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Ambroxol inhibits rhinovirus infection in primary cultures
of human tracheal epithelial cells
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Abstract The mucolytic drug ambroxol hydrochloride

reduces the production of pro-inflammatory cytokines and

the frequency of exacerbation in patients with chronic

obstructive pulmonary disease (COPD). However, the

inhibitory effects of ambroxol on rhinovirus infection, the

major cause of COPD exacerbations, have not been stud-

ied. We examined the effects of ambroxol on type 14

rhinovirus (RV14) infection, a major RV group, in primary

cultures of human tracheal epithelial cells. RV14 infection

increased virus titers and cytokine content in the superna-

tants and RV14 RNA in the cells. Ambroxol (100 nM)

reduced RV14 titers and cytokine concentrations of inter-

leukin (IL)-1b, IL-6 and IL-8 in the supernatants and RV14

RNA in the cells after RV14 infection, in addition to

reducing susceptibility to RV14 infection. Ambroxol also

reduced the expression of intercellular adhesion molecule-

1 (ICAM-1), the receptor for RV14, and the number of

acidic endosomes from which RV14 RNA enters the

cytoplasm. In addition, ambroxol reduced the activation of

the transcription factor nuclear factor kappa B (NF-jB) in

the nucleus. These results suggest that ambroxol inhibits

RV14 infection partly by reducing ICAM-1 and acidic

endosomes via the inhibition of NF-jB activation.

Ambroxol may modulate airway inflammation by reducing

the production of cytokines in rhinovirus infection.
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Introduction

Rhinoviruses (RVs) are associated with acute exacerbations

of chronic obstructive pulmonary disease (COPD) (Seem-

ungal et al. 2000). RV infection induces the production of

cytokines, including interleukin (IL)-1, IL-6 and IL-8 (Su-

bauste et al. 1995; Zhu et al. 1996; Suzuki et al. 2002).

These cytokines exert pro-inflammatory effects and may be

related to the pathogenesis of RV infection and COPD

exacerbations (Akira et al. 1990; Subauste et al. 1995; Zhu

et al. 1996; Seemungal et al. 2001; Suzuki et al. 2002; Sethi

2004).

The members of the major RV group enter the cytoplasm

of infected cells after binding to their receptor, intercellular

adhesion molecule (ICAM)-1 (Greve et al. 1989; Casasnovas

and Springer 1994). The entry of the RNA of a major group

RV, RV14, into the cytoplasm of infected cells is thought to

be mediated by destabilization induced by receptor binding

and endosomal acidification (Casasnovas and Springer

1994). Various agents, including glucocorticoids, the mac-

rolide antibiotics bafilomycin and erythromycin, the b2

agonist procaterol, and the anti-cholinergic agent tiotropium,

inhibit RV14 infection by reducing ICAM-1 expression or

increasing endosomal pH (Pérez and Carrasco 1993; Suzuki

et al. 2000, 2001, 2002; Yamaya et al. 2011, 2012).

A mucolytic agent, ambroxol, prevents COPD exacer-

bations (Olivieri et al. 1987; Malerba et al. 2004).
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Ambroxol reduces reactive oxygen species in bronchoal-

veolar lavage fluid in COPD patients (Teramoto et al.

1999) and inhibits the release of cytokines from human

leukocytes (Gibbs et al. 1999). These findings suggest that

ambroxol inhibits COPD exacerbation partly through anti-

inflammatory effects. However, the anti-inflammatory

effects of ambroxol in airway epithelial cells in RV

infections have not been studied.

Ambroxol reduces the frequency of acute upper respi-

ratory disease (Nobata et al. 2006), including the common

cold and influenza, and it inhibits influenza virus infection

in mouse airways (Yang et al. 2002). The mucolytic agents

N-acetylcysteine and L-carbocisteine reduce the expression

of the ICAM-1 in cells (Blesa et al. 2003; Yasuda et al.

