclear factor 
(NF)-κB, to produce proinflammatory cytokines, includ-
ing interleukin (IL)-6, IL-1β, and tumor necrosis factor 
(TNF)-α [22]. The production of these cytokines leads to the 
accumulation of inflammatory cells, such as lymphocytes, 
neutrophils, and macrophages, to defend against the invad-
ing pathogens [23]. However, previous findings have shown 
that diabetic patients with pneumonia display excessive 
production of proinflammatory cytokines, known as ‘cyto-
kine storms’ [24]. The delicate balance between inflamma-
tion and anti-inflammation is disturbed, resulting in severe 
lung damage. Notably, nucleotide-binding oligomerization 
domain-containing protein 1 (NOD1), a host intracellular 
PRR, can be activated directly or indirectly by some molec-
ular patterns, including the bacterial peptidoglycan compo-
nent diaminopimelic acid and LPS, to trigger downstream 
NF-κB signaling, which substantially contributes to airway 
inflammation induced by pathogens [25]. Moreover, the 
available evidence has shown that hyperactivation of NF-κB 
plays an important role in cytokine storms through multiple 
mechanisms [20]. However, whether NOD1/NF-κB is over-
expressed in lung infection with diabetes remains to be fur-
ther explored.

The effects of drug treatment for patients with pneu-
monia and diabetes are disappointing. Nevertheless, cer-
tain medications that lower glucose may ameliorate lung 
inflammation and lung function [26]. Exendin-4 (Ex-4), a 
glucagon-like peptide-1 receptor (GLP-1R) agonist with 
hypoglycemic effects, was recently shown to inhibit small 
intestinal glucose sensing and absorption via repression 
of T1R2/T1R3 in diabetic mice [27]. Moreover, a recent 
study showed that the deletion of T1R3 alleviated intestinal 
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inflammation in mice with acute colitis [28]. Therefore, the 
repression of T1R2/T1R3 caused by Ex-4 may alleviate 
inflammation in diabetic patients with lung infection. Given 
these findings, we hypothesized that when the diabetic lung 
is invaded by a pathogen such as PA, persistent hyperglyce-
mic conditions may induce the upregulation of T1R2/T1R3 
and lead to the overexpression of NOD1 via the molecular 
pattern of a pathogen, resulting in hyperactivation of NF-κB 
and subsequently the occurrence of cytokine storms. Ex-4, 
a hypoglycemic drug, may alleviate lung inflammation by 
inhibiting NOD1/NF-κB and T1R2/T1R3.

This study investigated whether high glucose could 
increase the overexpression of proinflammatory cytokines 
(IL-6, IL-1β, TNF-α), T1R2, T1R3, NOD1 and NF-κB 
p65 in PA-derived LPS-stimulated airway epithelial cells 
and in the lungs of PA-infected rats with diabetes. Concur-
rently, we aimed to ascertain whether Ex-4 can mitigate the 
upregulation of T1R2/T1R3, the overexpression of NOD1 
and NF-κB p65 and the overproduction of proinflamma-
tory cytokines in the aforementioned models. The findings 
of this study may provide promising prospects for future 
research on alleviating the inflammatory storms associated 
with pneumonia in patients with diabetes.

Materials and methods

Materials

The immortalized human bronchial epithelial cell line 
16HBE (Cat. BFN608008569) was purchased from Qingqi 
Biotechnology (Shanghai, China). LPS from Pseudomonas 
aeruginosa 10 (Cat. L8643) was purchased from Sigma‒
Aldrich (Darmstadt, Germany). Exendin-4 (Cat. 141758-
74-9) was purchased from MedChemExpress (New Jersey, 
USA). A Cell Counting Kit (CCK)‑8 (Cat. BS350B) was 
obtained from Biosharp (Anhui, China). Human TNF-α 
(Cat. ml077385), IL-1β (Cat. ml058059), and IL-6 (Cat. 
ml027379) and rat TNF-α (Cat. ml002859), IL-1β (Cat. 
ml058059), and IL-6 (Cat. ml102828) enzyme‑linked 
immunosorbent assay (ELISA) kits were obtained from 
Mlbio (Shanghai, China). An NF-κB activation-nuclear 
translocation assay kit (Cat. SN368) was purchased from 
Beyotime Biotechnology (Shanghai, China). The MiniBEST 
Universal RNA extraction kit (Cat. 9767), PrimeScript RT 
Reagent Kit with gDNA Eraser (Cat. RR047A), and TB 
Green Premix Ex Taq II (Cat. RR820A) were obtained from 
TaKaRa Bio (Beijing, China). Rabbit anti-T1R2 polyclonal 
(Cat. bs-9599R) and rabbit anti-T1R3 polyclonal antibod-
ies (Cat. bs-23618R) for immunofluorescence and rabbit 
anti-β-actin polyclonal antibodies (Cat. bs-0061R) were 
purchased from Bioss (Beijing, China). Rabbit anti-T1R2 

polyclonal (Cat. orb336464) and rabbit anti-T1R3 poly-
clonal (Cat. orb541918) antibodies for western blotting 
were obtained from Biorbyt (Cambridge, UK). Rabbit 
anti-NOD1 polyclonal antibody (Cat. P42567-1) was pur-
chased from Abmart (Shanghai, China). Rabbit anti-NF-κB 
p65 polyclonal antibody (Cat. 80979-1-RR) was purchased 
from Proteintech (Wuhan, China). HRP-conjugated goat 
anti-rabbit IgG (Cat. GB23303) and CY3-conjugated goat 
anti-rabbit IgG (Cat. GB21303) were obtained from Ser-
vicebio (Wuhan, China). Alexa Fluor 488-conjugated goat 
anti-rabbit IgG (Cat. ab150077) was obtained from Abcam 
(Cambridge, UK).

Cell culture and grouping

All 16HBE cells were cultured in minimum essential 
medium (MEM, Cat. PM150410, Procell, Wuhan, China) 
supplemented with 5.6 mM glucose and 10% fetal bovine 
serum (Cat. 164,210, Procell, Wuhan, China) in a humidi-
fied incubator at 37 ℃ and 5% CO2 for 12 h, and experi-
ments were subsequently conducted upon complete cellular 
adhesion.

First, for determination of the appropriate concentra-
tion of glucose for T1R2/T1R3, the cells were randomly 
grouped as follows (Fig. 1A): (1) the normal control (NC) 
group (with 5.6 mM glucose), (2) the 10 mM glucose group, 
(3) the 20 mM glucose group, and (4) the 30 mM glucose 
group. The glucose concentrations reported for all groups 
were the final concentrations including the known amount 
in the media used. All cells were cultured in an incubator at 
37 ℃ for 24 h before the subsequent experiments.

Afterward, to investigate the effects and mechanisms of 
high glucose on LPS-induced airway epithelial inflamma-
tion, the cells were randomized into the following groups 
(Fig. 1B): (1) the normal control (NC) group (with 5.6 mM 
glucose for 24  h); (2) the NC + LPS group (after 12  h of 
preintervention with 5.6 mM glucose, 40 μg/ml LPS was 
added for an additional 12 h); (3) the 20 mM + LPS group 
(after 12 h of preintervention with 20 mM glucose, 40 μg/
ml LPS was added for an additional 12 h); and (4) the 20 
mM + LPS + Ex-4 group (after 10 h of preintervention with 
20 mM glucose, 200 nM exendin-4, as previously described 
[29], was added for 2 h prior to 12 h of LPS exposure).

Cell viability assay

The ideal concentration of LPS isolated from PA was deter-
mined by a CCK-8 assay according to the manufacturer’s 
protocols. Briefly, 200  μl of 16HBE cell suspension at a 
density of 1 × 104 cells/ml was seeded into each well of a 
96-well plate (Servicebio, Wuhan, China). Then, the cells 
were exposed to LPS at various concentrations (2.5, 5, 10, 
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imaged via confocal laser scanning microscopy (FV3000, 
Olympus, Japan), three images were selected for each group 
with different fields of view. The mean gray value was then 
analyzed using ImageJ software (version 1.8.0, National 
Institutes of Health, USA).

