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Introduction: Advanced glycation end products are a diverse, complex group of chemicals that are mostly produced by the Maillard 
reaction. The Maillard reaction happens when reducing sugar interacts non-enzymatically with amino acids found in proteins, lipids, or 
DNA. AGEs can be produced not only endogenously but also exogenously, as a result of certain cooking conditions or food 
processing. AGEs can interact with their receptor RAGE (receptor for AGE), expressed in various tissues including lung, inducing 
inflammatory effects and oxidative stress conditions that could damage target organs. Recent studies demonstrated that AGEs could be 
implicated in pathophysiology of chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF).
Objective: Considering that human lung macrophages (HLMs) are the most abundant immune cells in the lung, the aim of this 
project was to investigate the effects of AGEs on HLM activation and RAGE expression in these cells.
Results: AGEs induce, in a concentration-dependent manner, the release of cytokines (IL-6, IL-1β, TNF-α) and chemokines (CXCL1, 
CXCL2, CXCL8) from HLMs but not their de novo synthesis, except for IL-6. AGEs affect cellular kinetic proprieties and 
phagocytosis. HLMs constitutively express both sRAGE (soluble form of the receptor) and flRAGE (membrane-bound form of the 
receptor) mRNAs, and AGEs interaction slightly upregulate sRAGE expression. RAGE protein is constitutively expressed by about 
60% of HLMs. Pre-incubation of HLMs with anti-RAGE antibody inhibits the release of cytokines and chemokines induced by AGEs. 
Finally, HLMs store and spontaneously release AGEs.
Conclusion: AGE accumulation promotes a pro-inflammatory phenotype in HLMs, potentially contributing to lung injury and 
respiratory dysfunction in AGEs-related diseases through the release of pro-inflammatory mediators. These findings highlight HLMs 
as a potential target in AGE-mediated pulmonary inflammation and suggest novel therapeutic strategies targeting the AGE-HLM axis.
Keywords: cytokines, chemokines, COPD, RAGE, lung injury

Introduction
Advanced glycation end products (AGEs) are mainly formed through a process called the Maillard reaction, which occurs 
when reducing sugars react non-enzymatically with amino acids in proteins, lipids, or DNA.1,2 This reaction occurs in three 
phases: in the first phase, glucose attaches to a free amino acid (such as lysine and arginine) to form a Schiff base; the Schiff 
base undergoes a chemical rearrangement to yield Amadori products, also known as early glycation products; if there is an 
accumulation of Amadori products, they undergo further chemical rearrangements, leading to the formation of crosslinked 
proteins, which represent AGEs.2 In addition to the Maillard reaction, other pathways can also lead to the formation of AGEs, 
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such as glucose oxidation, lipid peroxidation, and the polyol pathway.2 Another source of AGEs are reactive dicarbonyl 
compounds, such as methylglyoxal, which contribute to AGE formation through non-enzymatic glycation reactions.3

Endogenous AGEs physiologically increase with aging and their accumulation can be boosted by smoking status and 
exposure to air pollution.4,5 In addition to endogenous production, AGEs can also be obtained from external sources: 
certain cooking conditions or food processing (high temperatures for an extended period of time, low hydration, and high 
pH), air pollution can enhance AGEs formation and accumulation.2,6 AGEs can interact with their receptor RAGE 
(receptor for advanced glycation end products), inducing inflammatory effects and oxidative stress conditions that could 
damage target organs.7 RAGE exists in two forms: a membrane-bound form (flRAGE), and a soluble form (sRAGE).8 

RAGE is expressed in various tissues including lung9,10 and its signalling has also been implicated in pulmonary 
inflammation triggered by infectious stimuli, such as LPS, and sepsis. In these models, both genetic deletion and 
pharmacological inhibition of RAGE significantly reduce lung tissue injury.11,12

Both the intake and endogenous production of AGEs have been associated with various diseases due to their role in 
promoting oxidative stress, inflammation, and tissue damage.2,9 Although the historical focus of AGEs toxicity has been 
on diabetes mellitus and cardiovascular diseases (such as atherosclerosis),13 recent studies demonstrated that AGEs could 
be implicated in pathophysiology of allergic14 and respiratory diseases.15,16 In particular, AGE levels have been observed 
to rise in COPD patients independently of factors such as smoking, diabetes mellitus, or cardiovascular diseases.16 

Furthermore, AGEs accumulation seems to be associated with impaired respiratory function in healthy individuals (lower 
forced expiratory volume, forced vital capacity, and diffusing capacity for carbon monoxide values).15

