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Abstract

Pseudomonas aeruginosa (P. aeruginosa) infections are increasingly multidrug resistant and cause 

healthcare associated pneumonia, a major risk factor for acute lung injury (ALI)/ acute respiratory 

distress syndrome (ARDS). Adenosine is a signaling nucleoside with potential opposing effects; 

adenosine can either protect against acute lung injury via adenosine receptors or cause lung injury 

via adenosine receptors or equilibrative nucleoside transporter (ENT)-dependent intracellular 

adenosine uptake. We hypothesized that blockade of intracellular adenosine uptake by inhibition 

of ENT1/2 would increase adenosine receptor signaling and protect against P. aeruginosa-induced 

acute lung injury. We observed that P. aeruginosa (strain: PA103) infection induced acute lung 

injury in C57BL/6 mice in a dose- and time-dependent manner. Using ENT1/2 pharmacological 

inhibitor, nitrobenzylthioinosine (NBTI), and ENT1-null mice, we demonstrated that ENT 

blockade elevated lung adenosine levels and significantly attenuated P. aeruginosa-induced acute 

lung injury, as assessed by lung wet-to-dry weight ratio, BAL protein levels, BAL inflammatory 

cell counts, pro-inflammatory cytokines, and pulmonary function (total lung volume, static lung 

compliance, tissue damping, and tissue elastance). Using both agonists and antagonists directed 

against adenosine receptors A2AR and A2BR, we further demonstrated that ENT1/2 blockade 

protected against P. aeruginosa-induced acute lung injury via activation of A2AR and A2BR. 

Additionally, ENT1/2 chemical inhibition and ENT1 knockout prevented P. aeruginosa-induced 

lung NLRP3 inflammasome activation. Finally, inhibition of inflammasome prevented P. 
aeruginosa-induced acute lung injury. Our results suggest that targeting ENT1/2 and NLRP3 
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inflammasome may be novel strategies for prevention and treatment of P. aeruginosa-induced 

pneumonia and subsequent ARDS.
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NLRP3 inflammasome

Introduction

Acute respiratory distress syndrome (ARDS) is characterized by non-cardiogenic pulmonary 

edema and widespread inflammation (1) and affects approximately 3 million patients 

worldwide annually with mortality from 35–46% (2, 3). Pulmonary (direct) and systemic 

(indirect) infections are among the major risk factors for ARDS (1). Pseudomonas 
aeruginosa (P. aeruginosa), a gram-negative pathogen with increasing prevalence of 

multidrug resistance (MDR) (4), is one of the top three pathogens causing 10.1% of 

hospital-acquired infections and accounting for 16.5% of ventilator-associated pneumonia 

(VAP) with attributable mortality up to 41.9% (5). In addition to causing healthcare-

associated pneumonia (6–8), sepsis is another major clinical manifestations of P. aeruginosa 
infection. Previously effective antibiotic management in critically ill patients has become 

ineffective due to MDR, leading to increased mortality and worse outcomes (5). Therefore, it 

is necessary to develop novel non-antibiotic therapeutics for P. aeruginosa infections and 

subsequent ARDS.

Adenosine, a signaling nucleoside, has contrasting effects. Acutely elevated adenosine 

protects against inflammation and acute lung injury (9–13), whereas chronically sustained 

increased adenosine is detrimental to the lungs (14). Extracellular adenosine signals via 

engagement of its four G protein-coupled adenosine receptors. ADORA 1 (A1R) and 

ADORA 3 (A3R) couple to the Gi family proteins to inhibit adenylyl cyclase, whereas 

ADORA 2A (A2AR) and ADORA 2B (A2BR) couple to the Gs family proteins to activate 

adenylyl cyclase, thereby amplifying cyclic adenosine monophosphate (cAMP)/ protein 

kinase A (PKA) signaling and calcium mobilization (15, 16). Acute activation of A2AR and 

A2BR ameliorates pulmonary edema and enhances endothelial barrier integrity (10, 12, 13, 

17). However, the downstream intracellular signaling of adenosine receptor-mediated 

protection against acute lung injury is not well understood.

Extracellular adenosine is metabolized into inosine via cell surface adenosine deaminase 

(ADA) and/or terminated by intracellular uptake facilitated by equilibrative nucleoside 

transporters (ENTs). ENT1 and ENT2 are major adenosine transporters expressed in lung 

microvascular endothelial cells and alveolar epithelial cells (18–20). We have previously 

shown that sustained elevated adenosine causes lung endothelial cell barrier dysfunction and 

apoptosis via ENT1/2-dependent mechanisms (21, 22), suggesting that intracellular 

adenosine uptake is detrimental to lung endothelial cells. Inhibition of ENT1/2 has been 

shown to attenuate acute lung injury induced by hypoxia (23), high-pressure mechanical 

ventilation (20) and lipopolysaccharide (LPS) (19). Whether inhibition of ENT1/2 protects 

against P. aeruginosa-induced acute lung injury is unknown. Endothelial cells express ENT1 
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(24) and ENT2 (19). Intracellular adenosine uptake adversely affects endothelial barrier 

function and causes endothelial apoptosis (21, 22). We therefore hypothesized that blocking 

intracellular adenosine uptake by inhibition of ENT1/2 and simultaneous increase in 

extracellular adenosine signaling would protect against P. aeruginosa-induced acute lung 

injury.

