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Over the last two decades, there has been increasing awareness

regarding the potential impact of indoor air pollution on health.

Exposure to volatile organic compounds (VOCs) or oxygenated

organic compounds formed from indoor chemistry has been

suggested to contribute to adverse health effects. These studies use

an in vitro monitoring system called VitroCell, to assess chemicals

found in the indoor air environment. The structurally similar

dicarbonyls diacetyl, 4-oxopentanal (4-OPA), glyoxal, glutaralde-

hyde, and methyl glyoxal were selected for use in this system. The

VitroCell module was used to determine whether these dicarbon-

yls were capable of inducing inflammatory cytokine expression by

exposed pulmonary epithelial cells (A549). Increases in the rela-

tive fold change in messenger RNA expression of the inflamma-

tory mediators, interleukin (IL)-6, IL-8, granulocyte-macrophage

colony-stimulating factor (GM-CSF), and tumor necrosis factor

alpha (TNF-a) were identified following exposure to diacetyl,

4-OPA, glyoxal, glutaraldehyde, and methyl glyoxal when

compared to a clean air control. Consistent results were observed

when the protein levels of these cytokines were analyzed.

Exposure to 4-OPA significantly elevated IL-8, IL-6, GM-CSF,

and TNF-a while glutaraldehyde caused significant elevations in

IL-6, IL-8, and TNF-a. IL-6 and IL-8 were also significantly

elevated after exposure to diacetyl, glyoxal, and methyl glyoxal.

These studies suggest that exposure to structurally similar

oxygenated reaction products may be contributing to some of

the health effects associated with indoor environments and may

provide an in vitro method for identification and characterization

of these potential hazards.

Key Words: dicarbonyls; VOC; inflammatory cytokines;

VitroCell; indoor air.

It has been estimated that indoor air quality–related health

issues cost businesses $20–70 billion annually due to lost

productivity, decreased performance, and sick absences

(Mendell et al., 2002). Modern society spends a considerable

amount of time indoors, and research findings have demon-

strated that some air pollutants occur more frequently and at

a higher concentration in indoor air than in outdoor air and may

be associated with adverse health effects (Rumchev et al.,
2004). Some of the health effects suffered by exposed indivi-

duals include: dry eyes and throat, stuffy and runny nose,

lethargy, headache, breathless, chest tightness, wheezing, and

work-related asthma (Rios et al., 2009). While extensive

research has focused on determining the underlying causes for

these symptoms, it is possible that no single chemical exposure

is responsible for these illnesses. More likely, a mixed

exposure of chemical classes, such as particulate matter and

oxygenated organic species, including biologically active

oxidized volatile organic compounds (VOCs), contribute to

these symptoms.

In 1989, the US Environmental Protection Agency (EPA)

identified over 900 VOC (USEPA, 1989) originating from

ingredients in common household products such as paints,

varnishes, cleaners, and waxes. Recent reformulation of many

household cleaners to include more ‘‘green’’ and plant-derived

VOCs, such as a- and b-pinene, a-terpineol, citronellol, and

b-irisone, is likely to cause increases in the concentrations of

terpenes, terpene alcohols, and ethers in indoor environments.

Results from epidemiological investigations have suggested

a link between indoor cleaning agent exposure and increases in

asthma and asthma-like symptoms among workers who use

cleaning chemicals (Delclos et al., 2007). Adverse effects on

skin, such as irritant and allergic dermatitis, have also been

reported in these workers (Gawkrodger et al., 1986). However,

in many of the situations, no specific agents or chemicals have

been identified as responsible for these observed health effects.

Consumer cleaning products and air fresheners contain

chemicals such as a-terpineol, which can react with ozone to

form a variety of secondary pollutants that may be responsible,

in part, for the symptoms described above (Singer et al., 2006;

Weschler, 2004). These secondary pollutants include oxygen-

ated organic chemicals, such as aldehydes, ketones, carboxylic

acids, and dicarbonyls (Forester et al., 2007; Ham et al., 2006a;

Harrison et al., 2007; Wells, 2005). Many of these oxygenated

organic species have been observed from simulated indoor air

chemistry using specialized detection but are not routinely
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detected with conventional sampling methods leading to

inaccurate exposure assessments of indoor environments.

