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A B S T R A C T

The discovery of anti-inflammatory therapies is a top priority for people suffering from respiratory diseases. 
However, the limited clinical efficacy of new drugs—often not predicted in preclinical studies—underscores the 
need for improved evaluation criteria. This study retrospectively evaluates marketed anti-inflammatory therapies 
with different mechanisms of action (azithromycin, ibuprofen, and dexamethasone) to identify suitable pre
clinical models and biomarkers for efficacy testing. Lipopolysaccharide (LPS) exposure and both acute and 
chronic Pseudomonas aeruginosa lung infection models, using different treatment regimens, initiated either 
immediately or seven days after infection, were compared. Our results demonstrate that only the chronic 
P. aeruginosa infection model reliably detected therapeutic effects, making it the most appropriate for evaluating 
anti-inflammatory therapies in respiratory conditions. All tested drugs improved body weight and reduced in
flammatory markers in the lung, including cell recruitment, myeloperoxidase, neutrophil elastase, and key cy
tokines, whereas blood cell measurements proved less reliable. Bacterial load was shown to improve alongside 
the amelioration of the immune response. In contrast, dexamethasone alone was effective in the LPS model, 
while the acute infection model showed worsening inflammation. These findings highlight the value of the 
chronic P. aeruginosa model, which remains underused in preclinical research, and support its broader adoption 
in testing anti-inflammatory therapies for respiratory diseases.

1. Introduction

Preclinical research follows the “bench-to-bedside” approach, 
translating basic scientific discoveries into clinical treatments. Anti- 
inflammatory drugs for respiratory conditions, such as those used in 
cystic fibrosis (CF), asthma, and chronic obstructive pulmonary disease 
(COPD), are approved through this process or via drug repurposing [1]. 
However, the uncertain efficacy of approved drugs, due to incomplete 
resolution of inflammation and side effects, along with the low success 
rate in developing novel therapies, has posed major challenges in the 
field. This issue reflects a broader problem in drug development, where 
preclinical models are often not predictive of clinical outcomes, 
regardless of the model used [2]. Despite efforts to improve the pre
dictability of animal testing, the failure rate in clinical trials continues to 
rise, primarily due to insufficient clinical efficacy and unanticipated 
safety concerns [3–5]. Thus, designing reliable preclinical studies re
mains a major bottleneck in translating scientific discoveries into 

effective treatments.
A review of past preclinical studies of anti-inflammatory agents for 

respiratory diseases reveals a lack of established guidelines for the se
lection of appropriate animal models and biomarkers for efficacy testing 
[1,6]. This lack of standardized guidelines is not due to a lack of data, 
but because preclinical models, regardless of type, are not always pre
dictive of clinical responses. Improved selection and rational application 
of these models could reduce failure rates and enhance the drug devel
opment process.

Inflammation plays a critical role in the progression of chronic res
piratory diseases such as asthma, COPD, CF, and non-CF bronchiectasis, 
leading to lung destruction and loss of pulmonary function [7–9]. Many 
inflammatory processes are disrupted in respiratory conditions, whether 
due to intrinsic pathophysiological factors or acquired airway infections 
[1]. This complexity leads to numerous potential targets amenable to 
anti-inflammatory therapy [10]. Regardless of a drug’s specific mecha
nism of action, it must ultimately affect cell-mediated responses, 
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predominantly driven by neutrophils, or their products, to impact 
airway inflammation. Previous clinical trials have underscored the 
importance of selecting the right target and dosing to avoid excessive 
impairment of host defenses, which could increase the risk of pulmonary 
exacerbations [11,12]. Additionally, identifying biomarkers capable of 
monitoring disease activity and therapeutic response remains a critical 
challenge.

This study retrospectively evaluates three marketed anti- 
inflammatory therapies, which have different mechanisms of action 
and are used in both acute and chronic respiratory conditions. Dexa
methasone (DEX) was chosen as an example of a steroid due to its potent 
anti-inflammatory effects, ibuprofen (IBU) as a non-steroidal gold 
standard for managing inflammation in people with CF and COPD, and 
azithromycin (AZM), a macrolide antibiotic, known for exerting its anti- 
inflammatory effects in people with CF and non-CF bronchiectasis [13, 
14]. We compared three commonly used preclinical mouse models: 
those induced with lipopolysaccharide (LPS), and acute and chronic 
Pseudomonas aeruginosa infections. Notably, although the chronic 
infection model more accurately reflects chronic respiratory diseases, it 
remains underutilized in preclinical studies despite its potential to 
provide more clinically relevant data [15–17].

