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Abstract

Wetested the hypothesis that exposure of healthy volunteers
to concentrated ambient particles (CAPS) is associated with
an influx of inflammatory cells into the lower respiratory
tract. Thirty-eight volunteers were exposed to either filtered
air or particlesconcentrated fromtheimmediate environment
of the EPA Human Studies Facility in Chapel Hill, NC.
Particle concentrations in the chamber during the exposures
ranged from 23.1 - 311.1 pg/m®. Volunteers alternated
between moderate exercise (15 minutes) and rest (15 minutes)
for a total exposure time of 2 hours. There were no
symptoms noted by volunteers after the exposure. Similarly,
there were no decrementsin pulmonary function. Eighteen
hours after exposure, analysis of cells and fluid obtained by
bronchoalveolar lavage showed an increase in neutrophilsin
both the bronchial and alveolar fractionsin those individuals
exposed to CAPS. Blood obtained after exposure to CAPS
contained significantly more fibrinogen relative to samples
obtained prior to exposure. Previous studies of cytokine
induction by PM,, pollution particulates in alveolar
macrophages have indicated that endotoxin is an active
component in outdoor pollution. Collection of PM,, and
PM, ¢ ,, particlesof teflonfiltersherein Chapel Hill indicated
that cytokine inducing activity was associated with a soluble
component of the larger particles, but not the smaller ones.
Inhibition of this activity by LPS binding protein or
polymyxin B, but not a metal chelator, again implied that
endotoxin was present and accounted for all actvitity. When
exposing macrophages to the PM,, . ,, particles themselves,
cytokines were induced at > 50 fold higher levels than with
the solublefraction, while PM, . particlesincreased cytokine
production approx. 5 fold compared to control. Pretreating
the particles with 10 ug/ml polymyxinB reduced the activity
> 50%, but not compl etely, suggesting that other components
inthe course particlesmay contribute to cytokine production.
Individual outdoor air filters collected daily over a month
implied that while water extractable endotoxin levels were
relatively low and ranged 0-1.2 EU/filter (cholorimetric
limulus assay), bioactivities of the extracts were much more
variable. Either environmental endotoxins vary in their
activating potential or other components synergize with
endotoxin for cytokine production. Furthermore, PM,. ,,
inhibit phagocytosis most likely by affecting the viability of
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macrophages, which undergo apoptosis upon exposure. We
conclude that moderate levels of ambient air particles are
capable of inducing an inflammation in the lower respiratory
tract aswell asanincreased concentration of blood fibrinogen
and some portion of this effect may be associated with
endotoxin content.

Introduction

Epidemiologic studies have established an association
between exposures to air pollution particles and human
mortality and morbidity at concentrations currently found in
major American metropolitan areas (Dockery and Pop 1994).
This association has been documented in numerous
investigations around theworld and is remarkably consistent
(UN Environment Program and WHO Report). Air pollution
particles are also associated with an increased incidence of
both pulmonary infectionsand hospitalization for respiratory
disease (Bates and Sizto 1983; Dockery et. al., 1989; Pope
1989).

Despite this impressive association between particles and
human mortality/morbidity, fundamental uncertainties exist
astowhich physical and/or chemical propertiesincreaserisk.
In addition, pathophysiological mechanisms have not been
determined. This uncertainty arises from the difficulty of
exposing humansand animal sto particlesthat are considered
equivalent to those which populations included in the
epidemiologic studies inhaled. Particles collected from
specific emission sourceshave been demonstrated to causean
incursion of neutrophilsinto the lung, an injury, and changes
in host defense capability in both animals and humans
(Pritchard et. a., 1996; Salvi et. al., 1999). However, these
specific emission sources make up avariable and rather small
component of most urban airsheds making it difficult to
distinguish their exact contribution to human morbidity and
mortality after exposure to ambient air particles.

Particlescollected fromambient air and instilled into animals
can also cause a neutrophilic inflammation and lung injury
(Pritchard et. al., 1996; Vincent et. al., 1997). However, the
recovery of the particles on either filters or in baghousesiis
extremely variable. It is aso uncertain whether al
components can be retrieved in quantities reflecting the
original particle(e.g. organicsand ammoniumaretoo volatile
to be collected). In addition, these particles have been
instilled at considerably higher concentrations than would be
inhaled by individualsin areal world setting. Finally, there
is considerable controversy as to whether this route of
exposure (i.e. indtillation) is equivalent to inhalation. All of
these limitations makeit difficult to extrapol ate the results of
these studies to epidemiology findings.

Therecent devel opment of ambient particleconcentratorshas
made it possible to perform controlled exposures of animals



and humans by inhaation of “real world” particles.
Concentrators allow the measurement of a range of
cardiopulmonary responses and therefore testing of specific
hypotheses at pertinent particle masses. Initial findingsfrom
Harvard demonstrate that particles between 0.1 and 2.5
micronsare effectively concentrated, while gasesand smaller
particles are not (Sioutas et. al., 1997). There also does not
appear to be appreciable loss of individual particle
components such as metal, sulfates, nitrates, acids, elemental
and organic carbon, and general classes of organics.