There is limited knowledge regarding exposure to complex

mixtures and the potential interactions among VOCs and other

indoor air pollutants. Studies exposing animals to products of

chemical reactions, such as ozone with limonene, have demon-

strated that the reaction products have a significant impact on

the breathing rate of exposed animals when compared to

animals exposed to the reactants separately (Rohr et al., 2003;

Wilkins et al., 2003). A 1-h exposure of mice to the oxidation

products of ozone and limonene resulted in a significant in-

crease in upper airway irritation and airflow limitation com-

pared to exposure to the parent compounds. These findings

suggest that the oxygenated reaction products generated from

indoor air chemistry may exacerbate lower airway symptoms

or occupational asthma in individuals involved in industrial

cleaning operations.

We have previously identified several structurally similar

VOCs produced by the reaction of ozone or OH radicals with

a-terpineol (Wells, 2005). All these dicarbonyls (diacetyl,

4-oxopentanal [4-OPA], glyoxal, methyl glyoxal, and glutaral-

dehyde) were identified as sensitizers when evaluated using

a murine local lymph node assay (LLNA) (Anderson et al., 2007;

Azadi et al., 2004; Franko et al., 2009). The above results suggest

that these compounds may contribute to the adverse health

effects associated with indoor environments. LLNA evaluation

of these chemicals was based on dermal exposure to the

individual products. A system that utilizes exposure to such

sensitizing chemicals in their volatilized state is necessary for

a thorough hazard evaluation. The purpose of these studies was to

further characterize the effects of dicarbonyls on the respiratory

tract by developing an in vitro indoor air exposure system.

Changes in inflammatory cytokine expression were evaluated in

a pulmonary epithelial cell line (A549) after exposure to the

dicarbonyls (diacetyl, 4-OPA, glyoxal, methyl glyoxal, and

glutaraldehyde) individually and in a reaction mixture.

MATERIALS AND METHODS

Test article. Methyl glyoxal (CAS 78-98-8), glyoxal (CAS 107-22-2),

diacetyl also known as 2,3-butanedione (CAS 431-03-8), glutaraldehyde (CAS

111-30-8), a-terpineol (CAS, 7785-53-7, 90% technical grade), and o-(2,3,4,5,6-

pentafluorobenzyl) hydroxylamine hydrochloride (PFBHA) (98þ%) were all

purchased from Sigma-Aldrich Chemical Company (St Louis, MO). 4-OPA was

synthesized by Richman Chemical, Inc. (Lower Gwynedd, PA). Ozone was

generated in the laboratory as described below.

Teflon chamber preparation. Teflon chambers (FEP 500; American

Durafilm, Hollston, MA) were constructed to facilitate cell exposure via the

VitroCell apparatus to gas-phase chemicals. Chemicals were injected into

a 50% relative humidity air stream through a heated ¼-inch stainless steel tee

(Swagelok) into the 70- to 100-l Teflon chambers. For the cell exposure

experiments, typical concentrations of the pertinent species were approximately

15–65 ppm (3.7 3 1014 to 1.6 3 1015 molecules/cm3) dicarbonyl for the gene

expression studies and 65 ppm for the protein studies (Fig. 1). Previous gas-

phase VOC experiments indicated that the sample preparation method above

provides multi-hour concentration stability (Forester and Wells, 2009).

Compressed air from the NIOSH facility was passed through anhydrous

CaSO4 and molecular sieves to remove both moisture and organic

contaminants. This dry air (less than 5% relative humidity) was humidified

to 50% relative humidity to simulate average indoor environment conditions.

For the reaction product experiments, ozone was produced by photolyzing air

with a mercury pen lamp (Jelight, Irvine, CA) in a separate Teflon chamber and

transferred using a gas-tight syringe. Ozone concentration (~100 ppb) was

measured with a UV photometric ozone analyzer (model 49C or 49i; Thermo

Fisher Scientific, Inc., Waltham, MA). Ozone concentrations of 1–5 ppm were

achieved by transferring large volumes (2–4 l) from the separate high

concentration ozone chamber using an additional smaller Teflon chamber in

lieu of a gas-tight syringe. Ozone was injected into the respective Teflon

chamber containing ~1, 3, or 6 ppm (2.5–15 3 1013 molecules/cm3) a-terpineol

15 min prior to the VitroCell exposure.