This study (Fig. 1) aims to identify: (1) the most relevant preclinical 
models, and (2) biomarkers of inflammation, both local and systemic, as 
well as bacterial counts, for assessing the efficacy of anti-inflammatory 
agents with distinct mechanisms of action, to more accurately trans
late preclinical findings into clinical studies.

2. Results

2.1. AZM efficacy depends on treatment schedule in chronic 
P. aeruginosa lung infection and is ineffective in LPS and acute infection 
models

LPS from P. aeruginosa PAO1 and the P. aeruginosa multidrug- 
resistant (MDR)-RP73 strain, in both planktonic form and embedded 
in agar beads, were used to challenge C57BL/6NCrlBR mice via intra
tracheal instillation (i.t.) to induce lung inflammation or simulate acute 
and chronic infections [15,16,18]. AZM was administered orally by 
gavage at doses of 150 and 500 mg/kg before LPS and planktonic 
MDR-RP73 injection (Fig. 2). In the chronic infection model, mice 

received repeated drug administration for 7 days, either starting soon 
before infection ("early" treatment) or 7 days after infection ("late" 
treatment).

A single AZM dose at both concentrations did not significantly affect 
pulmonary or systemic inflammation in LPS or acute P. aeruginosa 
infection models. AZM and vehicle-treated mice showed no differences 
in bronchoalveolar lavage fluid (BALF) leukocyte levels (Fig. 2A), 
including neutrophils (Fig. 2B) and macrophages (Fig. S1A). Neutrophil 
infiltration and tissue damage markers, myeloperoxidase (MPO) and 
neutrophil elastase (NE), remained unchanged in both BALF (Fig. S1B,C) 
and lung tissue supernatants (Fig. 2C, D). Systemic levels of neutrophils, 
lymphocytes, and monocytes were also unaffected (Fig. S1D). Further
more, AZM treatment did not reduce bacterial burden in the acute 
infection model (Fig. 2E).

Next, we tested AZM at repeated doses in the chronic P. aeruginosa 
infection model. Over 7 days of “early” treatment schedule, AZM-treated 
mice at both concentrations maintained healthier body weight and 
recovered faster than vehicle-treated mice (Fig. 2F). AZM-treated mice 
showed a significant dose-dependent reduction in BALF total cells, 
particularly neutrophils (Fig. 2A, B), with unchanged macrophage levels 
(Fig. S1A). MPO levels decreased in BALF and lung supernatants at both 
concentrations, with statistically significant differences reached only in 
the lung (Fig. S1B, Fig. 2C). A stronger effect was observed for NE, which 
was significantly reduced at both doses in both BALF and lung super
natants (Fig. S1C, Fig. 2D). Pro-inflammatory cytokines/chemokines IL- 
1β, KC, MIP-1α, and IL-6 were significantly reduced in a dose-dependent 
manner, while TNF-α and MCP-1 levels remained unaffected (Table 1). 
Hematological analyses evaluated the systemic immune profile 
(Fig. 2G). AZM-treated mice had significantly lower percentages of 
neutrophils and monocytes and higher percentages of lymphocytes and 
eosinophils, with unchanged basophil levels. In addition, AZM-treated 
mice exhibited antimicrobial effects, showing a significant reduction 
in pulmonary bacterial burden compared to vehicle (Fig. 2E).

When AZM treatment was initiated 7 days after infection (“late” 
treatment), there was no difference in body weight recovery between 
AZM- and vehicle-treated mice (Fig. 2H). AZM administered at this later 
stage failed to reduce BALF total and differential cell counts (Fig. 2A, B, 
Fig. S1A), as well as MPO (Fig. 2C, Fig. S1B), NE (Fig. 2D, Fig. S1C), and 
cytokines/chemokines levels (Table 1). Surprisingly, despite the lack of 
an anti-inflammatory effect, AZM treatment resulted in a significant 

Fig. 1. A schematic representation of the anti-inflammatory treatment schedule and analysis in murine models of LPS-induced inflammation, and of acute and 
chronic Pseudomonas aeruginosa infection. On day 0, mice were treated with LPS or infected with P. aeruginosa planktonic cells to mimic acute infection, or with 
P. aeruginosa embedded in agar beads to induce a long-term chronic infection. In the LPS and acute infection models, a single dose of the anti-inflammatory treatment 
was administered orally 5 min before infection. In the chronic infection model, treatment was initiated either 5 min before infection (“early” treatment) or 7 days 
(“late” treatment) after infection, with daily doses administered over a 7-day period. Endpoints included body weight, clinical signs, CFUs, total and differential cell 
counts, hematological profiles, and cytokine/chemokine levels in BALF, assessed at 24 h post-LPS injection or infection. The chronic infection models were evaluated 
similarly after 7 days of treatment.
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reduction in bacterial load compared to vehicle mice (Fig. 2E). These 
results prompted testing the minimum inhibitory concentrations (MICs) 
against the P. aeruginosa MDR-RP73 strain, which showed no direct ef
fect of the drug (Table S1).

