Discussion

The noxious particles or gases-induced infiltration of inflammatory cells within the lung tissue, including macrophages and neutrophils, is one of the most important characteristics of COPD contributing to the airway obstruction and to the development of emphysema 


(Barnes, 2004; Tetley, 2005) ADDIN EN.CITE . Among the various stimulating agents, cigarette smoke is a natural inducer which is mostly used to develop animal models of COPD. However, the several months necessary to obtain pulmonary emphysema in animals make it expensive and time-consuming. Besides, the emphysema induced by cigarette smoke exposure is generally mild in animals (Wright et al., 2008). Thus, other agents such as LPS 


(Brass et al., 2008; Lee et al., 2007) ADDIN EN.CITE  and elastases 


(Couillin et al., 2009; Onclinx et al., 2006) ADDIN EN.CITE  are used in animals aiming to create COPD models. Cadmium, one of the numerous components of tobacco smoke and a toxic ambient pollutant suspected to contribute to tobacco related diseases, has also been used to mimic the main pathological features of the natural diseases including acute neutrophilic inflammation in several species 


(Bolognin et al., 2007; Farina et al., 1996; Gavett and Oberdorster, 1994; Hoidal et al., 1985; Kirschvink et al., 2005; Wirth et al., 2004) ADDIN EN.CITE . The present study performed in rats shows that both a single dose and repeated cadmium inhalations induce a pulmonary inflammation as well as a significant increase in airway resistance. In both cases, the inflammatory process is characterized by an increase in neutrophil and macrophage counts with an increased protein concentration in BALF. The single cadmium inhalation also increased the lung wet-to-dry weight ratio suggesting the presence of a mild pulmonary edema. An airspace enlargement was only observed after a 5-week exposure to cadmium. A marked activation of MMP-2 and MMP-9 in BALF was detected in both cases. MMP-9 was strongly expressed in alveolar macrophages, epithelial cells and tissue inflammatory cells in rats repeatedly exposed to cadmium and this was consistent with previous data reported by Selman who reported similar changes in guinea pigs after 2 months and 4 months of tobacco smoke exposure (2003). Though studies have shown the involvement of MMP-12 in inflammatory response and emphysema development 


(Hautamaki et al., 1997; Lagente et al., 2009; Leclerc et al., 2006) ADDIN EN.CITE , no change of MMP-12 activity was found in the present study. We hypothesize that MMP-12 might not be involved in the inflammatory response in this rat model. Cadmium had no impact on cytokine levels IL-1β, TNF-α and GM-CSF in BALF. We suppose that it could be due to the methodological reasons as a lack of sensitivity and specificity of the tests used to detect cytokines or an inadequacy between the sampling time and the kinetics of cytokines. Another possibility is that these mediators are not involved in the pathogenesis of the present inflammatory model.
MMPs are proteolytic enzymes which play an important role in the airway inflammation and remodeling associated with asthma and COPD 


(Demedts et al., 2005; Lagente et al., 2005; Parks and Shapiro, 2001) ADDIN EN.CITE . An up-regulation of MMP-2 and MMP-9 has been previously reported in patients with acute lung inflammation 


(Fligiel et al., 2006; Lanchou et al., 2003; Ricou et al., 1996) ADDIN EN.CITE , as well as in many experimental animal species stimulated by various inducers as LPS 


(Corbel et al., 1999; de Oliveira Martins et al., 2006; Kirschvink et al., 2005) ADDIN EN.CITE . In patients with COPD, an increased level of various MMPs such as MMP-2, MMP-9 and MMP-12 was also reported 


(Cataldo et al., 2000; Demedts et al., 2006; Molet et al., 2005; Segura-Valdez et al., 2000) ADDIN EN.CITE . Furthermore, this increased MMPs activity has been related with the decline of lung function as illustrated by the relationship between the elevated levels of MMP-9 and impaired lung function parameters such as the low FEV1 and FEV1/FVC ratio (Brajer et al., 2008). Similar results were obtained in rats repeatedly exposed to cadmium as shown by the significant correlation between MMP-9 activity and neutrophil and macrophage counts as well as the airway resistance and the development of airspace enlargement. Several experimental evidences of the pathological roles of MMPs and imbalance between MMPs and TIMPs in the inflammatory response and development of emphysema have been provided by using synthetic MMP inhibitors and MMPs knockout mice 


