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Abstract
Arsenic is the number one contaminant of concern with regard to human health according
to the World Health Organization. Epidemiological studies on Asian and South American
populations have linked arsenic exposure with an increased incidence of lung disease,
including pneumonia, and chronic obstructive pulmonary disease, both of which are associated with bacterial infection. However, little is known about the effects of low dose arsenic
exposure, or the contributions of organic arsenic to the innate immune response to bacterial
infection. This study examined the effects on Pseudomonas aeruginosa (P. aeruginosa)
induced cytokine secretion by human bronchial epithelial cells (HBEC) by inorganic sodium
arsenite (iAsIII) and two major metabolites, monomethylarsonous acid (MMAIII) and
dimethylarsenic acid (DMAV), at concentrations relevant to the U.S. population. Neither
iAsIII nor DMAV altered P. aeruginosa induced cytokine secretion. By contrast, MMAIII
increased P. aeruginosa induced secretion of IL-8, IL-6 and CXCL2. A combination of iAsIII,
MMAIII and DMAV (10 pbb total) reduced IL-8 and CXCL1 secretion. These data demonstrate for the first time that exposure to MMAIII alone, and a combination of iAsIII, MMAIII and
DMAV at levels relevant to the U.S. may have negative effects on the innate immune
response of human bronchial epithelial cells to P. aeruginosa.
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gov/) [B.A.S.; Superfund Research Program (SRP)
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fellowship from P42 ES007373 (SRP, Training Core),
and by grant R01 HL074175 (http://www.nih.gov/).
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Introduction
According to the World Health Organization (WHO) and the Agency for Toxic Substances
and Disease Registry (ATSDR) arsenic is the number one contaminant of concern for human
health worldwide [1]. Hundreds of millions of people worldwide are exposed to arsenic via
their drinking water, many at doses higher than the WHO maximum contaminant level of
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10 ppb [2]. The United States Geological Survey has reported that more than 25 million people
in the U.S. are exposed to well water with arsenic concentrations exceeding 10 ppb, the current
EPA standard for public water supplies [3,4]. Although the level of arsenic in water in the U.S.
is generally lower than in Asia and South America, levels of arsenic in well water in Maine have
been measured as high as 3,100 ppb and blood levels of total arsenic ranging from 0.23 to
8.58 ppb have been measured in a rural North Carolina population indicating exposure via
food and drinking water [3,5].
Recently, rice, and rice-based products including toddler formulas and energy bars have
been identified as major contributors to arsenic exposure [6–9]. For people with low levels of
arsenic exposure via drinking water, food constitutes 54–80% of the exposure risk [10]. Many
rice and rice based food products contain significant amounts of organic species of arsenic
[9,11]. This is cause for concern as little is currently known about the impact of organic forms
of arsenic exposure on human health. Some studies have indicated that trivalent DMA and
MMA are more toxic than inorganic arsenic, however these studies were done at high concentrations in animal models, and toxicity varies by species and oxidation state [12]. For example,
MMAIII (180 ppb) has been shown to inhibit cholesterol biosynthesis and inhibit steroid receptor binding to DNA response elements in mammalian cells [13,14]. However, to our knowledge
there are no studies that have examined the effects of low levels of organic arsenic exposure on
the innate immune response. Although animal studies examining immune response have been
conducted using low levels of arsenite in the drinking water, because arsenite is metabolized in
the liver it is not possible to determine if the reported effects are the result of arsenite, MMA or
DMA [15].
Arsenic exposure in Asia and South America has been linked with a variety of lung diseases
including pneumonia, chronic obstructive pulmonary disease (COPD), bronchiectasis, chronic
bronchitis and lung cancer [16–18]. Pneumonia, bronchiectasis and COPD are frequently associated with the opportunistic pathogen, Pseudomonas aeruginosa (P. aeruginosa), one of the
leading causes of nosocomial infections throughout the world [19,20]. While it has been shown
that low-level exposure to arsenic in zebrafish and mice alters the immune response to viral
and bacterial pathogens, little is known about the mechanisms by which this alteration occurs
[15,21]. In addition, nothing is known about effects of low levels of arsenic on the innate
immune function of human lung. Accordingly, the goal of this study was to examine the impact
of low levels of arsenic and methylated metabolites on P. aeruginosa induced cytokine secretion
in primary human bronchial epithelial cells (HBEC).
P. aeruginosa lung infections stimulate the secretion of several cytokines by HBEC including
IL-8, IL-6, CXCL1 and CXCL2 [22–24]. These cytokines are chemotactic, and recruit neutrophils and macrophages to the lungs, which are the primary phagocytic cells in the lung responsible for bacterial clearance and killing [20,25]. In addition, these phagocytes produce
inflammatory cytokines in response to P. aeruginosa that elicit many of the key responses that
are critical to normal clearance of P. aeruginosa infection [22,26]. However, during chronic
and excessive pulmonary infection and inflammation, the prolonged cellular stimulation and
presence of inflammatory cytokines leads to lung damage [19,27]. By contrast, an inappropriately low immune response to P. aeruginosa reduces the recruitment and activation of neutrophils and macrophages, which reduces the ability to clear P. aeruginosa from the lungs and
causes irreversible pulmonary damage [27]. Thus, an appropriate cytokine response to bacterial
infection is required to resolve infections with minimal damage to the lungs.
Since little is known about the effects of low dose arsenic exposure, or the contributions of
organic forms of arsenic exposure to the innate immune response to P. aeruginosa infection,
the goal of this study was to examine the effects on P. aeruginosa induced cytokine secretion by
HBEC by inorganic sodium arsenite (iAsIII) and two major metabolites, monomethylarsonous
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acid (MMAIII) and dimethylarsenic acid (DMAV), at concentrations relevant to blood levels
measured in the U.S. population. Exposure of bronchial epithelial cells to ingested arsenic
occurs via the blood in vivo. Primary HBEC from several individuals were exposed to arsenic
concentrations relevant to blood levels in cell culture media.