These findings highlight that the anti-inflammatory benefits of AZM 
are only evident when administered early in a chronic infection model. 
In addition to its anti-inflammatory effects, AZM treatment displayed 
antimicrobial properties, suggesting a general benefit in reducing in
fections when the immune system is balanced.

2.2. Early administration of IBU in the chronic P. aeruginosa lung 
infection model exhibits anti-inflammatory effects and reduces bacterial 
load but is ineffective in other models

The same LPS-induced, acute, and chronic infection P. aeruginosa 
MDR-RP73 infection models were used to evaluate IBU efficacy. IBU was 
administered orally by gavage at doses of 50 and 200 mg/kg before LPS 
and planktonic MDR-RP73 injection (Fig. 3). In the chronic infection 

model, only the 50 mg/kg dose was used, due to toxicity observed at 
higher doses (data not shown).

A single dose of IBU at both concentrations had no significant effect 
on pulmonary or systemic inflammation in the LPS model. Various pa
rameters, including BALF cell recruitment (Fig. 3A,B; Fig. S2A), as well 
as MPO and NE (Fig. 3C,D; Fig. S2B,C), markers of inflammation, and 
cytokines/chemokines (Table 1), remained unchanged or even 
increased, as in the case of MPO, in IBU-treated compared to vehicle- 
treated mice. When IBU was administered in the acute P. aeruginosa 
infection model, the 50 mg/kg lower dose was ineffective, while the 
200 mg/kg higher dose had a harmful effect, increasing BALF total cells, 
particularly neutrophils (Fig. 3A,B). IBU treatment did not reduce bac
terial burden in the acute infection model (Fig. 3E). This indicates that 
the drug may have a deleterious effect in the presence of acute infection 
when administered at excessively high doses. Hematological analyses 
did not reveal any differences between IBU-treated mice and vehicle- 
treated mice in both the LPS-induced and acute P. aeruginosa infection 
models (Fig. S2D).

Fig. 2. Efficacy of AZM in a mouse model of LPS-induced inflammation, acute, and chronic P. aeruginosa airway infection. Male C57BL/6N mice (8–10 weeks old) 
were challenged with planktonic P. aeruginosa MDR-RP73 (1 × 107 CFUs), with MDR-RP73 embedded in agar beads (5–9 × 105 CFUs) or 20 µg/mouse of LPS from 
P. aeruginosa PAO1 by intratracheal instillation (i.t.). Five minutes before challenge with LPS or planktonic bacteria, AZM (150 or 500 mg⋅kg⁻¹) or vehicle (V) were 
administered via gavage. The treatment of mice challenged with bacteria embedded in agar beads was repeated daily for 7 days, starting the day of infection (“early” 
model) or seven days after infection (“late” model). At 24 h after the treatment, the mice were sacrificed, bronchoalveolar lavage fluid (BALF) was collected, and 
lungs were excised, homogenized, and plated onto tryptic soy agar to determine the bacterial burden. Each dot represents total cell count in BALF (A), neutrophil 
count in BALF (B), MPO (C), and NE levels in lung supernatants (D), and CFUs per lung (E) from one mouse. For the chronic “early” model, before each admin
istration, mice were weighed, and the percentage change from the initial body weight was averaged for each group (F). Hematological analysis of specific populations 
in white blood cells (WBC) was performed (G). For the chronic “late” model, mice were weighed daily, and the percentage change from the initial body weight was 
averaged for each group (H). Data are presented as mean ± standard error of the mean (SEM), pooled from two independent experiments (n = 8–10). *: p < 0.05; **: 
p < 0.01; ***: p < 0.001; ****: p < 0.0001.

Table 1 
Cytokine/chemokine concentrations following chronic Pseudomonas aeruginosa airway infection with “early” and “late” AZM and IBU treatment and upon LPS 
challenge following DEX treatment.