Cellular NF-κB activation-nuclear translocation 
assay

An NF-κB activation-nuclear translocation assay kit was 
used to assess NF-κB activation by detecting the translo-
cation of the major subunit p65 into the nucleus through 
immunofluorescence staining. Notably, all reagents and 
antibodies used later came with the kit and did not require 
additional dilution. According to the assay kit protocol, after 
one wash with PBS, the cells were fixed with the fixative 
for 15 min and subsequently blocked with blocking solu-
tion for 1 h. Then, the cells were incubated with an NF-κB 
p65 primary antibody overnight at 4 ℃. After three 5‑min 
washes with the washing solution, the cells were incubated 
with secondary antibodies labeled with Cy3 at room tem-
perature for 1 h. Finally, DAPI was used to stain the nuclei 
at room temperature for 5 min. After the stained cells were 
imaged using confocal laser scanning microscopy (FV3000, 
Olympus, Japan), three images were selected for each group 

20, 40, 80, 160, and 320 μg/ml) and maintained in a cul-
ture environment at 37 ℃ with 5% CO2. Each group had 
5 replicate wells. After the intervention for 12 h, 10 μl of 
CCK-8 reagent was added to each well, and the cells were 
incubated at 37 °C for 1 h. Finally, the optical density (OD) 
of each well was measured at a wavelength of 450 nm using 
a microplate reader (Synergy HTX, BioTek, USA). Cell 
viability was assessed by the OD value.

Cellular immunofluorescence

Each group of cells was washed three times with phosphate-
buffered saline (PBS) and then fixed at room temperature 
with 4% paraformaldehyde for 15  min. The cells were 
not permeabilized to reduce accidental staining of the cell 
nucleus. Afterward, the cells were blocked at room tem-
perature with goat serum for 1 h. After the goat serum was 
removed, the cells were incubated with primary antibodies 
against T1R2 (dilution, 1:200), T1R3 (dilution, 1:200) or 
NOD1 (dilution, 1:200) at room temperature for 1 h. After 
being washed three times with PBS for 5 min each time, the 
cells were incubated with an Alexa Fluor 488-conjugated 
secondary antibody (dilution, 1:400) at room temperature 
for 1 h and with DAPI (Cat. C1006, Beyotime Biotechnol-
ogy, Shanghai, China) for 5 min. After stained cells were 

Fig. 1  Flow charts showing the design of the present cellular experi-
ments. (A) Effect of different concentrations of glucose on airway epi-
thelial 16HBE cells. (B) The effects of high glucose, lipopolysaccha-

ride (LPS), and exendin-4 (Ex-4) on 16HBE cells. MEM: minimum 
essential medium; NC: normal control; mM: mmol/l
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(NIH) guidelines and received approval from the Ethical 
Committee of Hainan Medical University (Code: HYLL-
2021-218). The 25 SD rats were randomly divided into 
five groups as follows: (1) the normal control (NC) group 
(with a normal diet); (2) the PA group, in which the rats 
were anesthetized with an intraperitoneal injection of ket-
amine (20 mg/kg) and subsequently given an intratracheal 
instillation of 50 μl of bacterial suspension, as previously 
described [31]; (3) the diabetes mellitus (DM) group, in 
which the rats were fed a high-fat diet composed of 45% fat, 
35% carbohydrates and 20% protein for 6 weeks, followed 
by an intraperitoneal injection of streptozotocin (50 mg/kg), 
with high blood glucose levels exceeding 250 mg/dl as the 
criteria for diabetes diagnosis, as previously described [32]; 
(4) the DM + PA group, in which rat models were initially 
established for diabetes and subsequently for PA-related 
pneumonia; and (5) the DM + PA + Ex-4 group, in which 
after being induced with diabetes, rats were initially pre-
treated with 10  μg/kg EX-4 intraperitoneally twice a day 
for 7 days, as previously described [33], then infected by 
PA, and finally treated with the same dose of exendin-4 for 
another 7 days (Fig. 2).

with different fields of view. The mean gray value was then 
analyzed using ImageJ software (version 1.8.0, National 
Institutes of Health, USA).

Bacterial strains and culture conditions

The Pseudomonas aeruginosa (PA) strain ATCC27853 was 
obtained as a generous gift from the Department of Labo-
ratory Medicine of the First Affiliated Hospital of Hainan 
Medical University. As previously described [30], the bac-
teria were cultivated in Luria broth at 37 ℃ for 6 h until 
reaching the midlogarithmic phase. The bacteria were then 
extracted by centrifugation at 1500 × g for 15 min, washed 
twice in 0.9% NaCl without pyrogen, and resuspended in 
10 ml of 0.9% NaCl. A total of 106 colony forming units 
(CFU) per ml of PA suspension was used for intratracheal 
instillation.

Animal model preparation and grouping

Sprague‒Dawley (SD) adult male rats (230–270  g) were 
purchased from Hunan Slack Jingda Company (Hunan, 
China). The rats were provided unlimited access to food and 
fresh water. The rats were acclimated to a room temperature 
of 22–25 ℃, and three rats were housed per cage. A light/
dark cycle of approximately 12  h was maintained. All in 
vivo procedures adhered to the National Institutes of Health 

Fig. 2  The diabetes mellitus (DM) model, Pseudomonas aeruginosa (PA) pulmonary infection model and PA-infected DM model were estab-
lished, as was the exendin-4 (Ex-4) treatment process. NC: normal control; STZ: streptozotocin; CFU: colony forming units
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assessed using a microplate reader (Synergy HTX, BioTek, 
USA) at a wavelength of 450 nm.

Reverse transcription‑quantitative PCR (RT‑qPCR) of 
cells and lung tissues

Total RNA was extracted from cells and lung tissues using 
the TaKaRa MiniBEST Universal RNA Extraction Kit fol-
lowing the manufacturer’s protocols. After that, reverse 
transcription was performed using the TaKaRa PrimeScript 
RT Reagent with gDNA Eraser kit. Finally, the mRNA 
expression levels of TNF-α, IL-1β and IL-6 were measured 
using a TaKaRa TB Green Premix Ex Taq II kit. The primer 
sequences, which were designed using Primer Premier 5.0 
software, are displayed in Table 1. The mRNA levels were 
quantified using the 2‑ΔΔCq method [36]. All groups had at 
least 3 repetitions.

Western blot analysis of cells and lung tissues

Total protein was extracted from the cells and lung tissues 
using RIPA buffer supplemented with PMSF. The quantifi-
cation of total protein was conducted using a BCA assay, fol-
lowed by the separation of proteins on a 5–10% SDS‒PAGE 
gel. A volume of 20 μL of protein was sampled from each 
sample. Equal quantities of protein from each sample were 
subsequently transferred onto PVDF membranes. The mem-
branes were then blocked with PBS with 0.05% Tween-20 
and 5% nonfat milk for 1 h. Thereafter, the membranes were 
incubated with primary antibodies against T1R2 (diluted 
1:2000), T1R3 (diluted 1:2000), NOD1 (diluted 1:2000), 
NF-κB p65 (diluted 1:5000) or β-actin (diluted 1:5000) at 
4 ℃ overnight. After three washing cycles, the membranes 
were incubated with an HRP-conjugated secondary anti-
body (diluted 1:5000) for 2 h at room temperature. The pro-
tein bands were visualized after an additional three washes 
using an enhanced chemiluminescence reagent. The protein 
expression levels were quantified using ImageJ software 
(version 1.8.0, National Institutes of Health, USA), with 
β-actin serving as the loading control.

Statistical analysis

All the data are presented as the mean ± standard devia-
tion, and at least 3 repetitions were performed. The various 
groups were statistically analyzed through one-way analysis 
of variance (ANOVA), which was subsequently followed 
by Tukey’s post hoc test. All the data were analyzed using 
GraphPad Prism 9 (GraphPad Software, USA). p < 0.05 was 
considered to indicate a statistically significant difference.