Macrophages are the most representative immune cell type in lung tissue and play a crucial role in inflammatory and 
phagocytic processes by releasing cytokines (eg, IL-6, IL-1β, TNF-α, IL-12), chemokines (eg, CXCL8), and enzymes.17– 

20 Recent evidences demonstrate that AGEs activate murine macrophages inducing pro-inflammatory mediator release 
and enhance their polarization into M1 phenotype.21,22 At the same time, AGEs inhibit anti-inflammatory factor release 
and efferocytosis in murine macrophages.21 To date, there are no data on the effects of the AGEs on human lung 
macrophages (HLMs). Considering the crucial role of HLMs in lung homeostasis and dysfunction, and that AGEs 
accumulation could be associated with lung injury and respiratory disease development, the aim of this project was to 
investigate if AGEs could influence the activation of HLMs and the expression of their receptor, RAGE.

Graphical Abstract
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Materials and Methods
Reagents
All reagents were obtained from commercial suppliers. L-glutamine, fetal bovine serum (FBS), lipopolysaccharide 
(LPS) from Escherichia coli serotype 026:B6, Percoll®, piperazine-N, N-bis-2-ethanesulphonic acid (PIPES), 
phosphate-buffered saline (PBS), Triton X-100, and an antibiotic-antimycotic solution (10,000 IU/mL penicillin, 
10 mg/mL streptomycin and 25 µg/mL amphotericin B) were purchased from Lonza. RPMI 1640 was acquired 
from Microgem, and dimethyl sulfoxide (DMSO) from Merck Millipore. Accutase was purchased from StemCell 
Technologies. Primers targeting sRAGE, flRAGE, CXCL1, CXCL2, CXCL8, IL-1β, IL-6, TNF-α, and GAPDH were 
designed with Beacon Designer 3.0 software and synthesized and purified by Life Technologies.

Isolation and Purification of Human Lung Macrophages (HLMs)
HLMs were obtained from resected lung tissue of 37 patients undergoing surgery. These patients had tested negative for 
hepatitis C virus, hepatitis B surface antigen, and HIV. The study protocol received ethical approval from the Comitato Etico 
Territoriale Campania 1 (Protocol 36/23 OSS), and all participants provided informed consent. The donor cohort had a mean 
age of 62 years (range: 40–83 years) and consisted of approximately 41% females and 59% males. The cohort included a mix 
of smokers and non-smokers (54% smokers, 46% non-smokers). Lung tissue underwent mechanical processing and was 
rinsed with PIPES buffer using a 120 µm pore size Nitex cloth to create a cell suspension. Macrophages were enriched to 
75–85% purity via discontinuous Percoll® density gradient centrifugation. The enriched cells were cultured in RPMI 1640 
supplemented with 5% FBS, 2 mM L-glutamine, 1% antibiotic-antimycotic solution, and 1% non-essential amino acids. The 
cells were then cultured at 37°C in 24-well plates. After 16 hours, non-adherent cells were removed by washing, resulting in 
an adherent population of >98% macrophages confirmed through flow cytometry (as previously described).18 This method 
also effectively excludes dendritic cell contamination, as confirmed by the absence of CD169-/CD123+ cells.18

AGE Stimulation and RAGE Inhibition in HLMs
AGEs (Abcam, Cambridge, UK) were reconstituted and used as recommended. AGEs were diluted in complete 
medium before each experiment. HLMs were cultured in 24-well plates (0.15–2 × 106 cells/well) in complete 
medium and then stimulated (1 to 16 hours) with increasing concentrations of AGEs (1–100 µg/mL) or with LPS 
(1 µg/mL). For RAGE inhibition experiments, HLMs were pre-incubated with an RAGE neutralizing antibody 
(Abcam, Cam, UK) at a concentration of 4 µg/mL prior to stimulation with AGEs, as described previously.14 At 
the end of incubations, supernatants were harvested, centrifuged (500 × g, 4°C, 10 min), and stored at −80°C for 
subsequent determination of mediator release. Lysis of the remaining cells in the plates was carried out using 0.1% 
Triton X-100 for total protein quantification by a Bradford assay (Bio-Rad Laboratories, Segrate MI, Italy).

Cell Viability
After treatments, cell viability was evaluated as mitochondrial activity, determined by the MTT (3-(4,5-dimethylthiazol-2-yl) 
2,5-diphenyl tetrazolium bromide) assay, as reported previously.23 HLMs were incubated with AGEs, 1% v/v Triton X-100 
(positive control for cell death), or medium alone (negative control) for the specific times. At the end of the incubation, 
supernatants were removed, and cells were incubated with MTT solution (0.5 mg/mL) at 37°C for 1 hour. The cells were 
washed with PBS, 0.5 mL of DMSO was added to solubilize the formazan crystals, and absorbance was measured at 540 nm. 
Cell viability was calculated as a percentage of the negative control, which was set to 100%. Figure S1A represents the 
percentage of viable cells relative to the untreated control.