The inflammasomes are cytosolic multimeric protein platforms that assemble in response to 

stress or infections and are central to innate immunity and inflammation (25). The 

nucleotide-binding oligomerization domain (Nod)-like receptor (NLR) family of 

inflammasomes belongs to a class of intracellular pattern recognition receptors (PRRs) that 

detect pathogen-associated molecular patterns (PAMPs) and/or host-derived damage-

associated molecular patterns (DAMPs). Nod leucine-rich repeat (LRR) and pyrin domain-

containing protein 3 (NLRP3) inflammasome, a member of the NLR inflammasome family, 

is activated by a wide range of stimuli, including PAMPs and DAMPs. NLRP3 interacts with 

an adaptor, apoptosis-associated speck-like protein containing a caspase-recruitment domain 

(ASC), leading to self-cleavage (activation) of caspase-1 and subsequent cleavage and 

release of mature IL-1β and IL-18 (26). IL-18 is elevated in plasma of patients with sepsis- 

or trauma-induced ARDS (27), highlighting a potential role of inflammasome in 

pathogenesis of human ARDS. NLRP3 inflammasome activation has been implicated in 

several animal models of acute lung injury induced by LPS (28), polymicrobial sepsis (29), 

mechanical ventilation (27), hyperoxia (30), and hemorrhagic shock (31). Mice deficient in 

interleukin-1 (IL-1) receptor (IL-1R) (32) or IL-18 (33) are protected from P. aeruginosa 
pneumonia, suggesting that inflammasome activation contributes to P. aeruginosa-induced 

acute lung injury. Since IL-1R and IL-18 can be activated by many pathways other than 

NLRP3 inflammasome, it is unknown whether the NLRP3 inflammasome is activated by P. 
aeruginosa infection. It is also unknown whether the NLRP3 inflammasome activation 

mediates P. aeruginosa-induced acute lung injury.

In this study we demonstrate that pharmacological inhibition of ENT1/2 effectively 

prevented P. aeruginosa-induced lung edema, inflammation, and decline in lung function. 

ENT1 null mice were partially protected from P. aeruginosa-induced acute lung injury. We 

further demonstrate that ENT1/2 inhibition acted via extracellular adenosine-mediated 

activation of A2AR and A2BR. Both ENT1/2 pharmacological inhibition and ENT1 knockout 

prevented P. aeruginosa-induced NLRP3 inflammasome activation. These results suggest 

that targeting ENT1/2 and NLRP3 inflammasome may be novel strategies for prevention 

and/or treatment of P. aeruginosa-induced pneumonia and subsequent ARDS.

Materials and Methods

Reagents:

PSB1115 (4-(2,3,6,7-Tetrahydro-2,6-dioxo-1-propyl-1H-purin-8-yl)-benzenesulfonic acid), 

ZM241385 (4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-

ylamino]ethyl)phenol), BAY60–6583 (2-[[6-Amino-3,5-dicyano-4-[4-

(cyclopropylmethoxy)phenyl]-2-pyridinyl]thio]-acetamide), and CGS21680 (4-[2-[[6-

Amino-9-(N-ethyl-β-D-ribofuranuronamidosyl)-9H-purin-2-

yl]amino]ethyl]benzenepropanoic acid hydrochloride) were purchased from Tocris 
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Bioscience (Minneapolis, MN). Nitrobenzylthioinosine (NBTI), dipyridamole, αβ-

methylene ADP, and 5’-deoxycoformycin and Ac-YVAD-cmk were purchased from Sigma 

Aldrich (St. Louis, MO).

Mice:

Male 8-weeks old C57BL/6 mice were purchased from Charles River Laboratories 

(Wilmington, MA). ENT1 null mice were obtained from Dr. Doo-Sup Choi (Mayo Clinic, 

Rochester, MN). Adult males and females of ENT1 null mice and sex-, age- and weight-

matched wild type littermates were used. All animal experiments were performed according 

to the protocol approved by the Institutional Animal Care and Use Committee of the 

Providence Veterans Affairs Medical Center for the humane use of experimental animals 

(IACUC# 2016–003). Standard housing conditions were used (12-h: 12-h light/dark cycle, 

68–72°F, 30–70% humidity). Animals were maintained in ventilated racks with automated 

water systems and were fed standard chow ad libitum.

Intratracheal administration of bacteria:

P. aeruginosa (strain: PA103) was a gift from Dr. Troy Stevens (University of South 

Alabama, Mobile, AL) and maintained according to previously described protocols (34). 

Briefly, PA103 was grown on solid Lysogeny Broth (LB) agar plate for 16 hours and then 

several colonies were resuspended in sterile saline. The concentrations of PA103 

suspensions were first estimated by optical density at a wavelength of 600 nm using 

spectrophotometer (BioRad, Hercules, CA). The actual amounts of instilled bacteria for each 

animal experiment were determined by serial dilution and standard plate counting of colony 

forming units (CFU) grown on LB agar plates. For intratracheal instillation of bacteria, mice 

were anesthetized with 3% isoflurane and then intratracheally instilled with 50 μL (1–5x 105 

CFU) of PA103, as described in each figure legend, or equal volume (50 μL) of sterile 

saline. Acute lung injury was assessed at 4h up to 1 week after instillation of PA103.

Lung function assessment:

Lung mechanics were measured using the FlexiVent system and FlexiWare software 

(SCIREQ, Montreal, Canada), as previously described (21). Mice were deeply anesthetized 

via i.p. injection of Ketamine (200 mg/kg) and Xylazine (15 mg/kg). While anesthetized, 

mice were intratracheally intubated with a calibrated 20-gauge beveled catheter and 

ventilated via the FlexiVent ventilator at 10 mL/kg constant tidal volume and 150 breaths per 

minute respiratory rate. Total lung capacity (TLC), static lung compliance (Cst), tissue 

damping (G), and tissue elastance (H) were assessed using FlexiWare software according to 

manufacturer recommendations.

Lung wet/dry weight ratio:

As previously described (35), after mice were euthanized by Pentobarbital (120 mg/kg, i.p. 

injection), the lungs were immediately harvested and weighed. The lungs were dried for 48h 

at 80°C and weighed again. The ratio of lung wet-to-dry weight was calculated.
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Protein content and inflammatory cell counts in bronchoalveolar lavage (BAL) fluid:

Mice were anesthetized with Ketamine (75 mg/kg) and Xylazine (5 mg/kg) cocktail via i.p. 

injection. Mouse lungs were then lavaged once with 600 μL of sterile saline using 1-ml 

syringe via a tracheal catheter. Total protein concentrations in BAL fluid were assessed by 

DC protein assay (BioRad, Hercules, CA). Total inflammatory cell counts in BAL fluid were 

assessed by TC20 automated cell counter (BioRad, Hercules, CA), as previously described 

(12, 36). The proportions of BAL macrophages, neutrophils, lymphocytes and eosinophils 

were assessed by Diff Quik staining of BAL cytospin slides and the total numbers of 

macrophages, neutrophils, lymphocytes and eosinophils in BAL fluid were calculated based 

on total inflammatory cell counts and individual cell proportions.