Bronchoalveolar lavage fluid (BALF) and lung tissue 
preparation

As previously described [34], all rats were anesthetized 
through the intraperitoneal administration of ketamine 
(20  mg/kg), after which a thoracotomy was performed. 
After the left lung bronchioles were ligated with surgical 
sutures, 3 ml aliquots of normal saline were slowly infused 
into the lungs through tracheostomy and then withdrawn 
gently. This process of lavage was reiterated thrice utiliz-
ing the same syringe. The pooled BALF was centrifuged 
at 500×g at 4 °C for 5 min. The cell-free supernatants were 
stored in microcentrifuge tubes at -80  °C for subsequent 
ELISA analysis. Finally, the left lungs were inflated and 
fixed with 10% formalin overnight at room temperature for 
subsequent experiments, and the right lungs were preserved 
in liquid nitrogen.

Hematoxylin and eosin (HE) staining

The left lung tissues of the rats were collected and fixed 
with 10% formalin. Subsequently, the tissues were dehy-
drated, embedded in paraffin, and sliced into thin 5  μm 
slices. These sections were then stained with hematoxylin 
and eosin. Finally, the pathological alterations in the tissues 
were evaluated using a section scanner (Pannoramic MIDI, 
3DHISTECH, Hungary).

Immunofluorescence staining of lung tissue paraffin 
sections

As previously described [35], the lung tissue paraffin sec-
tions were deparaffinized and rehydrated, followed by anti-
gen repair. Then, the slides were blocked with 5% donkey 
serum at room temperature for 30  min. Primary antibod-
ies against T1R2 (dilution, 1:100), T1R3 (dilution, 1:100), 
NOD1 (dilution, 1:100) or NF-κB p65 (dilution, 1:250) 
were incubated with the slides at 4 ℃ overnight. Then, the 
slides were placed in PBS and shaken 3 times for 5 min each 
time. After that, the sections were incubated with secondary 
antibodies conjugated to Alexa Fluor 488 (dilution, 1:400) 
or CY3 (dilution, 1:300) at room temperature for 50  min 
in the dark. DAPI solution was added dropwise, and the 
cells were incubated at room temperature for 10 min in the 
dark. Finally, the slides were observed using a fluorescence 
microscope (Eclipse C1, Nikon, Japan).

ELISAs of cellular and BALF supernatants

The levels of TNF-α, IL-1β and IL-6 in the extracted cel-
lular and BALF supernatants were evaluated using the cor-
responding kits according to the instructions. The OD was 
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no notable difference in the cell viability levels compared to 
those of the control group. In contrast, a notable reduction 
in cell viability was observed in the groups exposed to LPS 
concentrations ranging from 80 to 320 μg/ml compared to 
the control group. The findings of the present study sug-
gested no apparent toxicity to 16HBE cells when exposed 
to LPS concentrations up to 40 μg/ml (Fig. 3). Therefore, 
we chose 40 μg/ml as the LPS concentration for this study.

Results

Cell viability

To determine suitable concentrations of LPS isolated from 
PA, we treated 16HBE cells with LPS at various concentra-
tions (2.5, 5, 10, 20, 40, 80, 160, and 320 μg/ml) for 12 h. 
Cell viability was subsequently evaluated using a CCK-8 
assay. The assay results indicated that the groups exposed to 
a range of LPS concentrations from 2.5 to 40 μg/ml showed 

Table 1  Sequences of primers used in the present study
Gene Primer Sequence (5’-3’) Accession number
Homo β-actin Forward ​C​C​C​T​G​G​A​G​A​A​G​A​G​C​T​A​C​G​A​G NM_001101.5

Reverse ​C​G​T​A​C​A​G​G​T​C​T​T​T​G​C​G​G​A​T​G
Homo TNF-α Forward ​C​C​C​A​T​G​T​T​G​T​A​G​C​A​A​A​C​C​C​T​C NM_000594.4

Reverse ​A​G​A​G​G​A​C​C​T​G​G​G​A​G​T​A​G​A​T​G​A
Homo IL-1β Forward ​C​G​A​C​C​A​C​C​A​C​T​A​C​A​G​C​A​A​G​G NM_000576.3

Reverse ​A​T​G​G​A​C​C​A​G​A​C​A​T​C​A​C​C​A​A​G​C
Homo IL-6 Forward ​T​T​C​G​G​T​C​C​A​G​T​T​G​C​C​T​T​C​T​C​C​C NM_000600.5

Reverse ​C​C​A​G​T​G​C​C​T​C​T​T​T​G​C​T​G​C​T​T​T​C
Rat β-actin Forward ​C​T​T​C​C​A​G​C​C​T​T​C​C​T​T​C​C​T​G​G NM_031144.3

Reverse ​A​G​A​G​C​C​A​C​C​A​A​T​C​C​A​C​A​C​A​G
Rat TNF-α Forward ​T​C​A​G​T​T​C​C​A​T​G​G​C​C​C​A​G​A​C NM_012675.3

Reverse ​G​T​T​G​T​C​T​T​T​G​A​G​A​T​C​C​A​T​G​C​C​A​T​T
Rat IL-1β Forward ​C​C​C​T​G​A​A​C​T​C​A​A​C​T​G​T​G​A​A​A​T​A​G​C​A NM_031512.2

Reverse ​C​C​C​A​A​G​T​C​A​A​G​G​G​C​T​T​G​G​A​A
Rat IL-6 Forward ​G​G​A​T​A​C​C​A​C​C​C​A​C​A​A​C​A​G​A NM_012589.2

Reverse ​G​A​A​A​C​G​G​A​A​C​T​C​C​A​G​A​A​G​A​C
TNF‑α, tumor necrosis factor-α; IL‑1β, interleukin 1β; IL‑6, interleukin 6

Fig. 3  Cell viability was assessed 
using a cell counting kit-8 assays. 
Cells were exposed to various 
concentrations of LPS (control 
without LPS, 2.5, 5, 10, 20, 
40, 80, 160, or 320 μg/ml) for 
12 h. Data are presented as the 
mean ± SD (n = 5). ns: not signifi-
cant; **p < 0.01
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of T1R2 and T1R3 in the 20 mM group was the most pro-
nounced (Fig. 4C and D). Thus, we selected 20 mM as the 
glucose stimulation concentration for this study.

High glucose can exacerbate LPS-induced airway 
epithelial inflammation, and this effect may be 
reversed by exendin-4

As shown in Fig. 5A-C, compared with the NC (with 5.6 
mM glucose), stimulation with 40 μg/ml LPS for 12 h signif-
icantly elevated the secretion of proinflammatory cytokines 
(TNF-α, IL-1β and IL-6), as shown by ELISAs. Notably, in 
an environment containing 20 mM glucose, the secretion 
of proinflammatory cytokines induced by LPS substantially 
increased compared to that in a 5.6 mM glucose environ-
ment, suggesting that high glucose could worsen airway 
inflammation. Conversely, upon pretreatment with 200 nM 
exendin-4, the LPS-induced secretion of proinflammatory 
cytokines in a 20 mM glucose environment was significantly 

The effects of different concentrations of glucose on 
cellular T1R2/T1R3

To determine the appropriate glucose concentration for cel-
lular T1R2/T1R3, we incubated 16HBE cells with differ-
ent concentrations (5.6, 10, 20 and 30 mM) of glucose and 
divided the cells into 4 groups, namely, the normal control 
(NC), 10 mM, 20 mM and 30 mM groups. As shown in 
Fig. 4A and B, the western blot results revealed that the pro-
tein expression of T1R2 and T1R3 in the 10 mM group was 
greater than that in the NC group. The 20 mM group exhib-
ited increased expression of these proteins compared to the 
10 mM group, but decreased expression was observed in the 
30 mM group compared to the 20 mM group, suggesting that 
the stimulatory effect of 20 mM glucose on T1R2 and T1R3 
was strongest. In addition, the immunofluorescence find-
ings indicated that T1R2 and T1R3 were primarily located 
in the cell membrane and cytoplasm of 16HBE cells, and 
similar to the western blot results, the fluorescence intensity 