Inthe Chapel Hill areaof North Carolina, ambient particul ate
mass is driven primarily by mobile sources such as
automobiles and is similar in size distribution and chemical
composition to that found in many east coast cities, albeit at
lower concentrations. Concentration of particles found in
Chapel Hill air 6-10 fold allows controlled exposure of
humansto similar concentrations of particles as seenin many
major metropolitan areas. We tested the hypothesis that
concentrated particles can cause a neutrophilic inflammation
inthelungsof healthy humans. In thisstudy 38 healthy young
volunteers were exposed to either filtered air (n=8) or
concentrated particles ranging from 30-300 pg/m® (n=30).
Changesinlung function, hematol ogical parameters, and both
lung inflammation and injury were measured following atwo
hour exposure to ambient particles.

In addition, the mechanism(s) of lung injury after exposureto
air pollution particles is not known. Injury has been
postulated to be mediated by ultrafine particles, endotoxin,
acid aerosols, polyaromatic hydrocarbons included in the
organic components of the particle, and metal-catalyzed
oxidative stress. We present data suggesting a participation
of endotoxin in the biological effects of particulate matter.

Materials and M ethods

Ambient Aerosol Exposure System

Particles between the sizes of 0.1 and 2.5 microns present in
the Chapel Hill air were concentrated using a Harvard/EPA
Ambient Fine Particle Concentrator (HAPC) consisting of
three-stage virtual impactors. The principles by which this
concentrator works have been previously described (Sioutas
et. al., 1995; Sioutaset. al., 1997). The concentrator utilizes
the inertial separator technique, thus concentrating particles
only, not gases. Briefly, outside air isfirst drawn through an
Anderson high volume conventional impactor witha2.5 um
cut-off size at arate of 5000 L/min. The exit flow from the
Andersonimpactor, which containsparticlesmainly <2.5um
indiameter, isdrawninto thefirst stage of the concentrator in
which 5 virtual impactor dits (1000 L/minute per dit) are
arranged in parallel. The virtual impactor consists of two
parts: the upper part is in the form of a rectangular nozzle
through which airflow is accelerated and the lower part isin
the form of a sharp-edged dlit which receives impinging
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particles. Each virtual impactor operates at a minor to total
flow ratio of 0.2 so that 80% of airflow ejected from the
rectangular nozzle is deflected to the side stream (i.e., major
flow) and 20% of the flow is extracted straight down into the
receiving dit (i.e., minor flow). Inthisdesign, particles> 0.1
pm achieve a sufficient momentum to cut across the
deflecting major flow stream and impinge into the receiving
dlit, whereas particles< 0.1 pm follow the major stream and
are exhausted. For this reason, particles smaller than 0.1
micron are not concentrated. Ideally, if all particlesbetween
0.1 and 2.5 wm are condensed into the minor flow, particle
concentration in the minor flow will increase by 5 times. In
the present system, particles in the size range of 0.1 - 2.5
micron are concentrated about 2.5 - 3 fold in the first stage
and acombined flow from five receiving slits (minor flow) is
drawn into the second stage at the rate of 1000 L/min. The
second stage consists of asingle virtual impactor identical to
thosein thefirst stage. Here, particlesare concentrated 2.5 -
3fold again and drawn into the third stage at the rate of 200
L/min. A single virtual impactor in the third stage operates
at aminor to total flow ratio of 0.4 and concentrates particles
about 2 fold at a flow rate of 80 L/minute. Finally, the
concentrated aerosols leaving the third stage are mixed with
120 L/min of clean and conditioned air (20° C and 50%
relative humidity) and the resulting conditioned aerosols are
delivered into the exposure chamber at the rate of 200
L/minute. The addition of the conditioned air dilutes the
concentrated aerosols, but provides consistent temperature
and humidity. Overall, particleshave been concentrated 6-10
fold at the inlet of the chamber. Sham exposures are
conducted by using 200 L/minute of conditioned air and no
air fromthe HAPC.

The maximum concentration of aerosolsto bedelivered tothe
chamber varied depending on concentrations of naturally
occurring aerosol inthe Chapel Hill air (which usually ranges
510 30 ug/m?). The exposure chamber is4.0 x 6.7 x 7.5 feet
in size and constructed with aluminum panel sand heavy duty
clear plexyglass for doors and windows. Because the air
pumping units are located downstream of the chamber and
HAPC, the chamber is operated under a slightly negative
pressure (10-12 inchesof water). Aerosolsenter the chamber
via a 6" diameter curved duct positioned on the top and
middle of the chamber and exit viaan exhaust duct positioned
in the middle of one of the vertical walls. The subject sits
between theinlet and exit duct with hisher head located less
than 18 inches away from the inlet duct. A series of tests
conducted in the present study have shown that the particle
concentration at the subject’ s head positionisat least 90% of
that at the inlet duct.

