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INTRODUCTION

Etiology and occurrence of asthma
Asthma has become one of the most common chronic diseases and seems to occur in all
populations world-wide. The reported prevalence of asthma has increased, especially
among children and during the last two decades (1) . International studies, in particular
epidemiologic multicentre studies, have shown that the prevalence of asthma varies
widely, with the highest rates in England, New Zealand and Australia and the lowest in
the Mediterranean countries, Eastern Europe and developing countries (2-5). A physiciandiagnosed asthma prevalence of 11-13 % has been reported in New Zealand and Australia
while the corresponding prevalence for Spain has been 1.5-3.0% (6) . In Norway, Eagan
and coworkers found a cumulative self-reported asthma incidence of 3 .S % in females and
4% in males (7).
There are several potential risk factors for developing asthma, host factors as well as
environmental factors (8) . Among the host factors are the genetic factors, atopy and
bronchial hyperresponsiveness (BHR) (8-10). The environmental factors include
allergens, occupational sensitizers, tobacco smoke, air pollution, respiratory virus
infections, socio-economic status and diet. Additionally, there are factors which may
induce asthma exacerbations or cause symptoms to persist, like exercise and
hyperventilation, weather changes, foods, tobacco smoke and fumes of irritants. In spite
of the evidence of heritance, the genetic influence has not been fully elucidated. It has
been suggested that there might be different local factors that play a role in predisposed
individuals, and that the increase in the prevalence of asthma has developed in too short a
time for genetic changes to be responsible (11).

Airwcy inflammation and asthma
In 1859 Henry Hide Salter described asthma as a disease of reversible airway obstruction
(12), and from 1960 the definition was expanded also to include BHR (13-15). The use of
fibreoptic bronchoscopy, allowing direct sampling of biological material from the lower
airways, has given further knowledge about the pathogenesis of asthma (16, 17), and in
1997 the National Heart, Lung, and Blood Institute defined asthma as "a chronic
inflammatory disorder of the airways in which many cells play a role, particularly mast
cells, eosinophils, and T-lymphocytes. In susceptible individuals this inflammation causes
recurrent episodes of wheezing, breathlessness, chest tightness, and cough especially at
7

night or in the early morning. These symptoms are usually associated with widespread,
but variable airflow limitation that is at least partially reversible, either spontaneously or
with treatment. The inflammation also causes an increase of airway responsiveness to a
variety of stimuli" (I 8).
Helper-T (Th)-lymphocytes are crucial parttctpants in the inflammatory· response of
asthma. During asthma development there is a shift in the cytokine profile from a helper T
subtype 1 (Th1) to a helper-T subtype 2 (Th2), and this has proven to be quite important
for the development of the disease (19-21). Cytokines like TNF-a. and ll..,-1-13 belong to
the Th1-type, whereas IL-4, ll..,-5, ll..,-9 and ll..,-13 are among the Th2-type (20,22).
Although the Th2-cytokines are the main denominators for asthma, the Th1-cytokines are
also involved. Thus, TNF-a. stimulates the production ofTh1-cytokines (22,23), skewing
and inter-playing between the two types of cytokines, playing a key role in the immediate
inflammatory response.
Prostaglandins and leukotrienes are not only involved in acute inflammation. LTB 4 is a
potent chemoattractant (24), and participates also in the chronic inflammatory processes
of asthma. The cysteinylleukotrienes (LTC4, LTD4, LTE4) are known to be essential both
in the bronchoconstriction of asthma and the airway remodelling (11).
Occupational asthma

Occupational asthma is either related to sensitizers or irritants. Characteristic symptoms of
sensitized induced asthma are incidental occurrence of dyspnoe, chest tightness and
wheezing related to occupational exposure either as an immediate reaction, a late reaction
(6-8 h after work) or a dual pattern. Airflow limitations, non-specific BHR and
inflammatory mechanisms are normally involved (25-38).
Irritant-induced asthma presents mostly the same clinical, physiological and pathological
picture as other forms of asthma with increased numbers of airway mucosa mononuclear
cells and sub-epithelial fibrosis, but without increased numbers of mast cells and
eosinophils (34). In Norway approximately 50% of the total number of reported
occupational asthma has been related to the aluminium industry (29).
Epidemiological studies have reported that work-related asthma accounts for about 10-15
per cent of all adult cases of asthma (33), and more than 250 possible agents have been
registered (28). Bakke and eo-workers found that occupational exposures to quartz, metal
gases, aluminium production, processing and welding were associated with obstructive
8

lung disease with an odds ratio between 2.3 and 2. 7 when adjusted for age, sex and
smoking habits (26,31 ).