2006), and L-carbocisteine inhibits RV infection in airway

epithelial cells by reducing ICAM-1 expression or

increasing endosomal pH (Yasuda et al. 2006). However,

the inhibitory effects of ambroxol on RV infection are

unknown.

In the present study, we examined the effects of am-

broxol on infection with RV14 and the mechanisms in

human airway epithelial cells.

Materials and methods

Human tracheal epithelial cell culture

Human tracheal surface epithelial cells were isolated and

cultured in plastic tubes (Becton–Dickinson, Franklin

Lakes, NJ, USA) or on coverslips in Petri dishes as

described previously (Yamaya et al. 2011).

The cells for culture studies were derived from tracheas

obtained after death from 33 patients (age 71 ± 3 years; 13

female, 20 male). None of the patients were being treated

with ambroxol at the time of death. This study was

approved by the Tohoku University Ethics Committee.

Human embryonic fibroblast cell culture

Human embryonic fibroblast cells (HFL-III cells, Riken

Bio Resource Center Cell Bank, Cell No: RCB0523; Tsu-

kuba, Japan) were cultured as described previously (Ya-

maya et al. 2011).

Viral stock

RV14 (a major group RV) stock was prepared from a

patient with a common cold by infecting human embryonic

fibroblast cells as previously described (Numazaki et al.

1987; Yamaya et al. 2011). We used RV14 stock that had

been passaged 3–5 times.

Detection and titration of viruses

RV14 in the supernatants (cell-culture medium) was

detected and titrated using human embryonic fibroblast

cells with endpoint methods (Condit 2006; Yamaya et al.

2011). The rates of RV14 release into the supernatants

are expressed as TCID50 (tissue culture infective dose)

units/ml/24 h (Numazaki et al. 1987; Yamaya et al. 2011).

Quantification of rhinoviral RNA

To quantify the RV14 RNA and ribosomal RNA (18S,

rRNA) expression in human tracheal epithelial cells after

RV14 infection, a two-step real-time quantitative reverse

transcription (RT)-PCR using the TaqMan technique

(Roche Molecular Diagnostic Systems) was performed

using TaqMan� Gene Expression Master Mix (Applied

Biosystems, Bedford, CA, USA) as described by Nolan

et al. (2006) and previously reported by Yamaya et al.

(2011).

Viral infection of epithelial cells

Infection of the human tracheal epithelial cells with RV14

(100 ll in each tube, 1.0 9 104 TCID50 units/100 ll,

5.0 9 10-2 TCID50 units/cell) was performed using pre-

viously described methods (Yamaya et al. 2011). The cells

were cultured at 33 �C with rolling.

Treatment with ambroxol

The mean peak human plasma concentration has been

reported to be 81.5 ng/ml (=0.2 lM) at 1.7 h after oral

ingestion of 60 mg of ambroxol (Su et al. 2007). Further-

more, the concentration of ambroxol is approximately

20-fold higher in the lungs than in the serum (Mezzetti

et al. 1990). Therefore, to examine the effects of ambroxol,

cultured human tracheal epithelial cells were treated with

either ambroxol (0.1 lM, Sigma) or vehicle (0.1 % double

distilled water), as previously described (Severina et al.

2000). The cells were treated with ambroxol for 3 days

(72 h) before infection with RV14 and until the end of the

experimental period after the RV14 infection, as described

previously (Yamaya et al. 2011).

To examine the concentration-dependent effects of

ambroxol on RV14 infection, cells were treated with am-

broxol at concentrations ranging from 0.01 to 100 lM.

To examine the effects of ambroxol on ICAM-1 mRNA

expression in the cells and on the concentration of the

soluble form of ICAM-1 (sICAM-1) in the supernatants,

the cells were pretreated with ambroxol (0.1 lM) for

3 days before RV14 infection.
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Collection of supernatants for measurements

We collected the supernatants at 1 or 12 h after RV

infection to examine the viral release. Furthermore, to

examine the effects of ambroxol on the viral release and

the secretion of IL-1b, IL-6, and IL-8, we collected

supernatants at 1 day (24 h), 3 days (72 h), 5 days (120 h),

and/or 7 days (168 h) after infection using previously

described methods (Yamaya et al. 2011).