Cytokines and chemokines in lung homogenates and BAL fluid:

Lung tissue and BAL fluid were collected and frozen immediately in liquid nitrogen and 

stored at −80°C. Lung tissue was homogenized immediately before measurement of 

cytokines. TNFα and IL-6 (BD Biosciences, San Diego, CA), IL-1β (BioLegend, San 

Diego, CA), macrophage inflammatory protein-2 (MIP-2), and KC (R&D Systems, 

Minneapolis, MN) were measured by enzyme-linked immunosorbent assay (ELISA) kits, 

per manufacturer recommendations.

Bacterial clearance:

Mice were anesthetized with Ketamine (75 mg/kg) and Xylazine (5 mg/kg) cocktail via i.p. 

injection. Mouse lungs were then lavaged with 600 μL of sterile saline using 1-ml syringe 

via a tracheal catheter at differing time points after intratracheal administration of PA103. 

Under sterile conditions, BAL fluid was subjected to serial 10-fold dilutions and cultured 16 

hours on LB agar plates. Bacterial CFU were manually counted.

Adenosine quantification:

Mouse lungs were lavaged with nucleoside preservation cocktail (dipyridamole, αβ-

methylene ADP, and 5’-deoxycoformycin) for BAL fluid collection. BAL fluid and lung 

tissue were frozen immediately in liquid nitrogen. Nucleosides were extracted using 0.4 N 

perchloric acid and adenosine was quantified using reverse- phase HPLC, as previously 

described (12, 21, 37).

Immunoblot analysis:

Lung tissue was homogenized and then subjected to total protein assay and western blot 

analysis. Antibodies directed against NLRP3 (AdipoGen Life Sciences, San Diego, CA), 

ASC (AdipoGen Life Sciences, San Diego, CA), pro-caspase-1, and active (p20) caspase-1 

(Santa Cruz Biotechnology, Dallas, Texas) were used to determine protein expression by 

BioRad ChemiDoc Imaging Systems. Actin, β-actin, and GAPDH were used as protein 

loading controls. Densitometry of immunoblots was performed using ImageJ software.

Data Analysis:

Biological replicates (n=4–10) with at least 3 technical replicates were used in this study. 

For experiments using ENT1 null mice, sex-, age- and weight-matched wild type control 
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littermates were used. Mice were randomized into treatment groups. All endpoint 

measurements were done in a blinded manner. The specificity of antibodies was verified by 

vendors and confirmed. Data are presented as means ± standard error (SE). The difference 

between two means was assessed using Student’s T test. The differences among three or 

more means were assessed using one- or two- way analysis of variance (ANOVA) and 

Fisher’s LSD post hoc test. Differences among means are considered statistically significant 

when p<0.05.

Results

P. aeruginosa caused acute lung injury in a dose- and time-dependent manner

P. aeruginosa has been shown to cause acute lung injury in mice (38). To determine an 

optimal dose and time of P. aeruginosa (strain PA 103, hereinafter termed “PA”) that causes 

lung injury in C57BL/6 mice, we performed dose-response and time-course experiments. 

We found that PA at 1x103 - 4x105 CFU/mouse increased BAL protein content (Fig. 1a) and 

BAL total inflammatory cell counts (Fig. 1b) in a dose-dependent manner. Since 1x105 

CFU/mouse of PA was the lowest dose of this bacteria which significantly increased both 

BAL protein content and total leukocyte counts, this dose of PA was used in subsequent 

experiments. We next assessed progression and resolution of lung injury following PA 

infection over a period of 7 days. We found that BAL protein content peaked at 4h, then 

slowly decreased, and completely resolved at 72h (Fig. 1c). Total BAL inflammatory cell 

counts peaked at 24h and slowly recovered between 48h-7days (Fig. 1d). In saline-

challenged lungs (control), majority of BAL cells were macrophages, which slightly 

decreased at 4h, recovered at 24h, and progressively increased and became the dominant cell 

population again at 72h-7 days after PA infection (Fig 1d). It is noteworthy that the numbers 

of BAL macrophages at 72h-7 days post PA infection were significantly higher than control 

lungs (Fig. 1d) despite resolution of BAL protein levels (Fig. 1c). Neutrophils dominated 

BAL cell populations at 4h-48h after PA infection and then declined and returned to normal 

levels at 96h-7 days (Fig. 1d); effects associated with lung injury and resolution, respectively 

(Fig. 1c). Compared to the numbers of macrophages and neutrophils, the numbers of 

lymphocytes and eosinophils in BAL fluid were ~100 fold lower (Fig. 1e). PA infection 

mildly increased the numbers of lymphocytes and eosinophils in BAL at 4h-24h (Fig. 1e). 

Consistent with the time-course of lung injury, mice had a significant loss in body weight at 

24h after PA infection and then slowly recovered (Fig. 1f). Bacteria in BAL were 

dramatically cleared at 4h and further reduced at 24h post PA infection (Fig. 1g). 

Interestingly, low levels of bacteria persisted in BAL fluid between 72h to 7 days (Fig. 1g) 

when BAL protein had completely resolved (Fig. 1c). This effect was associated with 

increased levels of BAL macrophages (Fig. 1d). These results suggest that low levels of 

bacteria were not able to perpetuate lung injury due to on-going alveolar macrophage 

activation.