Potroom asthma
Potroom asthma, first described by Frostad in 1936 (39), is a well-known occupational
disease among aluminium production workers. Several epidemiological studies have
shown an increased frequency of asthma-like symptoms among aluminium potroom
workers (40-56), and a prevalence of 0-15 % has been reported (42,50). Smoking,
allergies, childhood bronchitis, pertussis, pleurit and previous occupation are suggested as
predisposing factors (42). During the electrolytic extraction of aluminium, the workers are
exposed to numerous noxious agents, including gaseous fluorides, fluoride particles,
carbon monoxide, sulphur dioxide, carbon dust, alumina and trace elements like
vanadium, chromium and nickel. However, the quantitatively most important gaseous
pollutant in the potroom atmosphere is hydrogen fluoride (HF) (41,56). Kongerud and eoworkers have documented a significant association between fluorides and asthma-like
symptoms among the potroom workers (41), and S0yseth and eo-workers found a positive
correlation between fluorides and bronchial responsiveness in aluminium production
workers (46). Also associations between bronchial responsiveness and exposure to
aluminium fluoride have also been demonstrated in other studies (57). Although asthmatic
symptoms among the workers in primary aluminium production are well recognised, there
is little knowledge about the mechanisms involved.

Aluminium production
Alumina (aluminium oxide, Al203) is obtained from bauxite, and the aluminium 1s
separated from silica, iron and other oxides by electrolysis, a chemical reduction m
electrolytic ovens, also called "pots". In the pots, operating at about 950 °C, the alumina is
partially dissolved in molten cryolite (Na3A1F6), a fluorinated compound of sodium and
aluminium. The pots in use are a Soderberg and a pre-bake type. The latter includes a
more automatic process besides having a closed system of covering hoods allowing less
emission, except for the moments when the hoods are removed during the tapping of
aluminium and the replacement of the anodes. Under these circumstances high levels of
fume emissions may occur.
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Hydrogen fluoride
Hydrogen fluoride, HF, is a colourless gas with a pungent odor. Highly water soluble, and
even though weakly dissociated in water, it is a strong proton donor in the class of
superacids (58). Fluorine (F 2 ) as well as HF elicit pulmonary toxicity in different animal
species (59). Epithelial and submucosal necrosis and inflammatory cell accumulations are
found in the nasal region of rats following exposure to high concentrations of HF (60).
Furthermore, the animal studies of obligatory nose breathers have shown that more than
99.7% of the inhaled HF was deposited in the upper part of the respiratory tract.
Accidental hydrogen fluoride (HF) exposure may induce pulmonary oedema (61,62), and
there are indications that HF also in relatively low concentrations, may have an effect on
peripheral

airways

(63).

Impaired

lung

function

demonstrated

by

spirometry

measurements, has been found in workers exposed to total fluorides above 0.5 mg/m3
(46). The present peak Norwegian threshold limit value (TLV-C) for fluorides is 1.8
mg/m3 and the time-weighted average (TLV-TWA) is 0.6 mg/m 3 Correspondingly, the
American Conference of Governmental Industrial Hygienists' (ACGIH) TLV-C for
fluorides is 2.6 mg/m3 . The recommended values will be evaluated and may change
within this year.