Effects of ambroxol on susceptibility to rhinovirus

infection

Epithelial cells were pretreated with ambroxol (0.1 lM) or

vehicle for 3 days prior to infection, and the effects of

ambroxol on the cellular susceptibility to RV14 infection

were evaluated as previously described (Yamaya et al.

2011).

Measurement of ICAM-1 expression

The level of ICAM-1 mRNA was examined using two-step

real-time RT-PCR analysis using the methods described

above (quantification of rhinoviral RNA), with a forward

primer designed for ICAM-1 (Yamaya et al. 2011). The

concentration of sICAM-1 in the supernatants was

measured with an enzyme immunoassay (EIA) (Yamaya

et al. 2011).

Measurement of changes in acidic endosomes

The distribution and the fluorescence intensity of acidic

endosomes in the cells were measured, as previously

described, with LysoSensor DND-189 dye (Molecular

Probes, Eugene, OR, USA) (Suzuki et al. 2001; Yamaya

et al. 2011).

Measurement of cytokine production

We measured IL-1b, IL-6, and IL-8 levels in the super-

natants with specific enzyme-linked immunosorbent assays

(ELISAs) in human tracheal epithelial cells (Yamaya et al.

2011).

NF-kappa B assay

The presence of the p50, p65, and c-Rel subunits in nuclear

extracts was assayed using a TransFactor Family Colori-

metric Kit-NF-jB (BD Bioscience/CLONTECH) accord-

ing to the manufacturer’s instructions, as previously

described (Yamaya et al. 2011).

Fig. 1 a The time course of viral release into the supernatants of

human tracheal epithelial cells obtained at different times after

exposure to 5.0 9 10-2 TCID50 units/cell of RV14 in the presence of

ambroxol (0.1 lM) (closed circles) or vehicle (double distilled water)

(open circles). The epithelial cells isolated from each donor were

treated with ambroxol or vehicle beginning 3 days prior to the

initiation of infection and until the end of the experimental period. To

examine whether the supernatants contained a significant amount of

RV14, human embryonic fibroblast cells were observed for evidence

of cytopathic changes for 7 days (168 h) after exposing the fibroblasts

to the supernatants. The rates of change in RV14 concentration in the

supernatants are expressed as TCID50 units/ml/24 h. The results are

reported as the mean ± SEM from five different tracheae (two ex-

smokers and three non-smokers). Significant differences compared

with treatment with the vehicle alone are indicated by *p \ 0.05.

b Concentration-dependent effects of ambroxol on viral release into

supernatants collected between 1 day (24 h) and 3 days (72 h) after

the infection. The cells were treated with ambroxol (closed circles) or

vehicle (control; open circle) beginning 3 days (72 h) before RV14

infection until the end of the experimental period. The epithelial cells

isolated from each donor were treated with ambroxol or vehicle. The

rates of change in the RV14 concentration in the supernatants are

expressed as TCID50 units/ml/24 h. The results are reported as the

mean ± SEM from five different tracheae. Significant differences

compared with treatment with the vehicle alone (control) are

indicated by *p \ 0.05 and **p \ 0.01
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Statistical analysis

The results are expressed as the mean ± SEM. Statistical

analysis was performed using a one-way analysis of vari-

ance (ANOVA). Subsequent post hoc analysis was per-

formed using Bonferroni’s method. For all analyses, values

of p \ 0.05 were assumed to be significant. The number of

donors (tracheae) from which cultured epithelial cells were

used is referred to as n.

Results

Effects of ambroxol on rhinoviral infection in human

tracheal epithelial cells

No virus was detected at 1 h after infection; however,

RV14 was detected in the supernatants at 12 h. The viral

content progressively increased between 1 and 12 h after

infection and increased significantly with time for the first

3 days (p \ 0.05 by ANOVA) (Fig. 1a).

