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Abstract

Residual oil fly ash (ROFA) is a particulate pollutant comprised of soluble and insoluble metals and is produced by the com-
bustion of fossil fuels. The objective was to examine the pulmonary responses to chemically distinct ROFA samples collected
from either a precipitator or air heater within the same power plant. The collected ROFA samples were suspended in saline
(total sample), incubated for 24 h at 37°C, centrifuged, separated into soluble and insoluble fractions, and the metal composi-
tion was determined. In addition, electron spin resonance (ESR) was used to detect short-lived free radical intermediates pro-
duced by the ROFA samples and the different fractions. On day 0, Male Sprague-Dawley rats were intratracheally instilled
with saline (vehicle control) or the ROFA samples (1 mg/100 g body wt). At day 1, bronchoalveolar lavage was performed,
and lung inflammation was assessed. On day 3, additional rats that had been treated with ROFA were intratracheally inocu-
lated with 5 x 10° Listeria monocytogenes, and pulmonary bacterial clearance was measured at days 6, 8, and 10. The precipitator
ROFA was found to be more soluble and acidic with a significantly greater mass of each metal compared with the air heater
ROFA. A prominent hydroxyl radical signal was measured for the total and soluble precipitator ROFA after the addition of
H,0,, whereas the air heater ROFA and its fractions did not produce a signal. Precipitator ROFA induced a greater inflamma-
tory response than air heater ROFA illustrated by a significant elevation in lung neutrophils. In addition, pulmonary clearance
of L. monocytogenes was greatly diminished in the rats treated with the soluble and total precipitator ROFA samples. None of
the air heater ROFA samples had an effect on lung bacterial clearance. In conclusion, precipitator ROFA, particularly the solu-
ble fraction, generated a metal-dependent hydroxyl radical as measured by ESR and was shown to cause more inflammation
and result in reduced lung defense against infection compared with air heater ROFA. These results are most likely due to dif-
ferences in metal composition and solubility of the ROFA samples. (Mol Cell Biochem 255: 257-265, 2004)
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Introduction

Residual oil fly ash (ROFA) is an occupational and environ-
mental hazard produced by the combustion of fossil fuels.
Epidemiology has shown a positive correlation between in-
haled ambient air particulate exposure and an increased pul-
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monary morbidity and infection [1, 2]. ROFA accounts for a
significant portion of air pollution, contributing an estimated
2.5 x 10’ tons to the ambient particulate burden annually in the
United States [3]. Inhalation of ROFA has been associated with
adverse respiratory health effects in exposed workers [4, 5].
Animal studies have demonstrated that the bioavailability of
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soluble transition metals is responsible for the pulmonary
injury and inflammation observed after ROFA exposure [6,
71.

Fly ash is defined as the portion of ash produced during
fuel combustion that has a sufficiently small particle size to
be carried away from the boiler in the flue gas [8]. ROFA is
composed of a mixture of metals, sulfates, acids, and other
unknown materials complexed to an insoluble, particulate
carbon core. The properties of ROFA are dependent on the
composition of the fuel source, conditions during combustion,
efficiency of emission control devices, and the processing of
byproducts [8]. Metal and solubility properties of collected
ROFA samples can vary depending on the power plant as well
as the position of collection sites within the same plant [7].
By comparing pulmonary responses to chemically distinct
ROFA samples with different relative toxicities, it may be
possible to determine which components of ROFA may be
the most hazardous.

It was our objective to compare the chemical properties of
two different ROFA samples and examine their effect on lung
responses. ROFA was collected from a precipitator and an air
heater from within the same power plant and divided into
soluble and insoluble fractions. The metal composition of the
ROFA samples and the potential to generate reactive oxygen
species as measured by electron spin resonance (ESR) were
determined. Male Sprague—Dawley rats were intratracheally
instilled with the ROFA samples, and indices of lung injury
and inflammation were measured. Additional rats were intra-
tracheally inoculated with Listeria monocytogenes after pre-
treatment with the different ROFA samples, and the effect on
lung defense mechanisms was examined.

Materials and methods

Animals

Male Sprague—Dawley [Hla: (SD) CVF] rats (Hilltop Lab
Animals, Scottdale, PA, USA) weighing ~250 g were used.
The animals were housed in a room with restricted access and
HEPA-filtered air, monitored free of pathogens, and allowed
to acclimate in an AAALAC-approved animal facility for one
week before use. The rats were maintained on ProLab 3500
diet and tap water ad libitum. Alpha-Dri virgin cellulose chips
and hardwood Beta-chips were used as bedding.

