SYNOPTIC PRESENTATION OF THE EXPERIMENTS

1. Anti-inflammatory effects of formoterol and ipratropium bromide against acute cadmium-induced pulmonary inflammation in rats (Article 1)

Male Sprague-Dowley rats weighing between 300 and 350 g were exposed to 0.1% CdCl2 dissolved in saline for 60 min and were sacrificed by an overdose intraperitoneal injection of pentobarbital 24 h later. The value of sRaw baseline was measured before and after cadmium exposure by using a double chamber plethysmography (Buxco Electronics, Inc., Frand). BALF was collected for inflammatory cell counts, analysis of protein concentration and levels of cytokines including IL-1β, TNF-α and GM-CSF. The activity of MMP-2, MMP-9 and MMP-12 in BALF was also detected by zymography. Lung histological examination and wet-to-dry weight ratio were simultaneously assessed and a semi-quantitative method was used to analyze the degree of lung injury by cadmium.

60 min inhalation of 0.1% CdCl2 induced a significant increase in sRaw and an increase in BALF inflammatory cells, especially neutrophils and macrophages. An occurrence of a slight edema was detected by a significant increase in protein concentration in BALF and in wet-to-dry weight ratio. Microscopic examination showed a neutrophilic and macrophage infiltration into alveoli. Though no changes of the cytokine levels (IL-1β, TNF-α, GM-CSF) and MMP-12 activity in BALF were detected, MMP-2 and MMP-9 activities were significantly increased after cadmium inhalation. 

To determine the concentration of formoterol and ipratropium bromide further investigated in this model of acute pulmonary inflammation, the bronchodilator effects induced by increasing concentrations of these two compounds were examined in healthy rats exposed to methacholine solution. The concentration of methacholine inducing a 200% increase of sRaw for each animal was selected and repeated before and after the inhalation of increasing concentrations of formoterol or ipratropium bromide. Three concentrations of formoterol (1 mg/30ml, 2mg/30ml and 4 mg/30ml) which induced respectively a 20%, 50-60% and more than 80% bronchodilator effect were selected, while two different concentrations (0.04 mg/20ml and 0.2 mg/20ml) of ipratropium bromide corresponding respectively to 50% and superior to  80% relaxing effect were chosen. A lower concentration of ipratropium bromide inducing a 20% bronchodilator effect was not investigated further because of its inefficiency on inflammatory response induced by cadmium. 

Drugs were dissolved in the vehicle which contains 0.1% DMSO in 0.9% NaCl. Three different concentrations of formoterol (1 mg/30ml, 2mg/30ml and 4 mg/30ml) and two concentrations of ipratropium bromide (0.04 mg/20ml and 0.2 mg/20ml) were pre-administrated to rats for 30 min and 20 min respectively followed by 0.1% CdCl2 inhalation for 60 min (n = 6 per group). A combination of 1 mg/30ml formoterol with ipratropium bromide 0.2 mg/20ml was administrated to rats for 50 min prior to 0.1% CdCl2 inhalation for 60 min (n = 6). The rats designed as drug-control groups were pre-exposed to the same drugs and then exposed to saline for 60 min (n = 6 per group). A sham group (n = 6) was also performed in which rats were exposed to vehicle for 50 min followed by a 60-minute saline exposure. Three cadmium-exposed control groups were also investigated. Before inhalation of the cadmium solution, animals of these groups were exposed to the vehicle used to dissolve the different drugs during 20 min (n = 6), 30 min (n = 6) or 50 min (n = 6).
Compared to results obtained in rats exposed to cadmium, the pre-administration of formoterol or ipratropium bromide attenuated the increase in airway resistance induced by cadmium. Formoterol induced a significant decrease in the number of total cells, neutrophils and macrophages in BALF. Pretreatment with ipratropium bromide led to a significant decrease in the number of neutrophils. The lung injuries characterized by pulmonary congestion and inflammatory cell infiltration in the parenchyma were significantly inhibited when both bronchodilators were administrated separately. Despite the lack of effect on the increased activity of MMP-2 related to the inhalation of cadmium, the increased activity of MMP-9 in BALF was significantly attenuated by pretreatment with formoterol or ipratropium bromide. Although a decrease in the concentration of total protein was observed only in rats pretreated with formoterol, both bronchodilators administrated alone inhibited pulmonary edema as indicated by the wet-to-dry weight ratio which returned to values close to those obtained in control rats.

Compared with the data obtained in cadmium group, the combination of both bronchodilators reduced airway resistance and partially inhibited the inflammatory response induced by cadmium, including the number of total cells and neutrophils, the activity of MMP-9 and the inflammatory infiltration in lung tissue. However, no synergistic or additive effects were obtained.

To identify the contribution of β2-adrenoceptors into the anti-inflammatory effects of formoterol in this rat model, an additional group was performed in which rats were intraperitoneally injected with propranolol (10 mg/kg) prior to the highest concentration of formoterol exposure. The administration of propranolol totally reversed the anti-inflammatory effects of formoterol in rats suffering from the acute pulmonary inflammation induced by cadmium. 