Pretreatment of the cells with ambroxol (0.1 lM)

resulted in significantly lower viral titers of RV14 in the

supernatants from 12 h after infection (Fig. 1a) and

reduced RV14 titers in a concentration-dependent manner

(Fig. 1b). Pretreatment of the cells with ambroxol at con-

centrations of 0.1 lM or greater reduced the viral titers of

RV14 (Fig. 1b).

RV14 titers in the supernatants collected from the cells

of the 13 ex-smokers did not differ from those of the 20

patients who had never smoked (data not shown). Like-

wise, the RV14 titers in the supernatants from the three

patients with COPD did not differ from those of the 30

patients without COPD (data not shown).

The cell numbers in the confluent sheets cultured in the

medium supplemented with ambroxol (0.1 lM, 72 h) did

not differ from cell numbers in the unsupplemented med-

ium (data not shown). Treatment of the cells with ambroxol

did not change cell viability, as assessed using a trypan

blue exclusion assay, and LDH concentration in the

supernatants (data not shown).

Effects of ambroxol on viral RNA replication

RV14 RNA was consistently observed in the cells from

1 day after infection onward, and the levels increased with

time after infection (Fig. 2). The maximum level of RV14

RNA replication was observed at 2 or 3 days after infec-

tion. Pretreatment with ambroxol (0.1 lM) resulted in a

lower level of RV14 RNA at 1 and 3 days after infection

(Fig. 2).

Effects of ambroxol on susceptibility to rhinovirus

infection

Pretreatment of the cells with ambroxol (0.1 lM, 72 h)

decreased the susceptibility of the cells to infection with RV14.

The minimum dose of RV14 necessary to cause infection of the

cells treated with ambroxol was significantly higher than that

for the cells treated with the vehicle alone (Table 1).

Effects of ambroxol on the expression of ICAM-1

Ambroxol (0.1 lM, 72 h) reduced baseline ICAM-1

mRNA expression in the cells by approximately 30 %

Table 1 Effects of ambroxol on susceptibility to rhinovirus infection

Cells treated

with vehicle

(n = 5)

Cells treated

with ambroxol

(n = 5)

The minimum dose of RV14

necessary to cause infection

(log TCID50 units/ml)

2.6 ± 0.1 3.4 ± 0.2*

Significant differences compared with treatment with the vehicle

alone are indicated by * p \ 0.05

Fig. 2 Replication of viral RNA in human tracheal epithelial cells at

1 day (24 h) or 3 days (72 h) after infection with RV14 in the

presence of ambroxol (0.1 lM) (RV?Ambroxol) or vehicle (RV) or

after infection with ultraviolet-inactivated RV14 in the presence of

vehicle of ambroxol (UV-RV), as detected by real-time quantitative

RT-PCR. The epithelial cells isolated from each donor were treated

with ambroxol or vehicle (double distilled water). The results are

expressed as the relative amount of RNA expression (%) compared

with that of maximal RV14 RNA levels on day 3 (72 h) in the cells

treated with vehicle. The results are reported as the mean ± SEM

from five samples (two ex-smokers and three non-smokers). Signif-

icant differences compared with treatment with the vehicle alone

(RV) at each time point are indicated by *p \ 0.05. RV14 RNA was

not detected at significant levels after UV-RV infection
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compared with the cells treated with the vehicle alone prior

to RV14 infection (Fig. 3a). Furthermore, the concentra-

tions of sICAM-1 in the supernatants from cells treated

with ambroxol were significantly lower than those from the

cells treated with the vehicle alone (Fig. 3b).