​ Azithromycin
Chronic infection “early” ​ Chronic infection “late”
Vehicle 150 mg/kg 500 mg/kg Vehicle 150 mg/kg 500 mg/kg

IL-1β ​ 5.49 ± 0.94 2.32 ± 0.42*** 1.58 ± 0.20 **** 1.27 ± 0.09 1.43 ± 0.15 1.19 ± 0.07
IL-6 3.34 ± 0.67 1.76 ± 0.35* 1.24 ± 0.12** 0.91 ± 0.04 1.16 ± 0.04 1.05 ± 0.12
TNF-α 6.61 ± 0.65 6.07 ± 0.52 6.05 ± 0.57 5.12 ± 0.22 6.34 ± 0.63 5.72 ± 0.32
MIP-1α 50.85 ± 13.03 14.14 ± 3.34** 12.35 ± 2.75*** 5.98 ± 1.02 5.35 ± 0.48 6.65 ± 0.78
MCP-1 142.3 ± 17.55 100.5 ± 8.92 186.7 ± 14.14 80.34 ± 6.84 90.8 ± 10.06 104.2 ± 10.53
KC 74.73 ± 13.97 34.42 ± 4.57** 28.97 ± 2.73*** 23.9 ± 2 05 25.83 ± 1.60 26.39 ± 1.45
​ Ibuprofen ​ Dexamethasone

Chronic infection "early" ​ Chronic infection "late" ​ LPS-induced inflammation
Vehicle 50 mg/kg ​ Vehicle 50 mg/kg ​ Vehicle 5 mg/kg 10 mg/kg

IL-1β ​ 7.08 ± 1.91
2.40 
± 0.30**

​
1.26 
± 0.09

1.20 ± 0.09 ​
16.21 ± 1.94

10.91 ± 2.51 11.12 ± 1.94

IL-6 ​ 3.78 ± 0.59
1.38 ± 0.10 
***

​
0.91 
± 0.04

0.91 ± 0.06 ​
11.85 ± 1.83

13.13 ± 2.79 10.81 ± 2.70

TNF-α ​ 6.74 ± 0.51
6.14 ± 0.44

​
5.12 
± 0.22

5.07 ± 0.17 ​
11.76 ± 1.89

9.65 ± 2.45 10.63 ± 2.33

MIP-1α ​ 56.86 ± 10.03
13.9 ± 3.11 
**

​
5.98 
± 1.02

6.35 ± 1.20 ​
228.8 ± 18.46

135.9 ± 37.48 134.5 ± 33.65

MCP-1 ​ 176.9 ± 22.04
108.4 
± 7.24*

​
80.34 
± 6.84

90.95 ± 9.08 ​
410.3 ± 74.52

405.1 ± 78.79 409.7 ± 55.47

KC ​ 87.49 ± 12.15
40.46 
± 7.99*

​
23.9 
± 2.05

44.77 ± 10.23 ​
301.1 ± 28.56

470.9 ± 84.67 472.6 ± 31.64

Concentration pg/700 pg of lung homogenate supernatant.
Data are presented as mean values ± standard errors of the means (SEMs) of results pooled from three independent experiments for LPS-induced inflammation model 
(n = 5) and chronic infection “early” (n = 8) and two independent experiments for chronic infection “late” (n = 7–8). Statistical significance was determined by one- 
way ANOVA with Bonferroni’s multiple comparison test for AZM and DEX treatments and by Mann-Whitney T-test for IBU treatment, with significant differences 
between treatment and vehicle highlighted in bold. AZM: azithromycin; IBU: ibuprofen; DEX: dexamethasone; IL: interleukin; KC: keratinocyte chemoattractant; MCP: 
monocyte chemoattractant protein; MIP: macrophage inflammatory protein; TNF: tumor necrosis factor; *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.
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When IBU was tested at repeated doses, starting "early" in the chronic 
P. aeruginosa infection model, mice treated with 50 mg/kg of IBU 
maintained healthier body weight and recovered more quickly 
compared to vehicle-treated mice, although this difference did not reach 
statistical significance (Fig. 3F). IBU-treated mice showed a statistically 
significant reduction in several endpoints, including neutrophils in BALF 
(Fig. 3B), MPO, and NE in lung supernatant (Fig. 3C,D), as well as all 
cytokines/chemokines tested (IL-1β, KC, MCP-1, MIP-1α, and IL-6) 
(Table 1), with the exception of TNF-α. Although IBU does not have 
an antibacterial effect in vitro (Table S1), IBU treatment significantly 
reduced bacterial burden in the chronic infection model (Fig. 3E). He
matological analyses did not show a decrease in inflammatory cells in 
the blood (Fig. 3F).

When IBU treatment was initiated 7 days after infection ("late" 
treatment), there was no evidence of an anti-inflammatory effect, as 
indicated by no change in body weight recovery (Fig. 3H) and no dif
ference in pulmonary inflammation (Fig. 3A–D; Fig. S2A–C) between 
IBU-treated and vehicle-treated mice.

