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Abstract

As a potent bronchodilator, the anti-inflammatory effects of tiotropium and its interaction
with budesonide against cadmium-induced acute pulmonary inflammation were investi-
gated. Compared to values obtained in rats exposed to cadmium, cytological analysis indi-
cated a significant decrease of total cell and neutrophil counts and protein concentration in
bronchoalveolar lavage fluid (BALF) in rats pretreated with tiotropium (70ug/15ml or 350ug/
15ml). Zymographic tests showed a decrease of MMP-2 activity in BALF in rats pretreated
only with high concentration of tiotropium. Histological examination revealed a significant
decrease of the severity and extent of inflammatory lung injuries in rats pretreated with both
tested concentrations of tiotropium. Though tiotropium (70ug/15ml) or budesonide (250ug/
15ml) could not reduce cadmium-induced bronchial hyper-responsiveness, their combina-
tion significantly decreased bronchial contractile response to methacholine. These two
drugs separately decreased the neutrophil number and protein concentration in BALF but
no significant interaction was observed when both drugs were combined. Although no inhibi-
tory effects on MMP-2 and MMP-9 was observed in rats pretreated with budesonide alone,
the combination with the ineffective dose of tiotropium induced a significant reduction on
these parameters. The inhibitory effect of tiotropium on lung injuries was not influenced by
budesonide which alone induced a limited action on the severity and extent of inflammatory
sites. Our findings show that tiotropium exerts anti-inflammatory effects on cadmium-
induced acute neutrophilic pulmonary inflammation. The combination of tiotropium with
budesonide inhibits cadmium-induced inflammatory injuries with a synergistic interaction on
MMP-2 and MMP-9 activity and airway hyper-responsiveness.
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Introduction

Chronic Obstructive Pulmonary Disease (COPD) is characterized by persistent airflow
restriction, resulting a progressive irreversible decline in lung function [1]. Lung function
and life quality become dramatically impaired in case of acute exacerbations of COPD
(AECOPD) which become the main cause of high mortality and morbidity [2]. According
to clinical evidence, neutrophil recruitment is highly increased accompanied with broncho-
constriction during COPD exacerbations [3]. Thus, seeking out the effective treatment to
suppress neutrophilic infiltration will be helpful to control AECOPD.

According to GOLD, bronchodilators are recommended as the first line therapy in COPD
[1]. These coumpounds can also exert anti-inflammatory properties. The anti-inflammatory
effect of long-acting muscarinic antagonists (LAMAs) has been mentioned by several studies
in vitro and in vivo [4-6]. Tiotropium has been reported to have an anti-inflammatory activity
on cigarette smoke induced pulmonary inflammation in mice [4] and can inhibit cytokines
production from structural and inflammatory cells [5-6]. However, whether tiotropium could
reduce the severity and frequency of AECOPD by inhibiting neutrophilic infiltration remains
to be clarified.

Inhaled corticosteroids (ICSs) are recommended to reduce the inflammation and control
symptoms of AECOPD by GOLD [1], but their therapeutic efficacy against inflammatory
responses in patients with COPD is limited [7] and the risk of pneumonia may be increased
due to the long-term use of ICS [8]. It has been demonstrated that the combination of an ICS
with an anticholinergic agent can improve COPD patients’ lung function, clinical symptoms,
exercise tolerance and life quality [9]. In conscious guinea pigs, co-administration of budeso-
nide with tiotropium exerted a significant protection against methacholine-induced broncho-
constriction [10]. In contrast, some studies mentioned no additional efficacy to reduce the
incidence of AECOPD when tiotropium was added to ICS/long-acting B,-adrenergic agonist
(LABA) [11]. It needs to clarify whether these combinations, especially LAMAs, could restore
ICS insensitivity to well control the inflammatory responses and thereby reduce exacerbation
rates of COPD.

Cigarette smoking is the most important risk factor while air pollution and occupational
exposure are also recognized as risk factors for COPD. Cadmium (Cd) consists one of tobacco
components and can be inhaled by active or passive route through cigarette smoke. Several
studies have mentioned that Cd could impair lung function and induce lung diseases involving
neutrophilic pulmonary inflammation [12,13]. In our previous study, an acute exposure to Cd
has been found to induce bronchoconstriction and neutrophilic infiltration associated with
increased MMP-2 and MMP-9 activity which mimic some main features of AECOPD [14].