VitroCell exposures. Human epithelial lung cells (53,533 cells/cm2), A549

(American Type Culture Collection; CCL-185), were cultured in Dulbecco’s

modified Eagle medium (DMEM) containing 10% heat-inactivated fetal calf

serum (FCS) on removable permeable (0.4 lm) transwell inserts (Fisher

Scientific) placed in a sterile 6-well plate, containing 2.5 ml of media in plate

well and 1.5 ml media on insert. The media was exchanged for serum-free

media 24 ± 4 h prior to VitroCell exposures. Immediately before exposures, the

inserts were washed twice with 3 ml of sterile PBS and placed in the wells of

the VITROCELL 6 PT-CF module (VitroCell, Waldkirch, Germany) contain-

ing 8.5 ml of serum-free media to sustain the basal surface of the cells during

exposures. Two VitroCell chambers were used for simultaneous exposures. The

two scenarios were clean air and dicarbonyl or a-terpineol and a-terpineol þ
ozone. Three inserts were placed in each chamber, and trumpets delivering test

atmospheres were raised to 0.5 cm to mitigate issues of cell viability and

experiment length. The chambers were attached to a circulating 37�C water bath

for the duration of the experiment (Fig. 2). The contents of the prepared reaction

bags were pulled via vacuum pump with attached filter across the apical surface

of the cells for 2 or 4 h at a constant rate of 3.0 ml/min/trumpet. Postexposure,

the Transwell inserts were placed in a new sterile six-well plate with 10% FCS

DMEM (2.5 ml of media in well and 1.5 ml media on insert) and allowed

recovery periods ranging from 2 to 4 h in a 37�C incubator with 5% CO2.

FIG. 1. Chemical structure of evaluated dicarbonyls. Identification of the

chemical and structure for each of the dicarbonyls investigated in these

experiments. The sensitization potential (EC3; concentration of chemical

required to induce a threefold increase in lymphocyte proliferation over control)

for each of these chemicals was previously determined.
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Cell viability. Cell viability was analyzed 24 h after dicarbonyl exposure

using the Molecular Probes live/dead viability/cytoxicity kit, according to the

manufacturer’s instructions (Invitrogen). Briefly, dicarbonyl-exposed A549 cells

were trypsinized, washed, and resuspended in 1 ml flow staining buffer (PBS

containing 1% bovine serum albumin and 0.1% sodium azide, pH 7.4). Cells were

then stained with 2 ll of calcein AM (50lM) and 4 ll of ethidium homodimer-1

(2mM), incubated for 15–20 min, and immediately analyzed by flow cytometry

using a BD FacsCalibur (BD Biosciences, San Diego, CA). Incorporation of

Calcein AM (FL1) into live cells was detected by measuring green fluorescence

(i.e., 530/30 bandpass) while incorporation of ethidium homodimer-1 (FL3) was

detected by measuring red fluorescence (i.e., 610/20 bandpass).

RNA isolation and gene expression analysis. Prior to RNA isolation, the

media was aspirated from the apical surface of the cells, and Trizol (500 ll/well)

was added to each insert following a 2-h postexposure recovery. The Trizol/cell

suspension was transferred to a 1.5-ml microcentrifuge tube and incubated at

room temperature for 15 min. Cells were pooled from the three inserts according

to exposure group. RNA was isolated from the cells according to the TRIzol

protocol with QIAGEN cleanup according to the manufacturers’ instructions.

RNA concentration was determined using ND-1000 spectrophotometer (Nano-

Drop). Reverse transcription (2lg) was performed using the high-capacity cDNA

reverse transcription kit (Applied Biosystems) according to manufacturer’s

instructions. RNA was quantified (chemokine [C-C motif] ligand 2 [CCL2],

chemokine [C-C motif] ligand 5 [CCL5], granulocyte-macrophage colony-

stimulating factor [GM-CSF], interleukin [IL]-1 alpha, IL-1b, IL-6, IL-8, tumor

necrosis factor alpha [TNF-a], and transforming growth factor beta 1 [TGF-b1])

using real-time PCR on a 7500 Fast Real-Time PCR system (Applied

Biosystems) with TaqMan reagents as prescribed by manufacturers.