Particle Characterization

Air was sampled just prior to entering the HAPC and again
just before entering thechamber fromtheinlet duct. Particles
were collected on pre-weighed 47 mm teflon filters (2 pm




pore, Gelman Sciences, Ann Arbor, MI) at aflow rate of 10
L/min for 2 hours during the exposure. Filters were weighed
on an electrobalance (Mettler UMT?2) in atemperature (20°
C) and humidity (45%) controlled room. Thisbalance hasa
capacity to reliably weigh masses as low as 1 micron. The
end net filter weight, sampling time, and flow rate were used
to calculate the particle concentration in pg/m?®. Filterswith
sequestered PM (both before and after concentration) were
analyzed for those metals most frequently found in greatest
guantity (iron and zinc) and sulfur using X-ray fluorescence
(XRF) (Lawrence Livermore Labs, San Francisco, CA).

The particle size distribution was obtained using a micro-
orifice uniform deposit impactor (MOUDI, MSP
Corporation, Minneapolis, MN), which is an eight stage
cascade impactor containing a series of micro-orifices that
collect particles onto pre-weighed 37 mm Teflon filters (2
pm pore, Gelman Sciences, Ann Arbor, MI). Aerosols were
sampled from the inlet duct at a flow rate of 30 L/min for 2
hours. Thefilter substrates from the impactor were weighed
under acontrolled environment following the same procedure
described above for total filter samples. The weights from
each stage were used to determine the mass median
aerodynamic diameter (MMAD) and the geometric standard
deviation (GSD). These dataarereported in Table 1.

Study Population

Volunteers responding to a newspaper advertisement were
pre-screened over the telephone using the following criteria:
age between 18 and 40 years old; non-smokersfor at least 5
years prior to study; no history of alergies or respiratory
diseases (food allergy, hay fever, dust alergies, rhinitis,
asthma, chronic bronchitis, chronic obstructive pulmonary
disease, tuberculosis, hemoptysis or recurrent pneumonia);
and not presently on any medication prescribed by a
physician (except birth control pills). A urine pregnancy test
was performed on all female subjects and a positive result
excluded the subject from further participation in this study.

Prior to participation in the study, subjects wereinformed of
theproceduresand potential risksand each signed astatement
of informed consent. The protocol and consent form were
approved by the University of North Carolina School of
Medicine Committee on the Protection of the Rights of
Human Subjects. The screening procedures for each subject
included a Minnesota Multiphasic Personality Inventory,
medical history, physical examination, chest X-ray, and
routine hematol ogic and biochemical tests.

Exposureto CAPS

Each volunteer had a single exposure to either filtered air or
CAPS.  Subjects were monitored continuously using
telemetry and arterial saturation by oxygen. Total exposure
time was two hours. Subjects entered the exposure chamber
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(200 cubic feet) and sat on a recumbent bicycle ergometer.
Subjects exercised for thirty minutes of each hour. The
schedule of exercisewas 15 minutes on acycleergometer, 15
minutes rest, and this was repeated four times. Exercise
intensity, i.e. cycle ergometer workload, was adjusted so that
subjects breathed at a ventilatory rate, normalized for body
surfacearea, of 25 L/m? minute. 1n most subjectsthiswill be
about 50 L/minute (i.e. aVO, of approximately 1.0 L/m). A
cycle ergometer work setting of 75 to 100 watts achieved
such a physiological response. During the two hour
exposure, particle concentrations were monitored
continuously at the inlet duct of the chamber by using
Tapered Element Oscillating Microbalance (TEOM, Series
14003, Rupprecht & Patashnick, Inc., Albany, NY). TEOM
was used to monitor aconsistency or short-term excursion of
exposure concentration. The average exposure
concentrationswere determined by filter samplesasdescribed
above.

Venipuncture and Pulmonary Function Testing

Venous blood was sampled from an antecubital site
immediately before and 18 hours after the exposure.
Measurements included a complete blood count, ferritin,
blood viscosity, and fibrinogen (LabCorp, Burlington, NC).

Spirometry and plethysmographic measurement of airway
resistance were similarly measured immediately before and
18 hours after the exposure. The subject inhaled completely
and then exhaled rapidly and completely via a tube into a
spirometer. Fromthismaneuver, forced vital capacity (FVC),
forced expiratory volume in one second (FEV,), and peak
flow (PEF) were derived. For the plethysmographic
measurement of airway resistance (Raw), subjects sat in a
body box and performed a brief (20 seconds) panting
maneuver at 1.5 Hz through a pneumotachograph. Airflow
was occluded midway through the maneuver. By
measurement of unoccluded airflow, pressure at the mouth
during occlusion and pressure in the box under both
conditions, both thoracic gasvolumeand airway resistanceto
airflow were quantified.