Residual oil fly ash samples
Residual oil fly ash (ROFA) samples were collected from ei-

ther a precipitator or an air heater at Boston Edison, Mystic
Power Plant #4, Everett, MA, USA (see Fig. 1 for collection

sites). Particle size of the ROFA samples was characterized
by scanning electron microscopy (JSM-#5600 SEM, JEOL,
Peabody, MA, USA). The precipitator and air heater ROFA
samples were of respirable size with similar count mean di-
ameters of < 3 um.

The precipitator and air heater ROFA samples were sus-
pended in sterile phosphate-buffered saline (PBS), pH 7.4,
and sonicated for 1 min. The samples were further divided
into soluble and insoluble components as follows. The ROFA
particle suspension (ROFA-total) was incubated for 24 h at
37°C in a shaking incubator. After incubation, the samples
were centrifuged at 12,000 x g for 30 min. The supernatant
(ROFA-sol) was recovered and filtered with a 0.22 um fil-
ter, whereas the pellet (ROFA-insol) was resuspended with
the initial volume of PBS. The pH of each ROFA sample was
measured.

For determination of elemental composition, the samples
were wet-ashed with concentrated nitric and perchloric acids,
followed by hydrofluoric acid treatment to dissolve metal sili-
cates and remove elemental silicon. Metal analysis of each sam-
ple was performed by the Division of Applied Research and
Technology at NIOSH, Cincinnati, OH, USA, using inductively
coupled argon plasma, atomic emission spectroscopy [9].

Free radical measurement

Electron spin resonance (ESR) was used to detect short-lived
free radical intermediates in the ROFA-total, ROFA-sol, and
ROFA-insol fractions for both the precipitator and air heater
ROFA samples (1 mg/ml) in the presence of H O, using a cell-
free system as previously described [10]. For detection and
characterization of the generated free radicals, 0.1 M 5,5-
dimethyl-1-pyrroline-oxide (DMPO) was used as a spin trap.
In some analyses, the metal chelator deferoxamine (2 mM)
and antioxidant enzyme catalase (2000 U/L) were added to
the reaction.

All ESR measurements were conducted using a Bruker
EMX spectrometer (Bruker Instruments, Billerica, MA, USA)
and a flat cell assembly. Hyperfine couplings were measured
(to 0.1 G) directly from magnetic field separation using po-
tassium tetraperoxochromate (K,CrO,) and 1,1-diphenyl-2-
picrylhydrazyl (DPPH) as reference standards. The relative
radical concentration was estimated by multiplying half of
the peak height by (Apr)z, where AH  represents peak-to peak
width. An Acquisit program (Bruker Instruments, Billerica,
MA, USA) was used for data acquisitions and analyses.

Residual oil fly ash treatment

On day 0, rats were lightly anesthetized by an intraperitoneal
injection of 0.6 ml of a 1% solution of sodium methohexital



(Brevital; Eli Lilly, Indianapolis, IN, USA) and intratracheal-
ly instilled with 1.0 mg/100 g body wt. of the precipitator
ROFA, air heater ROFA, or silica (positive control) in 300 pl
of saline as previously described [11]. In addition, the soluble
and insoluble fractions from each ROFA sample were admin-
istered by intratracheal instillation using amounts equivalent
to the ROFA-total instillate. Animals in the vehicle control
groups were matched to the air heater ROFA and precipitator
ROFA groups and dosed intratracheally with 300 pl of sterile
saline. Intratracheal treatment of the animals with saline at
acidic pH had no significant effect on lung injury and inflam-
mation when compared with using saline at a neutral pH.

Bronchoalveolar lavage

On day 1, bronchoalveolar lavage (BAL) was performed as
previously described [12]. Total cell numbers and differen-
tials were determined with a Coulter Multisizer II (Coulter
Electronics, Hialeah, FL, USA).