Matrix metalloproteinases (MMPs), especially MMP-2 and MMP-9 are considered as
markers of acute lung inflammation. Evidence has highlighted that inhibition of MMP-2 and
MMP-9 provides a protective effect against acute lung injuries [15-17]. The effect of ICS on
MMPs activity seems controversial but it has been suggested that the low potency of ICS to
decrease MMPs activity may be partially responsible of their lack of efficacy [18-21]. Some
studies have revealed the inhibitory effect of anticholinergics on MMP-2 and MMP-9 activity
[22-24]. Interactions between these compounds at this level is not documented.

By using the model of acute pulmonary inflammation induced by a single inhalation of Cd
in rats, the aim of this study was to investigate whether tiotropium could exert its anti-inflam-
matory effect and restore budesonide insensitivity against Cd-induced acute neutrophilic
inflammation. We also examined whether the expected protective effects were associated with
a modulation of MMP-2 and MMP-9 activity in the present model.
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Materials and methods
Ethics statement

Male Sprague-Dawley rats (n = 68) weighing 200-250g were obtained from Shanghai SLAC
Laboratory Animal Co. Ltd. They were housed in the animal facilities of the laboratory for at
least 24 h before being exposed to drugs and Cd and had free access to water and food. All
experimental protocols were approved by the Experimental Animal Care and Use Committee
of Shanghai Jiao Tong University School of Medicine (SYXK(3/)2003-0026).

Drugs and solution concentration selection

Cadmium chloride and budesonide were purchased from Sigma (USA). Tiotropium was
obtained from Trc (Canada). Cadmium chloride was prepared in saline to get a 0.1% solution.
Tiotropium and budesonide were prepared in vehicle (0.9% NaCl solution containing 0.1%
DMSO). Methacholine (MCh) was prepared to obtain 6 different concentration (107310~
107%3x107°107°3x 10 mol/L). For ethical reasons, a moderate concentration of cadmium
(0.1% CdCl,) was used in the present study to alleviate the suffering of animals and to reduce
the incidence rate of acute lung hemorrhage as well as the mortality of animals. During the
experimental protocol, animals were euthanized if dyspnea, anorexia or abnormal behavior
occurs. No animals have been excluded in the present study. Two different concentrations of
tiotropium (70pg/15ml or 350pg/15ml of nebulized solution) have been determined during
preliminary assays showing the bronchodilating effect and anti-inflammatory properties of
this agent. The aim of the present study being to investigate whether tiotropium can interact
with glucocorticoid to better control Cd-induced acute neutrophilic pulmonary inflammation,
a low concentration of budesonide (250pg/15ml of nebulized solution) demonstrating a very
limited anti-inflammatory effect has been selected during preliminary assays.

Study design and experimental protocols

Animals were placed in an exposure chamber (length x width x height: 50 cm x 50 cm x 37
cm) where they were exposed to drugs and Cd. An ultrasonic nebulizer (Yuwell, 402AI,
China) was used to give an aerosol output. Animals were first pretreated with tiotropium
(70pg/15ml or 350ug/15ml) or budesonide (250ug/15ml) 30 min before being exposed to 0.9%
NaCl (n = 6 per group) or 0.1% CdCl, for 60 min (n = 6 per group). A combination of tiotro-
pium (70pg/15ml) with budesonide (250pg/15ml) was administered 30 min before saline or
Cd inhalation (n = 6 per group).

A Cd-exposed group (n = 15) was designed in which animals were exposed to vehicle solu-
tion followed by an inhalation of 0.1% CdCl, for 60 min while a NaCl group (n = 5) underwent
a vehicle solution nebulization 30 min before being exposed to 0.9% NaCl for 60 min.

The rats were sacrificed 24 h after the exposure by a lethal intraperitoneal injection of
50mg/kg pentobarbital. Bronchoalveolar lavage (BALF) was performed by flushing 8ml of
saline two times successively in the right lung through a cannula located in the main bronchus.
The liquid was then collected for subsequent BALF analysis, whereas the left lung was fixed for
histological examination. Meanwhile the inferior part of the trachea and the left main bron-
chus was obtained for determination of airway responsiveness.