(Churg et al., 2007; Hautamaki et al., 1997; Kim et al., 2006; Leclerc et al., 2006; Li et al., 2009; Nenan et al., 2007; Yeh et al., 2009) ADDIN EN.CITE . To investigate the role of MMPs in our model, rats were pretreated with ilomastat, a broad spectrum MMPs inhibitor. A significant reduction in MMP-9 activity associated with a significant decrease in neutrophil and macrophage counts in BALF and a marked protection against parenchymal injuries were found while MMP-2 was not significantly reduced in rats exposed to a single dose of cadmium. These findings are in agreement with previous studies demonstrating that the inhibition of MMPs reduces neutrophil transmigration in rats with pancreatitis-associated acute lung injury 


(Keck et al., 2002) ADDIN EN.CITE  and also protects the lungs against the development of ventilator-induced lung injury (VILI) through the down-regulation of neutrophil-mediated inflammation 


(Kim et al., 2006) ADDIN EN.CITE . A protective role has also been attributed to MMPs against pulmonary remodeling induced by long-term exposure to noxious particles and gases. Thus, in our model, ilomastat protected the lungs against the repeated cadmium inhalation-induced airspace enlargement and pulmonary inflammatory cell infiltration (Fievez et al. 2006) just like what happened in smoking guinea-pigs treated with a broad-spectrum inhibitor of MMPs which exhibited an attenuation of pulmonary emphysema (Selman et al., 2003). All these findings highlight the key role of MMPs in the progression of neutrophilic inflammation in various animal models and in COPD patients suggesting the relevancy of our studies aiming to relate the anti-inflammatory effects of bronchodilators against cadmium-induced lung injuries with an imbalance betwwen MMPs and TIMPs activity.

β2-adrenoceptor agonists are widely distributed on the resident and inflammatory cells implicated in pathophysiological process. They exert inhibitory effects on inflammatory cells especially on cell activation and mediator release, cell adhesion and chemotaxis and cell survival 


(Hanania and Moore, 2004; Johnson, 2002) ADDIN EN.CITE . The relevance of the protective effects of β2-adrenoceptor agonists against inflammation as revealed by studies in vitro was confirmed in vivo by using animal models. In guinea pigs, inhaled or intravenously injected formoterol significantly reduced histamine or bradykinin-induced airflow obstruction and airway microvascular leakage 


(Advenier et al., 1992; Inoue et al., 1997; Tokuyama et al., 1991) ADDIN EN.CITE . Similarly, a marked reduction on LPS-induced neutrophil accumulation and histamine-induced plasma protein extravasation by formoterol and salmeterol was reported in guinea pig lungs 


(Whelan et al., 1993) ADDIN EN.CITE . Both formoterol and salmeterol also have been revealed to inhibit adhesion of neutrophils to vascular endothelial in rat airways and the latter exhibited its inhibitory effect on the substance P-induced plasma leakage 


(Bolton et al., 1997; Bowden et al., 1994) ADDIN EN.CITE . Consistent with these findings, administration of formoterol in rats exposed to a single dose of cadmium significantly decreased neutrophil number in BALF which was mainly responsible for the reduction of BALF total cell numbers. The severity and extent of lung injuries, and pulmonary edema were also reduced upon the action of this compound. The suppression of these anti-inflammatory effects by pretreatment with propranolol demonstrates the involvement of β2-adrenoceptors. 
Though the protective effects of β2-adrenoceptor agonists against the acute lung injuries were detected in several experimental animal models as mentioned above, the long term effects they could elicit against chronic inflammatory process especially on the associated airspace enlargement have not been investigated in animal models and their properties in patients with COPD remain unclear 


(Hanania and Moore, 2004; Johnson, 2002) ADDIN EN.CITE . The present work shows that the high concentration of formoterol (4 mg/30ml) elicited significant inhibitory effects on total cell and neutrophil numbers in BALF accompanied with a significant protection against the cadmium-induced pulmonary airspace enlargement.
In this study, the pulmonary injuries caused by cadmium inhalation were associated with an increase in airway resistance which was attenuated by pretreatment with formoterol, at least at high concentrations. This finding suggests that the airway obstruction was mainly due to a contraction of airway smooth muscles. Other causes of obstruction such as accumulation of mucous exudates in the lumen of airways or remodeling of small airways related to a long term of pollutant particle inhalation cannot be excluded 


(Hogg et al., 2004) ADDIN EN.CITE . However, these lesions were not detected in this study.  
Except for synthesized MMP inhibitors which are known to inhibit the MMPs activity 