Methods
Chemicals and Bacterial Strains
DMAV and iAsIII were purchased from Sigma (St. Louis, MO). MMAIII was synthesized at the
Synthetic Chemistry Facility Core at University of Arizona according to previously published
methods [28,29]. Fresh concentrated stocks of iAsIII, DMAV and MMAIII (10 ppm) were made
in distilled, ultrapure water. Concentrated stocks were diluted to working stock solutions
(1 ppm) in cell culture media with fresh dilution stock for each experiment. To minimize degradation of MMAIII, stocks were maintained at -20°C and fresh dilutions were used for each
experiment per standard protocols from the synthetic chemistry facility core at University of
Arizona [29]. Purified CXCL2 was purchased from R&D Systems (Minneapolis, MN) and
diluted in distilled, ultrapure water. P. aeruginosa (PAO1) was grown in rich medium (Luria
broth, LB, Invitrogen Grand Island, NY) at 37°C. Overnight cultures were washed three times
and then added to the HBEC cells at a multiplicity of infection (MOI) of 25 as previously
described [30].

Cells
Primary cultures of human bronchial epithelial cells (HBEC) were purchased from Lonza
(Hopkinton, MD). Cells from four individual donors were used for these studies. All donors
were Caucasian males between the ages of 32–40 years old. HBEC cells were passaged a maximum of two times. All experiments were repeated with each individual donor a minimum of
twice, each with a different passage. Control and P. aeruginosa exposure were repeated with
each cell passages along with arsenic exposure. HBEC were maintained at 37°C with 5% CO2 in
bronchial epithelial growth media (BEGM) supplemented with bovine pituitary extract, insulin, hydrocortisone, human epithelial growth factor, epinephrine, transferrin, retinoic acid,
triiodothryonine and gentamycin from Lonza, according to the manufacturers instructions.
Cells were plated in coated 6 well tissue culture plates at 5x105 cells per well. HBEC were
exposed to either iAsIII, MMAIII or DMAV in cell culture media at concentrations from 0.5–
10 ppb for 6 days, with media renewal every 2 days. Media contained either iAsIII, MMAIII or
DMAV as appropriate at each change. Dose ranges were chosen based on blood levels measured in those with drinking water containing 90 ppb in Bangladesh and US blood levels
[3,31]. In some experiments HBEC were exposed to a combination of iAsIII (1.25 ppb), MMAIII
(1.25 ppb) and DMAV (2.5 ppb) or iAsIII, (2.5 ppb), MMAIII (2.5 ppb) and DMAV (5 ppb), to
mimic blood levels of 5 ppb and 10 ppb total arsenic. These ratios reflect levels measured in
blood [31]. After 6 days, cells were exposed to vehicle or P. aeruginosa at a MOI of 25 for 1
hour. After PAO1 exposure, HBEC were washed to remove P. aeruginosa using cell culture
media containing 75 μg/mL gentamycin to kill any adherent P. aeruginosa as P. aeruginosa
exposure for longer than 1h caused significant cell death [30]. After washing, HBEC were incubated without P. aeruginosa for 5 hours to allow cells to elaborate an immune response. Supernatant was collected to measure cytokine release and cells were lysed to isolate total RNA. All
experiments were repeated a minimum of two times with each individual donor. In all donors
examined the responses were similar in direction (i.e., increase, decrease or no change), but
varied in the absolute changes in cytokine secretion.
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To determine if the arsenic induced changes in cytokine secretion by HBEC were biologically relevant, THP-1 cells, a monocyte cell line, purchased from ATCC (Manassas, VA), were
exposed to purified CXCL2 at concentrations secreted by HBEC or conditioned media from
HBEC experiments. After exposure to CXCL2 or HBEC conditioned media, IL-1β production
was measured by ELISA. THP-1 cells were grown in RPMI-1640 with 10% FBS and penicillin
and streptomycin. Cells were plated at 1x106 cells per well in 6 well plates and differentiated to
macrophages with PMA (20 ng/mL for 48h, Sigma St. Louis, MO) [32]. Cells were then
exposed to 150, 500 or 1000 pg/mL purified CXCL2 (R&D Systems, Minneapolis, MN) in standard cell culture media for 24h. In conditioned media experiments, THP-1 cells were plated at
5x105 cells per well in 12 well plates and differentiated to macrophages with PMA as described
above. THP-1 cells were then exposed to conditioned media from HBEC experiments diluted
1:3 in standard cell culture media for 24h to ensure that THP-1 cells remained healthy and
cytokine response levels were in the linear range. Conditioned media from a minimum of 3 different HBEC donors exposed to 10 ppb MMAIII, 10 ppb iAsIII or 10 ppb total arsenic with and
without P. aeruginosa were used in two replicate THP-1 wells per treatment.

Cytotoxicity
Lactate dehydrogenase (LDH) release by HBEC was used to assess cytotoxicity of all treatments
and was measured using the Promega CytoTox 96 Non-Radioactive Cytotoxicity assay per
manufacturers instructions (Madison, WI).

Measurement of intracellular arsenic
To determine if HBEC metabolize arsenic and to measure the intracellular concentration of
iAs, MMA or DMA, HBEC were exposed to 10 ppb or 50 ppb of iAsIII, MMAIII or DMAV for
either 2 hours (50 pbb) or 7 days (10 ppb), times that are adequate to metabolize arsenic [33].
Thereafter, HBEC were washed on ice with PBS five times. Cells were lysed with 0.1% TritonX, and spun at 14,000xg for 20 minutes to pellet cells debris. Speciation analysis of arsenic was
done by anion exchange chromatography coupled to ICP-MS and detected iAsIII, iAsV, but
only oxidized organic species MMAV and DMAV [34].

Cytokines
IL-8, IL-6, CXCL1, CXCL2 and IL-1β secretion was measured by ELISA (PromoKine Heidelberg, Germany).

