
TOXICOLOGICAL SCIENCES 125(2), 418–429 (2012)

doi:10.1093/toxsci/kfr310

Advance Access publication November 17, 2011

An NF-jB–Independent and Erk1/2-Dependent Mechanism Controls
CXCL8/IL-8 Responses of Airway Epithelial Cells to Cadmium

Estelle Cormet-Boyaka,*,1 Kalyn Jolivette,* Astrid Bonnegarde-Bernard,† Jessica Rennolds,* Fatemat Hassan,* Payal Mehta,*

Susheela Tridandapani,* Jeanette Webster-Marketon,* and Prosper N. Boyaka*,†

*Division of Pulmonary, Critical Care, and Sleep Medicine, Department of Internal Medicine, Dorothy M. Davis Heart and Lung Research Institute and

†Department of Veterinary Biosciences, The Ohio State University, Columbus, Ohio 43210

1To whom correspondence should be addressed at 201 Dorothy M. Davis Heart and Lung Research Institute, 473 West 12th Avenue, Columbus, OH 43210.

Fax: (614) 293-4799. E-mail: Estelle.boyaka@osumc.edu.

Received July 20, 2011; accepted November 4, 2011

Airway epithelial cells in the lung are the first line of defense

against pathogens and environmental pollutants. Inhalation of

the environmental pollutant cadmium has been linked to the

development of lung cancer and chronic obstructive pulmonary

disease, which are diseases characterized by chronic inflammation.

To address the role of airway epithelial cells in cadmium-induced

lung inflammation, we investigated how cadmium regulates

secretion of interleukin 8 (IL-8) by airway epithelial cells. We show

that exposure of human airway epithelial cells to subtoxic doses of

cadmium in vitro promotes a characteristic inflammatory cytokine

response consisting of IL-8, but not IL-1b or tumor necrosis factor-

alpha. We also found that intranasal delivery of cadmium increases

lung levels of the murine IL-8 homologs macrophage inflammatory

protein-2 and keracinocyte-dervied chemokine and results in an

influx of Gr11 cells into the lung. We determined that inhibition of

the nuclear factor-kB (NF-kB) pathway had no effect on cadmium-

induced IL-8 secretion by human airway epithelial cells, suggesting

that IL-8 production was mediated through an NF-kB–independent
pathway. Mitogen-activated protein kinases (MAPKs) are often

involved in proinflammatory signaling. Cadmium could activate the

main MAPKs (i.e., p38, JNK, and Erk1/2) in human airway

epithelial cells. However, only pharmacological inhibition of Erk1/2

pathway or knockdown of the expression of Erk1 and Erk2 using

small interfering RNAs suppressed secretion of IL-8 induced by

cadmium. Our findings identify cadmium as a potent activator of

the proinflammatory cytokine IL-8 in lung epithelial cells and

reveal for the first time the role of an NF-kB–independent but Erk1/
2-dependent pathway in cadmium-induced lung inflammation.
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Airway epithelial cells have long been known for their role

as a barrier and the first line of defense of the lung against

exogenous pathogens and pollutants (Bartlett et al., 2008; Mills

et al., 1999). Compelling evidence has now established that in

response to insult by exogenous products, epithelial cells

secrete an array of cytokines, which in turn, help orchestrate/

shape host immune responses (Cheng et al., 2007; Gershwin,

2007; Kato and Schleimer, 2007; Kauffman, 2006; Polito and

Proud, 1998; Poynter et al., 2003). Several studies have shown

that cytokine responses are finely regulated processes, and

unique cytokine responses could be induced via specific

signaling pathways triggered by a stimulus. Thus, it is crucial

to understand signaling pathways triggered by individual

exogenous products associated with lung diseases.

Interleukin 8 (IL-8) is a chemoattractant cytokine responsible

for the recruitment of neutrophils and macrophages into the sites

of inflammation. In humans, the airway epithelium is a major

source of IL-8, and several lung pathologies are associated with

enhanced IL-8 levels (Martin et al., 1997). For example,

elevated IL-8 levels are present in the lung of chronic obstructive

pulmonary disease (COPD) and cystic fibrosis patients (Chung,

2005; Larsson, 2008). The deleterious effects of localized

overproduction of IL-8 in the lung result from tissue destruction

by neutrophils secreting a myriad of molecules (i.e., neutrophil

elastase) (Cornwell et al., 2010; Shapiro, 2002; Tetley, 2005).

IL-8 can be secreted by several cell types in response to a wide

variety of stimuli. Production of this cytokine by human airway

epithelial cells was shown to be under the control of multiple

signaling cascades, including nuclear factor-jB (NF-jB), the

Mitogen-activated protein kinase (MAPK) pathways ERK, JNK,

and p38 (Akhtar et al., 2003; Cheon et al., 2008; Henriquet

et al., 2007; Kim et al., 2006).

Cadmium is a common air pollutant released into the

environment by the burning of fossil fuels (i.e., diesel, coal)

and incineration of municipal waste (Muntau and Baudo, 1992;

Pan et al., 2010; Suriyawong et al., 2009; Tang et al., 2009).