ELISA
Concentrations of CXCL1, CXCL2, CXCL8, IL-6, TNF-α, and IL-1β in HLM supernatants were quantified in duplicate 
using commercially available ELISA kits (R&D Systems, Minneapolis, MN, USA). To account for variations in cell number 
between wells and experiments, cytokine concentrations were normalized to total protein content, determined by Bradford 
assay, in the corresponding cell lysates (0.1% Triton X-100). Results are expressed as ng cytokine/mg total protein.
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RT-PCR
Expression of sRAGE, flRAGE, CXCL1, CXCL2, CXCL8, IL-6, TNF-α, and IL-1β mRNA was investigated. HLMs were 
stimulated with AGEs (100 µg/mL) or LPS (1 µg/mL). Following stimulation, total RNA was extracted using TRIzol® reagent 
(Euroclone, Milan, Italy). RNA quality and integrity were assessed using a Nanodrop spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE, USA). Reverse transcription was performed using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster City, CA, USA). Real-time RT-PCR was conducted with SYBR Green 
Supermix (Bio-Rad) on a CFX96 real-time detection system (Bio-Rad Laboratories, Segrate, MI, Italy). GAPDH served as 
the housekeeping gene for normalization using the 2−ΔCt formula. PCR efficiency and specificity were evaluated by analyzing 
amplification curves with serial dilutions of the template cDNA and their dissociation curves. Each cDNA sample was analyzed 
in triplicate, and the corresponding no-RT mRNA sample was included as a negative control. The data were analyzed with 
iCycleriQ analysis software (Bio-Rad Laboratories, Segrate, MI, Italy), and the changes in CXCL1, CXCL2, CXCL8, IL-1β, IL-6, 
TNF-α, sRAGE, and flRAGE mRNAs were expressed as 2−ΔCt.

Flow Cytometric Analysis
HLMs fresh or cultured 16 hours with or without AGEs (100 µg/mL) and detached using Accutase, were washed with 
PBS and then stained with fluorophore-conjugated antibodies: PE-conjugated anti-CD11c (Miltenyi Biotec, Bologna 
Italy) and Alexa Fluor 647 anti-RAGE antibody (EPR21171 clone, Abcam, Mi Italy) for 30 minutes at 4°C in the dark. 
After staining, cells were washed and then fixed with 4% paraformaldehyde (PFA) and analyzed using the MACS Quant 
Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and the FlowJo software, v.10. Doublets and debris were 
identified based on forward- and side-scatter properties and excluded from the analysis. Data were expressed as 
percentage of RAGE positive fresh HLMs (Figure 6D) Complete example of the gating strategy is represented in 
Supplementary Figure 2.

Time-Lapse and High-Content Microscopy
To assess the impact of AGEs on macrophage motility, time-lapse and high-content microscopy experiments were 
conducted using the Operetta High-Content Imaging System (PerkinElmer, MA, USA), as previously described.24,25 

HLMs were cultured in Falcon® 24-well Clear Flat Bottom plates. For time-lapse experiments, HLMs were stimulated 
with AGEs (100 µg/mL) and monitored for 12 hours. Within this time window, digital phase contrast images of 15 fields/ 
well were captured every 10 min via a 10× objective, allowing for detailed tracking of individual cell movements. To 
quantify cell tracking features, bright-field snapshots were taken at 6 fields/well. PhenoLOGIC (PerkinElmer) software 
was employed to analyse the following proprieties: current displacement and Y (measure the change in position along the 
x- and y-axes, respectively), displacement X and Y mean per well (average the displacement across multiple cells in 
a well along the x- and y-axes, respectively), current square displacement (reflects the overall area covered by a cell over 
time), displacement mean per well (average the square displacement across multiple cells), and current speed (quantifies 
the rate of cell movement) and turning angle (measures the change in direction of cell movement). These parameters 
collectively provide a comprehensive assessment of macrophage motility, including speed, directionality, and exploratory 
behaviour, allowing for a detailed analysis of the effects of AGEs on these crucial aspects of macrophage function.