Bronchoscopy with L avage

Using astandard protocol (Ghio et. al., 1998), the volunteers
underwent bronchoscopy with lavage 18 hoursafter exposure
to either the filtered air or CAPS. The fiberoptic
bronchoscope was wedged into a segmental bronchus of the
lingula. Four aliquots of sterile saline were instilled and
immediately aspirated. The first was 20 ml and this fraction
was labeled the bronchial sample. The remaining three
aliquots were 50 ml each and the return from this
bronchoalveolar lavage (BAL) is considered to reflect the
environment of the distal respiratory tract. These were
designated the alveolar sample. The procedure was repeated
on the right middle lobe again using 170 ml saline. Samples
were put on ice immediately after aspiration and centrifuged




at 300 x g for 10 minutes at 4° C. Total cell counts and
differentials were obtained using a hemocytometer. The
supernatant was assayed for total protein, IL-8, IL-6, PGE,,
fibronectin, and alpha-1 anti-trypsin concentrations.

Acquisition of M acrophagesfor In Vitro Studies
Healthy, nonsmoking volunteers 18 to 35 years of age
underwent fiberoptic bronchoscopy with lavage (Ghioet. al.,
1998). The fiberoptic bronchoscope was wedged into a
segmental bronchus of the lingula. Six aliquots of sterile
salinewereinstilled andimmediately aspirated. Thefirstwas
20 ml and this fraction was labeled the bronchial sample.
The remaining five aliquots were 50 ml each and the return
from these are considered to reflect the environment of the
distal respiratory tract. These were designated the alveolar
sample. The procedurewasrepeated ontheright middlelobe
again using 270 ml sdine. Samples were put on ice
immediately after aspiration and centrifuged at 300 x g for 10
minutes at 4° C. Total cell counts and differentials were
obtained using a hemocytometer.

Statistics

Data are expressed as mean values + standard error.
Relationships between continuous variables were evaluated
employinglinear regressiontechniques. Differencesbetween
two groupsweretested using the T-test of independent means
while those between multiple groups were compared using
one-way analysis of variance (Colton 1974). The post-hoc
test employed was Scheffe's test. Two-tailed tests of
significance were employed. Significance was assumed at
p<.05.

Results

Study Population and Exposure

The subject population included 38 volunteers (36 malesand
2females; 26.2+ 0.7 yearsold). Therewereeight exposures
tofiltered air and 30 exposuresto CAPS (PM mass of 120.5
+ 14.0 pg/m®). There was a substantial range in CAPS
exposures reflecting the variation outside the facility with
individual exposuresranging from23.1 - 311.1 ug/m? (Table
1). The study population was divided into quartiles with the
eight individual s exposed to filtered air (Quartile 1) and the
remaining 30 exposures arranged into groups of ten with
ascending PM mass (Quartiles 2, 3, and 4). Differences
between the quartilesin PM mass were significant (F= 41.2;
p<.0001). Taking into account time of exposure and
ventilation rates (i.e. 50 L/minute), we estimate that
individual lung exposures approximated atotal dose of 1200
g on those days with the highest PM mass (i.e. Quartile 4).

For all PM exposures, the concentration factor was6.5+ 0.9.
Measurement of iron, zinc, and sulfur by XRF verified
concentration factors which approximated the value for total
mass (8.5 + 4.4, 10.8 + 3.9, and 6.8 + 1.4 respectively). The
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sizedistribution of exposure aerosol swas approximately log-
normal withthevaluesof MMAD (massmedian aerodynamic
diameter) and GSD (geometric standard deviation) being 0.65
+0.03 and ~2.35respectively. Therewasadight increasein
MMAD from 0.54 to 0.72 pm with an increase in mass
concentration from Quartile 2 to Quartile 4.

Changesin Symptoms and L ung Function

Subjects did not report any symptoms either immediately or
18 hrs after exposure to air or CAPS, nor were any
abnormalities observed upon physical examination of the
subjects.  There were no significant differences in FEV,
FVC, Raw, or PEF in the subjects exposed to CAPS (Table
2). Using Knudson's criteria to provide predicted values
(Knudson et. a., 1983), all spirometric indices were normal.