Cadmium also is present in fine particulate matter that has

a diameter of less than 2.5 lm (PM2.5) and is inhaled due to

their small size (Yoo et al., 2002). When present in draining

water and/or soil, this heavy metal accumulates in tobacco

leaves, and cigarette smoke can contain high amounts of

cadmium (up to 2–4 lg/cigarette). Cadmium is currently

ranked 7th on the priority list of hazardous substances by the
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Agency for Toxic Substances and Disease Registry and is

widely ingested because certain foods, such as plants and

seafood, contain high amounts. As a result, most previous

studies focused on ingested cadmium. However, although only

5–10% of ingested cadmium is absorbed systemically,

pulmonary absorption of inhaled cadmium can reach 80%

(Hadley et al., 1980; Jarup et al., 1998). Cadmium inhalation

has been linked to lung cancer and COPD (Kirschvink et al.,
2005; Nawrot et al., 2006). The concentration of cadmium in

the lung of cigarette smokers has been estimated to be in the

micromolar range (�30lM), with some region most likely

exposed to higher concentrations (Chambers et al., 1998;

Paakko et al., 1988, 1989). Furthermore, cadmium has recently

been shown to induce lung inflammation (Kundu et al., 2009),

but the underlying mechanism remains poorly understood.

Because IL-8 is a key mediator in neutrophil-mediated acute

inflammation, we investigated the effect of cadmium on

production of this proinflammatory cytokine in vitro in human

airway epithelial cells and in mouse lungs in vivo. We also

investigated the mechanism underlying cadmium-induced

secretion of IL-8 focusing on airway epithelial cells.

MATERIALS AND METHODS

Materials. Cadmium sulfate (Sigma, St Louis, MO) was dissolved in

sterile water at a concentration of 100mM and was diluted in media (for in vitro

studies) or PBS (for in vivo studies) to reach the indicated concentration.

Lipopolysaccharide (LPS) from Pseudomonas aeruginosa was from Sigma.

MAPK inhibitors were from Calbiochem (La Jolla, CA), and the NF-jB

inhibitor Bay 11-7082 was from Santa Cruz Biotechnology (Santa Cruz, CA).

Tissue culture and reagents. The human bronchial epithelial cell line

Calu-3 originates from a pleural effusion in a patient with adenocarcinoma of

the lung and was generated by Dr Fogh. Calu-3 cells were cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 supplemented with 10%

(vol/vol) bovine growth serum, penicillin (100 U/ml), and streptomycin (100

lg/ml). Experiments were performed using Calu-3 cells between passages 25

and 50. 16HBE14o- cells, an immortalized human bronchial epithelial cell line,

were grown in DMEM containing L-glutamine, 10% fetal growth serum, and

penicillin (100 U/ml) and streptomycin (100 lg/ml). Primary human small

airway epithelial cells (SAEC; Clonetics, San Diego, CA) isolated from the

small airway of a normal human donor were cultured in small airway growth

medium (Clonetics) with SingleQuot supplements according to the manufac-

turer’s instructions. Cells from the same donor were used in these studies and

were up to three passages. All cell cultures were grown and maintained at 37�C
in a 5% CO2 humidified incubator.

ELISA for analysis of cytokines released in cell supernatants. Confluent

human airway epithelial cells Calu-3 and SAEC were growth arrested for 12–24 h

in serum-free media. Cells then were cultured in fresh serum-free media with

cadmium or medium alone. In some experiments, cells were pretreated for 30 min

with the indicated inhibitors before stimulation with cadmium at the indicated

concentration. Unless specified otherwise, the experiments were carried out using

MAPK inhibitors at a concentration of 20lM. Supernatants were then collected at

24 h and stored at �20�C until analysis was carried out by ELISA. CXC

chemokine ligand (CXCL)-8/IL-8, macrophage inflammatory protein (MIP)-2,

keracinocyte-dervied chemokine (KC), IL-6, tumor necrosis factor (TNF)-a, and

IL-1b were quantified by ELISA following the manufacturer’s protocol (R&D

Systems, Minneapolis, MN). The data were expressed as pg/ml. In some

experiments where inhibitors were used, the data are expressed as % of control,

with vehicle (dimethyl sulfoxide). Each data point represents mean from

a minimum of three independent assays performed in triplicate.

Quantitative reverse transcriptase-PCR analysis. Real-time quantitative

reverse transcriptase (RT)-PCR was employed to measure the transcript levels of

the IL-8, IL-6, MIP-2, and KC genes. First-strand complementary DNAs

(cDNAs) were synthesized using SuperScript reverse transcriptase (Invitrogen,

Carlsbad, CA) from 2 to 4 lg of total RNA in a 20 ll reaction volume. Real-time

quantitative PCR was performed with SYBR Green I PCR Master Mix in the

ABI PRISM 7700 Sequence Detection System (Applied Biosystems, Carlsbad,

CA). PCR amplification reactions were initially incubated at 94�C for 5 min

followed by 40 cycles at 94�C for 30 s, 62�C for 1 min, and 72�C for 1 min. RT-

PCR for amplifying transcripts of the IL-8, MIP-2, KC, and IL-6 genes were

performed at least three times to confirm the accuracy of the results. The total

synthesized cDNAs also were used to amplify the cAMP-accessory protein

(CAP-1) or b-actin genes as internal standards using CAP-1 or b-actin gene-

specific primers. The IL-8 and IL-6 messenger RNA (mRNA) levels were

normalized to the expression of the housekeeping gene CAP-1, and MIP-2 and

KC mRNA levels were normalized to the expression of the housekeeping gene

b-actin. mRNA levels were expressed as relative copy number (RCN), which

was calculated using with the following equation: RCN ¼ 2�DCt 3 100, where

DCt ¼ Ct(target) � Ct(housekeeping gene) (Rennolds et al., 2010).