Phagocytosis Assay
HLMs (1 × 105 cells/well) were seeded in imaging-compatible plates and allowed to adhere for 1 day at 37°C. Cells were 
then stimulated with AGEs (100 µg/mL) for 24 hrs. Following stimulation, the medium was replaced with pHrodo™ 
Green E. coli BioParticles™ Conjugate suspension (Chow et al, 2004). Phagocytosis was monitored by measuring 
fluorescence intensity (excitation 509 nm, emission 533 nm) over 3 hours, with readings taken every hour, using an 
EnSpire Multimode Plate Reader (PerkinElmer). Results are reported as relative fluorescence units (RFU). Since 
pHrodo™ Green fluorescence increases in acidic environments, such as phagosomes, it enables quantification of 
internalized particles in the assay.
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Determination of AGEs
Two sets of human lung macrophages were used for AGE quantification. The first set consisted of freshly isolated HLMs. 
Immediately following Percoll® gradient isolation and washing, 5 × 106 of HLMs were lysed in 500 µL of 0.1% Triton 
X-100. The second set of HLMs (1 × 106 cells/well) were cultured in 24-well plates containing complete medium. After 
16 hours incubation (37°C), the supernatants were collected, and the adherent cells were lysed in 500 µL of 0.1% Triton 
X-100. AGE concentrations in both the supernatants and cell lysates were measured using a commercially available 
ELISA kit for AGEs (MyBioSource, SD, USA).

Statistical Analysis
Statistical analysis was performed using Prism 8 software. Data are presented as mean ± standard deviation of the 
indicated number of experiments. Statistical significance was assessed using Student’s t-test or one-way ANOVA, 
followed by Dunnett’s test for comparisons against a control group or Bonferroni’s test for multiple pairwise compar
isons. A p-value ≤0.05 was considered statistically significant. Due to technical constraints in isolating resident lung 
cells, the number of donors per endpoint varies. To ensure adequate statistical power, a post-hoc power analysis was 
conducted for each endpoint based on observed paired differences (mean and SD of differences). The power for all 
endpoints was above 80%, indicating sufficient statistical robustness.

Results
Effects of AGEs on Cytokine and Chemokine Release from HLMs
In a series of six different experiments, we evaluated the effects of increasing concentrations of AGEs (1–100 µg/mL) on 
HLM activation. AGEs activated HLMs inducing chemokine release including CXCL1 (Figure 1A), CXCL2 (Figure 1B) 
and CXCL8 (Figure 1C). Moreover, AGEs affect also the cytokine production; in particular, they induce IL-1β (Figure 1D), 

Figure 1 Effects of AGEs on chemokine and cytokine release from HLMs. HLMs (106 cells/well) were incubated (16 hours, 37°C, 5% CO2) with complete medium (CTR), or 
increasing concentrations of AGEs (1–100 μg/mL) or LPS (1 μg/mL). CXCL1 (A), CXCL2 (B), CXCL8 (C), IL-1β (D), IL-6 (E), and TNF-α (F) proteins in supernatants were 
evaluated by ELISA and expressed as ng or pg of mediators for mg of total proteins. Data are shown as individual values with mean ± SEM of 12 independent experiments 
obtained from different donors. * p< 0.05; ** p < 0.01; *** p < 0.001 vs CTR.
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IL-6 (Figure 1E) and TNF-α (Figure 1F) release. The effect of AGEs was predominantly significant at 30 and 100 µg/mL. In 
these experiments, we used LPS, the main component in the cell wall of Gram-negative bacteria, as a positive control.19,26 

LPS was a potent stimulus for the release of all tested (Figure 1). The percentage of viable HLMs measured by MTT assay 
16 hours after AGEs treatment did not differ from that of untreated cells (Supplementary Figure 1A).

To exclude the possibility that the activating effects of AGEs could be due to minor LPS contamination, HLMs were 
stimulated with AGEs or in the presence of polymyxin B (50 µg/mL), a potent inactivator of LPS.27 Supplementary Figure 1B 
shows that polymyxin B did not modify the spontaneous release of IL-6, a selected cytokine. Incubation of AGEs with 
polymyxin B did not modify the activating property of AGEs on the release of IL-6 from HLMs. As a control, polymyxin 
B significantly reduced the release of cytokines/chemokines induced by LPS (Supplementary Figure 1B).

Kinetics of Cytokine and Chemokine Release Induced by AGEs from HLMs
In the next group of experiments, we examined the kinetics of cytokine and chemokine release from HLMs stimulated with 
the highest tested concentration of AGEs (100 µg/mL). As shown in Figure 2, CXCL1, CXCL2, TNF-α, and IL-1β release 
peaked at 3 hours and then decreased by 16 hours. Conversely, CXCL8, IL-6, production markedly began after 1 h, and 
progressively increased after 16 hours of incubation. Only and IL-1β release was significant after 3 h of AGE stimulation 
(Figure 2). TNF-α and IL-1β were the only cytokines whose release was significant after just 1 hour of AGE stimulation.