Changesin Peripheral Blood

A recent epidemiology study has reported an association
between ambient air particles and increased blood viscosity
(Peterset. al., 1997). Therefore, a number of hematological
parameters involved in inflammation, acute phase response,
and blood viscosity or clotting were measured (Table 3).
Exposureto filtered air or to CAPS had no effect on numbers
of neutrophils, lymphocytes, monocytes, RBCs, or platelets
in the blood 18 hours following exposure. This was true
whether the data were analyzed as air versus al CAPS or
broken into quartiles for analysis. Similarly there were no
differences in hemoglobin, blood viscosity, or ferritin
between groups exposed to air and CAPS. However,
significant differences were observed in the concentration of
blood fibrinogen between air and CAPS exposed subjects(p=
0.009). All three CAPS guartiles showed a similar change
between post- and pre-exposure values (38 - 43 mg/dL),
indicating there was no dependence on dose (Figure 1).
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Figure 1. Changesin the concentration of blood fibrinogen
after exposures to CAP and filtered air. Blood fibrinogen
concentrations increased with particle inhalation relative to
filtered air but this elevation did not reach significance. The



concentration of the acute phase reactant appeared to be
dependent on exposure and increased with PM mass.

Changesin Bronchial L avage Fluid and Cells

Total cellspresent inthebronchial lavagefraction (BL) were
not effected by CAPS exposure (Table 4). There were no
CAPS induced changes in percentages of macrophages,
lymphocytes, and epithelial cells in the bronchia fraction.
However, there was a significant CAPS induced increase in
percent neutrophils in the bronchia lavage, with particle-
exposed individuals having 8.1 + 2.7% and air-exposed
individuals having 2.7 £ 0.6% neutrophils (p=0.001). In
addition there was a statistically significant increase in
monocytes (0.76 + 0.12% after CAPS exposures and 0.36 +
0.13% for air exposures, p=0.010). There was also a
significant increase in the number of neutrophils present in
BL fluid (6.6 + 1.7 x10°for CAPSexposuresand 1.8 + 0.05
x10° for air exposures; p= 0.011). Post-hoc testing
following ANOVA revealed significant differences only
between the first and third quartiles in total numbers of
neutrophils (Figure 2).
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Figure 2. Neutrophil numbersin the bronchial fraction after
inhalation of particles and filtered air. The total number of
neutrophils in the bronchial fraction of the lavage increased
with particle inhalation.  Percentage neutrophils were
comparably increased.

Concentrations of 1L-8, IL-6, PGE,, al-antitrypsin, and
fibronectin in the bronchial fluid were not changed after
CAPS inhalation (Table 5). The concentration of proteinin
the bronchia fluid was decreased following exposure to
CAPS; BL of air-exposed subjects contained 57.5 + 5.7
pg/ml while BL of particle-exposed subjects contained 35.9
+ 2.5 pg/ml (p=.0006). Post-hoc tests following ANOVA
revealed significant differences between the first quartile
(filtered air) and the other three quartiles.

Changesin Bronchoalveolar L avage Fluid and Cells
Tota cells found in BAL fluid were increased in those
individualsexposedto CAPS (Table6). Individualsexposed
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to air had 15.9 + 1.9 x10° cells while those exposed to CAPS
had 21.4 + 1.3 x 10° cdlls (p= 0.04). The percentage of
macrophages, lymphocytes, monocytes, and epithelial cells
were not increased after CAPS exposure. However, the
percentage of neutrophils significantly increased following
particle exposure (2.5 + 0.6 for CAPS and 0.8 £ 0.3 for air;
p=0.016). Inaddition, absolute numbersof neutrophilswere
increasedin BAL fluid following CAPS exposure (0.56 x 10°
) as compared with air exposure (0.09 x 10°% (p= 0.0013).
Neutrophil influx appeared to be dependent on dose with the
greatest elevations occurring in the those subjects exposed to
the highest concentration of particles (F=2.9; p=.05) (Figure
3).
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Figure 3. Neutrophil numbersin the bronchoalveolar lavage
after inhalation of particlesandfiltered air. Thetotal number
of neutrophilsin the bronchoalveolar lavage increased with
particleinhalation. Percentage neutrophilswere comparably
increased

Therewas also an increase in the total number of monocytes
found in the BAL of CAPS-exposed individuals (2.7 + 0.4
x10°) compared with air-exposed subjects (1.8 * 0.3 x10°),
although the increase did not quite reach statistical
significance (p= 0.08).

Concentrations of IL-6, IL-8, PGE,, al-antitrypsin, and
fibronectin in BAL fluid did not change with exposure to
CAPS(Table7). Interestingly, IL-8 levelswereconsiderably
lower in the most heavily exposed individuals (66.4 = 21.7
pg/ml) compared with those exposed to air (189.3 £ 52.1
pg/ml), although these differences did not reach statistical
significance. In contrast with the bronchial fraction, protein
concentrations in BAL fluid were not significantly different
after inhalation of CAPS relative to air. Somewhat
surprisingly, fibrinogen levelsin BAL fluid were decreased
in CAPS-exposed individuals (15.2 + 1.4 mg/dL), compared
with air-exposed subjects, who had 23.2 £ 2.1 mg/dL intheir
BAL fluid (p= 0.009).