Transfection, cell stimulation, and immunoblotting. Calu-3 cells were

transfected with Erk1 and Erk2 small interfering RNAs (siRNA) (Invitrogen) as

previously described (Rennolds et al., 2008). Confluent Calu-3 and SAEC cells

were placed in serum-free media overnight. Cells then were stimulated with

cadmium sulfate at the concentration and time indicated. Cells were lysed in

TN1 lysis buffer (50mM Tris pH 8.0, 10mM EDTA, 10mM Na4P2O7, 10mM NaF,

1% Triton-X 100, 125mM NaCl, 3mMNa3VO4, and a cocktail of protease

inhibitors [Roche Applied Science, Indianapolis, IN]). The protein concentra-

tion was determined by bicinchoninic acid protein assay (Pierce, Rockford, IL).

The same amount of protein present in whole-cell lysates was separated by SDS-

polyacrylamide gel electrophoresis, transferred to 3 polyvinylidene fluoride

membranes (BioRad, Hercules, CA), and probed with phospho Erk1/2 or phospho

p38–specific antibodies (Cell Signaling Technology, Beverly, MA). Secondary

antibodies (HRP-conjugated, Pierce) were diluted 1:10,000. Chemiluminescent

signal was detected using West Pico (Pierce) following the manufacturer’s

instructions. Membranes were reprobed with Erk1/2 or b-actin–specific antibodies

to confirm that the same amount of proteins was loaded in each lane. Each

Western blot is representative of at least three independent experiments.

Animals and lung tissue processing. C57BL/6 female mice (8–10 weeks

old) were used in accordance with the institutional animal welfare guidelines of

the Ohio State University. Anesthetized mice received 10 nmol cadmium (in 50 ll

PBS corresponding to 1-lg cadmium sulfate) or vehicle (control mice) by

intranasal instillation. Twenty-four hours later, mice were sacrificed, and lung

tissues were snap frozen in liquid nitrogen for protein processing and stored at

�80�C until assayed. Frozen specimens (�80�C) were transferred into liquid

nitrogen and shattered in a BioPulverizer (Biospec Products, Bartlesville, OK).

Tissue fragments were suspended in TN1 lysis buffer to extract the proteins or

Trizol to extract total RNA. In another set of experiments, mice were sacrificed

3 days after treatment, and the lungs were inflated for histology. Lung paraffin-

embedded sections were subjected to hematoxylin and eosin stain or labeled

with Ly-6 (GR-1), a marker for neutrophils.

Bronchoalveolar lavages. Bronchoalveolar lavage fluids (BALF) were

obtained as previously described via cannulation of the exposed trachea by

infusing 0.6 ml of PBS through a 22-gauge catheter into the lungs, followed by

aspiration of this fluid into a syringe (Fischer et al., 2005). A volume of 0.4 ml

of fluid was consistently recovered. Cells were isolated by centrifugation, and

supernatants collected were stored at �70�C until analyzed for cytokine levels.

Differential cell counts were determined on cytospin-prepared slides that were

stained with Wright-Giemsa stain. The percentage of neutrophils, macrophages,

lymphocytes, and eosinophils in the BALF sample was calculated. The total

number of neutrophils was also expressed as means ± SE for each group of

animals.
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Statistical analysis. Data are expressed as mean ± SE of at least three

independent experiments. Statistically significant differences were assessed

using Student’s t-test, Mann-Whitney test, or ANOVA followed by Tukey’s

post hoc test using JMP software. The p values < 0.05 were considered

significant.

RESULTS

Cadmium Induces IL-6 and IL-8 Secretion by Primary
Human Airway Epithelial Cells

Cadmium inhalation has been associated with lung diseases

where inflammation plays a key role. Therefore, we in-

vestigated whether cadmium could induce secretion of

proinflammatory cytokines by human airway epithelial cells.

We selected to focus on IL-8 because it is a chemotactic

cytokine that plays a pivotal role in the human lung by

recruiting neutrophils and macrophages to the site of in-

flammation. In order to investigate the effect of cadmium on

cytokine secretion, primary human SAEC were incubated with

2 and 5lM cadmium. We found that cadmium-induced

secretion of the proinflammatory cytokine IL-8 by SAEC in

a dose-dependent manner (Fig. 1A). In fact, SAEC treated with

5lM cadmium for 4 h exhibited a threefold increase in IL-8

mRNA levels (Fig. 1B) with subsequent twofold increase in

protein secretion (Fig. 1). Interestingly, cadmium differentially

affected secretion of other proinflammatory cytokines. Thus,

cadmium treatment induced secretion of IL-6 (Figs. 1C and

1D), but neither TNF-a nor IL-1b could be detected in the

supernatants of primary human SAEC.

Stimulation of IL-8 Secretion by Cadmium Is a Dose- and
Time-Dependent Process

In order to elucidate the mechanism involved in secretion of

IL-8, we used the human airway epithelial cell line Calu-3.

Calu-3 cells differentiate into monolayers of polarized cells and

express features of the airway epithelium. This cell line is a good

model to study human respiratory function, structure, and

inflammatory responses (Zhu et al., 2010). Because individuals

could be exposed to various levels of pollutants, we investigated

how varying concentrations of cadmium affect secretion of IL-8

by human airway epithelial cells. Calu-3 cells, a human

subbronchial gland adenocarcinoma cell line, are resistant to

xenobiotics (Hamilton et al., 2001); we therefore used

concentrations of cadmium higher than for the primary human

airway epithelial cells. In these studies, Calu-3 cells were

incubated for 24 h with 2–50lM cadmium. It has been shown

that airway epithelial cells have a basal level of IL-8 secretion.