Protein analysis. Cytokine levels (IL-8, IL-6, GM-CSF, and TNF-a) in

supernatants collected from cultures at 8, 12, and 24 h postexposure were

analyzed using OptEIA ELISA kits purchased from BD Biosciences according to

the manufacturer’s instructions. In brief, 96-well flat-bottom plates (Dynatec

Immulon-2) were coated with the corresponding capture antibody diluted with

carbonate-bicarbonate coating buffer (Sigma). Plates were sealed and incubated

overnight at 4�C. After three washes, plates were blocked with Assay Diluent

(PBS with 10% FCS), incubated at room temperature for 1 h, and then washed

three times. Standard samples were prepared in assay diluent at concentrations

specific to the ELISA kit. Supernatant samples collected from each culture (three

for dicarbonyl and three for clean air) at each time point (8, 12, and 24 h) were

added to the plates in triplicate along with serial dilutions of the standards. The

plates were sealed and incubated at room temperature for 2 h. After five washes,

the working detector (a mixture of the appropriate biotinylated anti-human

cytokine and Streptavidin-horseradish peroxidase conjugate) was added to the

plates, which were then sealed and incubated at room temperature for 1 h. Plates

were washed seven times, and substrate solution (tetramethylbenzidine and

hydrogen peroxide) was added to each well. Sealed plates were allowed to

develop in the dark for 30 min at room temperature (optical density values for

standards ranging from 0.77–1.93). Color development was stopped by 2N

H2SO4, and plates were read at 450–570 nm using a SpectraMax M2

spectrophotometer (Molecular Devices). Cytokine concentrations were extrap-

olated from the standard curve.

Analysis of test atmosphere. A sample of the a-terpineol þ ozone reaction

chamber was collected to identify oxygenated reaction product yields. Twenty

liters of chamber contents flowing at a rate of 2.5 l/min for 8 min was pulled

through an impinger containing 3.6 ml of methanol. The sample (~1.7 ml) was

removed from the impinger and 200 ll of 0.02M PFBHA in acetonitrile was

added to the contents to derivatize the carbonyl reaction products to oximes (Yu

et al., 1998). The samples were allowed to react in the dark for 24–48 h. The

reacted solutions were gently blown to dryness with UHP N2, reconstituted

with 100 ll of methanol, and then 1 ll of the reconstituted solution was injected

into the Varian 3800/Saturn 2000GC/MSsystem for identification of the

reaction products (Forester and Wells, 2009).

Statistics. Gene expression data are expressed as the relative fold increase

over control (clean air verses dicarbonyl), calculated by the following formula:

2DDCt, where DDCt ¼ DCt (sample) � DCt (control). The DCt ¼ Ct (GAPDH) �
Ct (Target), where Ct ¼ cycle threshold as defined by manufacturer’s

instructions. Fold changes are based on the mean value of three cultures for

the indicated exposure concentrations. To determine statistically significant

differences in concentrations of inflammatory proteins, a two-tailed unpaired

t-test was used to compare clean air–exposed to dicarbonyl-exposed samples for

each specified time point. Results are based on the mean of triplicate samples

from three cultures from two independent exposures for each treatment group at

each time point. Significant differences between dicarbonyl and clean air

exposures are designated with ** (p < 0.01) or * (p < 0.05).

RESULTS

Increases in Inflammatory Gene Expression after Dicarbonyl
Exposure

No significant changes in cell viability were detected 24 h

after a 4-h glyoxal exposure (Fig. 3). For the clean air control

FIG. 2. VitroCell chambers used for exposures. (A) Representation of

VitroCell exposure module. Exposure atmosphere (dicarbonyls and/or reaction

products) is pulled across apical surface of the cell though inlets (b) and

removed from the chamber by a vacuum pump (a) at a constant flow rate of

5 ml/min for all chambers. Module is kept at a constant temperature of 37�C
using a circulating water bath (c) for the duration of the exposures. (B) Enlarged

section of box depicted in (A). Test atmosphere is delivered to cells grown on

transmembrane insets (e) via trumpets (d). Distance between the trumpet and

inserts is 0.5 cm.
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exposure, 86% of the cells were viable postexposure while 6%

were determined to be dead (A). Almost identical ratios (B)

were observed after exposure to glyoxal (88% live; 5% dead).

Similar trends were obtained after exposure to the other

dicarbonyls with no significant differences identified between

the percent viable cells for the treated verses control group

(data not shown). Messenger RNA (mRNA) expression of

CCL2, CCL5, GM-CSF, IL-1a, IL-1b, IL-6, IL-8, TNF-a, and

TGF-b1 was analyzed from exposed A549 cells using real-time

quantitative PCR. Relative fold changes in gene expression

(average of two exposures) compared to clean air control are

shown in Table 1. No consistent fold changes greater than 5

were observed when CCL2, CCL5, IL-1a, IL-1b, and TGF-b1

mRNA expression was analyzed (data not shown). However,

consistent elevations in IL-6, IL-8, TNF-a, and GM-CSF

mRNA were observed for all dicarbonyls tested (65 ppm) with

glyoxal and diacetyl exposure yielding the greatest fold

changes compared to the clean air control. Similar, although

reduced, relative fold changes in gene expression were

observed when cells were exposed to lower dicarbonyl

concentrations.