In vitro aveolar macrophage investigation verified that
endotoxin does participate in a biological effect of PM.
Incubation of alveolar macrophages with the ageuous extract
of filters signficiantly increased chemiluminescence by the
phagocytes (Figure 4). The greater part of the
chemiluminescence was induced by the larger fraction of the
PM (both the particles themselves and the aqueous extract
denoted “ex”).
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Figure 4. Chemiluminescence of aveolar macrophages
(200,000/mL ) after stimulation by particul ate matter isolated
from filters of varying size (PM,.vs PM2.5-10). The
ageuous soluble component denoted by “ex”.
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Figure 5. IL6 release measured by ELISA ( R & D,
Minneapolis, MN) after a 24 hour exposure of alveolar
macrophages (200,000/mL) to particulate matter isolated
fromfilters of varying size (PM,.vs PM, . ,,). The ageuous
soluble component denoted by “ex”.
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Discussion

This study demonstrates that young, healthy volunteers
exposed to redlistic levels of ambient air particles develop
mild inflammation in both their airways and the peripheral
lung. Increased neutrophils were present in both the
bronchial and bronchoalveolar fractions following CAPS
exposure. The influx of neutrophilsinto the lung of CAPS
exposed individual swas dose dependent, with those subjects
exposed to the highest concentration of CAPS having the
most neutrophils. The number of neutrophils present in BL
or BAL lavage fluid was comparable to that found in healthy
young volunteers exposed to low levels (0.10 ppm) of ozone
(Devlin et. a., 1991). Neutrophils present in the BL of
humans exposed to CAPS were also similar quantitatively to
those found after human exposure to 300 pg/m® diesel
exhaust for one hour (Salvi et. al., 1999). Although thelatter
study did not observe increased neutrophils in the alveolar
fraction, this disparity may be explained by the differencesin
particle source, timing of bronchocoscopy (6 hoursfollowing
diesel exhaust exposure versus 18 hours following CAPS
exposure), or discrepanciesinthetotal particledosedelivered
to the lung in the two studies.

Rats exposed to up 350 mg/m3 of concentrated particles for
3 hours did not show evidence of lung inflammation either 3
or 24 hours after exposure (Gordon et. a., 1998). This
difference between human and rat response to CAPS may be
reflective of different sensitivitiesof thetwo speciesor reflect
the higher ventilatory rate of exercising humans during
exposureinthisstudy. However, in another study ratswere
exposed to considerably higher levelsof CAPS (5 hrs/day for
3 consecutivedaysto concentrated parti clesranging from 206
- 733 mg/m3 ), and had dightly elevated BAL neutrophils
(Clarke et. al., 1999). Taking into account particle
concentration, exposure duration, minute ventilation, and
lung surface area of humans and ratsin these two studies, we
estimate the rats inhaled approximately 10 times more
particles than humans. Since the neutrophil levels were
similar in both studies, these datalend credence to the notion
that humans may be more sensitive to the effects of CAPS, at
least as measured by lung inflammation.

It was somewhat surprising that CAPS did not induce
increases in soluble BAL components such as IL-8, IL-6,
PGE,, protein, or fibronectin. All of these compounds were
seenin BAL 24 hours after exposure of humansto low levels
of ozone - a regimen which induced similar PMN levels as
seenin this study. This discordance suggests the possibility
that CAPS and ozone may exert their effects via different
mechanisms. This possibility is further strengthened by the
observation that low levels of ozone, but not CAPS, induce
changesin lung function (e.g. FEV, and FVC).



Another noteworthy outcome of this study is that fibrinogen
concentrationsin the blood may be increased after inhalation
of CAPS. Fibrinogen is an extracellular, dimeric
glycoprotein (molecular weight of 340,000 Daltons)
synthesized by the liver. Itisthe circulating precursor of the
fibrin clot and contributessignificantly to blood viscosity and
coagulation, cell to cell adhesion, and platelet aggregation.
Concentrations are associated with season of theyear, dietary
factors, geography, race, age, obesity, pregnancy, oral
contraception, menopause, cigarette smoking, stress, and
hypercholesterolemia (Andreotti et. al., 1999). Fibrinogenis
an acute phase reactant and its levels increase during
inflammation, infection, and stress. Plasma elevations in
disease(e.g. hypertension, diabetes, malignancy, surgery, and
inflammatory disorders) can be proportionaly related to
activity and tissue damage. These elevations may represent
an activation of cellsby aninflammatory stimulus(i.e. CAPS)
with release of cytokines which induces synthesis of
fibrinogen in the liver. However, the elevation of this
glycoprotein did not appear to be a nonspecific elevation of
an acute phase reactant as other proteins participating in this
host response were not similarly increased (i.e. ferritin).
Decrements of fibrinogen inthe BAL of individuals exposed
to CAPS supports a consumption of the protein with the
activation of coagulation.