RNA Isolation
Total RNA was isolated from HBEC after exposure to MMA or a combination to all three species with and without exposure to P. aeruginosa as described above. Total RNA was isolated
with the miReasy kit (Qiagen, Valencia, CA) according to manufacturers instructions. Briefly,
cells were lysed in phenol and then chloroform was added for phase extraction. The aqueous
phase was mixed with ethanol to precipitate RNA. RNA was cleaned up on a glass fiber filter,
and washed three times prior to elution. RNA was eluted in nuclease free water and stored at
-80°C until time of use. RNA integrity and concentration was assessed using micro-capillary
electrophoresis on an Agilent 2100 Bioanalyzer. RNA was compared to a RNA ladder with 6
RNA transcripts of varying sizes and known concentration of 150 ng/mL. RNA quality was
verified by observation of corresponding 18 S and 28 S peaks on the electropherogram. Only
intact RNA was used for further analysis.
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qPCR
For quantitative PCR (qPCR) cDNA was synthesized from1 μg of total RNA using Retroscript
Reverse Transcriptase (Ambion, Austin, TX) with random decamers. TaqMan Gene Expression Assays for human IL8 (TaqMan Gene Expression Assays, Inventoried assay ID
Hs00174103), human IL-6 (TaqMan Gene Expression Assays, Inventoried assay ID
Hs00985639), human CXCL1 (TaqMan Gene Expression Assays, Inventoried assay ID
Hs00605382) and human CXCL2 (TaqMan Gene Expression Assays, Inventoried assay ID
Hs00601975) were purchased from Applied Biosystems (ABI, Foster City, CA). Amplicons
were sequenced to verify products. Triplicate reactions containing 100ng cDNA from each
sample were amplified with an initial denaturing at 95°C for 10 min, followed by 40 cycles of
15 s at 95°C and 1 min at 60°C. Transcript abundance was calculated based on serial dilution of
a standard curve. The standard curves showed a correlation coefficient close to 1 (R2 > 0.95)
and were linear over a 4-log range.

Statistics
Statistical significance was assessed by one-way ANOVA followed by Tukey’s HSD post hoc
test. All statistical analysis was done with Prism v5.0 (Graph Pad Software, San Diego, CA). All
experiments were repeated a minimum of two times with different passages of each individual
donor. Data are presented as the mean ± SEM.

Results
HBEC Minimally Metabolize iAsIII, MMAIII or DMAV
In order to use HBEC to examine effects of individual species of arsenic, we first conducted
studies to examine whether these cells metabolize arsenic. Measurements of intracellular arsenic by ICP-MS in HBEC exposed to 50 ppb iAsIII, MMAIII, or DMAV for two hours revealed
that HBEC do not metabolize arsenic in this time frame (Table 1). Intracellular concentrations
of arsenic varied slightly by donor, thus data in Table 1 are presented as the range of concentrations measured. Unexposed control cells showed very low levels of iAsV, which was present in
all treatments except DMAV. In cells exposed to iAsIII, both iAsIII and iAsV were detected, as
expected since these species readily interconvert in a pH dependent manner both extra- and
intracellularly [13,35]. However, in cells exposed to MMAIII only MMAV could be detected,
and in cells exposed to DMAV, only DMAV could be detected (Table 1). These results agree
with previous studies demonstrating that undifferentiated human bronchial epithelial cells
minimally metabolize arsenic [36]. Additionally, HBEC were exposed to 10 ppb iAsIII for seven
days to more fully examine metabolism in longer exposure conditions. Unexposed HBEC and
Table 1. Range of intracellular arsenic concentrations measured in HBEC exposed to 50 ppb iAsIII,
DMAV or MMAIII.
Intracellular Concentration (ng/g)
Treatment

III

iAs

Control (n = 3)

iAsV

MMAV

DMAV

bdl

0.06–0.1

bdl

bdl

bdl—3.7

bdl—0.5

bdl

bdl

MMAIII (n = 3)

bdl

bdl- 0.4

bdl—0.4

bdl

DMAV (n = 3)

bdl

bdl

bdl

bdl– 0.2

iAsIII (n = 3)

Control indicates unexposed cells. bdl = below detection limit of 0.05ng/g.
doi:10.1371/journal.pone.0142392.t001
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cells exposed to 10 ppb iAsIII had iAsIII and MMAV levels that were below detection limits
(n = 7). Unexposed control HBEC had iAsV levels of 0.146 ± 0.08 ppb and DMAV levels of
0.034 ± 0.02 ppb (n = 7). HBEC exposed to iAsIII had iAsV levels of 0.173 ± 0.09 ppb and
DMAV levels of 0.054 ± 0.06 ppb (n = 7). Measured iAsV and DMAV were not significantly different between iAsIII exposed and unexposed control cells. These longer exposures agree with
the minimal metabolism of HBEC previously reported, and reveal that our model system is
suitable for examining individual arsenic species [36].

iAsIII, MMAIII and DMAV are not cytotoxic
Arsenic exposure at high levels can be cytotoxic but less is understood about low doses, in particular when combined with an additional stressor [35,37]. Although HBEC were exposed to
very low levels (0.5 to 10 ppb) of iAsIII, MMAIII or DMAV, studies measuring LDH were conducted to determine if these arsenic species had cytotoxic effects alone or in combination with
P. aeruginosa. As shown in Fig 1, neither iAsIII, MMAIII nor DMAV alone or in combination
with P. aeruginosa were cytotoxic. P. aeruginosa alone had no effect on LDH release. This
experiment eliminates cytotoxicity as a possible mechanism of action of arsenic and P. aeruginosa on cytokine secretion by HBEC.