Experimental studies
Due to the differences among species, the risk assessment from animal exposure studies
cannot directly be applied to humans. Over the last decade, the use of inhalation chambers
has made it possible to perform human exposures directly and to test the effects of
specific inhaled agents. The advantage of using exposure chambers, is the possibility to
expose humans safely, being able to control and standardise the breathing atmosphere to a
constant concentration level of one single air pollutant specifically or to imitate special
working environments. As to the frequency, the exposure time and the concentration
levels, there are of course ethical limits.
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AIMS
Based on the results from the epidemiological studies where fluorides, including gaseous
fluoride (HF) were found to be one of the major agents probably responsible for potroom
asthma, and the limited knowledge about this involvement, the objectives of this thesis
were to study the responses of healthy volunteers to one hour HF exposure, including

I. the absorption of inhaled HF by measuring the plasma fluoride concen-trations
and the HF-concentrations in the breathing zone during the exposures and
examine whether these measurements were associated.
2. the effect on the pulmonary function, FEV1, FVC, specific airway resistance
(sRaw) and residual volumes (RV), and examine if there was a possible doseeffect relationship.
3. the initiation of upper and lower airway symptoms, and a possible dose-effect
relationship.
4. the effect of HF in the bronchial and the bronchoalveolar part of the lower
airways by examining the number of inflammatory cells and the concentration
of soluble inflammatory mediators in BAL fluid at two different time points
(24 and 2 hrs) after the exposure.
5. the effect of HF on the nasal mucosa by examining the number of
inflammatory cells and the concentration of soluble mediators in NAL fluid at
the end and 1. 5 hrs after the exposure.
6. the effect of HF on the concentration of different antioxidants in NAL and
BAL fluid.
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SUMMARY OF PAPERS

Paper/:
A possible dose-effect relationship of HF was investigated according to lung function
parameters and symptom registrations which were performed before, during exposure, at
the end and 4 hours after exposure. Another objective of the study was to examine the
absorption of inhaled HF by evaluating the plasma concentration levels compared to the
HF concentration in the breathing zone. Twenty participants were exposed for one hour,
and grouped in a low, an intermediate and a high dose group. The inhaled HF
concentrations were either below the present Norwegian hygienic standard, 0.6 mglm3 ,
between the present and the former standard or above the former standard of fluorides, 2.5
mg/m3 . Three of the individuals were exposed twice, three months apart. There was a
strong correlation between the concentrations ofHF in the breathing zone and the increase
of plasma fluoride concentration (r = 0.95). Total symptom score was increased at the end
of exposure for all subjects as a group, and also for the low exposure group, below the
present Norwegian hygienic standard for total fluorides, :S0.6 mglm3 . The FVC decreased
in the low exposure group, while there were no changes in the intermediate and the high
exposure group. There were no changes in FEV1 in any of the exposure groups.
Symptoms from the upper airways were significantly correlated with the HF
concentrations, the changes in plasma fluoride concentrations and the maximum plasma
fluoride concentrations.
In conclusion, for the entire group at the end of exposure there was an increase in the
upper airway symptoms, which correlated with the HP-concentration, the change in
plasma fluoride concentration and the maximal plasma fluoride concentration. There were
no changes in the FEV 1-measurements.

Paper//:
Paper II is based on the same study as paper I, and except for one volunteer who did not
want to participate in the control bronchoscopy, the subjects were the same. The objective
of this paper was to examine whether short time exposure to HF induces an inflammatory
response in the lower airways that can be detected in BAL fluid. There were three groups
of participants, those exposed to a low, an intermediate and a high concentration level of
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HF, as described in paper I. BAL was performed 24 hours after the HF exposure in each
individual, and also 3 weeks before or 3 weeks after the exposure, as control.
An increase was found in the percentage of CD3-positive cells in the bronchial (BP) and

the bronchoalveolar portion (BAP) after exposure in the high (HF~2.5 mglm3 ) exposure
group. There was also an increase in the percentage of CD3-positive cells in BP of the
intermediate (HF 0.7-2.4 mglm3) group, and there was an increase in the percentage of
lymphocytes in the BP and the BAP in the entire group after exposure. Moreover, there
was an increase in MPO and IL-6 in BP in the high exposure group. However, there was a
decrease in ICAM-I, total protein and albumin in the BAP of all exposures. After
Bonferoni' s correction for multiple testing only the increase of MPO in the bronchial
fraction was found to be significant among the soluble mediators.
In conclusion, there was an inflammatory response in BAL fluid 24 hours after the
exposure to HF with increased percentage of CD3-positive cells from the highest
exposure group and an increase of lymphocytes in the group of all exposures. Also, the
concentration ofMPO was increased in BP after the exposure.