Pharmacological inhibition of ENT1/2 prevented P. aeruginosa-induced lung edema and 
decline in lung function

It is well known that acutely increased extracellular adenosine protects against acute lung 

injury (9–13). We have previously shown that sustained elevated adenosine increases 
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endothelial barrier permeability and causes endothelial cell apoptosis via ENT1/2-facilitated 

intracellular adenosine uptake (21, 22). Endothelial cells have been reported to 

predominantly express ENT1 (24) or ENT2 (19). We hypothesized that blocking 

intracellular adenosine uptake by inhibition of ENT1/2 would simultaneously increase 

extracellular adenosine and would protect against PA-induced acute lung injury. To test this 

hypothesis, we examined the effect of ENT1/2 inhibitor, NBTI, on PA-induced changes in 

lung function and pulmonary edema. At 4h after intratracheal instillation of 1x105 CFU of 

PA, mice displayed typical lung edema characterized by decreased total lung capacity (TLC) 

(Fig. 2a), decreased static lung compliance (Cst) (Fig. 2b), increased parenchymal elastance 

(H) (Fig. 2c), and increased parenchymal resistance (H) (Fig. 2d). Pretreatment of mice with 

NBTI (2 mg/kg) completely prevented PA-induced decline in lung function (Fig. 2a–d). 

Similarly, PA infection significantly enhanced pulmonary edema, as assessed by lung wet-

to-dry weight ratio (Fig. 2e) and BAL protein content (Fig. 2f). Pretreatment with NBTI 

prevented PA-induced pulmonary edema (Fig. 2e–f). These results indicate that inhibition of 

ENT1/2 protects against PA-induced acute lung injury.

Pharmacological inhibition of ENT1/2 blunted P. aeruginosa-induced lung inflammation

To determine the effect of pharmacological inhibition of ENT1/2 on PA-induced lung 

inflammation, we evaluated inflammatory cell infiltration, cytokine, and chemokine 

secretion into the BAL fluid of mice infected with PA for 4h. As expected, intratracheal 

administration of PA significantly increased the total number of inflammatory cells in the 

BAL (Fig. 3a). Pretreatment with NBTI reversed PA-induced increase in BAL inflammatory 

cells (Fig. 3a). NBTI blunted PA-induced increases in neutrophils (Fig. 3b) but had a 

marginal effect on macrophages (Fig. 3c). Furthermore, pretreatment with NBTI 

significantly reduced PA-induced increases in BAL lymphocytes and eosinophils (Fig. 3d–

e). Consistently, NBTI also significantly blunted PA-induced release of pro-inflammatory 

cytokines, TNF-a (Fig. 3f) and IL-6 (Fig. 3g), with a trend toward protection against PA-

induced increase in keratinocyte chemoattractant (KC) and MIP2 (Fig. 3h–i).

ENT1 knockout partially attenuated P. aeruginosa -induced lung edema and inflammation

ENT1 has a 2.8-fold higher affinity for adenosine than ENT2 (39). ENT1 is the predominant 

transporter for adenosine uptake in human microvascular endothelial cells (23). NBTI is 

7000-fold more effective in inhibiting ENT1 than ENT2 (39). Thus, we hypothesized that 

inhibition of ENT1 was responsible for NBTI protection against PA-induced acute lung 

injury. To specifically determine the role of ENT1 in PA-induced acute lung injury, we used 

global ENT1 null mice. As expected, PA infection for 4h caused acute lung injury in wild 

type control mice, as indicated by increased lung wet-to-dry weight ratio (Fig. 4a), increased 

BAL protein content (Fig. 4b), and elevated BAL inflammatory cell counts (Fig. 4c). PA-

induced increase in BAL protein content and inflammatory cell count were significantly 

attenuated in ENT1 null mice (Fig. 4b–c). However, PA-induced increase in lung wet-to-dry 

weight ratio was not altered by ENT1 knockout (Fig. 4a). Similarly, global ENT1 knockout 

had minor effects on PA-induced release of TNF-α (Fig. 4d), IL-6 (Fig. 4e), KC (Fig. 4f) 

and MIP2 (Fig. 4g). Taken together, our results suggest that inhibition of both ENT1 and 

ENT2 may contribute to NBTI protection against PA-induced acute lung injury.
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A2AR and A2BR mediated the protective effect of ENT1/2 inhibition against P. aeruginosa-
induced acute lung injury

To address whether the ENT1/2 inhibitor, NBTI, protects against PA-induced acute lung 

injury by adenosine-mediated activation of adenosine receptors, we first assessed the effect 

of NBTI on adenosine levels in lung tissue and BAL fluid. We found that both NBTI alone 

and pretreatment with NBTI prior to PA administration significantly increased lung 

adenosine levels (Fig. 5a). NBTI and PA infection also increased extracellular adenosine 

levels in BAL (Fig. 5b).

Acute activation of adenosine receptors A2AR and A2BR protects against acute lung injury 

(12, 13, 17, 42, 43). To determine if activation of A2AR and A2BR mimics NBTI protecting 

against PA-induced acute lung injury, mice were pretreated with a highly selective A2AR 

agonist, CGS21680, or a highly selective A2BR agonist, BAY60–6583. As expected, PA 

increased lung wet/dry weight ratio (Fig. 5c), BAL protein content (Fig. 5d), and BAL cell 

counts (Fig. 5e). Pretreatment of mice with either CGS21680 or BAY60–6583 significantly 

blunted PA-induced increases in lung wet/dry weight ratio (Fig. 5c), BAL protein content 

(Fig. 5d), and BAL cell counts (Fig. 5e).

We next assessed the role of A2AR and A2BR in mediating the protection of NBTI against 

PA-induced acute lung injury. As expected, 4h after PA infection, lung wet/dry weight ratio, 

BAL protein content, and BAL total cell count were significantly increased; effects that were 

attenuated by pretreatment with NBTI (Fig. 5f–h). However, pretreatment of mice with 

NBTI in combination with a highly selective A2AR antagonist, ZM241385, or a highly 

selective A2BR antagonist, PSB1115, resulted in a significant loss in the protective effect of 

NBTI (Fig. 5f–h). These results suggest that inhibition of ENT1/2 by NBTI protects against 

PA-induced acute lung injury by extracellular adenosine-dependent activation of A2AR and 

A2BR.