To demonstrate the role played by MMPs in this inflammatory model, ilomastat, a broad spectrum inhibitor of MMPs, was used in this part of study. Pretreatment with ilomastat (0.4 mg/20ml) prior cadmium inhalation induced a significant attenuation in MMP-9 activity accompanied with a marked decrease in the number of neutrophils and macrophages in BALF.

In conclusion, formorterol and ipratropium partially protect the lungs against acute pulmonary inflammation induced by a single dose of cadmium. This anti-inflammatory effect might be related to the modulation of MMP-9 activity.

2. Effects of formoterol and ipratropium bromide on repeated cadmium inhalation-induced pulmonary inflammation and emphysema in rats (Article 2)
    Owing to the fact that formoterol and ipratropium bromide elicited protective effects against the acute pulmonary inflammation, the second part of this study aimed to investigate whether these beneficial effects persist and are efficient to control the inflammatory process induced by repeated administrations of cadmium. As the imbalance between MMPs/TIMPs contributes to the development of pulmonary emphysema, we also examined whether the expected anti-inflammatory effects would be associated with a modulation of MMP-2, MMP-9 and MMP-12 activity and their inhibitors TIMP-1 and TIMP-2. 

  72 rats weighing 300 to 350 g were divided into 12 groups (n = 6 per group). In three groups, animals were pretreated with formoterol (1mg/30ml or 4 mg/30ml) or ipratropium bromide (0.2 mg/20ml) respectively followed by 0.1% CdCl2 exposure for 60 min. In the fourth group, rats were exposed to formoterol 1mg/30ml combined with ipratropium bromide 0.2 mg/20ml just before a 60-minute cadmium inhalation. The exposure duration of formoterol and ipratropium was 30 min and 20 min respectively. Another four groups in which rats were exposed to the same compounds followed by a saline inhalation for 60 min were designed as drug control. A sham group and three cadmium groups were investigated just as described in the first part of the study. The exposure protocol was repeated 3 times per week for 5 weeks. 24 h after the last exposure, animals were euthanized and the same functional and inflammatory parameters as those measured in the first part of this study were recorded in this part. In addition, the mean linear intercept (Lm) was also measured to identify the degree of airspace enlargement induced by repeated inhalations of cadmium.

   A 5-week cadmium inhalation induced a pulmonary inflammation associated with an airway obstruction as shown by an increase in sRaw baseline. Briefly, a significant increase in the total cell number in BALF was attributed to a marked raise in neutrophil and macrophage counts. A significant increase in total protein concentration was also detected. Histological examination showed an inflammatory cell infiltration, especially neutrophils and macrophages into alveoli, as well as a marked airspace enlargement. As what happened in the model of acute inflammation, the cytokine levels (IL-1β, TNF-α and GM-CSF) examined in this study were not influenced by repeated cadmium inhalations. Although neither MMP-12 activity nor TIMP-1 and TIMP-2 activity in BALF was modulated, 5 weeks of cadmium exposure induced a significant increase in MMP-2 and MMP-9 activity in BALF and the latter was highly correlated with other inflammatory and functional parameters as neutrophil and macrophage counts, Lm and sRaw. This close correlation led us to better identify the cell sources secreting MMP-9 in this rat model by performing the immunohistochemical staining for MMP-9. The result showed a prominent expression of MMP-9 in alveolar macrophages and epithelial cells as well as in some inflammatory cells in the interstitium. 

Although the low concentration of formoterol (1 mg/30ml) did not impair the inflammatory response induced by cadmium, its high concentration (4 mg/30ml) significantly reduced the neutrophil numbers in BALF and diminished the lung injuries as revealed by a decrease in inflammatory cell infiltration into alveoli and interstitial tissue and a reduction of Lm. This concentration of formoterol also abolished the increased sRaw induced by cadmium. An inhibition of MMP-9 activity in BALF was observed in rats pretreated with the high concentration of formoterol, however, no impairment of MMP-2 activity was found.

Unlike what we observed in the model of acute pulmonary inflammation, ipratropium had no effect on any inflammatory parameters except for its bronchodilator effect revealed by a marked decrease in sRaw. The combination of both bronchodilators at their inefficient concentrations elicited the synergistic effects on many parameters. Their combination decreased total cell and neutrophil counts in BALF, reduced the inflammatory infiltration in lung tissue and prevented airspace enlargement accompanied by a significant reduction of MMP-9 activity in BALF. This combination also strongly reduced the increased sRaw due to repeated cadmium inhalations but no more than when the drugs were administrated separately.

Compared with the anti-inflammatory effects of formoterol and ipratropium bromide obtained in acute pulmonary inflammation, their protective effects obtained in rats exposed to repeated inhalations of cadmium were partially reduced. The tests aiming to investigate the desensitization of β2-adrenoceptors and muscarinic receptors on airway smooth muscle cells and on inflammatory cells were performed but no desensitization of these two types of receptors was found during this protocol.

In conclusion, the high concentration of formoterol alone and combination of this drug with ipratropium, both at the inefficient concentrations, impair the pulmonary inflammation and the development of airspace enlargement induced by repeated cadmium inhalations in rats. The anti-inflammatory effects might be due to the reduction of MMP-9 activity.