Accordingly, IL-8 was detected in Calu-3 cell supernatants in the

absence of stimulation (Fig. 2A). We found that cadmium

induces secretion of IL-8 in a dose-dependent manner and that

IL-8 could be detected in Calu-3 cell supernatants even after

incubation with the lowest cadmium dose (2lM) (Fig. 2A). We

also found that the release of IL-8 was associated with an

increase of IL-8 mRNA responses as soon as after 4 h incubation

(Fig. 2B). At that time point, we observed a dose-dependent

induction of IL-8 mRNA by cadmium (Fig. 2C).

Cadmium, But Not Nickel, Induces Secretion of IL-8 and IL-6
by Human Airway Epithelial Cells Calu-3

In our initial studies, the human bronchial epithelial cell line

Calu-3 was incubated without or with 50lM cadmium, a dose

previously reported not to affect Calu-3 cells survival

(Rennolds et al., 2010). Cadmium treatment significantly

increased IL-8 secretion and resulted in IL-8 responses of

similar magnitude to treatment of Calu-3 cells with 5 lg/ml

LPS, a dose commonly used to stimulate airway epithelial cells

in vitro (MacRedmond et al., 2005) (Fig. 3A). We also

confirmed that cadmium differentially affected the secretion of

other proinflammatory cytokines. Thus, cadmium treatment

induced secretion of IL-6 (Fig. 3B), but neither TNF-a nor

IL-1b could be detected in supernatants of cells incubated with

cadmium (below the detection level < 15.6 and < 3.9 pg/ml for

TNF-a and IL-1b, respectively).

It was important to establish whether the signature in-

flammatory responses induced by cadmium on airway

epithelial cells were a general feature of inhaled heavy metals.

For this purpose, we treated Calu-3 cells with nickel (Ni)

because inhalation of this heavy metal has been associated with

acute lung injury (Leikauf et al., 2002). In contrast to cadmium,

nickel had no effect on IL-8 or IL-6 by Calu-3 cells even at

a concentration of 50 or even 150lM (Figs. 3A and 3B, data

not shown). It has to be noted that 150lM nickel did not affect

cell viability based on lactate dehydrogenase release (16 ± 2

FIG. 1. Cadmium induces secretion of the proinflammatory cytokines IL-8

and IL-6 by primary human SAEC. SAEC were treated for 24 h with 2 and

5lM cadmium (Cd). IL-8 (A) and IL-6 (C) present in the medium was

measured by ELISA and expressed as pg/ml. SAEC were treated for 4 h with 2

and 5lM cadmium (Cd). IL-8 (B) and IL-6 (D) mRNA transcript levels were

measured by real-time quantitative RT-PCR and expressed as RCN that were

normalized to the housekeeping gene CAP-1. Data are expressed as mean ± SE

of at least three independent experiments. *p < 0.05.

420 CORMET-BOYAKA ET AL.



and 18 ± 2% for control and 150lM nickel, respectively). In

order to rule out the possibility that endotoxin present in the

cadmium preparation was responsible for the production of

cytokines, the media containing cadmium were incubated for

1 h with 5 and 20 lg/ml polymyxin B (PB) prior to addition to

the cells. As observed in Figure 3C, pretreatment with PB had

no effect on cadmium-induced IL-8 secretion. We also

confirmed that IL-8 released into the media required new

protein synthesis by pretreating Calu-3 cells with the trans-

lation inhibitor, cycloheximide. Such treatment prevented both

the basal- and cadmium-stimulated release of IL-8. These

results suggest that cadmium, and not endotoxin, is responsible

for the secretion of IL-8 by human airway epithelial cells.

The Cadmium-Induced Secretion of IL-8 Is Independent of
NF-jB

Production of IL-8 is a finely regulated process under the

control of multiple signaling pathways. Because transcriptional

activation of NF-jB is one of the key factors that regulate IL-8

gene expression (Hoffmann et al., 2002), we employed

chemical inhibition of NF-jB to test the role of this pathway

in cadmium-induced secretion of IL-8. Bay 11-7082, an

FIG. 3. Cadmium induces secretion of the proinflammatory cytokines

CXCL8/IL-8 by the human airway epithelial cells Calu-3. Calu-3 cells were

treated for 24 h with 50lM cadmium sulfate (Cd) or nickel chloride (Ni). LPS

was added at a concentration of 2 or 5 lg/ml. (A) The amount of IL-8 (pg/ml)

present in the medium was measured by ELISA and expressed as % of controls.

(B) IL-6 present in the medium was measured by ELISA and expressed as pg/ml.

(C) Calu-3 cells were treated with cadmium that was preincubated with 5 or 20

lg/ml polymyxin B (PB) or 1 lg/ml cycloheximide (CHX). IL-8 present in the

medium was measured by ELISA. Data are expressed as mean ± SE of at least

three independent experiments. *p < 0.05.

FIG. 2. Concentration- and time-dependent production of IL-8 by Calu-3

cells in response to cadmium. (A) Cadmium (Cd) at concentrations ranging

from 2 to 50lM was added to the human bronchial epithelial cells Calu-3 for

24 h. IL-8 present in the medium was measured by ELISA and expressed as

pg/ml. Calu-3 cells were treated for 2–6 h with 50lM cadmium (B) or for 4 h

with 2–50lM cadmium (Ni) (C). IL-8 mRNA transcript levels were measured

by real-time quantitative RT-PCR and expressed as RCN that were normalized

to the housekeeping gene CAP-1. Data are expressed as mean ± SE of at least

three independent experiments. *p < 0.05.
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irreversible inhibitor of IjB kinase, which blocks IjB-a
phosphorylation and degradation, decreased the cadmium-

induced secretion of IL-6 by Calu-3 cells by approximately

80% (78 ± 4%). Unexpectedly, addition of Bay 11-7082 failed

to affect cadmium-induced secretion of IL-8 by Calu-3 cells

(Fig. 4A). These results suggest that cadmium induces

FIG. 4. Involvement of NF-jB and MAPK pathways on cadmium-induced secretion of IL-8. (A) Calu-3 cells were treated with 50lM cadmium for 24 h in the

absence or presence of the NF-jB inhibitor Bay 11-0082 (20lM). The amount of IL-8 (pg/ml) present in the medium was measured by ELISA. To facilitate comparison

between different inhibitors, IL-8 levels were expressed as % of controls with vehicle (dimethyl sulfoxide). The values for the control were 2587 ± 196 pg/ml.