Elevationsin fibrinogen after CAPS may reflect adisruption
in the normal equilibrium between coagulation and
fibrinolysis and present a thrombogenic risk.  This
disturbanceinthe normal equilibriumwas not sufficient to be
reflected by changes in prothrombin time and partia
thromboplastin time (data not shown). Independent of other
measures of coagulation, increases in blood fibrinogen
concentrations can be associated with ischemic heart disease
including myocardial infarction and sudden death (Meade et.
al., 1986; Thompson et. al., 1995; Yarnell et. al., 1991). This
may reflect a mechanism to explain elevated cardiovascular
deaths without a significant lung injury (Sjogren 1998).

Thelack of asignificant finding in certain specific measures
after exposure to CAPS is also remarkable. There were no
changesinred blood cell counts, hematocrit, and hemoglobin
which can be associated with particle inhalation (Nadziejko
et. a., 1998). Similarly, andin contrast to exposureto diesel
exhaust, there was no increase in either blood neutrophils or
platelets(Salvi et. al., 1999). Correlationsbetween elevations
in blood viscosity and particle exposure have also been
previously noted (Peters et. al., 1997) but this measure did
not vary with inhalation of CAPS.

Finally, there is evidence of a relationship between lung
inflammation after particle exposure and small transient
decreases in pulmonary function among children and
asthmatics (Pope and Dockery 1992; Romieu et. al., 1996;
Vedal et. al., 1998). However, comparable to exposures to
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diesel exhaust (Salvi et. al., 1999), there was no evidence of
alunginjury after healthy volunteersinhaled CAPS. Thisis
aconsistent result whether injury is quantified using either a
biochemical index (i.e. protein) or a physiologic index (i.e.
lung function). It is possible that the response of the lung to
CAPS, including theneutrophilicinflux, constitutesadefense
of the tissue and functionsto prevent such an injury.

Some portion of the in vitro response of the aveolar
macrophagesto parti cul ate matter wasmediated by endotoxin
as made evident by a decrease in thechemiluminescence and
IL-6 release after incubation with polymixin. The oxidative
stress induced by the endotoxin could be associated with a
pro-inflammatory effects through a control of transcription
factors such as nF-kB and AP-1. This would result in a
disruption of normal homeostasiswith aninflammatory injury
following as observed in the normal volunteers exposed to
concentrated particles.

We conclude that exposure of healthy volunteers to CAPS
can be associated with an influx of neutrophilsinto the lower
respiratory tract. Thisdid not appear to be associated with a
lung injury in this group. In vitro, some portion of this
response was mediated by the content of endotoxin.
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Table 1. Physical characterization of particles
Total Quartilel” Quartile2 Quartile3 Quartile4

Number of Subjects 38 8 10 10 10
PM, ; after 120.4 47.2 107.4 206.7
Concentrator +141 +53 +9.3 +19.2
(Hg/m’)
PM, 5 before 26.4 9.9 30.3 376
concentrator +3.0 +3.0 +38 +4.6
(ng/m?)
Concentration factor 6.5 9.4 4.1 6.4
+0.9 +23 +0.7 +1.0
MMAD (microns) 0.65 054 0.67 0.72
+0.028 +0.06 +0.05 +0.03
SigmaG 235 244 2.39 224
+0.72 +0.16 +0.14 +0.084
* Filtered air

Table 2. Changes in pulmonary function following CAPS
exposure (Post - Pre)
Total Quartilel Quartile2 Quartile3 Quartile4

CAPS  (Air)
PM, 5 1204 472 107.4 206.7
+14.1 +53 +93 +192
FEV, (L) 0.05 0.05 0.06 0.04 0.04
+002  +005 +0.04 +0.04 +0.02
FVC (L) 0.05 0.09 0.05 0.04 0.07
+002  +007 +0.06 +0.09 +0.09
Raw 0.03 0.12 0.05 0.04 0.07
(cmH,OlL/sec) 004  +0.08 +0.06 +0.09 +0.09
PEF (L/sec) 0.16 0.15 0.43 0.11 0.16
+019 +0.23 +0.45 +0.21 +0.32
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Table 3. Changes in blood parameters following CAPS
exposure (Post - Pre)
Total Quartilel Quartile2 Quartile3 Quartile4

CAPS (Air)
PM,s 120.4 47.2 107.4 206.7
+14.1 +53 +93 +19.2
RBCs/ml 0.02 0.10 -0.01 0.1 0.08
+0.05 +0.09 +0.11 +0.05 +0.07
Hb (g/dL) 0.12 0.14 0.05 0.00 0.28
+013 +024 +0.34 +0.12 +0.19
Hct (%) 0.44 1.10 0.09 0.31 0.88
+037 +0.83 +0.90 +0.49 +0.54
Neutrophils/ml 0.22 -0.31 -0.26 -0.29 -0.14
+014 +013 +0.17 +0.36 +0.23
Lymphocytes/ml 0.03 -0.05 0.06 0.11 -0.02
+005 +0.04 +0.10 +0.09 +0.09
Monocytes/ml 0.02 0.00 0.04 0.01 -0.02
+002 +0.03 +0.03 +0.03 +0.05
Platelets/ml -7.47 6.29 -7.00 -7.22 -5.70
+269 +16.03 +4.07 +6.80 +3.22
Ferritin (ng/ml) 1.90 3.00 1.50 4.33 5.44
+271 +243 +3.57 +4.16 +3.88
Viscosity 0.01 0.13 0.04 -0.02 0.11
+0.02 +0.08 +0.03 +0.02 +0.03
Fibrinogen (mg/dL) ~ 41.2 -5.3 38.9 43.3 1.7
+127*  +106 +17.8 +253 +288