ENT1 blockade protected against P. aeruginosa- induced NLRP3 inflammasome activation

NLRP3 inflammasome activation has been implicated in several animal models of acute 

lung injury induced by LPS (28), sepsis (29), mechanical ventilation (27), hyperoxia (30), 

and hemorrhagic shock (31). In this study, we found that PA activated NLRP3 

inflammasome, as indicated by elevation of NLRP3, ASC and IL-1β protein levels and 

caspase-1 activation (Fig. 6a–c). To address whether ENT1 inhibition protects against PA-

induced acute lung injury via suppression of NLRP3 inflammasome activation, we assessed 

the effects of ENT1 blockade on PA-induced NLRP3 inflammasome activation. We found 

that PA-induced NLRP3 inflammasome activation was dramatically attenuated by NBTI 

(Fig 6a–c). Consistently, PA-induced NLRP3 inflammasome activation in wild type mice 

was not observed in ENT1 null mice (Fig. 6d–f). These results support the concept that 

ENT1 blockade protects against PA-induced acute lung injury via inhibition of NLRP3 

inflammasome.

Inhibition of inflammasome protected against PA-induced acute lung injury

To further determine if inflammasome activation plays a role in PA-induced acute lung 

injury, we tested the effect of inflammasome inhibition using caspase-1 inhibitor, Ac-

Chambers et al. Page 8

FASEB J. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YVAD-cmk on PA-induced acute lung injury. We confirmed that 10 mg/kg of Ac-YVAD-

cmk partially inhibited PA-induced inflammasome activation, as assessed by mature (active) 

IL-1β in BAL (Fig. 7a). This dose of Ac-YVAD-cmk significantly attenuated PA-induced 

increase in BAL protein content and inflammatory cells (Fig. 7b–c). Taken together, our 

results suggest that NLRP3 inflammasome activation plays a critical role in PA-induced 

acute lung injury.

Discussion

P. aeruginosa infection is one of the leading causes of hospital-acquired pneumonia 

associated with high morbidity and mortality worldwide. New therapeutics are needed due 

to growing prevalence of multidrug resistance. In this study, we found that either ENT1/2 

pharmacological inhibition or ENT1 knockout protected against P. aeruginosa-induced acute 

lung injury in mice; an effect mediated by adenosine-dependent activation of A2AR and 

A2BR. ENT1 inhibition and knockout also prevented P. aeruginosa-induced NLRP3 

inflammasome activation. These results suggest that ENT1/2 blockade and NLRP3 

inflammasome inhibition may be novel strategies to prevent and possibly treat P. aeruginosa-

induced acute lung injury.

A laboratory strain of P. aeruginosa, PA103, was used in this study. Intra-tracheal instillation 

of PA103 dose-dependently produced a consistent, quantifiable, and reproducible lung injury 

with an effective dose of 105 CFU per mouse. In addition, intra-tracheal instillation of 1x105 

CFU of PA103 per mouse caused consistently reproducible lung injury in a time-dependent 

manner, with a peak of lung edema at 4h and a peak of lung neutrophil infiltration and a 

small increase in eosinophils and lymphocytes at 24h. We also observed an initial decrease 

and a later increase in alveolar macrophages. PA103 infection also induced cytokines/

chemokines including TNFα, IL6, KC and MIP-2 (mouse analogues of IL8). Although most 

bacteria were cleared from the lung by 24h after infection, bacteria were not completely 

eradicated by day 7. Our data indicate that PA103-induced mouse lung injury recapitulates 

many aspects of human P. aeruginosa pneumonia (44). Thus we believe that PA103 infection 

is a clinically relevant and reproducible model of pneumonia. Future studies are needed to 

confirm our observations with clinical isolates from patients with P. aeruginosa pneumonia.

In this study, we found that P. aeruginosa infection caused 500–1000 fold increases in lung 

neutrophils and 2–4 fold increases in lung eosinophils. While the role of neutrophils in 

response to infection is well documented, eosinophils play a more complicated roles in 

health and diseases (45). For example, eosinophils can serve as a part of innate host defense 

by targeting parasites and P. aeruginosa (46). Eosinopenia has been reported as a reliable 

marker for infection and low eosinophil count has been associated with severity of infection 

(45). Eosinophils are also key regulators of tissue remodeling/repair via Th2 immune 

responses. In addition, eosinophils can mediate allergen-induced pulmonary inflammation 

and tissue damage in asthmatic patients. Increased neutrophils and eosinophils both 

contribute to progressive pulmonary destruction in cystic fibrosis associated with P. 
aeruginosa infection (47). The increase in lung eosinophils in response to P. aeruginosa 
infection could be a part of innate host defense response or could contribute to pathogenesis. 

Interestingly, P. aeruginosa-induced increases in both neutrophils and eosinophils were 
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prevented by NBTI. This effect was associated with protection against acute lung injury. Our 

results suggest that excessive infiltration of neutrophils and eosinophils to the lungs may 

contribute to P. aeruginosa-induced lung injury.

Extracellular adenosine is produced from ATP/ADP by actions of CD39 and CD73 (48). 

Extracellular adenosine signals via four distinct G protein-coupled adenosine receptors. 

Extracellular adenosine is metabolized by extracellular adenosine deaminase (ADA) and 

removed by intracellular uptake via adenosine transporter ENT1/2 (49). Upon uptake, 

intracellular adenosine is metabolized by intracellular ADA or phosphorylated by adenosine 

kinase into AMP and ATP. Extracellular adenosine signaling is elevated in several animal 

models of acute lung injury and this increase has been suggested as a compensatory 

mechanism for resolution of tissue injury (19, 20, 23). For example, ENT1 and ENT2 

expression is diminished by acute hypoxia (23) and proinflammatory cytokines (IL6, TNFα, 

IL-1β) (19) in cultured endothelial and epithelial cells. Expression of ENT1, ENT2, and 

adenosine kinase is also repressed in lungs acutely injured by high-pressure mechanical 

ventilation (20), LPS (19), and hypoxia (23). In addition, expression of CD39, CD73, and 

A2BR is induced in lungs acutely injured by hypoxia (48) and LPS (20). LPS also binds to 

and activates A1R in endothelial cells (50). In this study, we show that P. aeruginosa 
infection significantly increased adenosine levels in BAL fluid. Whether P. aeruginosa 
infection affects expression and/or activities of ENT1/2, CD39, CD73, adenosine kinase, 

adenosine deaminase and adenosine receptors remain to be determined.