Fig. 4  The effects of different concentrations of glucose (5.6 mM, 10, 
20 and 30 mM) on the expression of T1R2 and T1R3 in 16HBE cells. 
Western blot quantification of (A) T1R2 and (B) T1R3 proteins rela-
tive to β-actin. Cellular immunofluorescence images of (C) T1R2 and 
(D) T1R3 cells were acquired using confocal laser scanning micros-

copy at 40× magnification (scale bar = 50  μm), and the mean gray 
values were computed using ImageJ software. The data are presented 
as the means ± SDs (n = 3). *p < 0.05 and **p < 0.01. NC: normal con-
trol; mM: mmol/l
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protein levels of NOD1 and NF-κB p65 in the NC + LPS 
group were significantly greater than those in the NC group. 
In the 20 mM + LPS group, a significant increase in the pro-
tein levels of T1R2 and T1R3 and a further increase in the 
protein levels of NOD1 and NF-κB p65 were observed com-
pared to those in the NC + LPS group. These results sug-
gested that high glucose may promote the STRs and elevate 
the LPS-induced increase in the expression of NOD1/NF-κB 
pathway components. Conversely, upon pretreatment with 
exendin-4, the protein levels of T1R2, T1R3, NOD1 and 
NF-κB p65 were notably decreased compared to those in the 
20 mM + LPS group. Similar to the western blot results, the 
fluorescence intensities of T1R2 and T1R3 were compara-
ble between the NC and NC + LPS groups, but these values 
were significantly greater in the 20 mM + LPS group than in 
the NC + LPS group; in contrast, these values were mark-
edly lower in the 20 mM + LPS + Ex-4 group than in the 
20 mM + LPS group (Fig. 6E and F). As shown in Fig. 6G, 
NOD1 was predominantly expressed in the cytoplasm, and 

reduced. Moreover, the relative mRNA expression levels of 
proinflammatory cytokines across different groups, as deter-
mined by RT‒qPCR, were found to be consistent with the 
ELISA results. As shown in Figs. 5D-F and 20 mM glucose 
increased the LPS-induced increase in the mRNA levels 
of TNF-α, IL-1β and IL-6, and this effect was reversed by 
exendin-4.

Exendin-4 attenuated the overactivation of the 
NOD1/NF-κB pathway and the upregulation of T1R2/
T1R3 stimulated by high glucose and LPS

To further explore the underlying mechanisms, we used 
western blotting and immunofluorescence to assess the pro-
tein expression of T1R2, T1R3, NOD1 and NF-κB p65 in 
each group. As shown in Fig. 6A-D, compared with those in 
the NC group, the protein levels of T1R2 and T1R3 showed 
no significant changes in the NC + LPS group, indicating 
that LPS did not substantially affect the STRs. However, the 

Fig. 5  The secretion levels of (A) TNF-α, (B) IL-1β and (C) IL-6 in 
16HBE cell supernatants were determined by ELISAs. The mRNA 
expression levels of (D) TNF-α, (E) IL-1β and (F) IL-6 relative to 
that of β-actin in 16HBE cells were measured by RT‒qPCR. The data 

are presented as the means ± SDs (n = 3). *p < 0.05 and **p < 0.01. 
NC: normal control; LPS: lipopolysaccharide; Ex-4: exendin-4; mM: 
mmol/l
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Fig. 6  Western blot quantification of (A) T1R2, (B) T1R3, (C) NOD1 
and (D) NF-κB p65 protein expression relative to that of β-actin. Cel-
lular immunofluorescence images of (E) T1R2, (F) T1R3, (G) NOD1 
and (H) NF-κB p65 were obtained using confocal laser scanning 
microscopy at 40× magnification (scale bar = 50 μm), and the mean 

gray values were computed using ImageJ software. The data are pre-
sented as the means ± SDs (n = 3). ns, not significant; *p < 0.05 and 
**p < 0.01. NC: normal control; LPS: lipopolysaccharide; Ex-4: exen-
din-4; mM: mmol/l
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DM + PA group. Exendin-4 treatment significantly inhibited 
the mRNA expression of these proinflammatory cytokines.

Exendin-4 repressed the overexpression of NOD1/
NF-κB p65 and the upregulation of T1R2/T1R3 in 
diabetic rats with pneumonia

To investigate the effect of exendin-4 on the expression of 
T1R2, T1R3, NOD1 and NF-κB p65 in the lung tissues of 
diabetic rats with pneumonia, we performed western blot-
ting and paraffin immunofluorescence staining. As shown 
in Fig. 8A and B, no evident changes in T1R2 or T1R3 pro-
tein levels were observed between the NC and PA groups or 
between the DM and DM + PA groups, indicating that PA 
may not interfere with STR expression. However, in both 
the DM and DM + PA groups, the protein levels of T1R2 
and T1R3 were obviously increased compared to those in 
the PA and NC groups. In contrast, compared with the DM 
and DM + PA groups, the exendin-4 treatment group exhib-
ited decreased protein levels of T1R2 and T1R3. Further-
more, the protein levels of NOD1 and NF-κB p65 in both 
the PA and DM groups were greater than those in the NC 
group (Fig. 8C and D). Nevertheless, compared with those 
in the DM + PA group, significant decreases in these protein 
levels were observed in the DM + PA + Ex-4 group (Fig. 8C 
and D). These results suggested that the hyperglycemic con-
dition of diabetes could promote T1R2/T1R3 in the lungs, 
and after infection with PA, hyperglycemia may enhance the 
elevation of the NOD1/NF-κB pathway. Exendin-4 attenu-
ated the overactivation of the NOD1/NF-κB pathway and 
repressed T1R2/T1R3. This effect may be attributable either 
to the hypoglycemic influence of Exendin-4 or to its direct 
action. Similarly, the results of immunofluorescence stain-
ing of lung tissue paraffin sections demonstrated that PA 
infection did not affect the intensities of T1R2 and T1R3, 
but DM increased these intensities. (Fig. 8E and F). Both PA 
and DM increased the fluorescence intensities of NOD1 and 
NF-κB p65, and PA combined with DM further increased 
these intensities (Fig.  8G and H). Conversely, exendin-4 
dramatically decreased the intensities of T1R2, T1R3, 
NOD1 and NF-κB p65 (Fig. 8E-H).

Discussion

The present study represents the initial exploration of how 
exendin-4 alleviates LPS-induced inflammation in human 
airway epithelial cells and PA-related pneumonia in diabetic 
rats. The results of this study demonstrated that hypergly-
cemic conditions increase the production of proinflamma-
tory cytokines (TNF-α, IL-1β and IL-6) in LPS-stimulated 
human airway epithelial cells and the lungs of rats with 

its fluorescence intensity exhibited incremental increases 
across the NC, NC + LPS and 20 mM + LPS groups. How-
ever, a significant decrease in the NOD1 fluorescence 
intensity was observed in the 20 mM + LPS + Ex-4 group 
compared to the 20 mM + LPS group. In essence, NF-κB 
functions as a transcription factor that, upon activation, 
migrates to the nucleus to control the expression of proin-
flammatory cytokines [37]. Hence, assessing p65 subunit 
expression in the nucleus using a specialized kit can indicate 
the activation-nuclear translocation of NF-κB. As shown in 
Fig. 6H, in the NC, NC + LPS and 20 mM + LPS groups, a 
persistent increase in the nuclear expression of NF-κB p65, 
along with a consistent increase in fluorescence intensity, 
was observed. However, these effects were significantly 
diminished in the 20 mM + LPS + Ex-4 group compared to 
the 20 mM + LPS group.