Bronchoalveolar lavage fluid analysis

Cytological analysis. BALF was centrifuged and supernatant was kept at —80°C for fur-
ther analysis. A total cell count was performed using Invitrogen Countess™ (Invitrogen,

PLOS ONE | https://doi.org/10.1371/journal.pone.0193610 February 28, 2018 3/16


https://doi.org/10.1371/journal.pone.0193610

@° PLOS | ONE

Anti-inflammatory effect of tiotropium and/or budesonide on cadmium-induced acute lung inflammation

C10227, Korea). 150 pul of BALF was used for differential cell count by cytospin centrifugation
(Thermo, Shandon Cytospin 4, UK) and Giemsa staining.

Determination of BALF matrix metalloproteases activity. The activity of MMP-2 and
MMP-9 was detected by gelatin zymography as previously described [14]. After staining with
Coomassie blue and discoloration, MMP activity appeared as unstained zones against a blue
background. Quantification of MMP activity was performed by using Image J (Image Process-
ing and Analysis in Java). Results were expressed in average arbitrary units (AU) correspond-
ing to pixel density x mm? for the bands of proteolysis which were normalized by the result of
a known amount of standard (human pro- enzyme MMP-9, human pro-enzyme MMP-2,
oncogene, San Diego, CA, USA).

Determination of protein content in BALF. The protein concentration in BALF was
measured by using BCA protein assay kit (Thermo Scientific, Pierce™ BCA Protein Assay Kit,
USA).The procedure was performed according to the manufacturer’s instruction.

Detection of cytokines. ELISA was used to analyze the levels of IL-1f and TNF-o in
BALF according to the manufacturer’s instruction (Shanghai Enzyme-linked Biotechnology
Co., Ltd., China).

Lung histological examination

After fixation, lungs were embedded in paraffin and 2-3 pum transversal slices were cut in
the medial lung portion and stained with hematoxylin-eosin coloration. The lung fields (8
per rat) were randomly selected and care was taken to avoid regions containing pleura or
large bronchi.

The extent and severity of lung-tissue inflammation were scored by semi-quantitation in a
blinded examination as previously described [14].

Measurement of bronchial contractile response to methacholine (MCh)

The inferior part of the trachea and the left main bronchus were removed immediately after
euthanasia. The same bronchial segment about 2 rings was collected and put into ice-cold
Kreb’s solution.

Tissue was then suspended in 10 ml Kreb’s solution, which was maintained at 37°C and
gassed with 95% O, and 5% CO,, under isotonic tension of 0.7 g. Tissues were allowed to
equilibrate for 1 h, after which the Kreb’s solution was changed.

Concentration-effect curves were obtained by exposing to the preparation to cumulative
increasing concentrations of MCh. The contractile response was measured by using an isomet-
ric force transducer (Kent Scientific, Torrington, CT, USA) which was connected to a comput-
erized data acquisition system (PowerLab/8SP, ADInstruments, Castle Hill, NSW, Australia)
and recorded on a PC using Chart 5.0 software. The maximum contractile tension (E,.,) was
calculated by Scott ratio method.

Statistical analysis of results

All data were presented as mean + SEM, and were analyzed by using GraphPad Prism
(GraphPad Software, San Diego, CA). One-way analysis of variance (ANOVA) was per-
formed to analyze the differences between groups followed by a post-test using the Student-
Newman-Keuls test for comparison between groups. The P < 0.05 was considered as statis-
tically significant.
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Results

Bronchial contractile response to methacholine

Compared with NaCl group, the response of the rat airway smooth muscle to MCh was
markedly increased after a single inhalation of Cd (Fig 1A), with mean E,,,,, increasing from
2.03+0.38g to 4.08+0.42g (P<0.05). Neither tiotropium nor budesonide exerted any significant
influence on airway smooth muscle response on MCh in healthy rats. Compared with Cd
group, the pre-administration of tiotropiumat (350 pg/15ml) induced a marked reduction of
the response to MCh with a significant decrease of E, . value 1.97+0.44g (P<0.05). However,
only a slight but not significant decline of the mean E,,,, value (3.37+0.88g) was obtained in
rats pretreated with the low concentration of tiotropium (70 pg/15ml).

