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ABSTRACT trium, thyroid, testes, and prostate as well as a variety
of abnormal physiological and morphological effects inThe importance of combustion processes as a source of substances
higher life forms (Arnold et al., 1996; Gillesby andwith estrogenic activity in the environment was investigated. Wood

(nontreated and treated with wood preservatives), barbecue charcoal, Zacharewski, 1998; Guillette et al., 1994, 1996; McLach-
meat, and kitchen waste were combusted in a laboratory-scale inciner- lan et al., 1982).
ator. Flue gas emissions (particulates and gaseous pollutants) were Several in vitro bioassays of different complexity have
trapped in polyurethane foam cartridges. The cartridges were subjected been used to screen for presence of estrogenic com-
to Soxhlet extraction and part of the extracts redissolved in dimethyl- pounds in environmental matrices (Zacharewski, 1997).
sulfoxide (DMSO) for analyses of estrogenic activity by means of the In the past we have used a yeast-based human estrogen
yeast-based human estrogen receptor (hER) bioassay. A synthetic es-

receptor (hER) in vitro bioassay, described and exten-trogen, 17-�-ethinylestradiol (EE2), was used as the reference estro-
sively validated previously by Routledge and Sumptergenic compound. Part of the extracts was analyzed for the 16 USEPA
(1996) and optimized by De Boever et al. (2001) for thepriority polycyclic aromatic hydrocarbons (PAHs). Estrogenic com-
measurement of estrogenic activity in flue gas extracts.pounds in the flue gas (wood) were as high as 234 � 25 ng m�3 EE2

equivalent compared with 27 to 81 ng m�3 EE2 equivalent in flue gas Large amounts of PAHs in air are emitted from combus-
from combustion of barbecue charcoal. Concentrations of polycyclic tion operations. Estrogenic compounds have a remark-
aromatic hydrocarbons in both flue gas streams were in the range of ably wide variety of chemical structures whose molecu-
21 000 � 2000 and 240 � 110 ng m�3, respectively. In general, the lar details are rather pervasive (Katzenellenbogen, 1995).
concentrations of EE2 equivalent in the flue gas samples were at least Principally, it can be observed that most natural estro-
a factor of 1000 lower than total PAH concentration. The EE2 levels genic compounds posses a structural motif consisting of
were not related to the concentration of PAHs in any flue gas sample.

at least two PAH rings. As such, it was of interest to
investigate whether the presence of estrogenic com-
pounds in flue gas streams was related to the 16 PAHs

Flue gas emissions from incomplete combustion pro- listed as priority pollutants by the USEPA (McCready
cesses contain a complex mixture of organic micro- et al., 2000).

pollutants (Davies et al., 1976; Pimenta et al., 2000). For
example, in flue gases from combustion of wood chips,

MATERIALS AND METHODS142 different compounds, which included aliphatic hy-
drocarbons, PAHs, carboxylic acids, alcohols, ketones, Flue Gas Generation and Sampling
phenols, and steroids, were isolated and characterized

Flue gas samples were generated by combustion of three(Simoneit et al., 2001). Incomplete combustion of wood
distinct samples of 300 g wood chips, barbecue charcoal, kitchenproduces estrogenic compounds (Muthumbi et al., 2002). waste, or meat. One set of wood samples was subjected to burn-

Incomplete combustion processes occur in uncontrolled ing without additional treatment. A second set of wood sam-
burning of domestic waste or animal carcasses and do- ples was treated by submersion (12 h) in paraffin oils con-
mestic heating systems operated on biomass fuels such taining 3% copper naphthenate wood preservative, and a third
as bark, sawdust, wood chips, charcoal, straw, whole- set of wood samples was treated by submersion in paraffin oils

containing 3% copper naphthenate wood preservative and pen-plant cereals, or hay (Obernberger, 1998; Launhardt and
tachlorophenol (3 g L�1). The treated sets of wood samples wereThoma, 2000; Gullett et al., 2001). Polycyclic aromatic
allowed to dry before combustion. Copper naphthenate andhydrocarbons are one of the largest groups of com-
pentachlorophenol wood preservatives were used to providepounds of organic micropollutants in flue gas emissions
worst-case burning scenarios, possibly enhancing the formation(Simoneit et al., 2001) and some PAHs are suspected to
of polychlorinated biphenyls (PCBs), polychlorinated dibenzohave estrogenic activity, especially in their hydroxylated dioxins (PCDDs), and polychlorinated dibenzo furans (PCDFs).

form (Clemons et al., 1998; Charles et al., 2000). Expo- Copper naphthenate and pentachlorophenol have been used
sure of humans to estrogenic compounds in the environ- to enhance the formation of chlorinated organic compounds
ment may be responsible for the apparent increase in in experimental combustion processes (Gullett et al., 2000;
hormone-dependent cancers of breast, ovaries, endome- Stieglitz and Vogg, 1987).