(B) Calu-3 cells were incubated for 24 h with 50lM cadmium in the presence of 20lM SB203580 (p38 inhibitor) or SP600125 (SP, JNK inhibitor). IL-8 present in

the medium was measured by ELISA. (C) Calu-3 cells were incubated for 24 h with 50lM cadmium in the presence of 20lM UO126 (UO, MEK1/2 inhibitor),

UO124 (inactive homolog of UO126), or PD98059 (PD, Erk1/2 inhibitor). IL-8 present in the medium was measured by ELISA. (D) Calu-3 cells were incubated

with 50lM cadmium in the presence of 0.1–20lM UO126 (UO, MEK1/2 inhibitor). IL-8 present in the medium was measured by ELISA. (E) Calu-3 cells were

incubated for 4 h with 50lM cadmium in presence or absence of 20lM UO126 (UO, MEK1/2 inhibitor) or with UO126 (UO) alone. IL-8 mRNA transcripts levels

were measured by real-time quantitative RT-PCR and expressed as RCN that were normalized to the housekeeping gene CAP-1. (F) Calu-3 cells were incubated

with 50lM cadmium in presence or absence of 20lM UO126 (UO, MEK1/2 inhibitor). IL-6 present in the medium was measured by ELISA and expressed as % of

control. Data are expressed as mean ± SE of at least three independent experiments. *p < 0.05 compared with control cells; #p < 0.05 compared with cadmium-

treated cells.
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secretion of IL-8 by airway epithelial cells via a pathway

independent of NF-jB.

Inhibition of the MEK1/2-Erk1/2 MAPK Pathway Suppresses
IL-8 Secretion

Other pathways previously reported to control IL-8 pro-

duction by human airway epithelial cells include the classical

MAPK pathways Erk1/2, JNK, and p38 (Akhtar et al., 2003;

Cheon et al., 2008; Henriquet et al., 2007; Kim et al., 2006). In

addition, MAPKs have previously been described as regulators

of the AP-1 transcription factor and linked to IL-8 gene

expression (Cheon et al., 2008; Kim et al., 2006). Chemical

inhibition of the JNK MAPK pathway using SP600125 did not

reduce the cadmium-induced secretion of IL-8 by airway

epithelial cells (Fig. 4B). On the other hand, inhibitors of the

p38 MAPK pathway and MEK/Erk1/2 inhibitors altered

cadmium-induced IL-8 expression by airway epithelial cells.

More specifically, treatment of airway epithelial cells with

SB203580, a chemical inhibitor of the p38 MAPK pathway,

inhibited IL-8 secretion by approximately 50% (Fig. 4B).

The MEK/Erk1/2 inhibitors UO126 and PD98059 sup-

pressed the cadmium-induced IL-8 production. It is also

important to indicate that the inactive homolog of UO126,

UO124, had no effect on cadmium-induced secretion of IL-8

(Fig. 4C). These results further demonstrate the role of the

Erk1/2 pathway in IL-8 production by airway epithelial cells

exposed to cadmium.

Because our data indicate that suppression of the MEK/Erk1/2

pathway completely blocked the cadmium-induced secretion of

IL-8, we addressed the influence of UO126 dose on suppression

of IL-8 secretion by Calu-3 cells. For this purpose, cells were

incubated with 0.1, 1, 10, and 20lM UO126 in the presence of

50lM cadmium for 24 h. The secretion of IL-8 by cadmium was

decreased in a dose-dependent manner by the specific MEK

inhibitor UO126 (Fig. 4D). At a dose of 0.1lM, UO126 had no

effect on cadmium-induced secretion of IL-8. On the other

hand, at doses > 10lM, the MEK inhibitor UO126 reduced

secretion of IL-8 to a concentration below the basal level of

secretion. In control experiments where Calu-3 cells were treated

with UO126 alone, only UO126 concentrations above 20lM

decreased the basal secretion of IL-8 (data not shown).

We further investigated the involvement of MEK/Erk1/2

pathway on cadmium-induced secretion of IL-8 by analyzing

the expression of IL-8 mRNA transcripts in cells treated with

the MEK/Erk1/2 inhibitor UO126. Chemical inhibition of

MEK/Erk1/2 pathway significantly decreased IL-8 mRNA

transcript levels (Fig. 4E).

As indicated above, cadmium also stimulated secretion of

IL-6 but failed to induce IL-1b and TNF-a. Interestingly, the

MEK/Erk1/2 inhibitor UO126 did not exhibit an inhibitory

effect on IL-6 secretion by Calu-3 cells (Fig. 4F). Taken

together, these results suggest that the MEK/Erk1/2 pathway

plays a key role upstream of IL-8, but not IL-6 secretion, and

upregulates IL-8 mRNA transcript levels.