Budesonide 250 pg/15ml tended to reduce the bronchial contractile response to MCh with
the mean E, ,,, decreasing to 2.60+0.33g (Fig 1B). This response was significantly enhanced
when combined with the low concentration of tiotropium. Indeed, in rats pretreated with both
tiotropium (70 pg/15ml) and budesonide (250pug/15ml), a significant reduction of the mean
Emax value 2.19+0.39g was detected when compared to the data obtained in Cd group (P<0.05).

Differential cell counts in BALF

Compared with NaCl group, Cd induced a significant increase in total cell number in BALF.
This effect was mainly attributed to the marked raise on neutrophil count (Fig 2A and 2B). No
significant change of macrophage number in BALF was detected in rats exposed to Cd (Fig
2C). Pretreatment of healthy rats with tiotropium and/or budesonide had no effect on BALF
cell counts as compared to NaCl group.

The pretreatment with tiotropium at two different concentrations induced a significant
decrease in total cell and neutrophil counts (Fig 2A and 2B). The macrophage number in
BALF was not affected by tiotropium (Fig 2C).
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Fig 1. MCh-induced bronchial contraction measured in vitro by using the bronchial rings isolated from different experimental groups. Concentration-effect
curves were obtained by exposing to the cumulative increasing concentrations of MCh. Data are expressed as the mean + SEM (n>5/group). Ns: 0.9% NaCl; Cd: 0.1%
CdCly; Tio 70 + Cd, Tio 350 + Cd: animals pretreated with tiotropium 70 pg/15ml or 350 pg/15ml respectively; Bud 250 + Cd: animals pretreated with budesonide
250 pg/15ml; Bud 250 + Tio 70 + Cd: animals pretreated with budesonide 250 pg/15ml and tiotropium 70 pg/15ml followed by cadmium exposure.

https://doi.org/10.1371/journal.pone.0193610.9001
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Fig 2. Effects of increasing concentrations of tiotropium on the number of total cells (A), neutrophils (B) and macrophages (C) in bronchoalveolar lavage
fluid in rats exposed to Cd. For abbreviation meaning, see Fig 1 legend. Data are expressed as the mean + SEM (n>5/group). * Indicates a significant difference in

comparison with Ns group (* P<0.05, ** P<0.01, *** P<0.001); # indicates a significant difference in comparison with Cd group (# P<0.05, ## P<0.01, ###
P<0.001).

https://doi.org/10.1371/journal.pone.0193610.g002

Compared with Cd group, budesonide (250 pg/15ml) alone only elicited a more limited but
significant decrease in neutrophil number in BALF (Fig 3B). When combined with tiotropium,
no interaction was noted on total cell and neutrophil counts in BALF (Fig 3A and 3B). Budeso-
nide alone and combined with the low concentration of tiotropium exerted no effect on mac-
rophage count (Fig 3C).

Cytokine and total protein level in BALF

Occurrence of edema was suggested by a significant increase in protein concentration in
BALF observed in rats exposed to Cd (Fig 4A). No significant change of protein concentration
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Fig 3. Effects of tiotropium in combination with budesonide on the number of total cells (A), neutrophils (B) and macrophages (C) in bronchoalveolar lavage
fluid in rats exposed to Cd. For abbreviation meaning, see Fig 1 legend. Data are expressed as the mean = SEM (n>5/group). * Indicates a significant difference in
comparison with Ns group (* P<0.05, ** P<0.01, *** P<0.001); # indicates a significant difference in comparison with Cd group (# P<0.05, ## P<0.01, ### P<0.001).

https://doi.org/10.1371/journal.pone.0193610.9003
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Fig 4. Protein concentration in bronchoalveolar lavage fluid in rats pretreated with tiotropium alone (A) or combined with budesonide (B). The protein
concentration in BALF was measured by using BCA protein assay kit. For abbreviation meaning, see Fig 1 legend. Data are expressed as the mean + SEM (n>5/group). *

Indicates a significant difference in comparison with Ns group (* P<0.05, ** P<0.01, *** P<0.001); # indicates a significant difference in comparison with Cd group (#
P<0.05, ## P<0.01, ### P<0.001).

https://doi.org/10.1371/journal.pone.0193610.g004

in BALF was detected in healthy rats exposed to both drugs. The pretreatment with the two
different concentrations of tiotropium induced a marked reduction in protein concentration.
A prominent decrease of protein concentration was also detected in rats pretreated with bude-
sonide (250ug/15ml) alone (Fig 4B). No significant interaction was observed in rats underwent
a combined administration of both drugs with a slight loss of efficiency of the combination
(Fig 4B).