We and others have previously shown that acutely increased extracellular adenosine protects 

against lung injury via activation of adenosine receptors, A2AR and A2BR (12, 51–53). We 

have also shown that sustained elevated adenosine causes lung endothelial barrier 

dysfunction and apoptosis by ENT1/2-dependent intracellular adenosine uptake and 

subsequent mitochondrial dysfunction (21, 22). In this study, we show that pharmacological 

inhibition of ENT1/2 significantly increased lung adenosine levels and attenuated P. 
aeruginosa-induced acute lung injury. We further show that the protective effect of ENT1/2 

inhibition was lost when A2AR and A2BR antagonists were used. These results suggest that 

adenosine-dependent activation of A2AR and A2BR is the mechanism for ENT1/2 blockade 

protection against P. aeruginosa-induced acute lung injury, as depicted in Figure 8.

ENT1 knockout mice and ENT2 knockout mice were both protected from LPS-induced 

acute lung injury, presumably via elevation of extracellular adenosine (19). Similarly, we 

show that ENT1 knockout mice were partially protected from P. aeruginosa-induced acute 

lung injury. We also noted that NBTI was more protective than ENT1 knockout against P. 
aeruginosa-induced acute lung injury. Specifically, ENT1 knockout protected against P. 
aeruginosa-induced increase in BAL protein content and lung inflammation, but had no 

effect on P. aeruginosa-induced increase in lung water (wet/dry weight ratio). One possible 

explanation is the non-specificity of NBTI. Though NBTI is 7000-fold more effective in 

inhibiting ENT1 than ENT2 (39), we can’t exclude the possibility that the dose (2mg/kg) of 

NBTI used could inhibit both ENT1 and ENT2. Another possibility may be due to differing 

expression of ENT1/2 in lung endothelial and epithelial cells. Endothelial cells have been 

reported to predominantly express ENT1 (24), whereas alveolar epithelial cells 

predominantly express ENT2 (19, 20). It is likely that ENT1 knockout, via elevation of 
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extracellular adenosine, protects against P. aeruginosa-induced protein leakiness and 

inflammation, via activation of A2AR and A2BR in lung endothelial cells. The A2BR in 

alveolar epithelium is responsible for alveolar fluid clearance (17, 43). Inhibition of ENT2 

and subsequent activation of A2BR in alveolar epithelium enhances alveolar epithelial cell 

fluid clearance and dampens ventilation-induced lung injury (20). Intact ENT2 in alveolar 

epithelium may explain why the ENT1 knockout was not as effective as NBTI in protection 

of P. aeruginosa-induced increase in lung water. Another possibility could be the dominant 

role of ENT2 in the lungs. Though ENT1 has a 2.8-fold higher affinity than ENT2 for 

adenosine (39), ENT2 has been reported as the predominant ENTs for intercellular 

adenosine uptake in murine lungs and human microvascular endothelial cells (HMEC-1) 

(19). ENT1/ENT2 double knockout and cell type specific ENT1/2 knockout approaches are 

needed to determine the specific roles of ENT1/ENT2 in P. aeruginosa-induced acute lung 

injury. Nonetheless, pharmacological inhibition of ENT1/2 may be a novel effective strategy 

to prevent and possible treat P. aeruginosa-induced acute lung injury.

IL-1β and IL18 have been implicated in P. aeruginosa-induced acute lung injury (32, 33). In 

this study, we provide evidence supporting P. aeruginosa-induced activation of NLRP3 

inflammasome, as indicated by induction of NLRP3 and ASC, as well as activation of 

caspase-1 and IL-1β. However, the mechanism(s) underlying P. aeruginosa-induced NLRP3 

inflammasome activation is unknown. Potassium (K+) efflux, Ca2+ influx, mitochondrial 

dysfunction, mitochondrial oxidative stress, oxidized mitochondrial DNA, and lysosomal 

leakage have been implicated in NLRP3 inflammasome activation in diverse settings (54). 

Whether these mechanisms underlie P. aeruginosa-induced NLRP3 inflammasome activation 

is unknown. Adenosine signaling is finely tuned and has pro-inflammatory and anti-

inflammatory roles during tissue injury. Similarly, adenosine can activate or inhibit NLRP3 

inflammasome dependent on activation of G protein-coupled adenosine receptors and ENT-

mediated intracellular adenosine uptake and metabolism. Sustained millimolar (mM) 

concentrations of extracellular adenosine have been shown to increase NLRP3 

inflammasome expression and activation via ENT2-mediated intracellular adenosine uptake 

and subsequent metabolism into ATP (55). Adenosine has also been shown to promote 

nanoparticle-induced NLRP3 inflammasome activation partially by Gq family-dependent 

activation of phospholipase C-β (PLC-β)/ inositol trisphosphate (InsP3)/ cytosolic Ca2+ 

signaling (55). We have shown that BAL adenosine levels were increased upon P. aeruginosa 
infection. Whether increased extracellular adenosine contributes to P. aeruginosa-induced 

NLRP3 inflammasome activation via ENT-mediated intracellular adenosine uptake and/or 

Gq protein-mediated PLC-β/ InsP3/ Ca2+ signaling remains to be determined. It is well 

known that acute micromolar (μM) concentrations of extracellular adenosine activate cAMP-

dependent PKA via A2AR- and A2BR-mediated Gs protein-coupled activation of adenylyl 

cyclase. PKA has been reported to ubiquitinate and thus degrade NLRP3 via direct 

phosphorylation of NLRP3 at serine-295 (48). We have shown that both pharmacological 

inhibition and genetic knockout of ENT1 prevented P. aeruginosa-induced NLRP3 

inflammasome activation. This effect was associated with extracellular adenosine elevation 

and A2AR- and A2BR-dependent protection against P. aeruginosa-induced acute lung injury. 