Increases in Inflammatory Proteins after Dicarbonyl
Exposure

In an attempt to confirm gene expression data, protein levels

for IL-6, IL-8, TNF-a, and GM-CSF were analyzed after

exposure to individual dicarbonyls. Significant elevations in

cytokine levels were observed in cells exposed to diacetyl,

glyoxal, methyl glyoxal, 4-OPA, and glutaraldehyde (Figs. 4–8).

Exposure to 4-OPA significantly elevated IL-8 and TNF-a at all

time points, IL-6 at 12 and 24 h and GM-CSF at 12 h (Fig. 4).

Exposure to diacetyl significantly elevated IL-6 at all time points

and IL-8 at 8 and 12 h (Fig. 5) when compared to clean air

control. No significant changes in GM-CSF or TNF-a were

observed. Exposure to glutaraldehyde significantly elevated IL-6

and IL-8 at all time points and TNF-a at 24 h (Fig. 6) when

compared to clean air control. No significant changes in GM-

CSF were observed. Exposure to glyoxal significantly elevated

IL-8 and IL-6 at 12 and 24 h while exposure to methyl glyoxal

elevated these cytokine only at 24 h (Figs. 7 and 8). Exposure to

4-OPA generated the greatest significant increase in IL-6 (1059

pg/ml at 12 h) and GM-CSF (17 pg/ml at 12 h) production when

compared to the clean air control for any of the dicarbonyls

evaluated. 4-OPA was also the only dicarbonyl that significantly

altered all cytokines evaluated. Exposure to glutaraldehyde

produced the largest significant increase in TNF-a (21 pg/ml at

24 h), while methyl glyoxal induced the largest production of IL-

8 (597 pg/ml). Significant elevations in cytokines were observed

for similar time points for the evaluated dicarbonyls. At 12 h

postexposure, IL-8 was increased for diacetyl, 4-OPA, glyoxal,

and glutaraldehyde while IL-6 was increased for diacetyl, 4-

OPA, glyoxal, and glutaraldehyde (methyl glyoxal at 24 h).

FIG. 3. Viability of A549 cells after exposure to glyoxal and clean air.

Representative dot plot showing the percent of living and dead cells 24 h after

a 4-h clean air (A) or glyoxal (B) VitroCell exposure as determined by flow

cytometry. The number in quadrant 1 (Q1) indicates the percent of dead cells and

the number in quadrant 3 (Q3) represents the percent of viable cells. Dot plot

shows FL1-calcein AM on the x-axis and FL3-ethidium homodimer-1 on y-axis.

TABLE 1

Alterations in Gene Expression after Dicarbonyl Exposure

Dicarbonyl

Concentration

(ppm) GM-CSF IL-6 IL-8 TNF-a

Diacetyl 65 359 48 29 109

28 0.2 15 10 0.6

15 1 11 7 0.4

Methyl Glyoxal 65 49 214 37 63

33 9 3 3 14

15 6 3 5 12

Glyoxal 65 338 325 80 312

30 24 34 28 8

15 13 28 12 7

4-OPA 65 189 60 77 168

30 8 32 11 11

15 7 32 14 16

Glutaraldehyde 65 2 4 3 3

32 0.2 23 11 0.7

15 1 15 9 2

Note. Numbers shown indicate relative fold change in gene expression of

dicarbonyl-exposed A549 cells compared to clean air. A 4-h exposure with

a 2-h recovery was conducted for each experiment.
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More variability was observed within the results for GM-CSF

and TNF-a. At 24 h, TNF-a expression was significantly

elevated for glutaraldehyde and 4-OPA while GM-CSF

expression was only significantly elevated after exposure to 4-

OPA.