Preclinical models highlight IBU’s anti-inflammatory benefits in 
chronic infection when the drug is administered early. However, in 
advanced chronic infections, anti-inflammatory treatment remains 
challenging, though the model closely mimics human disease 
conditions.

2.3. Pre-clinical models of P. aeruginosa infection and inflammation 
exhibits poor predictive value when DEX is tested

The same inflammation and infection models were used to test DEX 
efficacy administered orally by gavage at doses of 5 and 10 mg/kg 
(Fig. 1). Unlike AZM and IBU, the chronic infection model, which 
received repeated administration of DEX for 7 days starting soon before 
infection (‘early’ treatment), did not respond to the drug, showing no 
effect on cell recruitment in the BALF (Fig. 4A,B; Fig. S3A) and other 
markers of inflammation, including MPO and NE (Fig. 4C,D; Fig. S3B,C), 
as well as cytokines/chemokines (Table 1). Hematological analyses also 
showed no changes under DEX treatment compared to the vehicle 
(Fig. 4F). Of note, repeated administration of DEX increased the bacte
rial load in the lungs, worsening the infection and potentially exacer
bating inflammation (Fig. 4E).

A single dose of DEX at both concentrations had no significant effect 
on pulmonary or systemic inflammation in the acute infection model 
(Fig. 4A–D; Fig. S3A–D), confirming no predictive value for this model, 
as seen with AZM and IBU. However, the LPS model showed a reduction 
in specific parameters, such as total cells, particularly neutrophils, at the 
higher dose of DEX, and MPO and NE exclusively in the BALF, but not in 
the lungs (Fig. 4A–D; Fig. S3B–C). Other lung biomarkers, including 
cytokines/chemokines, were unchanged (Table 1). Overall, based on 
multiple readouts, we conclude that DEX exhibits poor predictive value 
in preclinical models tested.

3. Discussion

This study marks the first retrospective evaluation of anti- 
inflammatory therapies with direct comparisons between different 

preclinical mouse models of respiratory disease, mediated by LPS 
stimulation, acute and chronic bacterial infections. Remarkable patho
physiological differences exist between the three models, leading to 
different host-pathogen interactions and responses that may ultimately 
affect the response to therapy [17]. LPS stimulates a mild, localized 
inflammation; acute infections result in rapid pathogen-induced injury 
to the host, with bacteria penetrating the parenchyma within hours; and 
chronic infections involve bacteria aggregating in a matrix, leading to a 
persistent pathogen-host response that stabilizes over days or weeks. 
Efficacy testing for anti-inflammatory therapies is typically conducted in 
a single preclinical model, often excluding a bacterial component, which 
limits its relevance to real-world clinical conditions. Our results showed 
that, for both AZM and IBU treatment, the chronic infection model was 
the only one demonstrating drug efficacy. This underscores the impor
tance of incorporating chronic infection models in preclinical testing to 
better reflect chronic respiratory diseases and the clinical responses to 
anti-inflammatories observed in humans.

Repeated oral administration of AZM and IBU significantly improved 
general health and reduced several biomarkers of airway inflammation. 
Anti-inflammatory treatment initiated soon before infection ("early" 
treatment) resulted in significantly greater recovery and body weight 
gain compared to vehicle-treated mice. Total cell counts in the BALF 
were reduced, particularly the neutrophil load, with macrophages 
remaining unchanged. This is consistent with the inflammatory process 
in lungs affected by chronic respiratory diseases, which is largely driven 
by the accumulation of neutrophils and their associated mediators [19, 
20]. Pulmonary neutrophil NE and MPO, as key markers of neutrophil 
activity and inflammation, were decreased. Assessment of cytoki
ne/chemokine profiles revealed significantly reduced levels of IL-1β, 
IL-6, MIP-1α, and KC in mice treated with AZM and IBU, strongly sup
porting the other read-outs. These immune mediators are known to be 
critical for neutrophil production, differentiation, and recruitment. The 
selection of this restricted panel from a broader cytokine/chemokine 
profile was sufficient to determine efficacy.