Luminol-dependent chemiluminescence

Luminol-dependent chemiluminescence (CL) measures the
light generated as reactive oxygen species are produced by
activated cells. CL was performed with an automated Berthold
Autolumat LB 953 luminometer (Wallace, Gaithersburg, MD,
USA) as previously described [13]. Luminol was used as an
amplifier to enhance detection of the light, and 3 uM of phor-
bol myristate acetate (PMA; Sigma Chemicals, St. Louis,
MO, USA) was added immediately prior to the measurement
of CL to stimulate the lung phagocytes. Measurement of CL.
was recorded for 15 min at 37°C using 5 x 10° total BAL cells,
and the integral of counts per min (cpm) vs. time was calcu-
lated. CL was calculated as the total counts of stimulated cells
minus the total counts of the corresponding resting cells.

Biochemical parameters of injury

The albumin content and lactate dehydrogenase (LDH) ac-
tivity in the acellular first fraction of BAL fluid were meas-
ured. These measures reflect increased permeability of the
bronchoalveolar-capillary barrier and general cytotoxicity,
respectively. Albumin content was determined colorimetri-
cally at 628 nm based on albumin binding to bromcresol
green using an albumin BCG diagnostic kit (Sigma, St. Louis,
MO, USA). LDH activity was determined by measuring the
reduction of lactate to pyruvate coupled with the formation
of NADH at 340 nm. Measurements were performed with
a COBAS MIRA auto-analyzer (Roche Diagnostic Systems,
Montclair, NJ, USA).
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Pulmonary clearance of L. monocytogenes

Atday 3, additional rats were intratracheally inoculated with
5 x 10° of L. monocytogenes in 500 pl of sterile saline, ac-
cording to the instillation method described above. This bac-
teria dose was found in a previous study to give a uniform
infection and did not kill untreated naive Sprague-Dawley
rats [14]. At days 6, 8, and 10, the left lungs were removed
from rats in each treatment group. The excised lungs were
suspended in 10 ml of sterile water, homogenized using a
Polytron 2100 homogenizer (Brinkmann Instruments, West-
bury, NY, USA), and cultured quantitatively on brain heart
infusion agar plates (Becton Dickinson, Cockeysville, MD,
USA). The number of viable colony-forming units (CFUs)
was counted after an overnight incubation at 37°C.

Statistical analysis

Results are expressed as means + standard errors of meas-
urement (S.E.). The significance of the interaction among the
different treatment groups for the different parameters was
assessed using analysis of variance (ANOVA). The signifi-
cance of differences between individual groups was analyzed
using the Tukey—Kramer post-hoc test. For all analyses, the
criterion of significance was set at p < 0.05.

Results

ROFA was collected in the precipitator and air heater (Fig.
1). The air heater acts as a heat exchanger that recovers heat
from boiler exhaust gases to preheat incoming combustion
air [15]. This cools the exhaust gases before they pass to the
precipitator and also increases the efficiency of the fuel-
burning process. At the end of the process, gases are passed
through the precipitator for particulate sampling and col-
lection before reaching the stack and emitted into the envi-
ronment.

Table 1 depicts the measured pH and solubility properties
of the different ROFA samples. The total, insoluble, and solu-
ble fractions of the air heater ROFA sample were found to be
mostly neutral, whereas the total and soluble fractions of the
precipitator ROFA were both highly acidic with a pH of 5.00
and 4.10, respectively. In addition, the precipitator ROFA sam-
ple had a soluble-to-insoluble ratio of 0.605 and was substan-
tially more water soluble than the air heater ROFA sample
which had a ratio of 0.198.

The elemental analysis of the different ROFA samples is
shown in Table 2. The predominant components of the air
heater sample were Fe, V, Ni, and Al in a mostly insoluble
form. Conversely, a substantially greater mass of each ele-
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Fig. 1. Schematic diagram of a fossil fuel-burning power plant. ROFA was collected from both the precipitator and air heater areas within the plant.

ment was observed for the precipitator ROFA sample as com-
pared to the air heater sample. The predominant elements of
the precipitator sample were Fe, Al, V, Ni, Ca, Mg, and Zn.
Measurable amounts of soluble Fe, Al, Ni, Ca, Mg, and Zn
were present in the precipitator sample, whereas V was found
to be mostly insoluble.