Fig 1. Arsenic exposure does not cause cytotoxicity. LDH release by HBEC was used to assess arsenic cytotoxicity and was measured using the
Promega CytoTox 96 Non-Radioactive Cytotoxicity assay per manufacturers instructions. Data reported as optical density (OD, at 490 nm) of the cell culture
medium bathing 500K cells. The first two bars represent LDH released by cells lysed by Triton-X (Lysed Cells). Data presented as mean ± SEM. LDH release
was not significantly different from 0 in vehicle and arsenic treated cells, with and without P. aeruginosa exposure. n = 4 donors per treatment group.
doi:10.1371/journal.pone.0142392.g001
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Fig 2. Inorganic arsenic does not alter P. aeruginosa induced immune response. Cytokine secretion by HBEC exposed to iAsIII ± P. aeruginosa. n = 4
donors for each treatment. Different letters indicate statistically significant treatment means. Data labeled a are not statistically different from each other but
are statistically different from data labeled b (p<0.05 as measured by one-way ANOVA). Data with the same letter are not significantly different. (A) IL-8
secretion (B) IL-6 secretion (C) CXCL1 secretion (D) CXCL2 secretion.
doi:10.1371/journal.pone.0142392.g002

iAsIII and DMAV have no effect on cytokine secretion by HBEC
iAsIII alone (0.5 to 10 ppb) had no effect on IL-6, IL-8, CXCL1 or CXCL2 secretion by HBEC,
nor did iAsIII alone affect P. aeruginosa stimulated cytokine secretion (Fig 2). Similarly, DMAV
alone (0.5 to 10 ppb) did not significantly affect IL-6, IL-8, CXCL1 or CXCL2 secretion by
HBEC (Fig 3).

MMAIII increased P. aeruginosa stimulated cytokine secretion by HBEC
MMAIII alone (0.5 to 10 ppb) had no effect on IL-6, IL-8, CXCL1 or CXCL2 secretion (Fig 4).
However, 5 ppb MMAIII significantly increased P. aeruginosa stimulated IL-8 and IL-6 secretion in comparison to P. aeruginosa alone (Fig 4A and 4B). By contrast, 10 ppb MMAIII had no
effect on P. aeruginosa stimulated IL-8 and IL-6 secretion (Fig 4A and 4B). MMAIII also had
no effect on P. aeruginosa induced CXCL1 secretion at any concentration tested (Fig 4C).
Although 0.5 and 5 ppb of MMAIII had no effect on P. aeruginosa stimulated CXCL2 secretion,
10 ppb MMAIII increased CXCL2 secretion (Fig 4D). Thus, taken together these data demonstrate that MMAIII (5 ppb) enhances P. aeruginosa induced secretion of IL-8 and IL-6 and that
MMAIII (10 ppb) enhances P. aeruginosa induced secretion of CXCL2.
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Fig 3. DMA does not alter P. aeruginosa induced immune response. Cytokine secretion by HBEC exposed to DMAV ± P. aeruginosa. n = 4 donors for
each treatment. Different letters indicate statistically significant treatment means. Data labeled a are not statistically different from each other but are
statistically different from data labeled b (p<0.05 as measured by one-way ANOVA). Data with the same letter are not significantly different. (A) IL-8 secretion
(B) IL-6 secretion (C) CXCL1 secretion (D) CXCL2 secretion.
doi:10.1371/journal.pone.0142392.g003

A combination of iAsIII, MMAIII and DMAV reduced P. aeruginosa
stimulated cytokine secretion
Since blood of individuals who drink water contaminated with iAsIII and iAsV typically contains mixtures of iAs, MMA and DMA, because inorganic arsenic is metabolized in the liver,
we conducted studies to examine the effect of a combination of organic and inorganic arsenic
at levels measured in blood samples obtained in the U.S. [3,31]. HBEC were exposed to 5 ppb
or 10 ppb total arsenic, composed of 50% DMAV, 25% MMAIII and 25% iAsIII. Neither 5 ppb
nor 10 ppb total arsenic alone had a significant effect on basal cytokine secretion compared to
control (Fig 5). Both 5 ppb and 10 ppb total arsenic significantly reduced P. aeruginosa stimulated IL-8 cytokine secretion (Fig 5A). 5 ppb total arsenic had no effect on P. aeruginosa stimulated IL-6, CXCL1 or CXL2 secretion (Fig 5B, 5C and 5D), but 10 ppb total arsenic
significantly reduced P. aeruginosa stimulated CXCL1 secretion (Fig 5C).

IL-1β secretion by THP-1 cells is regulated by cytokines released by
HBEC
Studies were conducted to determine if the MMAIII induced changes in CXCL2 secretion by
HBEC had a significant effect on IL-1β production by differentiated THP-1 cells, a model
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Fig 4. MMA enhances P. aeruginosa induced immune response. Cytokine secretion by HBEC exposed to MMAIII ± P. aeruginosa. n = 4 donors for each
treatment. Different letters indicate statistically significant treatment means. Data labeled a are not statistically different from each other but are statistically
different from data labeled b or c (p<0.05 as measured by one-way ANOVA). Data with the same letter are not significantly different. (A) IL-8 secretion (B) IL-6
secretion (C) CXCL1 secretion (D) CXCL2 secretion.
doi:10.1371/journal.pone.0142392.g004

macrophage cell line (Fig 6A). IL-1β secretion by macrophages recruits additional macrophages and neutrophils into the lungs, and is an essential component of the innate immune
response to bacterial infection [20]. Thus, studies were conducted to determine if the MMAIII
induced increase in CXCL2 secretion by P. aeruginosa exposed HBEC had a significant effect
on IL-1β secretion by THP-1 cells. An increase in CXCL2 concentration from 500 to 1000 pg/
mL, the concentrations produced by HBEC exposed to P. aeruginosa and P. aeruginosa plus
10 ppb MMAIII, respectively, significantly increased IL-1β secretion (Fig 6B). THP-1 IL-1β
release was modest when stimulated with CXCL2 in comparison to stimulation with conditioned media from HBEC.
To further examine the impact of altered HBEC cytokine secretion on macrophage IL-1β
secretion, THP-1 cells were exposed to conditioned media from HBEC exposed to 10 ppb
MMAIII, 10 ppb iAsIII or 10 ppb total arsenic with and without P. aeruginosa. Conditioned
media from HBEC exposed to 10 ppb MMAIII, 10 ppb iAsIII or 10 ppb total arsenic in the
absence of P. aeruginosa did not significantly alter THP-1 IL-1β production compared to conditioned media from control HBEC (Fig 6C). Conditioned media from HBEC exposed to P.
aeruginosa significantly increased IL-1β secretion by THP-1 cells compared to control conditioned media. Conditioned media from HBEC exposed to P. aeruginosa plus 10 ppb MMAIII
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Fig 5. A combination of iAsIII, MMAIII and DMAV reduced P. aeruginosa stimulated cytokine secretion. Cytokine secretion by HBEC exposed to 5 ppb
total arsenic (combination of 1.25 ppb iAsIII + 1.25 ppb MMAIII + 2.5 ppb DMAV) ± P. aeruginosa or 10 ppb total arsenic (combination of 2.5 ppb iAsIII + 2.5 ppb
MMAIII + 5 ppb DMAV) ± P. aeruginosa. n = 4 donors for each treatment. *p = <0.05 for the indicated comparisons. (A) IL-8 secretion (B) IL-6 secretion (C)
CXCL1 secretion (D) CXCL2 secretion.
doi:10.1371/journal.pone.0142392.g005