Both AZM and IBU exhibited no direct antibacterial properties in 
vitro, as determined by MICs testing against the P. aeruginosa strain used 
in vivo. However, treatment of the mouse model showed a decrease in 
bacterial load indicating an improvement in infection. In our experience 
testing several anti-inflammatory compounds, this effect is reliably 
observed and linked to mechanisms of immune modulation [21–23]. 
The modulation of the immune response and balanced cytokine pro
duction improve the immune system’s ability to fight the infection 
effectively, leading to an amelioration of the infection as a secondary 
outcome. Beyond direct pathogen–host interactions, host–microbiome 
dynamics are increasingly recognized as modulators of airway inflam
mation [24]. Although microbiota composition was not investigated 
here, our models could be applied in future studies to assess whether 
anti-inflammatory treatments influence such interactions.

The effect of AZM treatment was also evident in the blood, where 
neutrophils and monocytes significantly decreased, confirming that its 
anti-inflammatory action extends beyond the airways. This systemic 
effect is relevant because pulmonary inflammation is not confined to the 
lung but may trigger broader physiological responses, including poten
tial impacts on the central nervous system through vagus 

Fig. 3. Efficacy of IBU in a mouse model of LPS-induced inflammation, acute, and chronic P. aeruginosa airway infection. Male C57BL/6N mice (8–10 weeks old) 
were challenged with planktonic P. aeruginosa MDR-RP73 (1 × 107 CFUs), with MDR-RP73 embedded in agar beads (5–9 × 105 CFUs) or 20 µg/mouse of LPS from 
P. aeruginosa PAO1 by intratracheal instillation (i.t.). Five minutes before challenge with LPS or planktonic bacteria, IBU (50 or 200 mg⋅kg⁻¹) or vehicle (V) were 
administered via gavage. The treatment of mice challenged with bacteria embedded in agar beads was repeated daily for 7 days, starting the day of infection (“early” 
model) or seven days after infection (“late” model). At 24 h after the last treatment, the mice were sacrificed, bronchoalveolar lavage fluid (BALF) was collected, and 
lungs were excised, homogenized, and plated onto tryptic soy agar to determine bacterial burden Each dot represents total cell count (A), and neutrophil count in 
BALF (B), MPO (C), and NE levels in lung supernatants (D), and CFUs per lung (E) from one mouse. For the chronic “early” model, before each administration, mice 
were weighed, and the percentage change from the initial body weight was averaged for each group (F). Hematological analysis of specific white blood cell (WBC) 
populations was performed (G). For the chronic “late” model, before each administration, mice were weighed, and the percentage change from the initial body 
weight was averaged for each group (H). Data are presented as mean ± SEM, pooled from three independent experiments (n = 8–14). *: p < 0.05; **: p < 0.01; 
***: p < 0.001.
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nerve–mediated pathways [25]. We did not investigate this aspect in the 
present work, but our models could be exploited in future studies to 
assess whether anti-inflammatory treatments influence such lung–brain 
communication and possibly affect other organs as well. In contrast to 
the systemic activity observed with AZM, IBU treatment was effective 
only in the lung, leaving this endpoint uncertain and indicative of the 
localized nature of IBU’s effect. Neutrophil responsiveness is different in 
the lung and systemic circulation of children with CF, providing cu
mulative evidence that neutrophils can exhibit distinct functional ca
pacities depending on their local environment [26]. Furthermore, we 
observed several unwanted effects of IBU, including gastrointestinal 
bleeding, a concern due to its high-dose usage in CF. Major side effects 
were observed at extremely high doses, but these were reduced at lower 
doses, indicating the need for careful dose selection. However, our study 
did not monitor gastrointestinal bleeding, which could affect systemic 
inflammation. While IBU showed a general improvement in health, 
measured by body weight gain, the increased recovery and weight gain 
were significant only during early treatment, but not during long-term 
treatment, compared to vehicle-treated mice.

Chronic and exaggerated inflammation in people with chronic res
piratory diseases causes irreversible damage to lung tissues, eventually 
leading to respiratory failure. This condition, often driven by chronic 
infection with bacterial pathogens, is difficult to target, and treatment 
during advanced chronic infection focuses on preserving lung function 
and managing periodic exacerbations. When anti-inflammatory treat
ment was initiated seven days after infection (’late’ treatment) in the 
chronic infection model, no weight recovery or reduction in inflamma
tion, including cell recruitment in BALF, MPO, NE, cytokine/chemokine 
levels in the lungs, or bacterial burden, was observed with either AZM or 
IBU. These results underline the necessity of early intervention to ach
ieve significant therapeutic outcomes. In addition, the data show that 
the advanced stage of lung pathology, induced by chronic bacterial 
colonization and major structural changes evidenced in this preclinical 
model (e.g., bronchus-associated lymphoid tissue-like structures, 
epithelial degeneration, collagen deposition, elastin degradation, and 
increased factors related to matrix remodeling) [27], represents a sig
nificant challenge in the treatment of inflammation. This highlights the 
complexity of treating chronic inflammation in respiratory diseases, 
further reinforcing the necessity of early intervention for meaningful 
therapeutic outcomes.