Effects of ambroxol on the acidification of endosomes

Treatment with the vehicle for 3 days did not change

the number of fluorescent acidic endosomes in the cells

(Fig. 4a, b) or the fluorescence intensity of the acidic endo-

somes compared with the cells prior to any treatment

(Fig. 4d). In contrast, treatment with ambroxol (0.1 lM,

72 h) reduced the number of acidic endosomes displaying

green fluorescence (Fig. 4c) and reduced the fluorescence

intensity of the acidic endosomes compared with cells trea-

ted with vehicle and cells prior to any treatment (Fig. 4d).

Effects of ambroxol on cytokine production

Ambroxol (0.1 lM) pretreatment reduced the baseline

secretion of IL-1b, IL-6, and IL-8 for 24 h before the RV14

infection compared with the secretion from cells treated

with vehicle alone (Fig. 5). RV14 infection increased the

secretion of IL-1b, IL-6, and IL-8, and ambroxol (0.1 lM)

also reduced the RV14 infection-induced secretion of

IL-1b, IL-6, and IL-8 (Fig. 5).

Effects on NF-kappa B

Ambroxol (0.1 lM, 72 h) treatment significantly reduced

the levels of the p50 and p65 subunits of nuclear factor

kappa B (NF-jB) in the nuclear extracts of cells cultured

prior to RV14 infection compared with the cells treated

with vehicle alone (Fig. 6a, b). In contrast, ambroxol

treatment did not alter the levels of the c-Rel subunit of

NF-jB (0.264 ± 0.011 OD at 655 nm in control vs.

0.241 ± 0.010 OD at 655 nm in ambroxol, n = 5,

p [ 0.20), although a decreasing trend was observed.

Effects of an NF-kappa B inhibitor on ICAM-1

and acidic endosomes

We also studied the role of NF-jB on the expression of

ICAM-1 and acidic endosomes. Treatment of the cells with

an NF-jB inhibitor, caffeic acid phenethyl ester (CAPE,

Calbiochem, La Jolla, CA, USA; 10 lM, 72 h) (Natajaran

et al. 1996), reduced sICAM-1 concentrations in the

supernatants compared with the concentrations in cells

treated with vehicle (0.05 % ethanol) (Table 2). Treatment

of the cells with CAPE also reduced the fluorescence

intensity of the acidic endosomes in the cells compared

with the intensity in the cells treated with vehicle

(Table 2).

Fig. 3 a The expression of ICAM-1 mRNA before the RV14

infection in human tracheal epithelial cells treated with ambroxol

(0.1 lM, 72 h, Ambroxol) or vehicle (control), as detected by real-

time quantitative RT-PCR. The epithelial cells isolated from each

donor were treated with ambroxol or vehicle. ICAM-1 mRNA levels

were normalized to the constitutive expression of ribosomal RNA

(rRNA). The expression of ICAM-1 mRNA in the cells treated with

vehicle was set to 1.0. The results are reported as the mean ± SEM

from five different tracheae (two ex-smokers and three non-smokers).

Significant differences compared with treatment with the vehicle

alone are indicated by *p \ 0.05. b Concentration of sICAM-1 in

supernatants before RV14 infection of human tracheal epithelial cells

treated with ambroxol (0.1 lM, 72 h, ambroxol) or vehicle (control)

as detected by enzyme immunoassay. The sICAM-1 concentrations in

the supernatants are expressed in ng/ml. The results are reported as

the mean ± SEM from five different tracheae (two ex-smokers and

three non-smokers). Significant differences compared with control

values are indicated by *p \ 0.05
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Discussion

In the present study, we have demonstrated that the muco-

lytic drug ambroxol reduced the titers of type 14 rhinovirus

(RV14), a major group rhinovirus, in supernatants and

decreased the RNA replication of the virus in primary cul-

tures of human tracheal epithelial cells. Pretreatment with

ambroxol reduced expression of mRNA and protein levels

for ICAM-1, the receptor for the major group RVs (Greve

et al. 1989), before RV14 infection. The minimum dose of

RV14 necessary to cause infection in the cells treated with

ambroxol was significantly higher than that in the cells

treated with the ambroxol vehicle. These findings suggest

that ambroxol might inhibit RV14 infection partly through

reducing the production of its receptor, ICAM-1.