significantly increased THP-1 production of IL-1β compared P. aeruginosa alone. It is important to note that in the studies presented in Fig 6C 10 ppb MMAIII increased cytokine (IL-6
and IL-8) secretion by HBEC cells. 10 ppb iAsIII did not alter cytokine secretion by HBEC in
the presence of P. aeruginosa. While 10 pbb total arsenic reduced IL-8 and CXCL1 secretions
by HBEC, these reductions were not sufficient to significantly alter IL-1β in macrophages.
Taken together, these data suggest that the alteration of IL-6 and IL-8 secretion in P. aeruginosa
stimulated HBEC by 10 ppb MMAIII will significantly alter IL-1β production by macrophages.

Neither MMAIII nor a combination of iAsIII, MMAIII and DMAV altered
cytokine mRNA
To examine whether changes in HBEC cytokine secretion were the result of transcriptional regulation or post-translational modification, cytokine mRNA levels were measured. As shown in
Figs 7 and 5 ppb MMAIII alone had no effect on IL-8 or on IL-6 mRNA levels (Fig 7A and 7B).
In addition, 10 ppb MMAIII alone had no effect on CXCL2 mRNA levels (Fig 7C). P. aeruginosa
significantly increased IL-8, IL-6 and CXCL2 transcript levels, but the presence of MMAIII did
not alter P. aeruginosa induced mRNA. Thus, the observed increases in IL-8, IL-6 and CXCL2
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Fig 6. Changes in HBEC cytokine production impacted macrophage IL-1β production. (A) Model of how arsenic exposure alters HBEC production of
cytokines, which impacts cytokine secretion by macrophages. (B). IL-1β secretion by THP-1 cells stimulated with purified CXCL2 using the range of
concentrations released by HBEC in the present experiments. n = 4 donors. (C) IL-1β secretion by THP-1 cells stimulated with conditioned media from HBEC
treated with vehicle (control), 10 ppb MMA, 10 ppb iAs or 10 ppb total arsenic ± P. aeruginosa. n = 3 donors. *p = <0.05 for the indicated comparisons.
doi:10.1371/journal.pone.0142392.g006

cytokine levels induced by MMAIII were not related to an increase in cytokine mRNA. In addition, studies were conducted to determine if the inhibitory effect of a combination of iAsIII,
MMAIII and DMAV (10 ppb) on IL-8 and CXCL1 secretion was mediated by a decrease in
mRNA. However, as shown in Fig 8, the combination of iAsIII, MMAIII and DMAV alone had
no effect on IL-8 or on CXCL1 mRNA levels (Fig 8A and 8B). P. aeruginosa stimulated IL-8 and
CXCL1 mRNA, but 10 ppb total arsenic did not alter the P. aeruginosa induced mRNA. Thus,
the observed decreased in IL-8 and CXCL1 cytokine levels induced by a combination of iAsIII,
MMAIII and DMAV (10 ppb) were not related to decreased mRNA levels of these cytokines.

Discussion
Arsenic exposure is a global health concern with a variety of deleterious health effects. The
immunotoxicity of arsenic is poorly understood and represents an important area of study
[17]. Alteration of inflammatory processes, in particular in TNFα and NFκB signaling, has
been observed in infants exposed to arsenic in utero [38–40]. However nothing is known about
the relative contributions of inorganic versus organic species of arsenic to immunotoxicity. To
our knowledge this is the first study to examine the impacts of MMAIII and DMAV, at
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Fig 7. MMAIII had no effect on cytokine mRNA levels. MMAIII (5 ppb) had no effect on (A) IL-8 or on (B) IL-6 mRNA levels. In addition, MMAIII (10 ppb) had
no effect on (C) CXCL2 mRNA levels. Thus, the observed increases in IL-8, IL-6 and CXCL2 cytokine levels induced by MMAIII were not related to increased
mRNA levels. n = 4 donors.
doi:10.1371/journal.pone.0142392.g007

concentrations that are relevant to the US population, on the innate immune response of
HBEC to a bacterial pathogen. The major novel finding is that a combination of 10 ppb total
iAsIII, MMAIII and DMAV, reflecting blood levels relevant to drinking water exposures, suppressed IL-8 and CXCL1 secretion by HBEC. In addition, MMAIII alone exacerbated the
immune response of HBEC to P. aeruginosa. Taken together, these data demonstrate that low
levels of arsenic disrupt cytokine secretion by P. aeruginosa stimulated HBEC.
Results from this HBEC study are similar to research using a co-culture model of Caco-2
cells (a human colon epithelial cell line) and peripheral blood monocyte cells (PBMC) that
showed 9 ppb MMAIII enhanced LPS induced IL-6 and TNFα release [41]. The same study
using Caco-2/PBMC in co-culture also showed that 105 ppb DMAIII plus LPS reduced IL-8
and IL-6 release into the apical media in comparison to LPS alone [41]. Interestingly, in contrast to our findings, Caco-2 cells and the Caco-2/PBMC co-culture showed significant release
of pro-inflammatory cytokines with exposure to iAsIII, MMAIII or DMAIII alone [41,42]. By
contrast, HBEC in this study showed low basal levels of pro-inflammatory cytokines regardless
of arsenic exposure. These differences are potentially due to higher concentrations of iAs,
MMA and DMA used in the Caco-2 study, or may simply represent tissue differences in
response to arsenic species [42].
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Fig 8. Exposure to mixtures of arsenic species does not alter cytokine mRNA. A mixture of arsenic (10 ppb: 2.5 ppb AsIII, 2.5 ppb MMAIII and 5 ppb
DMAV) had no effect on (A) IL-8 or (B) CXCL1 mRNA. Thus, the observed reductions in IL-8 and CXCL1 cytokine levels induced by the mixture of arsenic
species were not related to decreased mRNA levels. n = 4.
doi:10.1371/journal.pone.0142392.g008