Using ESR to measure free radical formation in an acellu-
lar system, the precipitator ROFA generated a 1:2:2:1 quartet
signal in the presence of DMPO and H,O, which is representa-
tive of the highly biologically reactive hydroxyl radical (Fig.
2A). The total and soluble forms of the precipitator ROFA
produced the greatest signal. This signal was dependent upon
metals because it was reduced after the addition of the metal
chelator deferoxamine to the reaction (data not shown). The
addition of the antioxidant catalase significantly reduced the
hydroxyl radical formation generated by the precipitator ROFA
(data not shown). Air heater ROFA produced no hydroxyl radi-

Table 1. pH and solubility properties of ROFA samples

Sample pH Soluble/insoluble ratio

Air heater —- ROFA Total 7.27 0.198
Insoluble 7.76

Soluble 7.27

Precipitator - ROFA Total 5.00 0.605
Insoluble 7.06

Soluble 4.10

cal in the presence of DMPO and H,0, as measured by ESR
(Fig. 2B).

In the assessment of pulmonary cellular responses one day
after treatment, no significant difference in the number of al-
veolar macrophages recovered from the lungs was observed
among the different groups (Fig. 3A). Lung neutrophil num-
bers were significantly elevated after intratracheal instillation
of silica (positive control) when compared with all the other
groups (Fig. 3B). Treatment with the different precipitator

Table 2. Elemental composition of ROFA samples

Element Mass (ug/mg)

Air Heater — ROFA Precipitator - ROFA

Total Insoluble Soluble Total Insoluble Soluble
Fe 457 629 2.71 Fe 157 914 15.7
Al 11.1 119 1.86 Al 729 37.1 22.9
\% 20.0 18.6 0.05 V 486 429 0.63
Ni 12.3  7.00 343 Ni 357 7.71 21.4
Ca 11.4 0.00 10.0 Ca 214 0.00 20.0
Mg 3.71 0.59 1.30 Mg 414 529 28.6
Zn 1.29 0.86 0.59 Zn 5.29 0.89 343
Pb 0.16 0.24 0.00 Pb 271 1.29 0.05
Mn 0.29 0.12 0.23 Mn 141 0.36 0.74
Co 029 0.14 0.11 Co 1.03 023 0.64

Note: Trace elements measured in both ROFA samples included Ba, Cd,
Cr, and Cu.
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Fig. 2. Electron spin resonance spectra of the different fractions from (A) precipitator ROFA and (B) air heater ROFA using spin trapping with DMPO in
addition to H:Oz' The ESR spectrometer settings were: receiver gain, 2.5 x 10% time constant, 0.04 sec; modulation amplitude, 1.0 G; scan time, 1 min;

magnetic field, 3440 pu 100 G. Arrows represent 15 G and direction of scan.

ROFA samples induced an inflammatory response as evidenced
by a significant elevation in neutrophil number when compared
with the air heater ROFA sample and the saline control groups.
The numbers of neutrophils recovered from the groups treated
with the soluble and insoluble fractions of the precipitator
ROFA were significantly less than the number recovered from
the precipitator ROFA-total group. No significant increase in
lung neutrophil number was observed for the different air
heater ROFA samples when compared with control.

PMA-stimulated CL was measured as an index of cellular
activation. Lung phagocytes recovered from animals treated
with silica generated the greatest CL signal when compared
with the other groups (Fig. 4). CL produced by each of the
precipitator and air heater ROFA groups was not significantly
different from saline control.
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LDH activity and albumin content were measured in the
acellular first fraction of BAL fluid to assess lung injury after
different treatments. LDH activity was significantly higher for
the silica group when compared with the other groups (Fig.
5A). No significant difference was observed in LDH activity
when comparing the precipitator ROFA groups with the saline
control. LDH activity was significantly higher for the total and
insoluble fractions of the air heater ROFA sample when com-
pared with the corresponding saline control. Albumin values
were significantly higher for the groups receiving the total and
insoluble groups for both the precipitator and air heater ROFA
samples when compared with the groups receiving the corre-
sponding soluble ROFA fractions or saline (Fig. 5B).