We further confirmed that MEK/Erk1/2 pathway was

involved in production of IL-8 in bronchial epithelial cells by

using 16HBE14o- cells. As observed with Calu-3 cells,

chemical inhibition of the NF-jB pathway had no effect on

secretion of IL-8 upon induction with cadmium. On the other

hand, inhibition of the MEK/Erk1/2 MAPK pathway using the

specific inhibitor UO126 abolished the cadmium-induced

secretion of IL-8 (Fig. 5). These data confirm that the MEK/

Erk1/2 pathway plays a key role in regulating secretion of the

proinflammatory chemokine IL-8 in human airway epithelial

cells.

Cadmium Induces Activation of MAPK Pathways

Cadmium was previously reported to activate the MAPK

pathways (Kalariya et al., 2010; Misra et al., 2002; Rockwell

et al., 2004). In order to confirm the role of the MEK/Erk1/2

pathway in IL-8 secretion, we first examined whether cadmium

could induce phosphorylation of Erk1/2 in human airway

epithelial cells Calu-3. Here, we found that cadmium could

activate Erk1/2 in a time-dependent manner with a maximum

phosphorylation after 3–4 h, as observed by its phosphoryla-

tion (Fig. 6A). Cadmium treatment also caused phosphoryla-

tion of p38 and c-Jun in a time- and dose-dependent manner in

Calu-3 cells (Fig. 6B, data not shown).

Inhibition of the Erk1/2 Pathway Suppresses the Cadmium-
Induced Secretion of IL-8 in Primary Human SAEC

In order to confirm that the MEK/Erk1/2 pathway was

involved in production of IL-8 in primary human airway

epithelial cells, primary SAEC were incubated with UO126. As

FIG. 5. Inhibition of MEK/Erk1/2 pathway blocks cadmium-induced

secretion of IL-8 in 16HBE14o-. The human bronchial epithelial cells

16HBE14o- were treated with 20lM cadmium for 24 h in the absence or

presence of the NF-jB inhibitor, Bay 11-0082, or the MEK/Erk1/2 inhibitor,

UO126. IL-8 present in the medium was measured by ELISA and expressed as

pg/ml. Data are expressed as mean ± SE of at least three independent

experiments. N.S., not significant; *p < 0.05 compared with control cells;

#p < 0.05 compared with cadmium-treated cells.
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observed with Calu-3 cells, chemical inhibition of MEK/Erk1/2

MAPK pathway abolished the basal- and cadmium-induced

secretion of IL-8 (Fig. 7A). Figure 7B shows that addition of

cadmium to SAEC for 2 h resulted in phosphorylation of Erk1/2

that was suppressed by the specific MEK inhibitor UO126.

Inhibition of the MEK/Erk1/2 pathway significantly decreased

IL-8 mRNA levels but had no effect on IL-6 mRNA transcript

levels (Figs. 7C and 7D). These data confirm that the MEK/

Erk1/2 pathway plays a key role in regulating secretion of the

proinflammatory chemokine IL-8 in primary human airway

epithelial cells.

Effect of Cadmium on Lung Inflammation In Vivo in Mice

Based on data summarized above, exposure of airway

epithelial cells to cadmium induces a signature inflammatory

response characterized as an NF-jB–independent IL-8 re-

sponse. This chemoattractant cytokine is one of the main

players in inflammation in vivo due to its ability to recruit and

activate neutrophils and macrophages (Pease and Sabroe,

2002). In order to establish the role of cadmium in lung

inflammation in vivo, groups of mice were given either PBS or

one dose of 10 nmol cadmium (or 1-lg cadmium sulfate) in

PBS intranasally. Mice were sacrificed 3 days later, and lung

inflammation was examined by histochemistry. As shown in

Figures 8A and 8B, mice treated with cadmium exhibited

marked lung inflammation with a high number of cell

infiltrates. Inflammatory cells were observed in the perivas-

cular, peribronchial, and parenchymal tissues. Staining with

specific antibodies identified neutrophils and macrophages

among the cells present in the lungs of cadmium-treated mice

(Figs. 8C and 8D, data not shown). Airway cell hyperplasia

was observed in mice that received cadmium but not in control

FIG. 6. Cadmium induces activation of the MAPKs Erk1/2 and p38 in the

human bronchial epithelial cell line Calu-3. Calu-3 cells were incubated with

50lM cadmium. Phospho p38 and phospho Erk1/2 were detected by Western

blot. The same amount of proteins was leaded in each lane, and the same

amount of total Erk1/2 or b-actin was detected. Data are representative of at

least three independent experiments.

FIG. 7. Inhibition of the Erk1/2 pathway suppresses secretion of IL-8 by cadmium in primary human SAEC. (A) Primary human SAEC were treated with

5lM cadmium for 24 h in the presence of 10lM UO126 (MEK1/2 inhibitor). IL-8 present in the medium was measured by ELISA and expressed as pg/ml.

(B) SAEC were incubated with 5lM cadmium for 2 h. Phospho Erk1/2 (pErk1/2) was detected by Western blot. The same amount of proteins was leaded in each

lane, and the same amount of total Erk1/2 detected. Data are representative of at least three independent experiments. (C and D) SAEC were incubated for 4 h with

5lM cadmium in the presence or absence of 10lM UO126 (MEK1/2 inhibitor) or with UO126 alone. IL-6 (C) and IL-8 (D) mRNA transcripts levels were

measured by real-time quantitative RT-PCR and expressed as RCN that were normalized to the housekeeping gene CAP-1. Data are expressed as mean ± SE of at

least three independent experiments. *p < 0.05 compared with control cells; #p < 0.05 compared with cadmium-treated cells.
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mice that received PBS (Figs. 8A and 8B). Differential analysis

of cell population in BAL revealed a major change in cell

populations in the lung of mice that received cadmium (Fig. 8E).