Pro-inflammatory cytokine secretion by bronchial epithelial cells is the first response to bacterial infection [23]. The initial increase in cytokine secretion by HBEC recruits professional
immune cells, including macrophages and neutrophils, into the lungs, which secrete copious
amounts of cytokines that mobilize additional immune cells to eliminate the bacterial infection
[20]. Here we show that MMAIII enhances the innate immune response of HBEC, which may
increase the production of cytokines by macrophages, and potentially lead to excessive inflammation, which has been shown to produce lung damage [20]. We found that the change in
cytokine secretion by HBEC induced by MMAIII in this study had significant effects on IL-1β
secretion by differentiated THP-1 cells, a model macrophage cell line. While in vivo prolonged
production of cytokines can result in lung damage, initially this increased cytokine secretion
may be a beneficial augmentation, resulting in enhanced recruitment of macrophages and
more rapid clearance of pathogens [20]. Further study is required to determine which of these
responses are seen with low level MMAIII exposure.
Interestingly, 10 ppb total arsenic, a combination of iAsIII, MMAIII and DMAV reflecting
relative blood levels after exposure via drinking water, reduced cytokine secretion by HBEC.
Reduced cytokine secretion by HBEC would be expected to reduce macrophage recruitment
and pathogen clearance. However, the reduced cytokines produced by HBEC after exposure to
10 ppb total arsenic did not significantly reduce IL-1β in THP-1 cells, suggesting that the
reduction in IL-8 and CXCL1 will not alter macrophage response. The differences between
MMAIII alone and the combinations of arsenic species will require further study to understand
the specific mechanisms for each type of exposure.
Low dose inorganic arsenic has previously been shown to reduce clearance of pathogens in
zebrafish and mouse lung, however similar results have not previously been reported in human
cells [15,21]. The published animal studies used a variety of viral and bacterial pathogens
including Influenza A (H1N1), snakehead rhabdovirus, and Edwardsiella tarda indicating that
altered immune response with arsenic can happen with a variety of pathogens [15,21]. Studies
related to arsenic in the human lung have shown that arsenic exposure compromises respiratory immune response through several mechanisms including decreased airway epithelial chloride secretion, altered activation of pulmonary alveolar macrophages and impaired wound
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response resulting in airway remodeling [43–45]. Thus, arsenic has many effects on the innate
immune response to bacterial infection.
IL-8 and CXCL2 are transcriptionally regulated by NFκB, and other transcription factors
[46,47]. Previous studies have indicated that one mechanism for immunotoxicity of arsenic is
through interaction with NFκB; including enhanced NFκB activation by MMAIII in uroepithelial cells, and activation of NFκB signaling in cord blood of newborns with in utero arsenic
exposure [29,39]. However, we did not observe an effect of MMAIII or the combination of
iAsIII, MMAIII and DMAV on mRNA levels of IL-6, IL-8, CXCL1 or CXCL2, thus, the arsenic
induced changes in cytokine production observed in the present study are likely to occur by
post-transcriptional mechanisms.
One possible post-transcriptional mechanism is that MMAIII may enhance secretion of
these cytokines through a change in membrane fluidity. Studies have indicated that low levels
of MMAIII perturb cholesterol biosynthesis [14]. Additional studies are necessary to examine
the distinct molecular mechanisms whereby MMAIII and the combination of iAsIII, MMAIII
and DMAV at levels found in blood alter P. aeruginosa induced cytokine secretion in HBEC.
Data from this study show dysregulation of proinflammatory cytokines in HBEC after
organic arsenic exposure and that these altered cytokines have downstream effects, altering IL1β secretion in THP-1 cells. Our data provide insight into the possible mechanisms whereby
arsenic exposure increases the relative risk of respiratory infection and COPD, which is associated with chronic bacterial infections, and other non-malignant lung infections [16,48]. Moreover, this study provides important data demonstrating that organic forms of arsenic, at low
doses, have negative effects on the innate immune response of human bronchial epithelial cells
to P. aeruginosa infection in vitro.

Acknowledgments
The authors would like to thank Dr. Jay Gandolfi and Dr. Matthew Medeiros from the University of Arizona for providing MMAIII for these studies.

Author Contributions
Conceived and designed the experiments: EGN BB BPJ BAS. Performed the experiments: EGN
BCG RB BC VFT. Analyzed the data: EGN VFT BPJ. Wrote the paper: EGN BCG BAS.

References
1.

ATSDR. Toxicological Profile for Arsenic (Update). Agency for Toxic Substances and Disease Registry.
Atlanta, GA2007.

2.

Mandal BK, Suzuki KT. Arsenic round the world: a review. Talanta. 2002; 58(1):201–35. PMID:
18968746

3.

Sanders AP, Flood K, Chiang S, Herring AH, Wolf L, Fry RC. Towards Prenatal Biomonitoring in North
Carolina: Assessing Arsenic, Cadmium, Mercury, and Lead Levels in Pregnant Women. PLoS One.
2012; 7(3).

4.

Welch AH, Helsel DR, Focazio MJ, Watkins SA. Arsenic in Ground Water Supplies of the United States.
In: Chappell WR, Abernathy CO, Calderon RL, editors. Arsenic Exposure and Health Effects III.
Oxford: Elsevier Science Ltd; 1999. p. 9–17.

5.

Nielsen MGL PJ, Schalk LF. Assessment of arsenic concentrations in domestic well water, by town, in
Maine, 2005–2009. In: Survey USG, editor. U.S. Geological Survey Scientific Investigations Report
2010–51992010.

6.

EFSA. EFSA Panel on Contaminants in the Food Chain (CONTAM): Scientific Opinion on Arsenic in
Food. EFSA Journal. 2009; 7(10):199.