A significant increase in IL-1p in BALF was found after a single inhalation of Cd (Fig 5A),
while no change of TNF-o concentration in BALF was detected in Cd group (Fig 5C). Tiotro-
pium and/or budesonide had no effect on IL-18 and TNF-a level in healthy rats. A slight
decrease of IL-1B concentration in BALF was observed in rats pretreated with two different
concentrations of tiotropium (Fig 5A). The effect of Cd became no longer significant suggest-
ing a protective role of tiotropium on this parameter. Budesonide (250pg/15ml) alone or in
combination with tiotropium (70 pg/15ml) had no effect on Cd-induced increase of IL-1
level (Fig 5B).

MMP-2 and MMP-9 gelatinolytic activity in BALF

MMP-2 and MMP-9 activities in BALF were significantly increased after a single inhalation of
Cd (Fig 6A and 6B). No significant change of MMP-2 and MMP-9 was found in healthy rats
exposed to tiotropium and/or budesonide. Tiotropium had no effect on MMP-9 activity, while
the high concentration of tiotropium (350 pg/15ml) induced a significant decrease of MMP-2
activity in BALF (Fig 6A and 6B). The administration of budesonide alone failed to reduce Cd-
induced increase of both MMP-2 and MMP-9 activity. Compared with Cd group, a significant
inhibition on MMP-2 and MMP-9 activity in BALF was found in rats pretreated with
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Fig 5. IL-1p and TNF-a concentrations in bronchoalveolar lavage fluid in rats pretreated with tiotropium alone (A, C) or in combination with budesonide (B,
D). ELISA was used to analyze the concentrations of IL-1p and TNF-a in BALF. For abbreviation meaning, see Fig 1 legend. Data are expressed as the mean + SEM
(n>5/group). * Indicates a significant difference in comparison with Ns group (* P<0.05, ** P<0.01, *** P<0.001).

https://doi.org/10.1371/journal.pone.0193610.9005

budesonide combined with the low concentration of tiotropium indicating a significant inter-
action between both drugs (Fig 6C and 6D).

Histological injuries and lung histomorphometry

In NaCl group, the lung architecture was preserved, with unimpaired parenchyma and absence
of inflammatory infiltration (Fig 7A). Similar histomorphological characteristics were
observed in healthy rats pretreated with tiotropium and/or budesonide. Cd inhalation induced
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Fig 6. Effects of tiotropium alone or in combination with budesonide on Cd-induced increase of MMP-2 (A, C) and MMP-9 (B, D) activity in BALF. Gelatin
zymography was used to measure MMP-2 and MMP-9 activity in BALF. For abbreviation meaning, see Fig 1 legend. Data are expressed as the mean + SEM (n>5/
group). * indicates a significant difference in comparison with Ns group (* P<0.05, *** P<0.001); # indicates a significant difference in comparison with Cd group (#

P<0.05, ## P<0.01).
https://doi.org/10.1371/journal.pone.0193610.9006

marked pathological changes in the lung tissue. Neutrophil and macrophage infiltration was
observed in the alveoli. In the peri-bronchiolar regions and parenchyma, inflammatory infil-
tration was found with focal congestion and hemorrhage (Fig 7B). The semi-quantitative anal-
ysis allowed the measurement of the severity and extent of inflammatory change. The score of
the semi-quantitative analysis showed a significant increase of severity and extent of inflamma-
tory response in Cd group when compared with NaCl group (Fig 8A and 8B).