The combustion was performed in a 1-m-long refractory
brick-lined electrical oven divided into two compartments.
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cal coil, while the second was not. Temperature at the exit of dium) and 1 mL cyclohexamide stock solution (20 mg mL�1

ethanol) to 4 mL minimal growth medium. Final concentrationthe secondary combustion chamber varied between 100 and
320�C. Using a suction pump, flue gas samples were led through of cyclohexamide in the wells was about 1000 mg L�1. The

multiwell plates were then incubated at 37�C to enable rapidan air-cooled stainless steel tube (0.5-in [12.7-mm] i.d.) fitted
at the back of the secondary combustion chamber into a Su- development of the red color, indicating the presence of estro-

genic activity. The red color development and density of thepelco ORBO 2000 polyurethane foam (PUF) adsorption car-
tridge (Sigma-Aldrich, Bornem, Belgium) to trap the particles yeast cells in each well were read at 540 and 630 nm, respec-

tively, with a Biokinetic multi-well reader (Labsystems BV,as well as to sorb the PAHs and other organic pollutants. Be-
fore the start of the combustion experiments and in between Brussels, Belgium).
each set of subsamples, the sampling pipes (0.5-in [12.7-mm]
stainless steel tubes) were dismounted and cleaned with con- Calculation of the 17-�-Ethinylestradiol Equivalent
centrated sulfuric acid containing potassium dichromate (40 g

The �-galactosidase intensity was quantified by dividing theL�1) to oxidize organic compounds attached on the walls and
absorbance of the red color of the CPRG metabolite at 540 nmrinsed with water several times. In addition, both compart-
by that of yeast growth at 630 nm. Background interferencements of the oven were heated to 800�C for 4 h to oxidize traces
was avoided by subtracting the ratio of absorbance at 540 nmof organic compounds and hence eliminate memory effects.
to that at 630 nm of the negative control from the other values.
The corrected value for �-galactosidase intensity evoked by

Recovery of the Organic Micropollutants a concentration of 2964 ng L�1 of EE2 was considered equal
to 100% estrogenic activity response and the percentage ofPolyurethane foam adsorption cartridges were Soxhlet ex-
the mean maximum estrogenic response at X concentrationtracted with a 160-mL (3:1 v/v) mixture of n-hexane and ace-
of EE2 in the wells was computed as follows:tone (high performance liquid chromatography [HPLC] grade;

Merck Eurolab, Leuven, Belgium) for 24 h. In all cases, the % mean maximum response
final volume of the Soxhlet extract was on average 135 and
50 mL. Each of these extracts were evaporated in a rotorvap
apparatus under low pressure and the organic compounds re-

�
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dissolved in an equal volume of dimethylsulfoxide (DMSO)
(99.5%; Sigma-Aldrich) for performing the estrogen screen
bioassay. The remainder of the extract was used for the analy-
ses of the 16 standard PAHs.

The dose response curve was generated with a four-parame-
ter logistic model based on the Marquardt–Levenberg algo-

Yeast Estrogen Screen Bioassay rithm (Sigmaplot 4.0; SPSS, 1997) (De Boever et al., 2001).

About 125 �L of frozen yeast cell culture (�70�C) was
Y � min 	

max � min
1 	 10(LogEC50�X)hillslopethawed and added to 50 mL minimal growth medium supple-

mented with essential vitamins, amino acids, and 2% glucose
as in Routledge and Sumpter (1996). The culture was incu- where Y is the percent mean maximum response, X is the EE2
bated at 28�C for 2 d to attain an optical density of 1.0 at concentration, max is the plateau of the curve, min is the base-
630 nm. The culture was again subcultured for 24 h to provide line, EC50 is the transition center or the potency (i.e., the EE2
yeast cells in the exponential growth phase. A fresh assay concentration that evokes a 50% estrogenic activity response),
medium was then prepared by addition of 0.5 mL of the sec- and hillslope is the slope of the curve at the transition center.
ond-generation yeast culture to 50 mL of growth medium. The logistic model parameters obtained from the standard

Eight (100-�L) aliquots of each flue gas extract in DMSO dose response curve with EE2 dissolved in DMSO and the net
were placed in the first column of a 96-well polystyrene multi- response obtained with each Soxhlet extract were fitted in
well plate (Merck Eurolab) and serially diluted to 210. Along- the four-parameter equation to calculate the equivalent EE2
side, a stock solution (148 200 ng L�1) of 17-�-ethynylestradiol concentrations in ng L�1. For the calculations of EE2 equiva-
(EE2) was serially diluted to give EE2 concentration in the lent concentrations in the flue gas matrices, the total volume
range of 148 200 to 144.7 ng L�1. Fresh assay medium (245 �L) of the Soxhlet extracts and the flue gas sample volumes were
was added to a 96-well multiwell plate and EE2 dissolved in taken into account.
DMSO (5 �L) was added to attain a final concentration range
of 2.89 to 2964 ng L�1 in the wells at 2% DMSO content. Di-