7.

Meharg AA, Deacon C, Campbell RCJ, Carey AM, Williams PN, Feldmann J, et al. Inorganic arsenic
levels in rice milk exceed EU and US drinking water standards. Journal of Environmental Monitoring.
2008; 10(4):428–31. 4. doi: 10.1039/b800981c PMID: 18385862

PLOS ONE | DOI:10.1371/journal.pone.0142392 November 10, 2015

14 / 16

MMA Alters Cytokine Secretion in HBEC

8.

Zhu YG, Williams PN, Meharg AA. Exposure to inorganic arsenic from rice: A global health issue? Environmental Pollution. 2008; 154(2):169–71. doi: 10.1016/j.envpol.2008.03.015 PMID: 18448219

9.

Jackson BP, Taylor VF, Karagas MR, Punshon T, Cottingham KL. Arsenic, Organic Foods, and Brown
Rice Syrup. Environmental Health Perspectives. 2012; 120(5):623–6. doi: 10.1289/ehp.1104619
PMID: 22336149

10.

Kurzius-Spencer M, Burgess JL, Harris RB, Hartz V, Roberge J, Huang S, et al. Contribution of diet to
aggregate arsenic exposures—An analysis across populations. J Expos Sci Environ Epidemiol. 2013;
24(2):156–62.

11.

Zhao FJ, Zhu YG, Meharg AA. Methylated Arsenic Species in Rice: Geographical Variation, Origin, and
Uptake Mechanisms. Environmental Science & Technology. 2013; 47(9):3957–66.

12.

Hughes MF, Beck BD, Chen Y, Lewis AS, Thomas DJ. Arsenic exposure and toxicology: a historical
perspective. Toxicol Sci. 2011; 123(2):305–32. doi: 10.1093/toxsci/kfr184 PMID: 21750349

13.

Gosse JA, Taylor VF, Jackson BP, Hamilton JW, Bodwell JE. Monomethylated trivalent arsenic species
disrupt steroid receptor interactions with their DNA response elements at non-cytotoxic cellular concentrations. J Appl Toxicol. 2014; 34(5):498–505. doi: 10.1002/jat.2898 PMID: 23765520

14.

Guo L, Xiao Y, Wang Y. Monomethylarsonous acid inhibited endogenous cholesterol biosynthesis in
human skin fibroblasts. Toxicology and Applied Pharmacology. 2014; 277(1):21–9. doi: 10.1016/j.taap.
2014.02.020 PMID: 24625837

15.

Kozul CD, Ely KH, Enelow RI, Hamilton JW. Low-dose arsenic compromises the immune response to
influenza A infection in vivo. Environ Health Perspect. 2009; 117(9):1441–7. doi: 10.1289/ehp.0900911
PMID: 19750111

16.

Parvez F, Chen Y, Brandt-Rauf PW, Bernard A, Dumont X, Slavkovich V, et al. Nonmalignant respiratory effects of chronic arsenic exposure from drinking water among never-smokers in Bangladesh.
Environ Health Perspect. 2008; 116(2):190–5. doi: 10.1289/ehp.9507 PMID: 18288317

17.

Dangleben NL, Skibola CF, Smith MT. Arsenic immunotoxicity: a review. Environmental Health. 2013;
12.

18.

Smith AH, Marshall G, Yuan Y, Ferreccio C, Liaw J, von Ehrenstein O, et al. Increased mortality from
lung cancer and bronchiectasis in young adults after exposure to arsenic in utero and in early childhood. Environ Health Perspect. 2006; 114(8):1293–6. PMID: 16882542

19.

Lieberman D. Pseudomonal infections in patients with COPD: epidemiology and management. Am J
Respir Med. 2003; 2(6):459–68. PMID: 14719985

20.

Lavoie EG, Wangdi T, Kazmierczak BI. Innate immune responses to Pseudomonas aeruginosa infection. Microbes Infect. 2011; 13(14–15):1133–45. doi: 10.1016/j.micinf.2011.07.011 PMID: 21839853

21.

Nayak AS, Lage CR, Kim CH. Effects of low concentrations of arsenic on the innate immune system of
the zebrafish (Danio rerio). Toxicol Sci. 2007; 98(1):118–24. PMID: 17400579

22.

Kube D, Sontich U, Fletcher D, Davis PB. Proinflammatory cytokine responses to P. aeruginosa infection in human airway epithelial cell lines. Am J Physiol Lung Cell Mol Physiol. 2001; 280(3):L493–502.
PMID: 11159033

23.

Ryu JH, Kim CH, Yoon JH. Innate Immune Responses of the Airway Epithelium. Molecules and Cells.
2010; 30(3):173–83. doi: 10.1007/s10059-010-0146-4 PMID: 20878312

24.

Mayer AK, Muehmer M, Mages J, Gueinzius K, Hess C, Heeg K, et al. Differential recognition of TLRdependent microbial ligands in human bronchial epithelial cells. J Immunol. 2007; 178(5):3134–42.
PMID: 17312161

25.

Williams B, Dehnbostel J, Blackwell T. Pseudomonas aeruginosa: host defence in lung diseases.
Respirology. 2010; 15(20723140):1037–56.

26.

Lovewell RR, Patankar YR, Berwin BL. Mechanisms of Phagocytosis and Host Clearance of Pseudomonas aeruginosa. Am J Physiol Lung Cell Mol Physiol. 2014; 306(7):591–603.

27.

Dubin PJ, Kolls JK. Pseudomonas aeruginosa and the host pulmonary immune response. Expert Rev
Respir Med. 2007; 1(1):121–37. doi: 10.1586/17476348.1.1.121 PMID: 20477272

28.

Millar IT, Heaney H, Heinekey DM, Fernelius WC. METHYLDIIODOARSINE. Inorganic Syntheses.
1960; 6:113–5.

29.

Escudero-Lourdes C, Medeiros MK, Cardenas-Gonzalez MC, Wnek SM, Gandolfi JA. Low level exposure to monomethyl arsonous acid-induced the over-production of inflammation-related cytokines and
the activation of cell signals associated with tumor progression in a urothelial cell model. Toxicology
and Applied Pharmacology. 2010; 244(2):162–73. doi: 10.1016/j.taap.2009.12.029 PMID: 20045430

30.