*p>0.05

Table4. Changesin bronchial lavage cellsfollowing CAPS
exposure

Total Quartilel Quartile2 Quartile3 Quartile4

CAPS  (Air)
PM,s 1204 47.2 107.4 206.7
+141 +53 +9.3 +19.2
Total count (x10°) 6.8 6.8 56 6.7 8.2
+0.9 +0.8 +0.9 +17 +18
Macrophages (%) 55.4 64.8 58.6 52.3 55.3
+2.7* +13 +4.1 +42 +6.3
Neutrophils (%) 81 2.7 57 10.2 84
+2.7* +0.6 +11 +24 +20
Lymphocyte (%) 9.0 7.3 9.7 8.4 8.9
+0.8 +1.0 +18 +0.9 +12
Monocytes (%) 0.8 04 0.9 0.9 0.6
+0.1* +0.1 +0.2 +0.3 +0.1
Epithelial cells(%) 25.6 26.2 25.1 28.3 233
+21 +15 +35 +38 +4.0

*p>0.05



Table 5. Changes in bronchial lavage soluble components
following CAPS exposure

Total Quartilel Quartile2 Quartile3 Quartile4d
CAPS (Air)

PM,5 1204 47.2 1074 206.7
+14.1 +53 +93 +19.2
Protein (ug/ml) 359 57.5 354 355 36.7
+25¢ 57 +37 +37 +54
IL-8 (pg/ml) 1029 543 1144 104.1 90.2
+222  +198 +48.2 +29.8 +408
IL-6 (pg/ml) 5.4 45 47 6.7 47
+05  +06 +0.6 +12 +0.7
PGE, (pg/ml) 12 103 96 91 141
+09 15 +18 +14 +18
a-lantitrypsin 203 39.8 130 153 313
(ng/mi) +48  +134 +85 +4.4 +116
Fibronectin 432 66.3 39.0 34.9 555
(ng/ml) +70  +138 +132 +6.7 +155
*p>0.05

Table 6. Changesin bronchoalveolar lavage cells following
CAPS exposure

Total Quartilel Quartile2 Quartile3 Quartile4
CAPS  (Air)

PM_5

Total count (x10°%
Macrophages (%)
Neutrophils (%)
Lymphocyte (%)
Monocytes (%)

Epithelial cells (%)

120.4 47.2 107.4 206.7
+14.1 +53 +9.3 +19.2
21.4 159 20.3 23.0 20.8
+1.3* +19 +3.0 +21 +20
80.2 80.6 82.4 82.9 75.4
+16 +29 +22 +13 +37
25 0.8 14 2.0 4.2
+0.6* +0.3 +04 +04 +17
151 16.8 131 131 19.0
+13 +24 +17 +13 +31
14 12 0.9 13 22
+0.2 +0.3 +0.2 +0.3 +05
11 13 0.8 0.8 14
+0.1 +0.3 +0.1 +0.1 +0.3

*p>0.05

Table 7. Changes in bronchoaveolar lavage soluble
components following CAPS exposure

Total Quartilel Quartile2 Quartile3 Quartile4d
CAPS (Air)

PM,5 120.4 472 107.4 206.7
+14.1 +53 +93 +19.2
Protein (ug/ml) ~ 97.5 101.7 118.2 86.2 88.0
+83 +10.0 +16.9 +6.0 +16.8
IL-8 (pg/ml) 102.9 288.8 182.4 59.9 66.4
+252  +£109.6 +67.7 +14.6 +21.7
IL-6 (pg/ml) 59 6.6 6.8 54 5.4
+0.9 +15 +24 +11 +11
PGE, (pg/ml) 7.8 6.3 7.7 7.7 8.1
+0.5 +0.9 +0.8 +1.0 +0.7
o-1 anti-trypsin 88.1 58.5 775 65.6 122.7
(Hg/ml) +148  +138 +19.0 +135 +39.2
Fibrinogen 15.2 233 15.6 16.1 141
(mg/dl) +1.4% +21 +29 £24 +20
Fibronectin 102.6 95.8 103.4 90.6 113.7
(ng/ml) +124  +161 +26.3 +217 +182
*p>0.05
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