Effect of exendin-4 on morphological changes in 
diabetic rats with pneumonia

The main characteristics of the inflammatory response are 
the infiltration of inflammatory cells and pulmonary edema 
[38]. As shown in Fig. 7A, compared with those in the NC 
group, both PA infection and diabetes promoted the infil-
tration of inflammatory cells into the alveoli and bronchus, 
as well as pulmonary edema. Notably, inflammatory cell 
infiltration and pulmonary edema were more severe in the 
DM + PA group than in the PA or DM group. Conversely, 
treatment with exendin-4 significantly reduced these mor-
phological changes. The results of HE staining suggested 
that diabetes may exacerbate the inflammatory response to 
lung infections, which could be mitigated by exendin-4.

Exendin-4 reduced the overproduction of 
proinflammatory cytokines in diabetic rats with 
pneumonia

ELISAs of the proinflammatory cytokines in BALF showed 
that in the PA and DM groups, the levels of TNF-α, IL-1β 
and IL-6 were significantly greater than those in the NC 
group (Fig. 7B-D). In the PA + DM group, these proinflam-
matory cytokine levels were markedly greater than those in 
the PA or DM group, suggesting that diabetes may lead to 
the overproduction of proinflammatory cytokines during PA 
infection. However, compared with those in the PA + DM 
group, the levels of TNF-α, IL-1β and IL-6 in the exen-
din-4-treated group decreased significantly. In addition, 
RT‒qPCR was used to determine the mRNA levels of pro-
inflammatory cytokines in the lung tissues of each group. 
As shown in Fig. 7E-G, the mRNA levels of TNF-α, IL-1β 
and IL-6 in the PA and DM groups were obviously greater 
than those in the NC group but lower than those in the 
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pulmonary abnormalities were often disregarded in the past 
as subclinical symptoms in diabetic individuals [40]. For-
tunately, the lung is now receiving increased attention as a 
target organ of diabetes [41]. Several studies have revealed 
that diabetes can reduce various lung functions, such as lung 
volume, the ventilatory response to hypoxia and hypercap-
nia, and respiratory muscle strength [42–45]. Nevertheless, 
the mechanisms that contribute to lung injury in diabetic 
patients are incompletely understood. An accepted per-
spective is that nonenzymatic glycosylation of proteins, 
induced by hyperglycemia, renders collagen more resistant 
to degradation and consequently causes its accumulation in 

PA-related pneumonia and diabetes, along with increased 
activation of the NOD1/NF-κB pathway and an increase in 
the T1R2/T1R3. Moreover, exendin-4 improved the overex-
pression of NOD1/NF-κB signaling, alleviating the exces-
sive production of proinflammatory cytokines. Exendin-4 
may inhibit the T1R2/T1R3 sweet taste receptor by reliev-
ing hyperglycemia.

Diabetes has long been acknowledged as the prevail-
ing endocrine disorder and an important contributor to 
demographic mortality in industrialized nations [39]. This 
condition can have many comorbidities, including retinopa-
thy, nephropathy and cardiovascular diseases. However, 

Fig. 7  (A) The results of HE staining of rat lung tissues; scale bar 
= 100 μm. The secretion levels of (B) TNF-α, (C) IL-1β and (D) IL-6 
in bronchoalveolar lavage fluid supernatants were detected by ELISAs. 
The mRNA expression levels of (E) TNF-α, (F) IL-1β and (G) IL-6 

relative to that of β-actin in rat lung tissues were measured by RT‒
qPCR. The data are presented as the means ± SDs (n = 5). *p < 0.05 
and **p < 0.01. HE: hematoxylin and eosin; NC: normal control; PA: 
Pseudomonas aeruginosa; DM: diabetes mellitus; Ex-4: exendin-4
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prone to severe pneumonia episodes, which has always 
been a troubling issue for clinicians. In particular, the exac-
erbation of coronavirus disease 2019 (COVID-19) caused 
by poorly controlled diabetes has led researchers to focus 
on the interaction between diabetes and lung health [48]. 
A recent study suggested that in SARS-CoV-2-infected 
diabetic mice, diabetes may suppress the immune response 
and exacerbate inflammation, resulting in more severe lung 
damage [49]. This result is highly consistent with the results 
of the present study, which revealed that in the lungs of rats 
with PA-related pneumonia with diabetes, the production of 
proinflammatory cytokines, inflammatory cell infiltration 

pulmonary connective tissues [46]. Other researchers have 
hypothesized that inadequately controlled glucose may trig-
ger the dysregulation of inflammatory responses, potentially 
leading to impaired lung function. A cross-sectional study 
revealed that diabetic patients with poor glucose manage-
ment may have increased levels of inflammatory markers, 
including TNF-α and C-reactive protein [47]. Similarly, 
the present study showed that, compared with those in the 
lungs of normal rats, the levels of proinflammatory cyto-
kines, inflammatory cell infiltration and pulmonary edema 
in the lungs of diabetic rats were greater. Additionally, dia-
betic patients are susceptible to pulmonary infections and 

Fig. 8  Western blot quantification of (A) T1R2, (B) T1R3, (C) NOD1 
and (D) NF-κB p65 protein expression relative to that of β-actin in 
rat lung tissues. Immunofluorescence staining images of (E) T1R2 
(green), (F) T1R3 (green), (G) NOD1 (red) and (H) NF-κB p65 (red) 

in paraffin-embedded rat lung tissue sections; scale bar = 50 μm. The 
data are presented as the means ± SDs (n = 3). ns, not significant; 
*p < 0.05 and **p < 0.01. NC: normal control; PA: Pseudomonas aeru-
ginosa; DM: diabetes mellitus; Ex-4: exendin-4
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[59]. However, bacterial D-amino acids can increase T1R2/
T1R3 expression [60]. These results indicated that individ-
ual components of the pathogen differentially influence the 
expression of T1R2/T1R3, which could explain why PA had 
no effect on T1R2/T1R3 expression in the rat lungs in our 
present study. Certainly, we cannot eliminate the possibility 
that the observed result is associated with the concentration 
of PA and the duration of infection. At present, the functions 
of T1R2/T1R3 in the lower respiratory tract and in modulat-
ing the inflammatory response are not well characterized. 
The results of a recent study indicated that inflammation-
related mRNA expression was significantly decreased in the 
colon of T1R3 knockout mice [28]. Similarly, the present 
study implied that elevated T1R2/T1R3 may be related to 
the exacerbation of LPS-induced airway epithelial inflam-
mation in a high-glucose environment and lung inflamma-
tion in PA-infected diabetic rats. In short, the role of T1R2/
T1R3 in diabetic lung infections deserves further investi-
gation, and its downstream signaling pathways are not yet 
known.

The recognition of certain molecules in pathogens by 
pattern recognition receptors (PRRs) is an essential step in 
initiating proper host defense mechanisms [61]. However, 
PRRs are double-edged swords because their overexpres-
sion can exacerbate inflammation and damage cells. NOD1, 
an intracellular PRR, is induced by various stimuli, includ-
ing live and heat-killed bacteria, interferon-γ and TNF-α 
[62]. In this study, both LPS and PA promoted the expression 
of this gene. Currently, NOD1 is believed to activate NF-κB 
to induce the expression of proinflammatory cytokines, 
which are crucial in bacterial infections. However, recent 
reports suggest that NOD1 has important functions not only 
in bacterial infections but also in nonbacterial infections and 
insulin resistance [63]. NOD1 is upregulated in the myocar-
dium of diabetic humans and mice [64]. The results of one 
study showed that high glucose can enhance the expression 
of the NOD1/NF-κB pathway in LPS-stimulated mesangial 
cells [51]. These results indicate the importance of NOD1 in 
diabetes, but its role in the diabetic lung is still unclear. Our 
present study suggested that in the lungs of diabetic rats, 
NOD1/NF-κB was significantly upregulated. Moreover, 
the upregulation of NOD1/NF-κB was further increased 
in airway epithelial cells stimulated with high glucose and 
LPS, as well as in the lungs of PA-infected diabetic rats. 
However, the interaction between NOD1 and T1R2/T1R3 
requires further research.