Paper Ill:

The aim of this study was to examine whether short term exposure to HF could induce an
immediate inflammatory and antioxidant response in nasal lavage fluid. Ten healthy
volunteers were exposed to HF (3 .3-3.9 mg/m 3) for I hour. NAL was performed just
before the subjects entered the chamber, at the end of exposure and 1.5 hours after the
exposure. Control lavage was performed at equivalent time points in order to control for
an expected dilution effect. Upper airway symptoms were registered at the same timepoints; before the start of exposure, at the end of exposure and I.S hours after the end of
exposure. The symptoms, itching and soreness of the nose and throat and itching of the
eyes, were registered according to a scale from 0 to 5, where 0 represented no symptoms
and, I represented very mild and 5 represented the most severe symptoms.
At the end of exposure seven of the individuals reported upper airway symptoms. We
found an increase in the number of neutrophils and the total cell number in NAL fluid
after the exposure, and there was a significant correlation between the changes in the
neutrophil numbers and the reported upper airway symptom scores. Also, there was an
increase in the concentration of TNF-a and total protein. Among the eicosanoids, the
13

PGE2 , LTB 4 and peptide leukotrienes were increased in NAL fluid in the exposed series.
Increased concentration of uric acid was detected, as well, after the exposure, while there
were no changes in the reduced glutathione (GSH) and the oxidised glutathione (GSSG)
concentrations.
In conclusion, there was an increase in the reported upper airway symptom scores after
the exposure to HF. Also, there was an inflammatory response with an increase in the
number of neutrophils and the concentrations of TNF-a, total protein, PGE 2 , LTB 4 ,
peptide leukotrienes and uric acid in NAL fluid after the exposure.

Paper IV:

Paper IV is based on the same study as paper Ill.
The objective of this study was to examine the early responses to HF inhalation in the
lower airways of healthy volunteers, focusing on lung function, inflammatory cells and
soluble mediators, and also antioxidants in BAL fluid . Ten healthy volunteers were
exposed to HF (3 .3-3.9 mg/m3 ) for 1 hour. Body plethysmography measurements were
performed immediately before and after the end of exposure, and BAL was performed
two hours after the end of the one hour exposure. A corresponding control BAL was
performed in each individual minimum three weeks apart from the HF exposure.
Surprisingly, there was a significant reduction in the total cell number, the number of
neutrophils and lymphocytes in the BAP, whereas there were no significant changes in the
BP 2 hours after HF exposure. A significant decrease was found in the concentration of
lh-MG, IL-6 and total protein in both BAP and BP. Also, IL-8 was significantly reduced
in BP, and ICAM-1 and albumin showed lower concentrations in BAP. The eicosanoids,
PGEz, PGFza and thromboxane (TxB2) did not change in BAP, neither did the
antioxidants that were examined in BAP and BP. Moreover, there were no changes in the
lung function parameters, the FVC, FEV1, sRawor RV.
In conclusion, there was a reduction in the number of neutrophils and lymphocytes and

inflammatory mediators, lh-MG, IL-6, IL-8, ICAM-1, albumin and total protein in BAL
fluid 2 hours after the exposure to HF.
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MATERIAL AND METHODS
Study population

Altogether, thirty healthy, non-smoking male volunteers, all health personnel, aged
between 21 and 44 years, participated in the studies. The subjects had no history of
respiratory symptoms and had not been occupationally exposed to fluorides before.
Subjects with any airway infection over the last six weeks prior to the start of the study or
during the study period, were excluded. Two subjects had hay fever and one of them had
an increased total IgE-value of 210 kU/1 (upper normal value 122 kU/1), and another
subject had increased total IgE-level (220 kU/1) without having a history· of allergy. All
the subjects had physiological blood analyses, a normal chest radiograph and
electrocardiography (ECG) on bicycle ergometry (75 W for 15 minutes) prior to the
inclusion. The spirometry values and the body box measurements were within the
reference range, including the forced vital capacity (FVC) and forced expiratory volume
in one second (FEV 1), the specific airway resistance (sRaw) and the residual volume (RV)
(64). All subjects gave their signed informed consent before they participated in the
studies.