In the assessment of lung defense function, pulmonary
bacterial clearance of L. monocytogenes was measured in rats
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Fig. 3. Number of (A) alveolar macrophages and (B) neutrophils recovered 1 day after treatment with silica (positive control), the different ROFA samples,
and the corresponding saline control groups. Values are means + S.E. (n = 5-10 rats/group); for each cell type, groups with different symbols are statistically

different from each other; p < 0.05.
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Fig. 4. PMA-stimulated chemiluminescence (CL) of lung BAL cells recov-
ered one day after treatment with silica (positive control), the different
ROFA samples, and the corresponding saline control groups. Values are
means + S.E. (n = 5-10 rats/group); groups with different symbols are sta-
tistically different from each other; p < 0.05.

treated with the different ROFA samples. Pre-exposure with
the soluble and total fractions of the precipitator ROFA sam-
ple dramatically slowed the clearance of bacteria from the
lungs of these groups as compared to the insoluble preci-
pitator and saline control groups (Fig. 6A). At day 10, there
were 661 and 204 times more bacteria in the lungs of the
soluble and total precipitator ROFA groups, respectively, as
compared to the saline control group. No significant differ-
ence in bacterial clearance was observed when comparing the
air heater ROFA and saline control groups (Fig. 6B).

Discussion

In the present study, the pulmonary responses of two ROFA
particulate samples collected from different sites within a
power plant were evaluated. It is known that different opera-
tions in a power plant can have a significant effect on the
chemical composition of generated particulates. Changes in
particulate properties as a function of location in the process-
ing equipment of a power plant can be caused by many fac-
tors, including temperature and pressure changes, gas velo-
cities, continuing reactions, duct work configuration, residence
times, and control equipment [16]. Time—temperature rela-
tionships at different plant locations affect carbon burnout
and the fusion of mineral components, and thus influence par-
ticulate density, color, and chemical composition.

The two ROFA samples which were collected and used in
the study had distinctively different chemical and physical
characteristics. The air heater ROFA was found to be neutral
when suspended in PBS and was relatively water-insoluble,
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Fig. 5. (A) LDH activity and (B) albumin content of the acellular first frac-
tion BAL fluid one day after treatment with silica (positive control), the
different ROFA samples, and the corresponding saline control groups.
Values are means + S.E. (n = 5-10 rats/group); for each parameter, groups
with different symbols are statistically different from each other; p < 0.05.

whereas the precipitator ROFA was acidic in solution and
contained elevated quantities of water-soluble Fe, Ni, Al, Ca,
and Mg. The difference in composition of the two samples
may be due to the extremely high temperatures (usually be-
tween 150-300°C) present in the air heater which can pre-
vent acid condensation and promote metal vaporization of the
particulates. Due to the differences in the physical and chemi-
cal properties of the ROFA samples, it was our goal to attempt
to make determinations of what properties or components of
ROFA may be the most hazardous after inhalation.

ESR spin trapping was used to measure the reactivity of
the different ROFA samples in a cell-free system by detect-
ing the formation of short-lived free radical intermediates. It
is well-documented that free radical generation is an impor-
tant contributor to the pathogenesis of lung disease caused
by particulate inhalation [17]. Vallyathan et al. [18] correlated
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Fig. 6. Pulmonary clearance of 5 x 103 Listeria monocytogenes at 6, 8, and
10 days after treatment with (A) precipitator or (B) air heater ROFA. Val-
ues are means + S.E. (n = 4-12 rats/group); *, significantly different than
saline and precipitator-insoluble groups; p < 0.05.

the lung injury associated with freshly-fractured silica with
the generation of reactive oxygen species using ESR spin
trapping. In addition, ESR analysis has been used to evalu-
ate the oxidant-induced cell injury associated with different
metals, such as chromium [10, 19], vanadium [20], nickel
[21], and arsenic [22].

In a previous ESR study, van Maanen et al. [23] measured
hydroxyl radical generation by different fly ash samples in
the presence of H,O, and correlated the acellular production
of oxidants with DNA damage in rat lung epithelial cells. In
addition, it was observed that pulmonary treatment with the
soluble fraction of ROFA induced the in vivo generation of
carbon-centered free radical adducts [24]. In the current study,
using ESR spin trapping, the total and soluble precipitator
ROFA samples both produced the highly reactive hydroxyl

radical in the presence of H,O,, whereas the insoluble preci-
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pitator fraction did not. Neither the soluble nor the insoluble
fractions of the air heater ROFA generated a hydroxyl radi-
cal signal in the presence of H,O, and the spin trap. The re-
sponse was significantly reduced after treatment with the
metal chelator deferoxamine suggesting that the soluble met-
als associated with the precipitator ROFA were likely respon-
sible for the ROS generated.