The kinetic curve of IL-6 led us to hypothesize that the release of this cytokine was due both to a release of pre- 
formed mediator and to a new synthesis. Therefore, we also evaluated the effects of AGEs on CXCL1, CXCL2, CXCL8, 
IL-1β, IL-6, and TNF-α mRNA expression in HLMs by real-time quantitative PCR. The stimulation of HLMs with AGEs 
for 6 hours induced the mRNA expression for IL-6 (Figure 3E), but not for CXCL1 (Figure 3A), CXCL2 (Figure 3B), 
CXCL8 (Figure 3C), IL-1β (Figure 3D), and TNF-α (Figure 3F). These results indicate that AGEs induced preformed 
CXCL1, CXCL2, CXCL8, IL-1β, and TNF-α from HLMs but not their de novo synthesis, except for IL-6.

Expression of RAGE Receptor on HLMs
Receptor for advanced glycation end products (RAGE) is a multi-ligand receptor that is able to bind a variety of ligands, 
including advanced glycation end products.28 RAGE is expressed on monocyte and macrophages,29 but its expression has 
not been demonstrated on HLMs. Therefore, we evaluated the constitutive mRNA expression of sRAGE and flRAGE in 
fresh HLMs by real-time quantitative PCR. HLMs constitutively expressed flRAGE and sRAGE mRNAs (Figure 4A). 
sRAGE was significantly more expressed than flRAGE (Figure 4A).

Then, we investigated the effect of AGEs (100 µg/mL) on flRAGE and sRAGE mRNA expression in HLMs. Figure 4 
shows that AGEs did not affect mRNA expression for flRAGE (panel B), while slightly upregulate sRAGE mRNA (panel C).

Figure 2 Kinetic of cytokine/chemokine release induced by AGEs from HLMs measured as fold increase vs control (CTR) respectively at all times. HLMs (106 cells/well) were 
stimulated (from 1 to 16 hours, 37°C, 5% CO2) with RPMI alone or with AGEs (100 µg/mL). CXCL1, CXCL2, CXCL8, IL-1β, IL-6, and TNF-α protein in supernatants were 
evaluated by ELISA. Data are the mean ± SEM of 7 independent experiment obtained from different donors. * p< 0.05; ** p < 0.01, and Δ p < 0.001 vs respective time CTR.
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Flow cytometry analysis was assessed to determine the percentage of RAGE-positive HLMs under both basal 
conditions and under stimulation with AGEs (100 µg/mL). Approximately 60% of fresh HLMs express RAGE (data 
not shown). Moreover, cultured (16 hours, 37°C, 5% CO2) HLMs were RAGE-positive under basal conditions 
(Figure 4D) and their stimulation with AGEs did not alter the percentage of RAGE-positive cells (Figure 4D).

Given the constitutive expression of RAGE on HLMs, we next sought to determine whether AGE-induced cytokine 
release was RAGE-dependent. To investigate this, HLMs were pre-incubated with an anti-RAGE antibody (4µg/mL) 
prior to stimulation with AGEs, as previously described.14 We observed that pre-incubation with anti-RAGE antibody 
significantly reduced the release of key pro-inflammatory cytokines from HLMs stimulated with AGEs (Figure 5). By 

Figure 3 Effects of AGEs on mRNA expression for cytokines/chemokines in HLMs. Highly purified HLMs (6 × 106 cells/well) were incubated (6 hours, 37°C, 5% CO2) in the 
absence (CTR) or in the presence of AGEs (100 µg/mL). At the end of incubation, CXCL1 (A), CXCL2 (B), CXCL8 (C), IL-1β (D), IL-6 (E), and TNF-α (F) mRNAs were determined by 
quantitative RT-PCR. Data are shown as individual values with mean ± SEM of 10 independent experiments obtained from different donors. *** p< 0.001 vs CTR.

Figure 4 Expression of full length (flRAGE) and soluble form (sRAGE) of RAGE in HLMs. Fresh HLMs (6 × 106 cells) were lysed and RNA was extracted. mRNAs 
constitutive expression for flRAGE and sRAGE were determined by quantitative RT-PCR (A). HLMs (6 × 106 cells/well) were incubated (6 hours, 37°C) with complete media 
(CTR), or AGEs (100μg/mL). At the end of incubation, HLMs were lysed and RNA was extracted. mRNA expression for flRAGE (B) and sRAGE (C) was evaluated by 
quantitative RT-PCR. Unstimulated and AGE-stimulated (100 µg/mL) HLMs (D) were also stained with a specific anti-RAGE antibody (EPR21171, Abcam) and analyzed by 
flow cytometry. Data were expressed as percentage of RAGE positive fresh HLMs (D) and cultured HLMs. The red dotted line for each panel represents the control values. 
Data are shown as individual values with mean ± SEM of 6 independent experiments obtained from different donors.
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contrast, pre-incubation with anti-RAGE antibody did not affect LPS-induced cytokine release. These results suggest that 
AGE-induced cytokine release in HLMs is, at least in part, mediated through RAGE signaling.