Study design

Our exposure studies have been performed according to the standardised procedures used
by Sandstrom and eo-workers in Umea (65).
In the first study (paper I and 11), the lung function measurements, the blood samples and
the symptom scores were performed before the subjects entered the inhalation chamber
and at the end of 1 hour HF exposure. The blood samples were collected three times
during the exposure period, at the end of exposure and also at three time points after the
exposure following lung function measurements and symptom scores. The same
procedure and time points were followed in control series without any exposures.
BAL was performed twice in each subject (paper 11). Minimum three weeks after a control
BAL, the subjects were exposed to HF and another BAL was performed 24 hours after the
end of one hour HF exposure. The levels of cells and soluble mediators were analysed and
compared in the reference and exposed BAL fluids to evaluate any inflammatory
responses to HF in the lower airways.
Also, in the study presented in paper Ill and IV, the volunteers were exposed to HF for 1
hour. NAL was performed three times; just before, immediately after and 1.5 hours after
15

exposure in an exposed series and three times in a control series using the same timepoints, to examine a possible inflammatory response to HF in the upper airways. The two
NAL series were performed three to six months apart trying to avoid the allergy season.
As presented in paper IV, BAL was performed two hours after the one hour HF exposure
and as a control without any exposure. Body box measurements were performed
immediately before and after the exposure.

Inhalation chamber
An inhalation chamber was built at Rikshospitalet for experimental studies of gases and

their effects on human airways, and has been described in detail by Sostrand (66). The
chamber was located 10 m above the ground and approximately 80 m from a traffic road
with 8600 cars/24 hours (67). The chamber volume was 19.2 m3 (2.50 m x 2.77 m x 2.77
m). It was made of load-bearing, extruded aluminium alloy profiles (98 % aluminium
(Al), 0.5% magnesium (Mg), 1 % silicium (Si)) and perforated aluminium plates (97%
Al, 2.5% Mg) covered the ceiling and floor. Inside there was a water tap and drainage for
cleaning. The chamber had an airlock and an observation window.
The inhalation chamber was ventilated by a separate ventilation system, and the chamber
had a supply fan and an exhaust fan. During the exposures a slightly negative pressure
was maintained inside the chamber compared to the outside area, to avoid contamination
of gases to the surroundings. Air was distributed into the chamber through two flaps at 45°
to the mainstream. A separate leak offiine brought the exhaust to a suction hood on the
roof of the chamber. The inlet and outlet chamber air was lead through filters impregnated
with charcoal and tested to U.S. standard. There was a heating unit (7 kW) and a
humidification unit. The airflow could be regulated by the speed of the supply and the
outlet fans, making it possible to change the air one to ten times per minute. The airflow
was calculated by the average air velocity inside the ventilation duct. The levels of
background pollution in the chamber were estimated from these measurements and the
filter efficiency and included small amounts of carbon monoxide (CO), nitrogen oxide
(NO), ozone (03), nitrogen dioxide (N0 2), sulphur dioxide (S0 2 ) and particles (0-2.5 J..l.m)
(66).
For the present studies, HF was delivered in pressurized gas cylinders that were certified
according to calibration standards. The HF gas was administrated directly from the
cylinders into the ventilation duct of the inhalation chamber. The flow (from 0.1 dm3/min)
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was regulated by the orifice size (from 50 !J.m) and by the gas pressure (2-10 atm.), and
was monitored by a mass flowmeter. The concentration of HF was pre-calculated based
on the gas cylinder concentration, gas flow and ventilation rate. The gas came into the
ventilation duct counter-current to the airflow, to allow maximal mixing ofHF and the air.
The HF concentration was determined by the absorption on cellular sodium formiate
impregnated pads in aerosol sampling cassettes. These were personal sampling pumps
with a flow rate of 2 dm 3/min. Fluoride was analysed from the filters with a fluoride
selective electrode (68). A sensidyne electrochemical sensor monitored the variability and
the approximate level of HF. The sensor, the micro-manometer, the mass flowmeter and
the airspeed indicator measurements were recorded by a data logger.
The electro-chemical sensor was calibrated using two HF samples from impregnated
filters close to the sensor. To examine the spatial distribution of HF, corresponding
samples were collected at six different locations in the chamber, all in duplicates and
separate one hour tests, before the subjects entered the chamber. Additionally, a seventh
registration close to the sensor was used for calibration and extra control. Once reaching
the wanted concentration, the HF concentration remained stable during the tests. The
sensor monitoring showed stable results within 2 hours after the start ofHF supply.