Indeed, a fivefold increase in the number of neutrophils was

observed in cadmium-treated mice when compared with PBS

(Fig. 8F). Conversely, eosinophils were not detected in the lung

of mice treated with PBS (control) or cadmium.

To clearly establish the role of IL-8 in lung inflammation

observed in cadmium-treated mice, other groups of mice were

treated with one dose of 10 nmol cadmium or PBS (control)

and sacrificed 24 h later. The presence of the murine IL-8

homologs MIP-2 and KC was measured in the BAL and lung

tissues. Both MIP-2 and KC were significantly increased at the

mRNA and protein levels in the group of mice that received

cadmium (Figs. 9A and 9B, data not shown). Finally, we

investigated the ability of cadmium to activate Erk1/2 in vivo.

As observed in Figure 9C, intranasal delivery of cadmium

resulted in phosphorylation of Erk1/2 in the lungs of the mice.

Conversely, no or very weak signal for phospho Erk1/2 could

be detected in the lungs of mice that received PBS (vehicle)

(Fig. 9C).

Silencing of Erk1/2 Prevents Secretion of IL-8 by Human
Airway Epithelial Cells

Finally, to directly confirm the role of the Erk1/2 MAPK

pathway in secretion of IL-8 by human airway epithelial cells

in response to cadmium, Erk1 and Erk2 were simultaneously

silenced using siRNAs. Basal- and cadmium-induced secre-

tions of IL-8 were significantly decreased upon silencing of

both Erk1 and Erk2 using siRNAs (Fig. 10A). The silencing of

Erk1 and Erk2 by siRNAs was confirmed by immunoblotting.

Accordingly, Figure 10B shows reduced detection of phospho

Erk1/2 and Erk1 and Erk2 in presence of Erk1/2 siRNAs when

compared with control. Taken together, the results confirm that

phosphorylation of Erk1/2 plays a key role in secretion of the

proinflammatory chemokine IL-8 by airway epithelial cells in

response to cadmium.

DISCUSSION

Epithelial cells play a central role in lung physiology and

represent the first line of cells encountered by exogenous

FIG. 8. In vivo delivery of cadmium leads to the influx of inflammatory cells into the lungs of mice. Groups of mice received either PBS (A and C) or 10 nmol

cadmium (1-lg cadmium sulfate) (B and D) intranasally. Three days later, the mice were sacrificed and their lungs were subjected to hematoxylin and eosin (A and B)

or labeled with Ly-6(GR-1) (C and D) as described in ‘‘Materials and Methods’’ section. Data are representative of at least three mice per group. (E) Percentage of

cells present in BAL of mice 3 days after receiving PBS or cadmium (10 nmol). (F) Number of neutrophils present in BAL. Data are expressed as mean ± SE of at

least three mice per group.
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molecules in the lung. In addition to their role as a physical

barrier, airway epithelial cells play a key role in modulating

inflammatory responses that orchestrate immune responses

against microbes and pollutants. Cadmium is a heavy metal

present in airway pollutants. Compelling evidence indicates

that cadmium inhalation leads to several lung pathologies that

share the characteristic of being governed by inflammation.

However, little is known about the mechanism by which

heavy metals such as cadmium induce lung inflammation.

Data presented herein show that human airway epithelial cells

exposed to subcytotoxic concentrations of cadmium exhibit

a unique profile of inflammatory responses characterized by the

NF-jB–independent secretion of IL-8. We further demon-

strated that this inflammatory response signature involves Erk1/

2-dependent mechanisms and is associated with the recruitment

of inflammatory cells in vivo.

Airway epithelial cells are known to secrete cytokines and

chemokines that orchestrate host immune responses against

inhaled pathogens or pollutants. Important progress made over

the last couple of decades has established that bacteria and

viruses induce inflammatory responses via stimulation of

unique signaling pathways (Bauer et al., 2009; Gómez and

Prince, 2008; Hussell and Goulding, 2010; Zeytun et al.,
2010). Thus, interaction of bacterial-associated or viral

pathogen–associated molecular patterns with specific host

pattern recognition receptors result in inflammatory responses

that reflect the pathways induced (Kawai and Akira, 2010). The

airways are increasingly exposed to heavy metals, including

cadmium, present in particulate matter and other environmental

pollutants (Richter et al., 2009). Cadmium inhalation has been

linked to lung cancer and COPD (Kirschvink et al., 2005;

Nawrot et al., 2006). On the other hand, inhalation of nickel has

been associated with acute lung injury (Leikauf et al., 2002).

It has been shown that cadmium induces secretion of IL-8

by hepatocytes and peripheral blood mononuclear cells (Dong

FIG. 9. In vivo delivery of cadmium leads to activation of Erk1/2 and

secretion of the IL-8 homolog MIP-2. Groups of mice received either PBS or

10 nmol cadmium intranasally. Twenty-four hours later, the mice were

sacrificed. MIP-2 present in BAL (A) and MIP-2 mRNA levels present in lung

samples (B) were measured by ELISA and real-time quantitative RT-PCR,

respectively. Data are expressed as mean ± SE of at least three mice per group.

(C) The presence of pErk1/2 in the lung samples was detected by

immunoblotting that were processed as described in ‘‘Materials and Methods’’

section. The same amount of proteins was loaded in each lane.