Thus, we speculate that ENT1 blockade prevents P. aeruginosa-induced NLRP3 

inflammasome activation by extracellular adenosine-induced activation of A2AR/A2BR and 
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subsequent PKA-mediated NLRP3 inflammasome inhibition. We also speculate that 

inhibition of intracellular adenosine uptake, due to ENT1 blockade, may contribute to 

inhibition of intracellular NLRP3 inflammasome activation. Activation of A2AR in alveolar 

macrophages protects against lung inflammation in humans (56) and mice (57). We 

demonstrated that inhibition of inflammasome by caspase-1 inhibitor protects against P. 
aeruginosa-induced acute lung injury. Taken together, our findings suggest that ENT1/2 

blockade protects against P. aeruginosa-induced acute lung injury via inhibition of NLRP3 

inflammasome, as depicted in Figure 8.

In summary, we have shown that pharmacological inhibition of ENT1/2 and ENT1 knockout 

prevented P. aeruginosa-induced acute lung injury likely via activation of adenosine 

receptors A2AR and A2BR. We have also demonstrated that both pharmacological and 

genetic blockade of ENT1 abolished P. aeruginosa-induced NLRP3 inflammasome 

activation, suggesting that inhibition of NLRP3 inflammasome may contribute to the 

protection against P. aeruginosa-induced acute lung injury due to ENT1 inhibition. These 

results also suggest that targeting ENT1/2 and NLRP3 inflammasome may be novel 

strategies for prevention and possible treatment of P. aeruginosa-induced pneumonia and 

subsequent ARDS.
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Abbreviations:

ENTs equilibrative nucleoside transporters

P. aeruginosa (PA) Pseudomonas aeruginosa

ALI acute lung injury

ARDS acute respiratory distress syndrome

NBTI nitrobenzylthioinosine

BAL bronchoalveolar lavage

MDR multidrug resistance

VAP ventilator-associated pneumonia

AsR Adenosine receptors

cAMP cyclic adenosine monophosphate
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PKA protein kinase A

ADA adenosine deaminase

LPS lipopolysaccharide

NLR nucleotide-binding oligomerization domain (Nod)-like 

receptor

PRR pattern recognition receptors

PAMPs pathogen-associated molecular patterns

DAMPs damage-associated molecular patterns

NLRP3 Nod leucine-rich repeat (LRR) and pyrin domain-

containing protein 3

ASC apoptosis-associated speck-like protein containing a 

caspase-recruitment domain (CARD)

Ac-YVAD-cmk N-Ac-Tyr-Val-Ala-Asp-chloromethyl ketone (a caspase-1 

inhibitor)

IL interleukin

PSB1115 4-(2,3,6,7-Tetrahydro-2,6-dioxo-1-propyl-1H-purin-8-yl)-

benzenesulfonic acid

ZM241385 4-(2-[7-Amino-2-(2-furyl)[1,2,4]triazolo[2,3-a]

[1,3,5]triazin-5-ylamino]ethyl)phenol

BAY60–6583 2-[[6-Amino-3,5-dicyano-4-[4-

(cyclopropylmethoxy)phenyl]-2-pyridinyl]thio]-acetamide

CGS21680 4-[2-[[6-Amino-9-(N-ethyl-β-D-

ribofuranuronamidosyl)-9H-purin-2-

yl]amino]ethyl]benzenepropanoic acid hydrochloride

CFU colony forming units

TLC Total lung capacity

Cst static lung compliance

G tissue damping

H tissue elastance

TNFα Tumor necrosis factor-alpha

MIP2 macrophage inflammatory protein-2

KC keratinocyte chemoattractant
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ELISA enzyme-linked immunosorbent assay
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Figure 1: PA caused acute lung injury in a dose- and time-dependent manner.
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Panels a-b: Adult male C57BL/6 mice were administered with 1.0e3, 1.0e4, 1.0e5, or 4.0e5 

CFU of PA103 (PA) or an equal volume of sterile saline (50 μl) by intratracheal (i.t.) 

instillation. 4h later, BAL protein levels (panel a) and BAL total inflammatory cell count 

(panel b) were assessed. 5–6 mice per group were used. Panels c-g: Adult male C57BL/6 

mice were administered with 1.0e5 CFU of PA103 or equal volume of saline (50 μl) by 

intratracheal (i.t.) instillation. 4h, 24h, 48h, 72h, 96h, or 7 days later, BAL protein content 

(panel c), BAL inflammatory cell count (panels d-e), change in mouse body weight (panel f) 

and BAL bacterial load (panel g) were assessed. Data are presented as means ± SE. 5–8 

mice per group were used. ANOVA and Fisher’s LSD post hoc test was used to determine 

statistical significance across groups. *P <0.05 versus control (saline for 4h).
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Figure 2: Pharmacological inhibition of ENT1/2 abolished PA-induced lung edema and decline in 
lung function.
Adult male C57BL/6 mice were intraperitoneally injected with the ENT1/2 inhibitor, 

nitrobenzylthioinosine (NBTI; 2 mg/kg in DMSO-saline) or vehicle (DMSO-saline). After 

30 minutes, mice were administered 1.0e5 CFU of PA or equal volume of saline by 

intratracheal (i.t.) instillation. After 4h, total lung capacity (TLC) (panel a), static lung 

compliance (Cst) (panel b), lung tissue elastance (H) (panel c), and lung tissue damping (G) 
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(panel d) were assessed using the FlexiVent system. Lung wet-to-dry weight ratio was 

assessed (panel e). BAL protein content was assessed in other mice subjected to the same 

treatments (panel f). Data are presented as means ± SE, 5–6 mice per group were used 

unless otherwise indicated. ANOVA and Fisher’s LSD post hoc test was used to determine 

statistical significance among groups with *P <0.05 versus control.
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Figure 3: Pharmacological inhibition of ENT1/2 blunted PA-induced lung inflammation.
Adult male C57BL/6 mice were intraperitoneally administered NBTI (2 mg/kg in DMSO-

saline) or vehicle (DMSO-saline). After 30 minutes, mice were administered 1.0e5 CFU of 