Clinically, reasonable control of glucose has always been 
the key to the treatment of diabetic patients with lung infec-
tion. Recent studies have shown that several hypoglycemic 
drugs also have anti-inflammatory properties [65]. Exen-
din-4 can reduce blood glucose by activating GLP-1R and 
has been found to alleviate inflammation in various diabetic 

and pulmonary edema were more severe. Recently, several 
in vitro investigations have demonstrated that high glucose 
can potentiate inflammation induced by LPS in diverse 
cells, including macrophages [50] and mesangial cells [51]. 
Similar results were observed in the airway epithelial cells 
of the present study. In summary, uncontrolled inflamma-
tory responses provoked by hyperglycemia are important 
complications of diabetes. However, the underlying signal-
ing molecules involved have not yet been elucidated.

Taste signaling serves as a pivotal determinant of inges-
tive behaviors and is posited to have a significant correlation 
with the regulation of metabolic processes [52]. Findings 
from both intra- and extraoral taste signaling pathways sug-
gest that taste receptor systems could be therapeutic targets 
[53]. The obligate heterodimer formed by T1R2 and T1R3, 
a G protein-coupled receptor that mediates sweet taste in 
the oral cavity, has been found to be involved in glucose 
perception, glucose transporter expression and maintenance 
of glucose homeostasis [54]. Numerous studies have dem-
onstrated that in diabetic organs, such as the stomach, pan-
creas and gut, T1R2/T1R3 expression can be significantly 
elevated [55]. The present study also revealed that T1R2/
T1R3 expression increased in human airway epithelial cells 
following high glucose stimulation and in the lungs of dia-
betic rats. These results suggest that T1R2/T1R3 may play 
an important role in diabetes. In addition, several studies 
have investigated the role of T1R2/T1R3 in infections of 
the upper airway. Mucociliary clearance and the production 
of NO and other antimicrobial agents are important com-
ponents of upper airway defense against pathogens. Ciliary 
beating can remove bacteria directly. NO diffuses quickly 
into bacteria, such as PA, destroying intracellular compo-
nents [56]. However, these defensive effects are inhibited 
in a dose-dependent manner by sugars, including glucose 
and sucrose [18]. The reason for this phenomenon may 
be that the activation of T1R2/T1R3 could inhibit bitter 
taste receptors and dampen Ca2+ signaling [57]. A recent 
study showed that inhibition of T1R3 with Lactisole sig-
nificantly enhanced NO production in basal airway epithe-
lial cells [19]. These results may explain the susceptibility 
of the airway to pathogens in diabetes. Nevertheless, the 
effects of pathogens on T1R2/T1R3 have not been eluci-
dated. Recently, two studies showed that LPS could reduce 
T1R2/T1R3 expression in the lingual epithelium, as well as 
T1R3 expression in the pulmonary endothelium [17, 58]. 
However, the results of the present study showed that LPS 
did not significantly affect the expression of T1R2/T1R3 in 
airway epithelial cells. This finding may be related to the 
dose, duration and cell type of the LPS intervention, which 
requires further research. Acyl homoserine lactones (AHLs) 
secreted by gram-negative bacteria can promote the expres-
sion of bitter taste receptors, which may repress T1R2/T1R3 

1 3



Exendin-4 blockade of T1R2/T1R3 activation improves Pseudomonas aeruginosa-related pneumonia in an…

Author contributions  Investigation, methodology and original draft 
writing were performed by Shanjun Yu and Chaoqun Xu. Data valida-
tion, formal analysis and visualization were conducted by Xiang Tang, 
Lihua Hu and Lijun Wang. Writing review and editing were conducted 
by Liang Li, Chaoqun Xu, Xiangdong Zhou and Qi Li. Conceptualiza-
tion, funding acquisition and project administration were performed 
by Xiangdong Zhou and Qi Li. All authors read and approved the final 
manuscript.

Funding  This work was supported by the Hainan Province Clinical 
Medical Center, the Hainan Provincial Natural Science Foundation 
of China (No. ZDYF2020223, ZDKJ2021036, 820CXTD448 and 
GHYF2022011), the National Natural Science Foundation of China (No. 
82311530776, 82260001 and 82160012), the National Key Research 
and Development Program of China (No.  2022YFC2305004),  the 
Hainan Provincial Health Science and Technology Innovation Joint 
Project (No. SQ2023WSJK0306) and the Postgraduate Innovation 
Project of Hainan Province (No. Qhys2022-276).

Data availability  The data and materials employed in the present study 
are accessible from the corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate  All in vivo procedures 
adhered to the National Institutes of Health guidelines and received 
approval from the Ethical Committee of Hainan Medical University 
(Code: HYLL-2021-218).

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 Demir S, Nawroth PP, Herzig S, Üstünel BE. Emerging tar-
gets in type 2 diabetes and diabetic complications. Adv Sci. 
2021;8(18):e2100275.

2.	 Klekotka RB, Mizgała E, Król W. The etiology of lower respira-
tory tract infections in people with diabetes. Pneumonol Alergol 
Pol. 2015;83(5):401–8.

3.	 Shah BR, Hux JE. Quantifying the risk of infectious diseases for 
people with diabetes. Diabetes Care. 2003;26(2):510–3.

4.	 Lim S, Bae JH, Kwon H, Nauck MA. COVID-19 and diabetes 
mellitus: from pathophysiology to clinical management. Nat Rev 
Endocrinol. 2021;17(1):11–30.

5.	 Ewig S, Torres A. Severe community-acquired pneumonia. Clin 
Chest Med. 1999;20(3):575–87.

organs, including the colon and testis, via the inhibition 
of NF-κB [66]. The results of a randomized controlled 
trial demonstrated that exendin-4 can reduce the levels of 
inflammatory markers in the blood of patients with T2DM 
[67]. However, the role of exendin-4 in diabetic patients 
with lung infection has rarely been reported, and its anti-
inflammatory mechanism is unclear. The results of the pres-
ent study showed that exendin-4 significantly alleviated 
the exacerbation of LPS-induced airway epithelial inflam-
mation in a hyperglycemic environment and the worsening 
of PA-related pneumonia in diabetic rats. This therapeutic 
effect may be due to the attenuation of NOD1/NF-κB over-
expression and the inhibition of T1R2/T1R3. Additionally, 
exendin-4 might suppress T1R2/T1R3 either as a conse-
quence of hypoglycemia or through a direct mechanism that 
requires further research.

The present study also had several limitations. First, the 
data of this study are largely descriptive, associative and cor-
relative, with no direct proof that the T1R2/T1R3 mediate 
inflammatory signal activation in the lung, so in the future 
we should employ T1R2/T1R3 knockout models in airway 
epithelial cells or rats to sufficiently elucidate the regulatory 
role of T1R2/T1R3 in airway inflammatory responses and 
the NOD1/NF-κB pathway. Second, the absence of certain 
critical groups in this study makes it unclear whether exen-
din-4 directly inhibits the T1R2/T1R3 and NOD1/NF-κB 
pathways. Third, the sample size of this study is small, indi-
cating the need for larger sample sizes for future research to 
increase the robustness of the findings. Fourth, we focused 
exclusively on PA, a quintessential example of a gram-neg-
ative bacterium, to delineate diabetes complicated with pul-
monary infection. Further research is needed to extend our 
understanding of other pathogenic infections with diabetes.

Conclusions

The present study suggested that in lung infection with dia-
betes, high glucose can aggravate the respiratory inflam-
matory response, increase the elevation of NOD1/NF-κB, 
and promote T1R2/T1R3. Exendin-4 can ameliorate PA-
related pneumonia with diabetes and overexpression of 
NOD1/NF-κB. Additionally, exendin-4 might suppress 
T1R2/T1R3, potentially through its hypoglycemic effect or 
through a direct mechanism. The relationship between the 
inhibition of T1R2/T1R3 and the remission of PA-related 
pneumonia with diabetes, as well as the reduction in the 
NOD1/NF-κB pathway, warrants further research.

Acknowledgements  We thank the Department of Laboratory Medi-
cine of the First Affiliated Hospital of Hainan Medical University for 
the gift of the Pseudomonas aeruginosa strain.