This study extends our understanding by comparing the chronic 
infection model with LPS to acute infection models. Overall, based on 
multiple readouts, we conclude that both AZM and IBU, administered as 
a single dose, were ineffective in reducing inflammation following acute 
inflammation and injury caused by acute infection. Occasionally, for 
IBU, increased cell counts in the BALF after acute infection and MPO 
activity after LPS stimulation were detected, but other parameters 
remained unchanged, showing no robust response for efficacy studies.

DEX was one of the anti-inflammatory treatments for CF, primarily 
used during exacerbations through inhaled or oral administration. Our 
data in mice suggest efficacy when inflammation is induced by LPS, but 
not by P. aeruginosa. Several parameters were improved, including 
reduced total cells, particularly neutrophils in the BALF, as well as 
decreased NE and MPO levels. However, no effect on cytokine/chemo
kine profiles was detected, indicating only partial efficacy. The systemic 

inflammatory profile was unaffected. The anti-inflammatory properties 
of DEX were not observed in the presence of P. aeruginosa infection, 
whether acute or chronic. Unlike AZM and IBU, repeated administration 
of DEX during chronic infection did not result in improvements in health 
or airway inflammation compared to vehicle-treated mice. On the con
trary, DEX tended to increase bacterial load, which can be harmful for 
people with chronic respiratory diseases. Past experience suggests that 
caution should be taken when administering anti-inflammatory com
pounds to people with bacterial infections due to the risk of inducing 
bacteremia [11,12]. Like other corticosteroids, DEX use is limited to 
specific cases due to the occurrence of significant side effects and is not 
recommended for long-term treatment.

As observed, not all of the anti-inflammatory drugs tested in this 
study were equally effective in reducing all the inflammatory markers 
analyzed. However, they each demonstrated effectiveness in a specific 
manner, which can likely be attributed to the distinct mechanisms of 
action of each drug. It is important to emphasize that our primary goal 
was not to discover or validate the mechanisms of action of approved 
anti-inflammatory drugs, but rather to assess their effectiveness in pre
clinical models. These drugs are already in clinical use, and their efficacy 
in humans is well-established. We intentionally selected drugs with 
different mechanisms of action to evaluate which model best accom
modates multiple anti-inflammatory drugs with varying mechanisms 
and which parameters are most reliable. Our objective was to gain in
sights into how different preclinical models can more accurately predict 
clinical outcomes, thereby helping us identify the most suitable model 
and parameters for testing diverse anti-inflammatory treatments with 
varying mechanisms.

As a limitation of this study, we acknowledge that different 
P. aeruginosa strains may elicit diverse responses to treatments; however, 
we specifically chose a strain known to induce chronic persistence as a 
proof of concept for our approach. This strategy aims to demonstrate the 
relevance of our model and readouts, which could later be expanded to 
different strains with distinct characteristics. Additionally, we restricted 
our experiments to male mice in order to minimize hormonal variability 
that might confound inflammatory readouts. Still, the lack of female 
animals represents a limitation, and future studies in our models should 
address potential sex-related differences in disease course and treatment 
response. While it is paramount to develop models and readouts that 
capture patient heterogeneity, including differences related to bacterial 
strains and sex, our overarching goal remains to reduce the gap between 
preclinical studies and human outcomes.

4. Conclusions

Our study establishes criteria that help evaluate the efficacy of anti- 
inflammatory therapies (Fig. 5; Fig. S4). The selection of the appropriate 
mouse model and treatment regimen is crucial. We identify the 
P. aeruginosa chronic infection model as the most relevant and predictive 
mouse model for evaluating the efficacy of anti-inflammatory therapy. 
Despite the numerous potential targets suitable for anti-inflammatory 
therapy, this work establishes that consistent readouts, such as body 
weight, cell recruitment in the BALF, MPO, NE, and cytokine/chemo
kine levels in the lung, are critical. For highly effective drugs, moni
toring these parameters may predict clinical efficacy; whereas, 