Effects of AGEs on Kinetic Properties of HLMs
Different stimuli can change cell morphology as well as their movement.30 Macrophages exhibit migratory and adaptive 
behaviour within the tissue in response to various physiological and pathological conditions.31 In this context, we 
investigated HLM tracking induced by AGEs with an Operetta High-Content Imaging System (PerkinElmer). To this 
end, HLMs were incubated with AGEs (100 µg/mL) or complete medium alone for 12 hours at 37°C and 5% of CO2. 
AGEs significantly altered HLM displacement along the X-axis (Figure 6A and B), indicating a directional bias in their 
movement. This suggests that AGEs may influence the directional migration of HLMs, potentially disrupting their 
normal chemotactic responses or interactions with the extracellular matrix. No significant change in displacement was 
observed along the Y-axis (Figure 6C and D), suggesting that the effect of AGEs on HLM movement is directionally 
specific. Moreover, AGEs subtly modulated HLM motility by slightly altering turning angle (Figure 6E) and reduced area 
movement (Figure 6F) indicating a potential restriction in their overall surveillance capacity. This finding aligns with the 
observed directional bias in displacement and suggests that AGEs may limit the ability of HLMs to effectively patrol and 
respond to stimuli within the lung tissue. Finally, AGEs had no effect on HLM speed (Figure 6G and H). A representative 
visual aid of macrophage motility is provided in Supplementary Videos 1 (CTR) and 2 (AGEs-stimulated), which 
illustrates the differences in movement dynamics between conditions.

Effects of AGEs on Phagocytosis
Phagocytosis is a protective mechanism of innate immunity that plays a key role in the elimination of microbial agents 
and debris.32 In the next group of experiments, we evaluated whether AGEs could affect phagocytosis by HLMs. To this 

Figure 5 Effects of anti-RAGE antibody on AGEs-induced chemokine and cytokine release from HLMs. HLMs (106 cells/well) were pre-incubated (1 hour, 37°C, 5% CO2) 
with an anti-RAGE blocking antibody (4 μg/mL), followed by stimulation with AGEs (100 μg/mL) or LPS (1 μg/mL) for 16 hours. CXCL1 (A), CXCL2 (B), CXCL8 (C), IL-1β 
(D), IL-6 (E), and TNF-α (F) levels were measured in supernatants by ELISA and expressed as ng of mediator per mg of total protein. Data are shown as individual values 
with mean ± SEM of 7 independent experiments obtained from different donors. * p < 0.05 vs all other groups.
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Figure 6 Effects of AGEs on kinetic properties of HLMs. HLMs (105 cells/well) were incubated (12 hours, 37°C, 5% CO2) with RPMI alone (CTR) or AGEs (100μg/mL). The 
incubation was carried out with time-lapse and high-content microscopy Operetta High-Content Imaging System (PerkinElmer) to investigate the tracking characteristics as 
current displacement X (A), displacement X mean per well (B), current displacement Y (C), displacement Y mean per well (D), current turning angle (E), current square 
displacement (F), current speed (G), and speed mean per well (H). Data are shown as individual values with mean ± SEM of 12 independent experiments obtained from 
different donors. *** p< 0.001 vs CTR.
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end, spectrophotometric reader was used to measure the uptake of pHrodo™ green labeled E. coli particles over time in 
the same well. Figure 7 shows that while AGEs did not significantly affect HLM phagocytic activity during the first 
2 hours of incubation, they significantly inhibited phagocytosis after 3 hours.

Determination of AGEs
In a last group of experiments, we evaluated the presence of AGEs in fresh and cultured HLMs. The lysate of fresh 
HLMs contained AGEs (Figure 8). In addition, after 16 hours of incubation (at 37°C, 5% CO2) HLMs stored and 
spontaneously release the same concentration of AGEs (Figure 8).

To assess the basal content of AGEs in HLMs, we quantified AGE levels in both freshly isolated and cultured HLM 
preparation. Freshly isolated HLMs, consisting of approximately 85% pulmonary macrophages18 directly lysed after 
percoll gradient, exhibited detectable levels of AGEs. Cultured HLMs, representing a more purified population (98% 
macrophages) after adherence,18 showed a lower AGE content in cell lysates compared to freshly isolated cells. It is 
possible that the non-macrophage cell types present in the fresh HLM preparation (approximately 15% of the total cells) 
contribute to the higher AGE levels observed in these samples.