No Alterations in Inflammatory Cytokines after Exposure to
a-Terpineol and Ozone Reaction Products

In an attempt to simulate the generation of dicarbonyls in an

indoor air environment, a-terpineol was reacted with ozone and

exposed to A549 cells as previously described for the individual

dicarbonyls. In the a-terpineol versus a-terpineol þ ozone

system, a-terpineol was in excess (1–6 ppm [2.5–15] 3 1013

molecules/cm3) with ozone (100–5000 ppb [2.5–123 3 1012

molecules/cm3]) being the limiting reagent which reacts

completely. The reaction generated (Fig. 9) 31–1550 ppb (7.6–

382 3 1011 molecules/cm), 1.9–95 ppb (4.7–234 3 1010

molecules/cm3), and 0.6–30 ppb (1.5–74 3 1010 molecules/cm3)

of 6-hydroxyhept-5-en-2-one, methyl glyoxal and 4-OPA,

respectively (Forester and Wells, 2009). No change in cell

viability was detected after the VitroCell exposure (data not

shown). No changes in gene or protein expression were iden-

tified for any of the inflammatory cytokines examined based on

the exposure conditions described above when compared to

a-terpineol alone. Longer exposure periods (up to 8 h) and

multiple exposures (6 h/day for 3 days) were also examined, but

no differences were detected (data not shown). In a separate

control experiment, changes in gene expression were observed

for a-terpineol and ozone individually when compared to clean

air control (Table 2).

DISCUSSION

The term ‘‘sick building syndrome’’ (SBS) has been used to

describe situations in which no specific illness or cause, aside

from time spent indoors, explains adverse health effects experi-

enced by building occupants; however, the specific cause of the

related symptoms has yet to be identified (USEPA, 1991).

Increasing evidence suggests that some of these health effects

may be attributed to reactive indoor air chemistry, such as

ozone-terpene reactions (Weschler, 2006).

The dicarbonyls tested in these studies, with the exception

of diacetyl, are oxygenation reaction products detected in

indoor chemistry experiments. There is extensive literature

available on the adverse health effects associated with

glutaraldehyde (a dicarbonyl) exposure (Gannon et al.,
1995; Rideout et al., 2005; Waters et al., 2003), supporting

its selection for testing in this system. Likewise, diacetyl is

a known sensitizer, and epidemiological studies have found

that exposed workers have twice the expected rates of

physician-diagnosed asthma compared to the general pop-

ulation (Anderson et al., 2007; Kreiss et al., 2002; Mendell

et al., 2002). Additionally, diacetyl has received considerable

attention in the investigations of worker exposure to butter

flavorings (Hubbs et al., 2008). 4-OPA has not been

FIG. 5. The effect of diacetyl exposure on concentrations of inflammatory

cytokines. Bars represent the mean protein concentration ± SE determined by

ELISA present in supernatants of three A549 cell cultures from two

independent exposures. Samples were collected at 8, 12, and 24 h after

VitroCell exposure and evaluated for IL-8 (A), IL-6 (B), TNF-a (C), and GM-

CSF (D) protein levels. Significant differences between dicarbonyl and clean air

exposure are designated with **(p � 0.01) or *(p � 0.05).

FIG. 4. The effect of 4-OPA exposure on concentrations of inflammatory

cytokines. Bars represent the mean protein concentration ± SE determined by

ELISA present in supernatants of six A549 cell cultures from two independent

exposures. Samples were collected at 8, 12, and 24 h after VitroCell exposure

and evaluated for IL-8 (A), IL-6 (B), TNF-a (C), and GM-CSF (D) protein

levels. Significant differences between dicarbonyl and clean air exposure are

designated with **(p � 0.01) or *(p � 0.05).
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investigated as extensively as glutaraldehyde and diacetyl;

however, recent data suggest that exposure may be re-

sponsible for certain health complaints including increased lip

and skin dryness (Strom-Tejsen et al., 2007). Research

investigating the exposure-related health effects for glyoxal

and methyl glyoxal is lacking.

This work describes a novel in vitro exposure method,

utilizing the VitroCell module, for the analysis of oxygenated

reaction products found in the indoor environment. The system

has many advantages over what has previously been described

in the literature, which lack a realistic exposure atmosphere and

require the addition of chemicals directly to the cell media or

the evaporation of a volatile liquid (Bakand et al., 2006;

Wichmann et al., 2005). The VitroCell exposure systems

allows for continuous chemical exposures while maintaining

cell viability and avoiding dehydration of the cells. Airway

epithelial cells were chosen for these studies since they would

be expected to be the first cells exposed to these volatized

compounds in the respiratory tract and are known to produce

inflammatory cytokines capable of modulating immune cell

activation.

These studies investigated high concentrations (15–65 ppm)

of individual dicarbonyls to establish if exposure to these

compounds generated a biological effect. Because these com-

pounds have not been measured by conventional indoor air

sampling methods, a ‘‘typical’’ concentration is not truly known.