(Churg et al., 2007; Ma et al., 2006; Selman et al., 2003) ADDIN EN.CITE , few studies have been devoted to the investigation of the  protective role of pharmacological agents against the development of pulmonary emphysema until now. Recently, PDE4 inhibitors and clarithromycin (CAM), a macrolide antibiotic, have been reported to prevent pulmonary emphysema in mice exposed to cigarette smoke 


(Martorana et al., 2005; Mori et al., 2008; Nakanishi et al., 2009) ADDIN EN.CITE . Similar results were obtained in rats pretreated with beraprost sodium, a stable prostacyclin analog 


(Chen et al., 2009) ADDIN EN.CITE  and in guinea pigs undergoing prophylactic anti-inflammatory administration with pentoxifylline or cortical steroid (Zhang et al., 2003). However the involved mechanisms still remain to be explored. To the best of our knowledge, our data provide the first evidence that the β2-adrenoceptor agonists can inhibit the airspace enlargement in rats exposed to cadmium. Regulation of the activity of MMPs by β2-adrenoceptor agonists could be one of the common mechanisms explaining both anti-inflammatory and protective effects against tissue remodeling.
Several mechanisms explaining the anti-inflammatory effects of formoterol have been identified. However, their effect on the regulation of MMPs activity remains poorly documented. β2-adrenoceptor agonists have been reported to regulate the myocardial MMPs activity. An increased expression and activity of MMP-2 with an inhibition of TIMP-2 expression have been observed after β-adrenoceptor activation in adult rat ventricular myocytes 


(Menon et al., 2006) ADDIN EN.CITE . Consistent with these findings, β-blockade can prevent the sustained MMP activation, especially MMP-9, and can limit the myocardial remodeling and dysfunction in dogs 


(Senzaki et al., 2000) ADDIN EN.CITE . Recently, a β2-adrenoceptor agonist, clenbuterol, induced an impairment of collagen turnover by down-regulating MMP-9 activity in myocardial fibroblasts (Patiyal and Katoch, 2005). Thus, it appears that β2-adrenoceptor agonists could modulate the MMPs activity in opposite senses depending on the animal species and cellular types. To the best of our knowledge, the influence of β2-adrenoceptor agonists in pulmonary MMPs activity has been scarcely investigated. Previously, NCX-950, a NO-releasing salbutamol compound, elicited anti-inflammatory activities by inhibiting neutrophil influx and reducing TNF-α, TNF-β, IL-6 and MMP-9 release in BALF in mice, suggesting a specific action of this substance on balance proteases / protease inhibitors 


(Lagente et al., 2004) ADDIN EN.CITE . In contrast to this report, an up-regulated MMP-9 by salbutamol in vitro and in patients with acute respiratory distress syndrome has just been reported 


(O'Kane et al., 2009) ADDIN EN.CITE . Our data suggest that formoterol could down-regulate the BALF MMP-9 activity in rats exposed to cadmium. But it is not determined whether this effect is due to a direct action on pulmonary cells or to an inhibition of inflammatory cell migration which are known to be the major sources of MMPs during pulmonary inflammatory process (Corbel et al., 2000). 
We postulate that a decrease in the number of inflammatory cells which secret MMPs and/or an inhibition of their activity might explain the decrease of MMP-9 activity. In particular, the finding that a significant decrease in neutrophil number in rats pretreated with formoterol allows hypothesizing that the inhibition of MMP-9 activity could be due to a direct action on neutrophil number which is known to be a major source of MMPs (Corbel et al., 2000). However, the inhibition on neutrophil secretory activity might not be excluded. The immunohistochemistry staining performed in our second study showed a strong expression of MMP-9 in alveolar macrophages. This observation combined with the correlation between MMP-9 activity and macrophage number in NaCl and Cd pooled groups, suggests that macrophages in cadmium-induced pulmonary inflammation are a major source of MMP-9 as previously demonstrated in many species including human patients with COPD 


(Russell et al., 2002) ADDIN EN.CITE . Despite the absence of impact of the high concentration of formoterol and of the combination of the low dose with ipratropium on the macrophage number, the MMP-9 activity is decreased suggesting a direct inhibitory effect of these drugs on macrophage MMP-9 secretory activity. The loss of correlation between the MMP-9 activity and the macrophage counts in these animals reinforces this hypothesis. It seems to us that the present finding is the first concerning the effect of β2-adrenoceptor agonists on pulmonary MMPs activity related to the development of emphysema. Together with other studies which considered MMP-9 as a major factor promoting neutrophil migration 