Moreau-Marquis S, Redelman CV, Stanton BA, Anderson GG. Co-culture models of Pseudomonas
aeruginosa biofilms grown on live human airway cells. J Vis Exp. 2010; 44(44):2186. doi: 10.3791/2186
PMID: 20972407

PLOS ONE | DOI:10.1371/journal.pone.0142392 November 10, 2015

15 / 16

MMA Alters Cytokine Secretion in HBEC

31.

Hall M, Gamble M, Slavkovich V, Liu X, Levy D, Cheng Z, et al. Determinants of arsenic metabolism:
blood arsenic metabolites, plasma folate, cobalamin, and homocysteine concentrations in maternalnewborn pairs. Environ Health Perspect. 2007; 115(10):1503–9. PMID: 17938743

32.

Schwende H, Fitzke E, Ambs P, Dieter P. Differences in the state of differentiation of THP-1 cells
induced by phorbol ester and 1,25-dihydroxyvitamin D3. Journal of Leukocyte Biology. 1996; 59
(4):555–61. PMID: 8613704

33.

Styblo M, Del Razo LM, LeCluyse EL, Hamilton GA, Wang C, Cullen WR, et al. Metabolism of arsenic
in primary cultures of human and rat hepatocytes. Chem Res Toxicol. 1999; 12(7):560–5. PMID:
10409394

34.

Jackson BP, Taylor VF, Punshon T, Cottingham KL. Arsenic concentration and speciation in infant formulas and first foods. Pure Appl Chem. 2012; 84(2):215–23. PMID: 22701232

35.

Hughes MF. Arsenic toxicity and potential mechanisms of action. Toxicol Lett. 2002; 133(1):1–16.
PMID: 12076506

36.

Styblo M, Del Razo LM, Vega L, Germolec DR, LeCluyse EL, Hamilton GA, et al. Comparative toxicity
of trivalent and pentavalent inorganic and methylated arsenicals in rat and human cells. Arch Toxicol.
2000; 74(6):289–99. PMID: 11005674

37.

Dodmane PR, Arnold LL, Kakiuchi-Kiyota S, Qiu F, Liu X, Rennard SI, et al. Cytotoxicity and gene
expression changes induced by inorganic and organic trivalent arsenicals in human cells. Toxicology.
2013; 312:18–29. doi: 10.1016/j.tox.2013.07.008 PMID: 23876855

38.

Bailey KA, Laine J, Rager JE, Sebastian E, Olshan A, Smeester L, et al. Prenatal arsenic exposure and
shifts in the newborn proteome: interindividual differences in tumor necrosis factor (TNF)-responsive
signaling. Toxicol Sci. 2014; 139(2):328–37. doi: 10.1093/toxsci/kfu053 PMID: 24675094

39.

Fry RC, Navasumrit P, Valiathan C, Svensson JP, Hogan BJ, Luo M, et al. Activation of inflammation/
NF-kappa B signaling in infants born to arsenic-exposed mothers. Plos Genetics. 2007; 3(11):2180–9.

40.

Nadeau KC, Li Z, Farzan S, Koestler D, Robbins D, Fei DL, et al. In utero arsenic exposure and fetal
immune repertoire in a US pregnancy cohort. Clinical immunology (Orlando, Fla). 2014; 155(2):188–
97.

41.

Calatayud M, Gimeno-Alcaniz JV, Devesa V, Velez D. Proinflammatory effect of trivalent arsenical species in a co-culture of Caco-2 cells and peripheral blood mononuclear cells. Arch Toxicol. 2015; 89
(4):555–64. doi: 10.1007/s00204-014-1271-1 PMID: 24862236

42.

Calatayud M, Gimeno-Alcaniz JV, Velez D, Devesa V. Trivalent arsenic species induce changes in
expression and levels of proinflammatory cytokines in intestinal epithelial cells. Toxicol Lett. 2014; 224
(1):40–6. doi: 10.1016/j.toxlet.2013.09.016 PMID: 24140498

43.

Bomberger JM, Coutermarsh BA, Barnaby RL, Stanton BA. Arsenic Promotes Ubiquitinylation and
Lysosomal Degradation of Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) Chloride
Channels in Human Airway Epithelial Cells. Journal of Biological Chemistry. 2012; 287(21):17130–9.
doi: 10.1074/jbc.M111.338855 PMID: 22467879

44.

Lantz RC, Parliman G, Chen GJ, Carter DE. Effect of arsenic exposure on alveolar macrophage function. I. Effect of soluble as(III) and as(V). Environ Res. 1994; 67(2):183–95. PMID: 7982393

45.

Sherwood CL, Liguori AE, Olsen CE, Lantz RC, Burgess JL, Boitano S. Arsenic compromises conducting airway epithelial barrier properties in primary mouse and immortalized human cell cultures. PLoS
One. 2013; 8(12):e82970. doi: 10.1371/journal.pone.0082970 PMID: 24349408

46.

Burke SJ, Lu D, Sparer TE, Masi T, Goff MR, Karlstad MD, et al. NF-kappaB and STAT1 control CXCL1
and CXCL2 gene transcription. Am J Physiol Endocrinol Metab. 2014; 306(2):E131–49. doi: 10.1152/
ajpendo.00347.2013 PMID: 24280128

47.

Hoffmann E, Dittrich-Breiholz O, Holtmann H, Kracht M. Multiple control of interleukin-8 gene expression. J Leukoc Biol. 2002; 72(5):847–55. PMID: 12429706

48.

Farzan SF, Korrick S, Li Z, Enelow R, Gandolfi AJ, Madan J, et al. In utero arsenic exposure and infant
infection in a United States cohort: a prospective study. Environ Res. 2013; 126:24–30. doi: 10.1016/j.
envres.2013.05.001 PMID: 23769261

PLOS ONE | DOI:10.1371/journal.pone.0142392 November 10, 2015

16 / 16