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


S. Yu et al.

repression of T1R2/T1R3 sweet taste receptor signalling in strep-
tozotocin diabetic mice. Transl Res. 2022:24687–101.

28.	 Kondo T, Uebanso T, Arao N, Shimohata T, Mawatari K, Taka-
hashi A. Effect of T1R3 taste receptor gene deletion on dextran 
sulfate sodium-induced colitis in mice. J Nutr Sci Vitaminol. 
2022;68(3):204–12.

29.	 Khalifa O, Al-Akl NS, Errafii K, Arredouani A. Exendin-4 allevi-
ates steatosis in an in vitro cell model by lowering FABP1 and 
FOXA1 expression via the Wnt/-catenin signaling pathway. Sci 
Rep. 2022;12(1):2226.

30.	 Schultz MJ, Rijneveld AW, Florquin S, Edwards CK, Dinarello 
CA, van der Poll T. Role of interleukin-1 in the pulmonary 
immune response during Pseudomonas aeruginosa pneumonia. 
Am J Physiol Lung Cell Mol Physiol. 2002;282(2):L285–290.

31.	 Xu J, Qu J, Li H. N-Acetylcysteine modulates acute lung injury 
induced by Pseudomonas aeruginosa in rats. Clin Exp Pharmacol 
Physiol. 2011;38(5):345–51.

32.	 Nazir N, Zahoor M, Nisar M, Khan I, Ullah R, Alotaibi A. 
Antioxidants isolated from Elaeagnus umbellata (Thunb.) pro-
tect against bacterial infections and diabetes in streptozotocin-
induced diabetic rat model. Molecules. 2021;26(15):4464.

33.	 Zanotto C, Hansen F, Galland F, Batassini C, Federhen BC, Silva 
VFD, et al. Glutamatergic alterations in STZ-induced diabetic rats 
are reversed by Exendin-4. Mol Neurobiol. 2019;56(2):3528–51.

34.	 Yang B, Guo J, Xiao C. Effect of PM2.5 environmental pollution 
on rat lung. Environ Sci Pollut Res Int. 2018;25(36):36136–46.

35.	 Aleku M, Fisch G, Möpert K, Keil O, Arnold W, Kaufmann J, 
et al. Intracellular localization of lipoplexed siRNA in vascu-
lar endothelial cells of different mouse tissues. Microvasc Res. 
2008;76(1):31–41.

36.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression 
data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) method. Methods. 2001;25(4):402–8.

37.	 Hayden MS, Ghosh S. NF-κB in immunobiology. Cell Res. 
2011;21(2):223–44.

38.	 Bakowitz M, Bruns B, McCunn M. Acute lung injury and the 
acute respiratory distress syndrome in the injured patient. Scand J 
Trauma Resusc Emerg Med. 2012:2054.

39.	 King H, Aubert RE, Herman WH. Global burden of diabetes, 
1995–2025: prevalence, numerical estimates, and projections. 
Diabetes Care. 1998;21(9):1414–31.

40.	 Goldman MD. Lung dysfunction in diabetes. Diabetes Care. 
2003;26(6):1915–8.

41.	 Zhang R, Zhou J, Cai Y, Shu L, Simó R, Lecube A. Non-linear 
association between diabetes mellitus and pulmonary function: a 
population-based study. Respir Res. 2020;21(1):292.

42.	 Benbassat CA, Stern E, Kramer M, Lebzelter J, Blum I, Fink G. 
Pulmonary function in patients with diabetes mellitus. Am J Med 
Sci. 2001;322(3):127–32.

43.	 Weisbrod CJ, Eastwood PR, O’Driscoll G, Green DJ. Abnormal 
ventilatory responses to hypoxia in type 2 diabetes. Diabet Med. 
2005;22(5):563–8.

44.	 Tantucci C, Bottini P, Fiorani C, Dottorini ML, Santeusanio F, 
Provinciali L, et al. Cerebrovascular reactivity and hypercap-
nic respiratory drive in diabetic autonomic neuropathy. J Appl 
Physiol. 2001;90(3):889–96.

45.	 Fuso L, Pitocco D, Longobardi A, Zaccardi F, Contu C, Pozzuto C, 
et al. Reduced respiratory muscle strength and endurance in type 
2 diabetes mellitus. Diabetes Metab Res Rev. 2012;28(4):370–5.

46.	 Cavan DA, Parkes A, O’Donnell MJ, Freeman W, Cayton RM. 
Lung function and diabetes. Respir Med. 1991;85(3):257–8.

47.	 Dennis RJ, Maldonado D, Rojas MX, Aschner P, Rondón M, 
Charry L et al. Inadequate glucose control in type 2 diabetes is 
associated with impaired lung function and systemic inflamma-
tion: a cross-sectional study. BMC Pulm Med. 2010:1038.

6.	 Kornum JB, Thomsen RW, Riis A, Lervang H, Schønheyder HC, 
Sørensen HT. Type 2 diabetes and pneumonia outcomes: a popu-
lation-based cohort study. Diabetes Care. 2007;30(9):2251–7.

7.	 Kofteridis DP, Giourgouli G, Plataki MN, Andrianaki AM, 
Maraki S, Papadakis JA, et al. Community-acquired pneumonia 
in elderly adults with type 2 diabetes mellitus. J Am Geriatr Soc. 
2016;64(3):649–51.

8.	 Rafat D, Agrawal A, Khalid S, Khan AU, Nawab T, Sultan A. 
Bacterial abundance and antimicrobial resistance patterns of 
uropathogens among pregnant women with asymptomatic bac-
teriuria: association with glycemic status. Eur J Obstet Gynecol 
Reprod Biol X. 2023:21100263.

9.	 Roberts G, Chang L, Park J, Thynne T. The occurrence of hospi-
tal-acquired pneumonia is independently associated with elevated 
stress hyperglycaemia ratio at admission but not elevated blood 
glucose. Diabetes Res Clin Pract. 2023:205110955.

10.	 Liu B, Chen Y, Yu L, Zhou M. Stress hyperglycemia ratio is 
associated with systemic inflammation and clinical outcomes 
in diabetic inpatients with pneumonia on admission. J Diabetes. 
2023;15(7):545–56.

11.	 Li X, Staszewski L, Xu H, Durick K, Zoller M, Adler E. Human 
receptors for sweet and umami taste. Proc Natl Acad Sci U S A. 
2002;99(7):4692–6.

12.	 Nelson G, Chandrashekar J, Hoon MA, Feng L, Zhao G, 
Ryba NJP, et al. An amino-acid taste receptor. Nature. 
2002;416(6877):199–202.

13.	 Nelson G, Hoon MA, Chandrashekar J, Zhang Y, Ryba NJ, Zuker 
CS. Mammalian sweet taste receptors. Cell. 2001;106(3):381–90.

14.	 Jiang P, Ji Q, Liu Z, Snyder LA, Benard LMJ, Margolskee RF, 
et al. The cysteine-rich region of T1R3 determines responses to 
intensely sweet proteins. J Biol Chem. 2004;279(43):45068–75.

15.	 Winnig M, Bufe B, Kratochwil NA, Slack JP, Meyerhof W. The 
binding site for neohesperidin dihydrochalcone at the human 
sweet taste receptor. BMC Struct Biol. 2007:766.

16.	 Carey RM, Lee RJ. Taste receptors in upper airway innate immu-
nity. Nutrients. 2019;11(9):2017.

17.	 Harrington EO, Vang A, Braza J, Shil A, Chichger H. Activa-
tion of the sweet taste receptor, T1R3, by the artificial sweetener 
sucralose regulates the pulmonary endothelium. Am J Physiol 
Lung Cell Mol Physiol. 2018;314(1):L165–76.

18.	 Lee RJ, Kofonow JM, Rosen PL, Siebert AP, Chen B, Doghramji 
L, et al. Bitter and sweet taste receptors regulate human upper 
respiratory innate immunity. J Clin Invest. 2014;124(3):1393–405.