Furthermore, treatment with ambroxol reduced the

number and fluorescence intensity of acidic endosomes

from which RV RNA enters the cytoplasm (Casasnovas

and Springer 1994; Turner and Couch 2006). Therefore, the

reduction in the number of acidic endosomes might inhibit

RNA entry into the cytoplasm and thereby reduce the

number of virions that enter the cytoplasm. Ambroxol

might also inhibit RV14 infection partly through inhibiting

RV RNA entry from the acidic endosomes into the cells.

The major group of RVs enters the cytoplasm of infected

cells after binding to the receptor ICAM-1 (Greve et al.

1989). In the present study, ambroxol reduced ICAM-1

expression in human tracheal epithelial cells. These findings

are consistent with those of previous reports on the inhibi-

tory effects of other mucolytic agents demonstrated that N-

acetylcysteine and L-carbocisteine reduce the expression of

ICAM-1 in lung and human tracheal epithelial cells,

respectively (Blesa et al. 2003; Yasuda et al. 2006). The

inhibitory effects of ambroxol on ICAM-1 expression in

human tracheal epithelial cells might be associated with the

inhibitory effects of ambroxol on RV14 infection, as has

been previously reported for various agents, including

glucocorticoids (Pérez and Carrasco 1993; Suzuki et al.

2000, 2001, 2002; Yamaya et al. 2011, 2012).

ICAM-1 is shed by the cell membrane by proteolytic

cleavage and detected in plasma and culture supernatants

of cells as sICAM-1 (van de Stolpe and van der Saag

1996). Soluble form of ICAM-1 (sICAM-1) consists of

most of the extracellular portion of ICAM-1 (van de Stolpe

Fig. 4 a–c Changes in the distribution of acidic endosomes (green

fluorescence) in human tracheal epithelial cells before treatment with

ambroxol (a) and 3 days (72 h) after treatment with ambroxol

(0.1 lM) (c) or vehicle (b). Data are representative of five different

experiments (two ex-smokers and three non-smokers) (Bar 100 lm).

d The fluorescence intensity of acidic endosomes 3 days after

treatment with ambroxol (0.1 lM) or vehicle (vehicle) and before

treatment (before). The results are reported as the fluorescence

intensity divided by the fluorescence intensity before treatment

(expressed as a percentage). The results are reported as the

mean ± SEM from five samples (two ex-smokers and three non-

smokers). Significant differences compared with the values before

treatment (before) are indicated by *p \ 0.05
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and van der Saag 1996). To demonstrate the effects of

ambroxol on the protein expression of airway epithelial

cells, in addition to the effects on mRNA expression in the

cells, we measured sICAM-1 in the supernatants. In the

present study, we demonstrated that reduced ICAM-1

mRNA expression by ambroxol might be associated with

reduced ICAM-1 protein expression in the cells and with

the inhibition of RV infection.

In the present study, treatment of the cells with

ambroxol did not change viability or LDH concentrations

in the supernatants, indicating no apparent cytotoxicity

from ambroxol, which has been previously demonstrated

(Hong et al. 2003).

RVs are associated with the exacerbation of COPD

(Seemungal et al. 2000). Neutrophilic inflammation, which

takes place during the exacerbation of COPD, has been

suggested to be associated with a variety of mediators,

including IL-6, after RV infection (Seemungal et al. 2001).

In the present study, ambroxol reduced RV14 infection-

induced production of mediators, including IL-6 and IL-8.

These findings are consistent with previous findings by

Yasuda et al. (2006), who found that the mucolytic agent

L-carbocisteine reduces production of mediators after

RV14 infection. Furthermore, ambroxol also reduces the

production of IL-6 and tumor necrosis factor (TNF)-a
induced by lipopolysaccharide (Jang et al. 2003; Su et al.

2004), suggesting inhibitory effects on the inflammatory

response caused by Gram-negative bacilli, which are also

associated with COPD exacerbations (Sethi 2004).