However, based on simulated indoor chemistry data, concen-

trations of 10–100’s of ppb (~2.5–25 3 1011 molecules/cm) are

anticipated. Results demonstrated that exposure to the structur-

ally similar dicarbonyls caused alterations in both inflammatory

cytokine mRNA and protein expression in A549 cells. There

also appears to be a trend between the sensitization potential and

inflammatory cytokine expression for these chemicals. Of the

five dicarbonyls tested, 4-OPA is considered to be the strongest

sensitizer based on the lowest EC3 value (Fig. 1) in the LLNA.

In these studies 4-OPA was also the only chemical to

significantly alter all cytokines investigated and generated the

highest expression levels for IL-6 and GM-CSF. Glutaraldehye,

considered to be the second strongest sensitizer, significantly

altered three of the four cytokines, inducing the highest

expression of TNF-a.

IL-8, IL-6, TNF-a, and GM-CSF are proinflammatory

mediators produced by macrophages and epithelial cells with

suggested roles in asthma pathogenesis (Bautista et al., 2009;

Macedo et al., 2009; Saha et al., 2009). Epidemiological

studies have associated occupational asthma with increases in

IL-8 (Zhang et al., 2009), IL-6 (Piirila et al., 2008), GM-CSF,

and TNF-a (Ogawa et al., 2006).

FIG. 7. The effect of methyl glyoxal exposure on concentrations of

inflammatory cytokines. Bars represent the mean protein concentration ± SE

determined by ELISA present in supernatants of three A549 cell cultures from

two independent exposures. Samples were collected at 8, 12, and 24 h after

VitroCell exposure and evaluated for IL-8 (A) and IL-6 (B). Significant

differences between dicarbonyl and clean air exposure are designated with

** (p � 0.01) or *(p � 0.05).

FIG. 6. The effect of glutaraldehyde exposure on concentrations of

inflammatory cytokines. Bars represent the mean protein concentration ± SE

determined by ELISA present in supernatants of three A549 cell cultures from

two independent exposures. Samples were collected at 8, 12, and 24 h after

VitroCell exposure and evaluated for IL-8 (A), IL-6 (B), TNF-a (C), and GM-

CSF (D) protein levels. Significant differences between dicarbonyl and clean air

exposure are designated with **(p � 0.01) or *(p � 0.05).
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The structurally similar dicarbonyls evaluated in this system

have the potential to be oxygenated reaction products. Methyl

glyoxal, 6-hydroxyhept-5-en-2-one (not synthesized), and

4-OPA are generated through the reaction of ozone þ
a-terpineol; glyoxal is generated by reactions with geraniol,

b-ionone, and citronellol (Forester et al., 2007; Ham et al.,
2006b); and glutaraldehyde is generated through indoor air

reactions of cyclohexene þ ozone (Aschmann et al., 2003;

Harrison et al., 2007). Although not described in the literature

as a reaction product based on its structure, diacetyl could be

a reaction product of ozone reacting with a compound having a

carbon-carbon double bond connected to a methyl group and

a methyl ketone (-C(¼O)CH3) group. The frequent incidence

of ozone in indoor ventilated air along with the ubiquitous

presence of terpenes in the indoor environment favors the

occurrence of ozone-terpene indoor chemistry, which generates

these types of reaction products. Ozone-terpene reactions are

extremely complex and can generate a variety of products such

as dicarboxylic acid, dicarbonyls, and oligomers. Ozone-

terpene reactions also produce the hydroxyl radical (OH),

which reacts with terpenes in addition to a wide range of

hydrocarbons, possibly further contributing to the formation of

indoor oxygenated reaction products.

In order to more closely simulate an indoor environment, the

products of an a-terpineol þ ozone reaction were also eval-

uated in these studies. However, the trend of increased

inflammatory cytokines did not carry over when the cells were

exposed to the a-terpineol þ ozone reaction. One possible

explanation for the noncongruent results is dicarbonyl exposure

concentrations as the a-terpineol þ ozone reaction used in the

latter studies generated much lower concentrations of 4-OPA

and methyl glyoxal than those used in initial experiments.

However, consistent with results described in the literature,

changes in gene expression were observed after individual

exposures to terpenes and ozone (Wilkins et al., 2003). It is

important to note that this work is not focused on the known

effects caused by exposure to the parent compounds, but rather

seeks to identify enhanced alterations in inflammatory

responses, caused by oxygenated reaction products.