Fig. 4. Efficacy of DEX in a mouse model of LPS-induced inflammation, acute, and chronic Pseudomonas aeruginosa airway infection. Male C57BL/6N mice (8–10 
weeks old) were challenged with planktonic P. aeruginosa MDR-RP73 (1 × 107 CFUs), with MDR-RP73 embedded in agar beads (5–9 × 105 CFUs) or 20 µg/mouse of 
LPS from P. aeruginosa PAO1 by intratracheal instillation (i.t.). Five minutes before challenge with LPS or planktonic bacteria, DEX (5 or 10 mg⋅kg⁻¹) or vehicle (V) 
were administered via gavage. The treatment of mice challenged with bacteria embedded in agar beads was repeated daily for 7 days, starting the day of infection 
(“early” model) or seven days after infection (“late” model). At 24 h after the last treatment, the mice were sacrificed, bronchoalveolar lavage fluid (BALF) was 
collected, and lungs were excised, homogenized, and plated onto tryptic soy agar to determine bacterial burden. Each dot represents total cell count (A) and 
neutrophil count in BALF (B), MPO (C), and NE levels in BALF supernatants (D), and CFUs per lung (E) from one mouse. For the chronic “early” model, before each 
administration, mice were weighed, and the percentage change from the initial body weight was averaged for each group (F). Hematological analysis of specific 
white blood cell (WBC) populations was performed (G). Data are presented as mean±SEM, pooled from three independent experiments (n = 3–15). *: p < 0.05; **: 
p < 0.01; ***: p < 0.001.
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measuring cells in the blood proved to be more uncertain. Our ability to 
apply these standard models and their rational use will support the 
preclinical development of new drugs and enhance success in clinical 
studies.

Despite being sporadically used to test anti-inflammatory com
pounds, the chronic P. aeruginosa infection model is not routinely 
implemented in preclinical studies, even though it better mimics chronic 
respiratory diseases and provides more clinically relevant data. Our 
findings strongly support the broader adoption of this model in pre
clinical studies to improve predictability and translational success.

5. Methods

5.1. Ethics statement

Animal studies adhered to the Italian Ministry of Health guidelines 
for the use and care of experimental animals (IACUC #733 and #1438). 
Research with the P. aeruginosa MDR-RP73 isolate from a CF individual 
and storage of biological materials were approved by the Ethics Com
mission of Hannover Medical School, Germany.

5.2. LPS and bacterial strains

LPS is derived from P. aeruginosa (L9143; Sigma-Aldrich). 
P. aeruginosa MDR-RP73 strain was isolated from the airways of an in
dividual with CF [28]. MICs for AZM, IBU, and DEX, in addition to the 
antibiotic tobramycin, as a control, were determined using the broth 
microdilution method in Mueller–Hinton cation-adjusted broth (MHB) 
according to CLSI guidelines [29].

5.3. Mouse models

Immunocompetent C57BL/6NCrlBR male mice (8–10 weeks; Charles 
River Laboratories, Calco, Italy) were used for the study because male 
animals exhibited less variability in phenotype. It is unknown whether 
the findings are relevant to female mice. Mice were challenged by 
intratracheal administration of 20 µg/mouse of LPS from P. aeruginosa to 
induce lung inflammation, or 1 × 107 colony-forming units (CFUs) of 
the planktonic MDR-RP73 strain for acute infection, or 5–9 × 105 CFUs 
of the MDR-RP73 strain embedded in agar beads for chronic infections 
[15,18].

Mice were treated with AZM, IBU, DEX, or vehicle (water) by oral 
administration using flexible polypropylene feeding tubes (FTP-20-34; 

2Biol). Body weight was monitored daily.
Lung CFUs and cell counts in the BALF were analyzed as described 

previously [16]. Cytokine/chemokine levels were measured in the su
pernatant of lung homogenates by Luminex Assay (Bio-Rad Labora
tories, Segrate, Italy). MPO and NE levels were evaluated in the 
supernatant of BALF and lung homogenates by DuoSet ELISA (Bio-
Techne srl, Milano, Italy). Blood was collected from the retro-orbital 
plexus of anesthetized animals using Na-heparin-coated capillaries 
(Hirschmann Laborgeräte GmbH) and vials (Microvette® 200 K3 EDTA, 
20.1288 Sarstedt). Hematologic parameters were evaluated using an 
automated cell counter (ProCyte Dx, IDEXX Laboratories, USA).

Additional details in accordance with the Animal Research: Report
ing of In Vivo Experiments guidelines [30] are reported in the Supple
mentary material.

5.4. Statistics

Statistical analyses were performed with GraphPad Prism (GraphPad 
Software, Inc., San Diego, CA, USA) using a two-way ANOVA with 
Bonferroni’s multiple comparison test for body weight changes and one- 
way ANOVA with Dunnett’s multiple comparison test or Mann-Whitney 
t-test for the other readouts. Outlier data, identified by Grubbs’ test, 
were excluded from the analysis.
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