Furthermore, we investigated the basal release of AGEs from cultured HLMs. After 16 hours of incubation (at 37°C, 
5% CO2), the concentration of AGEs in the culture supernatant was measured and found to be comparable to that in the 

Figure 7 Effect of AGEs on HLM phagocytic activity. HLMs (105 cells/well) were incubated (16 hours, 37°C, 5% CO2) with RPMI alone (CTR), and with AGEs (100 µg/mL) 
one day before phagocytosis assay. The day after, the cell culture medium was removed and pHrodo™ Green E. coli BioParticles™ Conjugate suspension was added to the 
wells. The plate was placed in an EnSpire Multimode Plate Reader (PerkinElmer). The data were expressed as Relative Fluorescence Units (RFU) measured up to 3 hours 
with a 1 h span at an excitation wavelength of 509 nm, and emission at 533 nm. Data are shown as individual values with mean ± SEM of 9 independent experiments obtained 
from different donors. ** p< 0.01 vs CTR.

Figure 8 Expression of AGEs in HLMs. HLMs (5 x 106) were freshly lysed with 0.1% Triton X-100. HLMs were cultured (16 hours) and then lysed in the plates with 0.1% 
Triton X-100, while supernatants were collected. Concentration of AGEs in supernatants and in cellular lysates were measured using commercially available ELISA kit for 
AGEs. Data are shown as individual values with mean ± SEM of 6 independent experiments obtained from different donors.
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cultured HLM lysates. This finding suggests that HLMs may passively release or actively secrete AGEs into the 
extracellular environment, potentially contributing to the overall AGE burden in the lung microenvironment.

Discussion
In the present study, we investigated the effect of AGEs on the activation of HLMs isolated from non-tumour human lung 
tissue from a total of 30 patients who underwent lung surgery. We demonstrate that AGEs induce cytokines/chemokines 
release, but not production except for IL-6, from HLMs and they affect kinetic proprieties of HLMs. We also reveal that 
HLMs constitutively express both sRAGE and flRAGE mRNAs and RAGE protein. In addition, AGEs stimulation 
slightly upregulates sRAGE mRNA expression but do not affect RAGE protein. Finally, HLMs store and spontaneously 
release AGEs.

AGEs can be formed endogenously as part of normal metabolism, but their accumulation is accelerated in conditions 
characterized by smoking status, exposure to air pollution, oxidative stress, inflammation, and aging.2,4–6,33,34 Their 
harmful effects on various tissues, including the lung, are ascribed to their chemical, pro-oxidant, and inflammatory 
properties.15,16,33,35,36 In line with these papers, here we demonstrate that the predominant immune cells in the lung, 
macrophages, are activated by AGEs showing a proinflammatory profile. In fact, they release, upon AGEs stimulation, 
CXCL1, CXCL2 and CXCL8 that act as chemoattractants for immune cells, especially neutrophils, to the site of injury 
playing a crucial role in regulation of immune and inflammatory responses.37,38 Mouse macrophage cell lines release IL- 
6, TNF-α and IL-1β under stimulation with AGEs,39,40 here we show that also AGEs-activated HLMs release cytokines 
(IL-1β, IL-6, TNF-α) that are responsible for immune activation in response to cell damage.41 These mediators are 
markedly increased in induced sputum of COPD patients regulating inflammatory responses and immune cell recruitment 
in the lung.42–45 Recent studies demonstrated that AGEs could be implicated in pathophysiology of COPD and IPF.15,16 

Therefore, we could hazard the hypothesis that, in some variants of COPD and IPF, the elevated levels of chemokines/ 
cytokines could be due also to the effects of AGEs on macrophages. Here we show, by kinetic and mRNA experiments, 
that AGEs induce the release of pre-formed mediators stored in HLMs but not the production, except for IL-6 whom 
release is accentuated after 16 hours. These results reflect the potential ability of AGEs to induce chronic inflammatory 
disease after both short- and long-term exposure.