(Keck et al., 2002; Kim et al., 2006) ADDIN EN.CITE  and owing to the role of this enzyme in this rat model, we hypothesize that the modulating action of formoterol on MMP-9 activity could contribute to its pulmonary anti-inflammatory activity in rats exposed to cadmium.
Apart from the neurocholinergic system, a non-neuronal cholinergic system is present in airway inflammatory cells as well as in epithelial cells, suggesting that acetylcholine might contribute to the modulation of the inflammatory process 


(Gosens et al., 2006; Gwilt et al., 2007) ADDIN EN.CITE . Acetylcholine has been found to stimulate alveolar macrophages to release lipoxygenase-derived chemotactic activities and is suggested to play a role in inflammatory cell recruitment into the airways 


(Sato et al., 1998) ADDIN EN.CITE . Besides, the release of chemokines and cytokines from structural cells is also modulated by acetylcholine and can be blocked by antimuscarinics 


(Gosens et al., 2006) ADDIN EN.CITE . Other studies in animal models are helpful to elucidate the regulatory effects of acetylcholine in inflammatory process. Bilateral vagotomy or atropine pretreatment has been demonstrated to suppress the diesel-soot induced airway inflammation in Wistar rats 


(McQueen et al., 2007) ADDIN EN.CITE . Similarly, atropine can attenuate turpentine-induced leukocytic infiltration in rats 


(Razani-Boroujerdi et al., 2008) ADDIN EN.CITE . Additionally, the involvement of M1 and M3 receptors in cholinergic-induced microvascular leakage in guinea-pigs has been reported 


(Cui et al., 2008) ADDIN EN.CITE . Recently, it has been shown that tiotropium can reduce allergen-induced airway inflammation in guinea pigs and can decrease elastin degradation evaluated by desmosine and isodesmosine (D/I) level in patients with COPD 


(Bos et al., 2007; Ma et al., 2009) ADDIN EN.CITE .  By contrast, a possible anti-inflammatory effect of these receptors in human isolated bronchi through an inhibition of the histamine release is reported 


(Reinheimer et al., 1997; Wessler et al., 2007) ADDIN EN.CITE . In the present study, pretreatment with ipratropium bromide prevented acute neutrophilic infiltration and the pulmonary edema, supporting the pro-inflammatory role of muscarinic receptors during the acute course of pulmonary inflammation but this compound had no protective effects against subacute pulmonary inflammation associated with the airspace enlargement induced by repeated cadmium inhalations. 

The increased baseline of specific airway resistance induced by cadmium inhalation is significantly reduced by ipratropium bromide suggesting an important role of the parasympathic tonus in the present inflammatory model.

The intervention of muscarinic receptors in regulation of MMPs activity has been reported in some studies. In murine neuroblastoma cell line N18TG2, a significant increase in MMP-2 and MMP-9 gene expression is obtained via activation of muscarinic receptors 


(Anelli et al., 2007) ADDIN EN.CITE . By contrast, Lacroix et al. (2008) detected an inhibitory effect of M2 receptors on MMP-9 activity in heart. However, the modulatory effects of muscarinic receptors on MMPs and TIMPs activity in lung are less understood. Recently, a suppressive activity of tiotropium on MMP-2 production from lung fibroblasts has been reported 


(Asano et al., 2008) ADDIN EN.CITE . In the present work, a significant reduction of MMP-9 activity in BALF is detected in rats pretreated with ipratropium bromide followed by a single dose of cadmium inhalation. Yet, ipratropium bromide has no effect on BALF MMP-2 and MMP-9 activity in rats repeatedly exposed to cadmium. Taking together, all these data demonstrate that ipratropium bromide elicits a protective effect against the cadmium-induced acute neutrophilic inflammation by reducing neutrophilic infiltration associated with reduced MMP-9 activity which might be an important pro-inflammatory factor in the present acute inflammatory process. The inefficient of ipratropium bromide on preventing the airspace enlargement and subacute pulmonary inflammation associated with a 5-week exposure to cadmium might relate to the low concentration tested in this study. Additionally, an inadequate frequency of administration may be another cause, since ipratropium is usually administrated four times per day because its action sustains just for 4 to 6 hours in clinical therapy. Furthermore, a desensitization of muscarinic receptors related to the 5 weeks of administration might not be excluded, just as the phenomenon classically reported for β2-adrenoceptors which can be down-regulated or tolerant to stimulant effects in patients with asthma and COPD (Johnson, 2006).