PA or equal volume of saline by intratracheal (i.t.) instillation. After 4h, BAL fluid was 

collected for assessment of total numbers of inflammatory cells (panel a) and numbers of 

inflammatory cells by subset (panels b-e) and protein levels of TNF-α (panel f), IL-6 (panel 

g), keratinocyte-derived chemokines (KC) (panel h) and MIP2 (panel i). Data are presented 

as means ± SE. 5–9 mice per group were used (panels a-e). n = 4–5 mice per group in 

ELISA experiments (panels f-i), which were performed in triplicate for each biological 

sample. ANOVA and Fisher’s LSD post hoc test was used to determine statistical 

significance among groups, with *P <0.05 versus all groups shown.
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Figure 4: ENT1 knockout partially protected against PA-induced acute lung injury.
ENT1 null mice (C57/BL6 genetic background) and age- and sex-matched wild type control 

littermates were administered with 1.0e5 CFU of PA 103 (PA) or equal volume of saline by 

intratracheal (i.t.) instillation. After 4h, lung wet-to-dry weight ratio was assessed (panel a). 

BAL protein content (panel b) and BAL inflammatory cell count (panel c) were assessed in 

separate mice subjected to the same treatments. Data are presented as means ± SE. n = 4–7 

mice per group. BAL fluid was also prepared for assessment of levels of TNF-α (panel d), 

IL-6 (panel e), KC (panel f), and MIP2 (panel g). Data are presented as means ± SE with n = 

4–6 mice per group for ELISA experiments that were performed in triplicate for each 

biological sample. ANOVA and Fisher’s LSD post hoc test was used to determine statistical 

significance among groups with *P <0.05 versus all groups shown.
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Figure 5: A2AR and A2BR mediated the protection of NBTI against PA-induced acute lung 
injury.
Adult male C57BL/6 mice were intraperitoneally administered NBTI (2 mg/kg) or vehicle. 

After 30 minutes, mice were administered 1.0e5 CFU of PA or equal volume of saline by 

intratracheal (i.t.) instillation. Lung tissue and BAL fluid were collected for assessment of 

adenosine levels by HPLC (panels a-b). Data are presented as means ± SE, with n = 4–5 

mice per group. Panels c-e: Adult male C57BL/6 mice were intraperitoneally administered 

the A2AR receptor agonist, CGS21680 (CGS; 0.2 mg/kg in DMSO-saline), the A2BR 

agonist, BAY60–6583 (BAY; 10 mg/kg in DMSO-saline), or vehicle (DMSO-saline). After 

30 minutes, mice were administered 1.0e5 CFU of PA or equal volume of saline by 

intratracheal (i.t.) instillation. After 4h, lung wet/dry weight ratio was assessed (panel c). 

BAL protein levels (panel d) and BAL total inflammatory cell count (panel e) were assessed 

in other mice subjected to the same treatments. Data are presented as means ± SE, with n = 

5–6 mice per group. Panels f-h: Adult male C57BL/6 mice were intraperitoneally 

administered NBTI (2 mg/kg in DMSO-saline) alone or in combination with A2AR 

antagonist, ZM 241385 (ZM; 10 mg/kg in DMSO-saline) or the A2BR antagonist, PSB 1115 

(PSB; 10 mg/kg in DMSO-saline). After 30 minutes, mice were administered 1.0e5 CFU of 

PA or equal volume of saline by intratracheal (i.t.) instillation. After 4h, lung wet/dry weight 

ratio was assessed (panel f). BAL protein levels (panel g) and BAL total inflammatory cell 

count (panel h) were assessed in other mice subjected to the same treatments. Data are 
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presented as means ± SE, n = 4–10 mice per group. ANOVA and Fisher’s LSD post hoc test 

was used to determine statistical significance across groups with *P <0.05 versus all groups 

shown.
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Figure 6: Blockade of ENT1 protected against PA-induced NLRP3 inflammasome activation.
Adult male C57BL/6 mice were intraperitoneally administered NBTI (2 mg/kg in DMSO-

saline) or vehicle (DMSO-saline). ENT1 null mice and age-/sex-matched wild type control 

littermates were administered 1.0e5 CFU of PA103 or equal volume of saline by 

intratracheal (i.t.) instillation. Lung NLRP3 inflammasome activation was assessed by 
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protein levels of NLRP3, ASC, pro-caspase-1, active (p20) caspase-1 (panels a-b, d-e) and 

IL-1β (panels c, f). β-actin was used as protein loading control. Representative images are 

shown in Panels a, d. Densitometry data (panels b, e) are presented as the means ± SE of 

protein of interested relative to protein loading control. n=4–6 mice were used per group. 

ANOVA and Fisher’s LSD post hoc test were used to determine statistical significance 

among groups, with *P <0.05 versus all groups shown.
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Figure 7. Inhibition of inflammasome protected against PA-induced acute lung injury.
Adult male C57BL/6 mice were intraperitoneally administered with caspase-1 inhibitor, Ac-

YVAD-cmk (Ac-Y) at a dose of 10 mg/kg or same volume of vehicle (DMSO-saline) as a 

control. One hour later, mice were given 7x105 CFU of PA103 in 50 μl saline by 

intratracheal instillation. 18h after administration of PA103, BAL fluid was collected for 

assessment of inflammasome activation by measuring IL-1β levels in cell free BAL fluid (a), 

BAL total protein levels (b), and BAL total inflammatory cells (c). 5–6 mice per 

experimental group were used. Student’s T test were used to determine statistical difference 

between groups. * p<0.05.
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Figure 8: Proposed mechanism.
The dashed lines represent suggested pathways and the solid lines represent demonstrated 

pathways.
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