Tiotropium inhibited Cd-induced lung inflammatory injuries, with a marked reduction of
neutrophil and macrophage infiltration in the alveoli and in the peri-bronchiolar regions and
parenchyma. A reduction of focal congestion and hemorrhage was also observed (Fig 7C and
7D). The scores attributed to the inflammatory severity and extent showed a significant reduc-
tion in rats pretreated with tiotropium (Fig 8A and 8B).
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Fig 7. Effect of tiotropium and/or budesonide on the histological injuries induced by Cd inhalation. All sections were stained with hematoxylin-eosin and
shown at x200. Arrows indicate inflammatory cell infiltration into alveoli. A representative lung tissue of different groups is shown (n>5/group). A: NaCl group, B:
CdCl, group, C: Tio 70 + Cd group, D: Tio 350 + Cd group, E: Bud 250 + Cd group, F: Bud 250 + Tio 70 + Cd group.

https://doi.org/10.1371/journal.pone.0193610.9007

Pretreatment of budesonide (250 pug/15ml) alone slightly but significantly reduced Cd-
induced inflammatory infiltration in the lung tissue (Fig 7E), illustrated by a decrease in mean
scores attributed to the severity and the extent of inflammatory injuries (Fig 8C and 8D). A
similar protective effect against Cd-induced acute lung injuries was observed in rats pretreated
with budesonide and tiotropium (Figs 7F, 8C and 8D), but no interaction between these com-
pounds was noted.

Discussion

AECOPD is the main cause of high mortality and morbidity of COPD, which is characterized
by neutrophil infiltration, airway blockage and sputum production [1]. As one of tobacco com-
ponents, Cd has been proved to induce acute lung injuries accompanied with an increase of
inflammatory mediators and the activity of MMP-2 and MMP-9 in animal models [12,13].
Similar acute inflammatory pathological changes associated with airway hyperresponsiveness
were observed in the present rat model. As a toxic heavy metal, Cd has pro-inflammatory
properties and can induce the inflammatory responses through several mechanisms [25]. Acti-
vation, desquamation and necrosis of epithelial cells may be involved and associated to cyto-
kines and chemokines release [25]. Direct neutrophil activation by Cd has also been reported
[26]. Investigation of these mechanisms was out of the scope of this paper. The aim was to
explore the pharmacological modulation of tiotropium alone or in combination with budeso-
nide on major inflammatory markers induced by cadmium. Although not been a perfect
model of AECOPD, inhalation of Cd in rats can be considered relevant to mimic the main fea-
tures of AECOPD and be suitable for the research of the mechanism of AECOPD and to inves-
tigate the effects of pharmacological agents.
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Fig 8. Inflammatory scores attributed to the severity (A, C) and extent (B, D) of histological injuries. For abbreviation meaning, see Fig 1 legend. Data are
expressed as the mean + SEM (n>5/group). * indicates a significant difference in comparison with Ns group (* P<0.05, *** P<0.001); # indicates a significant difference
in comparison with Cd group (### P<0.001). $ indicates a significant difference in comparison with Bud 250 + Cd group ($ $ P<0.01).

https://doi.org/10.1371/journal.pone.0193610.9008

As the first-line treatment of COPD, tiotropium has been reported to effectively improve
lung function and quality of life, as well as reduce hospitalization rate by inhibiting broncho-
constriction and mucus secretion [27,28]. In vivo, tiotropium has been reported to prevent tra-
cheal hypercontractility in ovalbumin-sensitized guinea pigs [29]. Consistent with these
findings, the high concentration of tiotropium was found in the present study to exert a pro-
tective effect against Cd-induced airway hyperresponsiveness. Besides the blockage of M3
receptor which gives rise to the bronchodilation, more attention has been paid to the anti-
inflammatory effects of muscarinic antagonists [4-6]. In several animal models tiotropium has
been found to attenuate acute and chronic pulmonary inflammation [30-32]. Several studies
in vitro also showed that tiotropium could suppress LPS-induced the release of neutrophil
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chemotactic mediators by human airway epithelial cells, lung fibroblasts and alveolar macro-
phages [5,6]. Together with the finding showing inhibitory effect of tiotropium on Cd-induced
inflammatory changes in the present model, including a significant decrease of neutrophils
and protein concentration in BALF accompanied with a marked attenuation of extent and
severity of acute pulmonary inflammatory infiltration, we suggest that the decrease of airway
hyperresponsiveness might be related to the anti-inflammatory mechanisms of tiotropium.