Analyses for Polycyclic Aromatic Hydrocarbonslution series (20–210) of the flue gas sample extracts in DMSO
solvent were analyzed for estrogenic activity in a similar man- Analysis of the PAH content in the Soxhlet extracts was
ner. All the plates were wrapped in a parafilm foil along the performed by gas chromatography coupled with mass spec-
edges to minimize evaporation and incubated at 32�C for 72 h. trometry (GC–MS). The MS detector used was a quadropole

For each sample, the contents of each well were then mixed mass spectrometer (Trace-MS; Fisons/Thermoquest–Intersci-
by means of pipetting up and down several times with a multi- ence, Belgium). The detection was performed in full scan
pipette and 150 �L were transferred into the respective wells electron impact mode. Masses with m/z from 60 to 400 were
of a separate 96-well multiwell plate. Immediately after, 50 �L scanned in 0.4 s. Transfer line and the ion source were held
of a solution of both chlorophenol red-�-D-galactopyranoside at 300 and 250�C, respectively. A DB5ms capillary column
(CPRG) and cyclohexamide was added into each well. The (60 m � 0.25 mm � 0.25 �m; J&W Scientific, Folsom, CA)
cyclohexamide was used to terminate the protein synthesis fitted with a retention gap (deactivated fused silica) was used
and to allow for an end-point measurement of �-galactosidase for the chromatographical separations. The column was mounted
generated by the yeast during the exposure period before in- in a Trace-GC (Fisons/Thermoquest–Interscience) on an on-
troduction of the CPRG (De Boever et al., 2001). The CPRG– column injector. Injections (1 �L) were performed with an
cyclohexamide solution was prepared by addition of 200 �L AS800 autosampler (Fisons/Thermoquest–Interscience). After

injection the oven temperature was maintained at 55�C forof CPRG stock solution (10 mg mL�1 minimal growth me-
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1 min, then programmed to 140�C at 12�C min�1, followed by ity for these flue gas streams could not be determined
a second ramp of 5�C min�1 to 300�C. This temperature was reliably. Figure 2B shows the total concentration of the
held for 15 min. Helium was used as carrier gas, and kept at 16 USEPA standard PAHs (ng m�3) in flue gas streams
0.8 mL min�1 (constant flow mode). Data were recorded with from combustion of different materials and the repli-
Xcalibur software (Thermo Finnigan, 1998). The variability cates. With the exception of barbecue charcoal, otherof all measurement was 0.1%, unless otherwise stated.

samples that were combusted resulted in formation of
flue gas streams with total concentration of the 16 PAHs

RESULTS varying from 7000 to 632 000 ng m�3. Flue gas from
combustion of barbecue charcoal contained 110 to 301Figure 1 shows the calibration curve for the yeast
ng m�3 PAHs. Figure 3 shows a scatter diagram of theestrogen screen bioassay obtained with standard con-
concentration of EE2 equivalent against that of totalcentrations of the model compound (EE2) in DMSO
PAHs in the flue gas matrices from combustion of allat 2%. The effective concentration of EE2 capable of
the different samples and the replicates. There is nocausing a 50% of the maximum mean estrogenic response
evidence of a relationship between the concentration(EC50) was found to be 200 � 25 ng L�1 and the upper
of PAHs and the estrogenic activity. Table 1 shows theand the lower detection limits for the estrogen screen
average values of EE2 equivalents and PAHs containedbioassay were about 2950 and 5.8 ng L�1, respectively.
in the flue gas streams and the temperature in the pri-The combustion of nontreated wood samples, wood
mary and the secondary combustion chambers. Resultssamples treated with copper naphthenate, and barbecue

charcoal consistently had detectable estrogenic activity
(Fig. 2A). Combustion of wood alone released the largest
amount of EE2 ranging from 27 to 234 ng m�3. Flue
gases produced from combustion of wood treated with
the copper naphthenate and barbecue charcoal con-
tained EE2 concentrations of 15 to 180 and 27 to 81 ng
m�3, respectively. The Soxhlet extracts of flue gases pro-
duced from combustion of wood treated with both cop-
per naphthenate and pentachlorophenol, kitchen waste,
or meat were largely toxic to the yeast as indicated by
low absorbance at both the of 540 and 630 nm wave-
length (results not shown). As such, the estrogenic activ-

Fig. 1. Dose response curve for the yeast-based human estrogen re-
ceptor (hER) assay to synthetic estrogen 17�-ethynylestradiol Fig. 2. Concentration of (A) estrogenic compounds expressed as 17-�-

ethinylestradiol (EE2) equivalent (ng m�3) and (B) total concentra-(EE2) dissolved in dimethylsulfoxide (DMSO) solvent in concen-
trations of 2.9 to 2950 ng L�1. The response is expressed as a tion of the 16 USEPA standard polycyclic aromatic hydrocarbons