Exposure procedure

In a pilot study we found it almost impossible to pre-calculate HF to an exact
concentration level. However, the exact concentration ofHF inside the inhalation chamber
was followed continuously by a monitoring sensor and kept stable before the start of
exposure and during the exposure period. The pre-determined HF concentrations were
obtained by regulation of the HF flow and the air flow. Each subject wore two samplers in
the breathing zone so the exact concentration levels of the exposures could be estimated
retrospectively. The given HF concentration for each exposure is the actual concentration
measured on the filter from the inhalation zone of each subject.
After reaching a steady state and an equilibration of the HF gas, each subject entered the
inhalation chamber and was exposed for one hour to a constant level of HF within the
following ranges:
In the first experimental study, HF ranged from 0.2 to 5.2 mg/m 3 (paper I and 11). For the
analyses, the subjects were divided into three groups according to the HF concentrations
3

and the current (0.6 mg/m3 ) and the former (2.5 mg/m

)

hygienic standard value for total
17

fluorides in Norway;~ 0.6 mg!m3 (low), 0.7-2.4 mg/m 3 (intermediate) and 2.5-5.2 mg/m 3
(high). Based on the results as shown in paper I and Il, we chose the concentrations ofHF
within the range of 3.3-3.9 mg/m 3 for the experimental study presented in paper III and
IV. All these are HF concentration levels which have been reported to occur in aluminium
smelters (42).

Lung jUnction

The lung function was measured by spirometry (FEV 1 and FVC) (paper I) and whole
body plethysmography (paper IV). The spirometry was performed with the subjects in an
upright position. Otherwise, the guidelines suggested by the European Respiratory Society
were followed (64). The baseline FEVl and FVC were above 80% of predicted value in
all subjects. A portable spirometer was used throughout the study, measuring immediately
before entering the chamber, every 15 minutes during the exposure, immediately after
exposure, 30 minutes after exposure, and every hour thereafter until four hours after
exposure.
Whole body plethysmography (Master Screen Body, Jaeger, Wurtzburg, Germany) was
used immediately before and after HF exposure to examine the lung function parameters,
sRaw and residual volum (RV).

Symptoms

In the first study (paper I), symptoms were recorded immediately before start of exposure,
after 30 and 60 minutes of exposure, and finally four and 24 hours after the end of
exposure.
In the second study (paper Ill), upper airway symptoms were registered using the same
time schedule as for the NAL; immediately before the start of exposure, at the end of the
exposure and 1.5 hours after the end of exposure. Itching and soreness in the nose and
throat, and itching of the eyes, were registered according to a scale from 0 to 5; 0
representing no symptoms, 1 very mild symptoms and 5 the most severe symptoms.

Bronchoalveolar lavage procedure

Bronchoalveolar lavage was performed twice m1mmum three weeks apart, in each
individual. The procedure was done according to the European Society of Pneumonology
from 1989 (69). The subjects were investigated in the supine position and the tip ofthe
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fibreoptic bronchoscope was gently introduced in a wedge position in a sub-segment of
the middle lobe. Isotone saline was used in paper 11, and phosphate buffered saline (PBS)
was used in paper IV. In both studies a 4 x 60 m! aliquots regime was used. Each portion
was immediately aspirated at a suction pressure of 10 kPa and collected in a container
placed in ice water. The recovery from the first instilled aliquot was separated and defined
as the bronchial portion (BP), reflecting the more proximal airways (70). The following
fluid recovered from the subsequent aliquots was pooled and defined as the
bronchoalveolar portion (BAP), reflecting the more distal air spaces (71).