Although several mechanisms have been mentioned to explain the anti-inflammatory
effects of tiotropium, the findings about the regulation of LAMA on MMP activity in acute
lung injuries are quite limited at present. MMP-2 and MMP-9, mainly secreted by a wide vari-
ety of cells including alveolar epithelial cells, neutrophils and macrophages [33], are considered
as markers of acute lung injuries and play a role in the inflammatory and remodeling process
[34-36]. In a cigarette smoke-induced acute lung inflammation mouse model, glycopyrronium
has been found to attenuate the elevated MMP-9 expression in lung tissue [22]. Asano et al.
found that tiotropium inhibited the production of MMP-2 induced by TNF-o. or TGF-f in
lung fibroblasts [23,24]. The present study showed that the high concentration of tiotropium
induced a significant reduction of MMP-2 activity in BALF. However, compared with the pro-
nounced inhibitory effect of tiotropium on neutrophil count in BALF, tiotropium exerted only
10 to 15% inhibition of MMP-2 activity and was quite not effective on increased MMP-9 activ-
ity induced by Cd. These findings suggest that other mechanisms are also involved such as the
inhibition of chemokine production by inflammatory cells [5,6,37]. While not be significant,
the tendency of tiotropium to reduce Il-1f level suggest that this cytokine may be involved in
the present model.

Known as a non-specific anti-inflammatory agent, ICSs exert anti-inflammatory effects
against asthma and other inflammatory diseases. However, studies showed that ICSs were not
so effective in suppressing the inflammatory pathological changes in patients with COPD,
indicating that corticoids insensitivity is the main reason affecting the therapeutic efficacy in
clinical treatment of COPD [7]. Our previous studies showed that budesonide 500ug/15ml
could significantly inhibit Cd-induced acute neutrophilic infiltration in lung tissue associated
with a marked reduction of MMP-9 activity in BALF in the present rat model. However, the
low concentration of budesonide (250ug/15ml) used in this study had a very limited anti-
inflammatory efficacy without any significant impact on MMP-9 activity [38]. Evidence has
revealed that LAMA elicited protective effects and reduced the incidence of acute exacerbation
in patients with asthma who were resistant to ICS when it was used as an add-on therapy to
ICS [39,40]. To observe the regulatory effects of the combination of a LAMA with an ICS on
Cd-induced acute neutrophilic pulmonary inflammation, the low concentration of tiotropium
(70pg/15ml) was administrated with budesonide (250pg/15ml). These low concentrations
were selected in the present study in order to investigate relevant pharmacological concentra-
tions with less additional side effects. Though tiotropium (70pg/15ml) or budesonide (250ug/
15ml) could not reduce cadmium-induced bronchial hyper-responsiveness, their combination
elicited a significant decrease of E,,,x Additional and synergistic interactions were observed
on MMPs activity. Similar result has been reported by the study of Perng et al. which showed
an attenuation of the increased MMP-9 activity in induced sputum from patients with COPD
when an ICS was combined with tiotropium [41]. The combination of both drugs exhibited
inhibitory effects on neutrophil count and protein concentration in BALF. Cd-induced
increase of severity and extent of lung injuries were also significantly reduced by the combina-
tion of both drugs, but no interaction was observed. Surprisingly, the combination of tiotro-
pium with budesonide was slightly less efficient than tiotropium alone on inflammatory cell
counts and protein concentration in BALF, but this difference was not significant. When com-
pared the effects of the combination on lung tissue injuries and neutrophil infiltration in
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BALF, it appears that the impact on histological scores is higher than that on neutrophil count
in BALF. This discrepancy could be explained by the fact that histological scores do not only
reflect cell infiltration in lungs, but also edema and hemorrhage. On the other hand, recruit-
ment and migration of neutrophils into inflamed lung tissue result in successive different
steps, including release, adhesion and migration of neutrophils, modulated by several complex
mechanisms differently modulated by pharmacological agents [6, 42-45]. This could explain
why the number of neutrophils in BALF and the presence of neutrophils in lung tissue can be
differently modulated by tiotropium and budesonide.

Conclusions

In conclusion, tiotropium exhibited its protective effect against Cd-induced airway hyperre-
sponsiveness and acute neutrophilic inflammatory infiltration. The combination of tiotropium
with budesonide inhibits cadmium-induced inflammatory injuries with a synergistic interac-
tion on MMP-2 and MMP-9 activity and airway hyper-responsiveness.
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