In patients with COPD, it is well known that the combination of β2-adrenoceptor agonists with anticholinergic agents exhibits synergistic effects on bronchodilation to improve lung function without additional side effects (Hanania and Donohue, 2007). However, the potential synergistic anti-inflammatory effects of β2-adrenoceptor agonists with antimuscarinic agents have not been investigated so far. Since the muscarinic receptors and β-adrenoceptors are expressed on the same cells including inflammatory cells, they could have the capacity to modulate the activity of each other 


(Proskocil and Fryer, 2005; Reddy et al., 1995) ADDIN EN.CITE . Thus, it could be suspected that the combination of both compounds might lead to synergistic interactions able to inhibit pulmonary inflammatory process. Recently, the interaction of ICSs with one of these two types of bronchodilators or a triple therapy is suspected to better control COPD symptoms, including loss of elastic recoil and airway inflammation in patients with severe airway obstruction 


(Aaron et al., 2007; Cazzola and Dahl, 2004; Mortaz et al., 2008) ADDIN EN.CITE . These findings highlight the need to study the impact of these combinations on inflammation, especially of bronchodilators which could also lead to synergistic or additive interactions 


(Welte et al., 2009) ADDIN EN.CITE . This hypothesis has been invalidated in rats with acute neutrophilic inflammation as shown in the first part of the present work but, interestingly, the combination of formoterol with ipratropium bromide, at inefficient concentrations, elicited a synergistic inhibition on the total cell and neutrophil counts in BALF as well as on the increased MMP-9 activity associated with a reduced airspace enlargement in rats with pulmonary inflammation caused by repeated cadmium inhalations. To the best of our knowledge, this is the first report concerning the synergistic effects of β2-adrenoceptor agonists combined with anticholinergic agents on a subacute pulmonary inflammation and the development of emphysema in an animal model. However the involved mechanisms still remain to be explored.
Compared to the anti-inflammatory effects of a single administration of ipratropium bromide or formoterol against cadmium-induced acute lung injuries, the anti-inflammatory properties of these drugs appeared rather limited when administrated for 5 weeks simultaneously with cadmium. We hypothesize whether this finding is related to the desensitization of β2-adrenoceptors or muscarinic receptors. A test aiming to investigate the occurrence of receptor desensitization on airway smooth muscles showed no change of airway responsiveness to methacholine after a single or a 5-week administration of both bronchodilators. Since earlier studies have suggested that the desensitization of β2-adrenoceptors appears more rapidly on inflammatory cells than on airway smooth muscles, another test has been thereby performed to determine whether the anti-inflammatory effects of the two bronchodilators against the cadmium-induced acute pulmonary inflammation decline after 5 weeks of repeated exposures. A similar anti-inflammatory effect was found in both conditions, indicating no desensitization of receptors on inflammatory cells occurred in this rat model. Thus, other mechanisms may be responsible for the reduction of the effectiveness of both bronchodilators during the course of repeated cadmium administrations, such as the down-regulated expression of β-adrenoceptors with the progression of the disease in patients with COPD (Zhu et al., 2008) and the impairment of β-adrenoceptor-GS-protein-adenylate cyclase system as described by Abraham et al. (2006).

In conclusion, formoterol and ipratropium protect the lungs against the airway obstruction induced by cadmium inhalation. Both bronchodilators can respectively protect the lungs against the cadmium-induced acute inflammation mainly by reducing the parenchyma infiltration of neutrophils. The reduced MMP-9 activity recorded upon the action of both drugs could contribute to this protective effect. Regarding the subacute pulmonary inflammation associated with the airspace enlargement in which MMP-9 is seen as playing a key role, high concentration of formoterol exhibits an inhibition on the neutrophil number and MMP-9 activity as well as on airspace enlargement, while ipratropium has no anti-inflammatory effects. Though the combination of both bronchodilators has neither synergistic nor additive effects on acute neutrophilic inflammation in rats exposed to a single dose of cadmium, their combination elicits synergistic protective effects against neutrophilic infiltration associated with an airspace enlargement recorded after a 5-week exposure. No desensitization of muscarinic receptors and β2-adrenoceptors involved in airway smooth muscle contraction and in the inflammatory process has been detected.