(PAHs) (ng m�3) in flue gas streams from combustion of differentpercentage of the mean maximum response elicited by 2950 ng
L�1 of EE2 (n � 8). Note the EC50 (effective concentration to materials and the replicates. T1, treatment with copper naphthenate

wood preservative; T2, treatment with copper naphthenate andcause 50% of the mean maximum estrogenic response) � 200 �
25 ng L�1. pentachlorophenol wood preservative.
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of 200 � 25 ng L�1 obtained in this study is comparable
with a reported value of 237 ng L�1 (Gaido et al., 1997).
17-�-Ethinylestradiol was used as a model estrogenic com-
pound due to its reputation as an environmental estro-
gen (Kozak et al., 2001). There were large differences
in the magnitude of estrogenic compounds and PAHs in
all the flue gas streams from the materials tested, and
the estrogenic compounds emitted in the flue gas streams
were not closely related with the level of PAHs. On the
other hand, the absence of PAHs did not imply the
absence of estrogenic compounds. The formation of or-
ganic micropollutants in closed combustion equipment
is a function of temperature, aeration, flaming intensity,
and the extent of solid-phase combustion (Cooper,
1980). In this study, the combustion temperature, aera-
tion, and flaming intensity were not strictly controlled
and the temperatures in both combustion chambers
were chosen to approximate scenarios in uncontrolledFig. 3. A scatter diagram showing the 17-�-ethinylestradiol (EE2)
burning of wood, charcoal, dead animal carcasses, andequivalent concentration (ng m�3) against the total concentration of
backyard waste.the 16 USEPA standard polycyclic aromatic hydrocarbons (PAHs)

(ng m�3) in flue gases from combustion of different material sam- This study shows that burning processes such as those
ples and their replicates. �, Barbecue charcoal; �, wood treated that occur in residential wood stoves and fireplaces and
with copper naphthenate wood preservative; �, wood treated with during burning of backyard waste or animal carcassescopper naphthenate combined with pentachlorophenol wood pre-

may be a significant source of estrogenic compounds inservatives; �, untreated wood; �, meat; �, kitchen waste.
the environment. Estrogenic compounds are typically ac-

demonstrate large variability in the concentration of tive at low concentrations (Miyamoto and Klein, 1998).
EE2 equivalents and that of the 16 PAHs. The combus- However, most studies on hazards related to combustion
tion of kitchen waste or meat in particular yielded flue processes are concerned with the formation of volatile
gas streams containing relatively large amounts of PAHs organic compounds, PAHs, polychlorinated biphenyls
and little or no EE2 equivalent. As expected, the flue (PCBs), polychlorinated dibenzo dioxins (PCDDs), and
gases obtained by drawing ambient air through the empty polychlorinated dibenzo furans (PCDFs) due to their
oven had no detectable estrogenic activity or PAHs. established carcinogenic properties at ubiquitous amounts

in the environment (Till et al., 1997; Kjallstrand et al.,DISCUSSION 2000). Indeed, regulatory limits for emissions of PAHs,
PCDDs, PCDFs, and volatile organic compounds suchAn effective concentration of EE2 capable of causing

50% of the mean maximum estrogenic activity (EC50) as benzene from combustion installations exist for most

Table 1. The average values of 17-�-ethinylestradiol (EE2) equivalents and polycyclic aromatic hydrocarbons (PAHs) contained in the
flue gas streams for different material samples and the replicates that were combusted in relation to the temperature in the primary
and secondary combustion chambers. The number of replicates each sample is analyzed for estrogenic activity (n) � 8.

Temperature in the
combustion

chambersPrimary
Sec-

Sample description EE2 equivalent of flue gas 16 PAHs in the flue gas ondary

ng m�3 103 ng m�3 �C
Air BDL† BDL 1000 162

BDL BDL 1000 106
BDL BDL 1000 170

Nontreated wood 27 � 3 19 1000 320
139 � 7 19 1000 170
234 � 25 24 1000 200

Wood treated with copper naphthenate 180 � 19 25 1000 230
15 � 26 7 1000 140
25 � 8 11 1000 190

Wood treated with copper naphthenate 	 pentachloro-
phenol BDL 32 1000 250

63 � 47 62 1000 300
BDL 98 1000 300

Barbecue charcoal 27 � 15 0.3 1000 200
42 � 23 0.11 1000 211
81 � 22 0.31 1000 100

Meat BDL 246 965 151
13 � 13 20 1000 211
14 � 16 43 935 126

Kitchen waste BDL 165 900 225
BDL 632 850 178
63 � 21 82 925 184

† Below detection limit.
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