While the results from the individual dicarbonyl and ozone/

a-terpineol reaction product studies were not consistent, limited

exposure conditions and complexity of the ozone-terpene reaction

FIG. 9. a-Terpineol þ ozone products and yields. Reaction mechanism for

a-terpineol þ ozone showing formation and yield (in percentages) of

6-hydroxyhept-5-en-2-one, 4-OPA, and methyl glyoxal.

TABLE 2

Alterations in Gene Expression after Individual Exposures to

Ozone and a-Terpineol

Exposure Concentration GM-CSF IL-6 IL-8 TNF-a

Ozone 100 ppb 29 4 10 25

5 ppm 46 7 14 43

a-Terpineol 1 ppm 9 1 5 17

6 ppm 38 2 16 35

Note. Numbers shown indicate relative fold change in gene expression of

exposed A549 cells compared to clean air. A 4-h exposure with a 2-h recovery

was conducted.

FIG. 8. The effect of glyoxal exposure on concentrations of inflammatory

cytokines. Bars represent the mean protein concentration ± SE determined by

ELISA present in supernatants of three A549 cell cultures from two

independent exposures. Samples were collected at 8, 12, and 24 h after

VitroCell exposure and evaluated for IL-8 (A) and IL-6 (B). Significant

differences between dicarbonyl and clean air exposure are designated with

**(p � 0.01) or *(p � 0.05).
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may also be important factors that can influence the effects of

dicarbonyl exposure in an actual indoor environment. While

individuals often spend the majority of a 24-h day indoors, a 6-h

exposure was the longest duration the cells would tolerate in this

in vitro system. In addition, for these studies, cells were exposed

only to the oxygenated reaction products generated from the

a-terpineol þ ozone reaction. In an indoor environment,

individuals are exposed to numerous potential oxygenated

reaction products generated from ozone-initiated reactions. While

there is a likely possibility that products can be generated from

these types of reactions, the identification can be challenging. For

example, the dicarbonyls generated from the reaction of ozone and

a-terpineol only account for ~34% of the total reaction products.

The ‘‘missing’’ chemicals generated from these indoor air

reactions (Fig. 9) along with the detailed oxidation pathways still

need to be identified and investigated to advance our knowledge of

indoor air exposure-related health effects.

While the concentrations of the individual chemicals in the

Teflon chambers are higher than those likely to be found in most

indoor environments, it is important to consider the cumulative

effect of these structurally similar indoor contaminants. Com-

parable results were observed in these studies for all dicarbonyls

tested suggesting the exposure-related health effects and bi-

ological mode of action may also be similar. Given the abundance

of oxygenated reaction products possible in the indoor environ-

ment along with the potential for similar types of health effects,

exposure to small amounts of individual chemicals could cause

amplified responses when present in a mixture. Structure-activity

relationships (SARs), which utilizes a combination of computa-

tional biology and statistics, have been developed to identify

a link between structure and biological activity. There has been

increased attention and promising evidence, focused on the

development of models to predict respiratory sensitizers based on

chemical structure (Jarvis et al., 2005).

There has been an unexplained increase in the incidence of

asthma and allergies in the developed world over the last 30–40

years. More air-tight buildings, a wide range of new building

materials, association of VOCs with respiratory conditions, and

a greater amount of time spent indoors suggest the possibility

that exposure to VOCs may contribute to this increase of

adverse health effects. Attempts have been made to regulate

VOCs exposures based on chemical class, mixtures, and

suspected health effects by organizations including the Health

Council of the Netherlands (2000), Commission of the

European Communities (1992), and the World Health

Organization (2000) Air Quality Guidelines for Europe, but

given the complexities and variability of the indoor environ-

ment along with the large number of potential VOCs and

reaction products, this has proven to be a problematic task.

These results show that dicarbonyls stimulate the release of

proinflammatory mediators from lung epithelial cells and

suggest that oxygenated reaction products may be contributing

to the adverse health effects associated with indoor air

exposure. In addition, consistent elevations in inflammatory

cytokines obtained for the structurally similar compounds

suggest that the effects may be caused by exposure to the

summation of small amounts of reaction products. The novel

system described here may provide an in vitro method based on

the expression of inflammatory cytokine by airway epithelial

cells to screen contaminated indoor environments and help to

clarify the culprits responsible for the symptoms associated

with SBS and the other diverse health complaints of workers in

those environments.
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