Based on the ESR findings, it was hypothesized that the
lung responses associated with the precipitator ROFA sam-
ple would be more dramatic, possibly due to the presence of
soluble metals. Dreher ef al. [6] have demonstrated that wa-
ter-soluble transition metals are likely the causative agents of
ROFA-induced lung injury. Transition metal content, bioavail-
ability, and the metal-to-metal interactions were shown to in-
fluence lung responses after ROFA exposure. Not surprisingly,
the precipitator ROFA samples used in the current study were
significantly more inflammatory than the air heater ROFA
samples as indexed by pulmonary neutrophil influx. How-
ever, few differences were observed in the lung cytotoxicity
as measured by LDH activity when comparing the precipi-
tator and air heater ROFA samples. In assessing the integrity
of the alveolar-capillary barrier, significantly more albumin
was measured in the BAL fluid of the total precipitator ROFA
group as compared to the total air heater group. Interestingly,
significantly greater levels of BAL fluid albumin were ob-
served in the insoluble fraction for both the precipitator and
air heater samples when compared with the soluble fractions.

In studying the toxicity profile of different ROFA samples,
Kodavanti et al. [7] indicated that the precipitator samples,
which had the greatest amount of soluble metals, induced the
most lung injury as measured by BAL fluid protein and LDH
activity. Significant amounts of water-soluble V, Fe, and Ni
were present in the precipitator samples used in their study.
The precipitator ROFA used in our current study contained
little V in the soluble fraction, which may be one reason why
the soluble fraction of the precipitator ROFA induced little
lung injury as compared to the insoluble fractions (which did
contain significant amounts of non-water soluble V). The com-
plex interaction among the different metals may offer another
explanation for our observations. Kodavanti et al. [25] dem-
onstrated that when Ni, V, and Fe were combined, lung pa-
thology and cytokine production caused by the three metals
together were less severe than by Ni alone. In a related study,
it was observed that the lung damage caused by a mixture of
V and Ni was less than the injury caused by Ni alone [6].

Previous in vitro CL studies have indicated that some ROFA
samples may be strong activators of lung macrophages [7,
26]. However, neither of the ROFA samples (or the soluble
and insoluble fractions) which were used in our current study
had an effect on the ex vivo production of CL from recovered
lung phagocytes. Kodavanti et al. [7] showed that a specific
ROFA sample without water-soluble V (as was the case with
the ROFA samples used in the current study) did not cause an
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elevation in macrophage CL. In addition, it appeared that solu-
ble Ni had a suppressive effect on in vitro macrophage acti-
vation. Because the precipitator ROFA sample used in this
current study contained a considerable amount of soluble Ni,
the potential toxic lung responses and cell activation associ-
ated with the other soluble metals present in the ROFA sam-
ple may have been suppressed by the presence of Ni.

To further evaluate the possible suppressive effect of solu-
ble metals on macrophage function, bacterial clearance was
measured in ROFA-treated rats inoculated with L. mono-
cytogenes. The gram-positive, facultative intracellular bacte-
rial pathogen, L. monocytogenes, has been used by our group
and others to assess non-specific lung defense mechanisms [12,
27-31]. None of the air heater ROFA groups (which contained
minimal amounts soluble metals) had an effect on the lung
clearance of L. monocytogenes. However, bacterial clearance
was greatly diminished in the rats treated with the total and
soluble precipitator ROFA groups, further implicating the
suppression of macrophage function by soluble metals.

It is important to indicate that lung responses associated
with certain particulate samples are not entirely dependent
on the bioavailability of soluble metals. Imrich et al. [32]
demonstrated that the effects of ambient air particles on lung
macrophage function, cytokine production, and phagocytosis,
were caused mostly by the insoluble components. In addition,
it has been observed that the ability of a highly water-soluble
welding fume to generate free radicals, activate macrophages,
and produce lung inflammation was dependent on the soluble
as well as the insoluble metals of the fume [33, 34]. Different
lung responses to specific particulates are likely due to the
heterogeneity in the characteristics of the samples. Ambient air
particle samples collected on different days [32] and ROFA
collected from different locations within the same power plant
have been shown to demonstrate a wide range of biologic ac-
tivity. Thus, the pneumotoxic profile of collected workplace
and environmental particulate samples is strongly influenced
by the elemental and physical properties of the sample.
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