FIG. 10. Silencing of Erk1 and 2 prevents cadmium-induced secretion of

IL-8. Calu-3 cells were transiently transfected with control siRNA (CT) or

a mix of siRNAs targeting Erk1 and Erk2. (A) The effect of transfection of

Erk1/2 siRNAs was evaluated by measuring IL-8 secretion in response to

cadmium (50lM) by ELISA. Data are expressed as % of control of at least

three independent experiments. *p < 0.05. (B) The effect of siRNA transfection

on pErk1/2 and total Erk1/2 expression was visualized by immunoblot in absence

or presence of stimulation by cadmium (50lM). Data are representative of at least

three independent experiments.
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et al., 1998; Horiguchi et al., 1993, 2000; Souza et al., 2004).

More recently, cadmium was reported to promote IL-8

secretion by human intestinal epithelial cells, human type 2

epithelial cells, and alveolar macrophages (Hyun et al., 2007;

Lag et al., 2010). The amount of IL-8 secreted by the Calu-3

cells in response to cadmium was similar to the one observed

with a high doses of LPS (5 lg/ml). Our results are in

agreement with previous studies reporting the relative in-

sensitivity of bronchial epithelial cells to LPS (Monick et al.,
2003; Parker and Prince, 2011). We found that cadmium, but

not nickel, induces IL-8 secretion by airway epithelial cells.

These findings further support the ability of cadmium to

promote IL-8 responses but also suggest that individual heavy

metal pollutants induce unique signature inflammatory

responses by airway epithelial cells. Previous studies reported

that nickel could induce IL-8 production by airway epithelial

cells and neutrophils (Freitas et al., 2010; Salnikow et al.,
2004). However, these studies employed very high doses of

nickel (> 250lM) when compared with the dose used in our

study (50 and 150lM). It is well established that transcriptional

activation of NF-jB is one of the key factors that regulate IL-8

gene expression (Hoffmann et al., 2002). The fact that

cadmium (1) induces a cytokine not induced by another heavy

metal and (2) does so via an alternative pathway strongly

suggests that heavy metal pollutants could trigger unique

signature inflammatory responses similarly to bacterial or viral

products.

Cell lines do not always reflect the behavior of primary cells,

and it is always crucial to confirm in vivo the biological

significance of observations made in vitro. We have shown

here that the unique inflammatory signature of cadmium, which

consists of IL-8 and IL-6, but not IL-1b or TNF-a, is conserved

in human airway epithelial cell lines, in primary human airway

epithelial cells, but also in mouse lung in vivo. As mentioned

above, cadmium previously was shown to induce IL-8 by

a number of cells, including the human intestinal epithelial cell

line Caco-2 (Hyun et al., 2007). In contrast to our findings with

airway epithelial cells, cadmium-induced secretion of IL-8 by

Caco-2 cells was reported to be mediated by an NF-jB–

dependent mechanism (Hyun et al., 2007). The notion that

airway epithelial cells can produce IL-8 in an NF-jB–

independent fashion has been suggested by others. For

example, bacterial DNA was shown to promote production of

IL-8 production by a MAPK-dependent NF-jB–independent

pathway (Akhtar et al., 2003). More recently, Tal et al. (2010)

found a link between the amount of organic material in diesel

exhaust particles and the involvement of NF-jB in IL-8

response by airway epithelial cells. Tal et al. (2010) showed

that low organic– and high organic–containing diesel exhaust

particles induced IL-8 release by airway epithelial cells in NF-

jB–dependent and NF-jB–independent manners, respectively.

Taken together, our results suggest that specific pathways

control the secretion of IL-8 that depends on the stimulus as

well as the cell type.

Another key result of this work is the identification of Erk1/2

as the master regulator of cadmium-induced IL-8 secretion by

airway epithelial cells. Importantly, this pathway was found to

control cadmium-induced IL-8 responses in both airway

epithelial cell lines, primary human airway epithelial cells and

in vivo in mouse lung. On the other hand, inhibition of the p38

MAPK pathway had only a slight effect on IL-8 secretion (50%

inhibition) and could be because this pathway is known to

stabilize the IL-8 mRNA (Holtmann et al., 1999; Winzen et al.,
1999). Cadmium is released in the environment where it is

mostly associated with PM2.5 (particulate matter of a diameter

< 2.5 lm) or fine particulate matter that is prone to be inhaled

due to its small size (Thomaidis et al., 2003). This heavy metal,

which also is present in cigarette smoke (2–4 lg per cigarette),

recently was shown to induce lung inflammation (Kundu et al.,
2009) and has been linked to lung cancer and COPD

(Kirschvink et al., 2005; Nawrot et al., 2006). It is worth

indicating that the 10 nmol dose of cadmium used in our in vivo
study in mice corresponds to 1 lg of cadmium sulfate and is

similar to the average amount of cadmium in one cigarette. The

ability of IL-8 to recruit and activate macrophages and

neutrophils makes this molecule a leading contributor to chronic

inflammation and neutrophil-induced tissue destruction in

pathologies induced by inhalation of cadmium. Our finding that

chemical inhibition of MEK1/2 (the kinase that phosphorylates

Erk1/2) or silencing of Erk1 and Erk2 with siRNAs could

suppress cadmium-induced IL-8 secretion by airway epithelial

cells identified these molecules as potential therapeutic targets

for treatment of cadmium-induced lung diseases.

In summary, we have identified an NF-jB–independent

pathway for induction of CXCL8/IL-8 responses in airway

epithelial cells by cadmium. Our findings suggest that targeting

the MEK/Erk1/2 pathway could prevent excessive release of

this proinflammatory chemokine in response to pollutants, such

as cadmium. Future studies will address the efficacy of this

approach in vivo.
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