19.	 McMahon DB, Jolivert JF, Kuek LE, Adappa ND, Palmer JN, Lee 
RJ. Utilizing the off-target effects of T1R3 antagonist lactisole to 
enhance nitric oxide production in basal airway epithelial cells. 
Nutrients. 2023;15(3):517.

20.	 Mozafari N, Azadi S, Mehdi-Alamdarlou S, Ashrafi H, Azadi 
A. Inflammation: a bridge between diabetes and COVID-19, 
and possible management with sitagliptin. Med Hypotheses. 
2020:143110111.

21.	 Takeuchi O, Akira S. Pattern recognition receptors and inflamma-
tion. Cell. 2010;140(6):805–20.

22.	 Tergaonkar V. NFkappaB pathway: a good signaling paradigm and 
therapeutic target. Int J Biochem Cell Biol. 2006;38(10):1647–53.

23.	 Aghasafari P, George U, Pidaparti R. A review of inflammatory 
mechanism in airway diseases. Inflamm Res. 2019;68(1):59–74.

24.	 Viurcos-Sanabria R, Escobedo G. Immunometabolic bases of 
type 2 diabetes in the severity of COVID-19. World J Diabetes. 
2021;12(7):1026–41.

25.	 Keestra-Gounder AM, Tsolis RM. NOD1 and NOD2: beyond 
peptidoglycan sensing. Trends Immunol. 2017;38(10):758–67.

26.	 Kantroo V, Atreja A, Bhattacharya S, Shaikh S, Kalra S. The dia-
betic lung. J Pak Med Assoc. 2023;73(1):191–2.

27.	 Ercin M, Gezginci-Oktayoglu S, Bolkent S. Exendin-4 inhib-
its small intestinal glucose sensing and absorption through 

1 3



Exendin-4 blockade of T1R2/T1R3 activation improves Pseudomonas aeruginosa-related pneumonia in an…

aeruginosa quorum-sensing molecules require taste signaling 
components. Innate Immun. 2014;20(6):606–17.

60.	 Lee RJ, Hariri BM, McMahon DB, Chen B, Doghramji L, 
Adappa ND, et al. Bacterial d-amino acids suppress sinonasal 
innate immunity through sweet taste receptors in solitary chemo-
sensory cells. Sci Signal. 2017;10(495):7703.

61.	 Fischer S. Pattern recognition receptors and control of innate 
immunity: role of nucleic acids. Curr Pharm Biotechnol. 
2018;19(15):1203–9.

62.	 Swain B, Basu M, Samanta M. NOD1 and NOD2 receptors in 
mrigal (Cirrhinus mrigala): inductive expression and downstream 
signalling in ligand stimulation and bacterial infections. J Biosci. 
2013;38(3):533–48.

63.	 Rivers SL, Klip A, Giacca A. NOD1: an interface between 
innate immunity and insulin resistance. Endocrinology. 
2019;160(5):1021–30.

64.	 Prieto P, Vallejo-Cremades MT, Benito G, González-Peramato P, 
Francés D, Agra N, et al. NOD1 receptor is up-regulated in diabetic 
human and murine myocardium. Clin Sci. 2014;127(12):665–77.

65.	 Katsiki N, Ferrannini E. Anti-inflammatory properties of antidia-
betic drugs: a promised land in the COVID-19 era? J Diabetes 
Complications. 2020;34(12):107723.

66.	 Chen Y, Shu A, Jiang M, Jiang J, Du Q, Chen T et al. Exena-
tide improves hypogonadism and attenuates inflammation in dia-
betic mice by modulating gut microbiota. Int Immunopharmacol. 
2023:120110339.

67.	 Wu J, Xu X, Zhu J, Ding B, Du T, Gao G, et al. Effect of exenatide 
on inflammatory and oxidative stress markers in patients with type 
2 diabetes mellitus. Diabetes Technol Ther. 2011;13(2):143–8.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations. 

48.	 Landstra CP, de Koning EJP. COVID-19 and diabetes: under-
standing the interrelationship and risks for a severe course. Front 
Endocrinol. 2021:12649525.

49.	 Huang Q, An R, Wang H, Yang Y, Tang C, Wang J, et al. Aggra-
vated pneumonia and diabetes in SARS-CoV-2 infected diabetic 
mice. Emerg Microbes Infect. 2023;12(1):2203782.

50.	 Grosick R, Alvarado-Vazquez PA, Messersmith AR, Romero-
Sandoval EA. High glucose induces a priming effect in mac-
rophages and exacerbates the production of pro-inflammatory 
cytokines after a challenge. J Pain Res. 2018:111769–1778.

51.	 Huang W, Gou F, Long Y, Li Y, Feng H, Zhang Q, et al. High 
glucose and lipopolysaccharide activate NOD1- RICK-NF-κB 
inflammatory signaling in mesangial cells. Exp Clin Endocrinol 
Diabetes. 2016;124(8):512–7.

52.	 Sprous D, Palmer KR. The T1R2/T1R3 sweet receptor and 
TRPM5 ion channel taste targets with therapeutic potential. Prog 
Mol Biol Transl Sci. 2010:91151–208.

53.	 Kinnamon SC. Taste receptor signalling - from tongues to lungs. 
Acta Physiol. 2012;204(2):158–68.

54.	 Laffitte A, Neiers F, Briand L. Functional roles of the sweet taste 
receptor in oral and extraoral tissues. Curr Opin Clin Nutr Metab 
Care. 2014;17(4):379–85.

55.	 Neiers F, Canivenc-Lavier M, Briand L. What does diabetes taste 
like? Curr Diab Rep. 2016;16(6):49.

56.	 Parker D, Prince A. Innate immunity in the respiratory epithe-
lium. Am J Respir Cell Mol Biol. 2011;45(2):189–201.

57.	 Carey RM, Adappa ND, Palmer JN, Lee RJ, Cohen NA. Taste 
receptors: regulators of sinonasal innate immunity. Laryngoscope 
Investig Otolaryngol. 2016;1(4):88–95.

58.	 Zhu X, He L, McCluskey LP. Ingestion of bacterial lipopolysac-
charide inhibits peripheral taste responses to sucrose in mice. 
Neuroscience. 2014:25847–61.

59.	 Lee RJ, Chen B, Redding KM, Margolskee RF, Cohen NA. 
Mouse nasal epithelial innate immune responses to Pseudomonas 

1 3


	﻿Exendin-4 blockade of T1R2/T1R3 activation improves Pseudomonas aeruginosa-related pneumonia in an animal model of chemically induced diabetes
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿Cell culture and grouping
	﻿Cell viability assay
	﻿Cellular immunofluorescence
	﻿Cellular NF-κB activation-nuclear translocation assay
	﻿Bacterial strains and culture conditions
	﻿Animal model preparation and grouping
	﻿Bronchoalveolar lavage fluid (BALF) and lung tissue preparation
	﻿Hematoxylin and eosin (HE) staining
	﻿Immunofluorescence staining of lung tissue paraffin sections
	﻿ELISAs of cellular and BALF supernatants
	﻿Reverse transcription‑quantitative PCR (RT‑qPCR) of cells and lung tissues
	﻿Western blot analysis of cells and lung tissues
	﻿Statistical analysis

	﻿Results
	﻿Cell viability
	﻿The effects of different concentrations of glucose on cellular T1R2/T1R3
	﻿High glucose can exacerbate LPS-induced airway epithelial inflammation, and this effect may be reversed by exendin-4
	﻿Exendin-4 attenuated the overactivation of the NOD1/NF-κB pathway and the upregulation of T1R2/T1R3 stimulated by high glucose and LPS
	﻿Effect of exendin-4 on morphological changes in diabetic rats with pneumonia
	﻿Exendin-4 reduced the overproduction of proinflammatory cytokines in diabetic rats with pneumonia
	﻿Exendin-4 repressed the overexpression of NOD1/NF-κB p65 and the upregulation of T1R2/T1R3 in diabetic rats with pneumonia

	﻿Discussion
	﻿Conclusions
	﻿References