The biological impact of AGEs operates through two distinct mechanisms: one independent of the receptor and 
another that involves the receptor RAGE.2 AGEs interacting with the RAGE activates intracellular signal pathways 
leading the transcription factor NF-κB and in turn the production of pro-inflammatory cytokines.2 Previous studies have 
demonstrated that RAGE is constitutively highly expressed in the lung and play critical role of RAGE signalling in 
modulating the inflammatory and immune responses of alveolar macrophages.9,10,46 RAGE seems to be expressed in 
murine alveolar macrophages,47 but there was currently no evidence of RAGE expression in human models of pulmonary 
macrophages. We demonstrate that fresh and cultured HLMs constitutively express both RAGE mRNA and protein. 
More in detail, sRAGE mRNA seems to be more expressed in HLMs, compared with flRAGE mRNA. Although RAGE 
expression was increased under its ligands accumulation,10 stimulation of HLM with AGEs did not affect RAGE 
expression. However, clinical studies have shown that circulating levels of sRAGE are significantly reduced in patients 
with COPD and IPF.48,49 This systemic sRAGE deficiency could reduce the neutralization of AGEs, favouring their 
interaction with flRAGE on lung macrophages. We hypostasize that this deficiency in sRAGE could thus favour 
activation of lung macrophages, contributing to the persistent inflammation observed in these patients. Support for 
a RAGE-dependent mechanism in our system comes from experiments in which HLMs were pre-treated with 
a neutralizing anti-RAGE antibody: this intervention significantly reduced AGE-induced cytokine release, indicating 
that at least part of the pro-inflammatory response is RAGE-mediated.

Studying cell tracking by time-lapse and high-content microscopy, we showed that AGEs affect HLM kinetic 
proprieties. Specifically, AGEs induced significant changes in cell displacement along X-axis, reducing HLM movement 
earlier in the space. This finding raises important questions about the potential mechanisms by which AGEs influence 
macrophage motility and the implications for pulmonary health. The mechanism of macrophage movement in the space 
is still not fully understood. Murine alveolar macrophages have been shown to crawl along the alveolar space in response 
to inhaled pathogens and debris50 and adhesion molecules, such as integrins, seems to play a crucial role in mediating 
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cell adhesion to the extracellular matrix and promoting cell movement.51 Reduced expression or dysfunction of these 
molecules can hinder macrophage migration.51 It would be interesting to evaluate whether AGEs could potentially impair 
integrin expression and/or function, but further investigations are needed. However, our suggests that AGEs may restrict 
the surveillance capacity of HLMs, potentially impairing their ability to effectively reach and clear pathogens and debris 
from the lung. This aligns with previous studies demonstrating that AGEs can compromise various protective mechan
isms of macrophages.52,53

Macrophages are phagocytic cells that reside in the blood and tissues waiting to engulf foreign substances.54 The 
phagocytic ability of macrophages is impaired by several pathological conditions55 including chronic alcohol ingestion56 

and HIV infection.57 AGEs impaired phagocytic function in murine macrophages,52,53 our results suggest that AGEs 
accumulation could potentially inhibit phagocytosis in HLMs.

It was initially hypothesized that AGEs were slightly engrossed by cells, and their impact on human health was 
largely ignored. Afterwards, it has been discovered the presence of a significant pool of AGEs in the cells58,59 and that 
the excessive AGEs accumulation in the cells may affect both long- and short-lived proteins and peptides.60 Our study 
reveals that HLMs also could contribute to the overall AGE pool, potentially through intracellular AGE formation and 
release. However, the primary focus of our investigation was the effect of exogenous AGEs on HLM activation.

Conclusions
In conclusion, since AGEs accumulation seems to be associated with impaired respiratory function,15 our preliminary 
findings provide novel insights into the cellular mechanisms underlying the impact of AGEs accumulation on respiratory 
system. Our findings demonstrate that AGEs induce HLM activation primarily through interaction with the RAGE, 
leading to increased production of pro-inflammatory cytokines and chemokines, such as CXCL8, IL-6, and TNF-α. This 
inflammatory response, triggered by AGE accumulation, may contribute to lung injury and impaired respiratory function. 
Notably, while we observed increased release of several pro-inflammatory mediators, IL-6 stood out as the only cytokine 
produced de novo, suggesting a potential role in chronic inflammation. Furthermore, we show that AGEs can inhibit 
phagocytosis by macrophages, a critical protective mechanism for clearing pathogens and cellular debris, which could 
indirectly affect the lung response to infection. While our experiments utilized purified HLMs, as confirmed by flow 
cytometry,18 it is important to acknowledge the existing heterogeneity within the HLM population,61,62 and future 
research should investigate the specific responses of these subpopulations to AGEs. Moreover, our study focused on 
tissue-resident human lung macrophages obtained from surgical samples, which limited the possibility of comparing 
macrophages from healthy individuals and patients with inflammatory lung conditions. Future studies could consider the 
use of macrophages derived from bronchoalveolar lavage or in vitro models, such as alveolar macrophage-like cells 
differentiated from peripheral blood mononuclear cells,63 although these approaches may not fully recapitulate the 
features of tissue-resident macrophages. Despite these limitations, our study provides valuable insights into the potential 
role of HLMs in driving AGE-related pulmonary inflammation and suggests that targeting the AGE-RAGE axis in HLMs 
may hold therapeutic promise.
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