In the present study, ambroxol increased the endosomal

pH, although we were not able to determine whether am-

broxol inhibits vacuolar H?-ATPase or the Na?/H?

exchangers that regulate endosomal pH (Mellman et al.

1986; Marshansky and Vinay 1996; Nass and Rao 1998).

On the other hand, ambroxol inhibits the b2 agonist

terbutaline-dependent chloride ion secretion (Hasegawa

et al. 2006). H?-ATPase activity is reduced by chloride

channel blockers (Fernandez et al. 1997), and inactivating

mutations of the chloride channel are associated with

modifications of H?-ATPase activity in the cells (Moulin

et al. 2003). These findings suggest that the inhibitory

effects of ambroxol on chloride channels might be asso-

ciated with vacuolar H?-ATPase functions.

NF-jB increases the expression of genes for ICAM-1

and various pro-inflammatory cytokines (Zhu et al. 1996;

Fig. 5 a–c Time course for cytokine release (A, IL-1b; B, IL-6; C,

IL-8) into the supernatants of human tracheal epithelial cells before

(time 0) and after infection with RV14 in the presence of ambroxol

(0.1 lM) or the ambroxol vehicle (water). The epithelial cells isolated

from each donor were treated with ambroxol or vehicle. The rates of

change in the concentrations of cytokines in the supernatants are

expressed in pg/ml/24 h. The results are reported as the mean ± SEM

from eight different tracheae (four ex-smokers and four non-

smokers). Significant differences compared with values before

RV14 infection (time 0) in the presence of vehicle are indicated by

*p \ 0.05 and **p \ 0.01. Significant differences compared with the

RV14 infection alone (RV?vehicle) at each time point after infection

are indicated by ?p \ 0.05 and ??p \ 0.01. Exposure to culture

medium used for the RV14 stock (vehicle) and infection with

ultraviolet-inactivated RV14 (UV-RV) did not change the concentra-

tions of cytokines in the supernatants

c
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Papi and Johnston 1999), and the mucolytic agent, L-car-

bocisteine, reduces NF-jB activation (Yasuda et al. 2006).

In the present study, ambroxol reduced the expression of

ICAM-1 before RV14 infection and the secretion of pro-

inflammatory cytokines in supernatants before and after

RV14 infection. RV14 infection increases the activation of

NF-jB as previously reported (Suzuki et al. 2002). Am-

broxol reduced the baseline expression of the p50 and p65

subunits of NF-jB before RV14 infection, although we did

not observe a significant inhibitory effect on the c-Rel

subunit of NF-jB. We demonstrated that treatment of the

cells with an NF-jB inhibitor, CAPE (Natajaran et al.

1996), reduced sICAM-1 concentrations in the superna-

tants. These findings suggest that ambroxol might reduce

expression of ICAM-1 on the cells and secretion of pro-

inflammatory cytokines partly through the inhibition of

NF-jB activation. Treatment of the cells with CAPE also

reduced the fluorescence intensity from acidic endosomes

in the present study, demonstrating the relation between

NF-jB and acidic endosomes. The reduction of NF-jB

activation by ambroxol might also be associated with the

increased pH of acidic endosomes, although the precise

mechanisms are uncertain.

In summary, this is the first report demonstrating that the

mucolytic drug ambroxol reduces the release of RV14 into

human tracheal epithelial cell supernatants, reduces the

replication of RV14 RNA, and decreases the susceptibility

of these cells to RV14 infection. These effects may occur,

in part, through a reduction in the expression of ICAM-1,

the receptor for RV14, and a reduction in the number of

acidic endosomes, through which RV14 RNA enters the

cytoplasm. Pretreating cells with ambroxol reduced the

baseline and RV14 infection-induced release of IL-1b,

IL-6, and IL-8 into the supernatants. Therefore, ambroxol

may inhibit RV14 infection and modulate the inflammatory

responses in the airways after RV infection.
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