Preparation ofBAL fluid

The BAL fluid was spun at 250 x g at 4 °C, for 10 minutes. The supernatant was frozen at
-70 °C for further analysis while the cell pellet was resuspended in 1 ml of sterile
phosphate-buffered saline pH 7.3 (PBS). Thereafter, the BAL fluid was filtered through a
nylon filter with a pore diameter of 100 flill. Then the volume was measured and a 6 f!Vml
mixture of protease inhibitors (soy bean trypsin inhibitor, aprotinin, a.-1-antitrypsin,
pepstatin A, 1.10-phenantroline, ethylene diamine tetra acetic acid (EDTA) and
benzamidine) was added. The BAL fluid was centrifuged at 389 x g and 4°C for 10
minutes. The cell pellet was resuspended using Hank's buffer solution. The viability and
the total number of cells were estimated using Trypan blue in a Biirker chamber. Cytospin
preparations of 50 000 cells were made by loading 200 fll of the lavage fluid into a cytocentrifuge and spinning it onto glass slides at 84 x g and 4°C for 5 minutes. The cytospin
samples were dried using an air hair dryer and stored at room temperature for subsequent
staining. The supernatants obtained after centrifugation were distributed in 2 m! cryotubes
and stored at -80°C until further analysis.

Nasal lavage procedure

NAL samples were collected according to the method described by Peden and eo-workers
(72) (paper Ill). During the lavage procedure, the subjects were seated with their neck

flexed about 30°. Ten x 0.1 ml phosphate-buffered saline (PBS) was sprayed into each
nostril, while the subjects performed constant and slight inhalation, and recovered by a
careful blow-out. This procedure was repeated five times in each nostril, and the
recovered fluid was immediately prepared.

19

Preparation of NALjluid
The NAL fluid was filtered through a nylon filter with a pore diameter of 100 IJ.m and
centrifuged at 389 x g at 4°C for I 0 minutes. A mixture of protease inhibitors (soybean
trypsin inhibitor, aprotinin, a-1-antitrypsin, pepstatin A, 1.1 0-phenantroline, EDT A and
benzamidine) was added to the supernatant. The supernatant was distributed in cryotubes
and stored at -80 °C. The cell pellet was resuspended with Hank's buffer solution.
Subsequent to Trypan blue staining, the total cell number and the cell viability was
determined in a Biirker chamber. By loading 200 IJ.l of lavage fluid into a cytosentrifuge,
and spinning it onto glass slides at 84 x g at 4 o C for 5 minutes, cytospin preparations
were made. They were dried by using a hairdryer and stored in room temperature. The
smears were stained using May Griinwald Giemsa method.

Analyses of cells
In the first study, the total cell number in BAL was not estimated (paper II). The cell
differential counts were performed in fifteen of the subjects, and smears fixed in acetone
for 10 minutes were used to assess the percentage ofCD3-positive cells as a marker ofTlymphocytes. Anti-CD3 FITC (fluorescein isothiocyanate)-conjugated mono-clonal
antibodies were used for incubation for 3 hours, 4°C, in darkness. Using fluorescent light
microscopy, CD3-positive cells were counted. The slides were anonymized and the counts
were performed independently by two investigators, determining the percentage of
positive cells per 1000 cells. The mean values of these counts were used.
In the second study, the differential cell counts were also performed by two independent
investigators, after being anonymized, and more than 200 cells were counted (paper lli
and IV). The cell numbers are presented as the average of the two .

Analyses of non-cellular components
All soluble components were analysed in duplicates (paper II, Ill and IV). Eosinophilic
cation protein (ECP), myeloperoxidase (MPO) and methyl-histamine were analysed with
a radio-immunoassay (RIA) kit. Hyaluronan was analysed using a RIA kit adopted
according to principles previously outlined by Nettelbladt and co workers (73). IL-1a, IL113, IL-3, IL-4, IL-6, IL-8 and TNF-a were measured using commercially available
immunoassay kits. E-selectin and intercellular adhesion molecule-1 (ICAM-1) were
analysed with enzyme-linked immunosorbent assay (ELISA) kits. For the fibronectin
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analyses, a modification of the double-sandwich ELlS A technique described by Rennard
and Crystal (74) was used . Albumin was measured using a nephelometric method. Total
protein was determined using a turbidimetric endpoint method (paper 11 and IV) and a
bicinchoninic acid method (paper III) (75).
The extraction of eicosanoids from the NAL and BAL fluid was performed according to a
method described previously by Ramis and eo-workers (76) (paper III and IV) . The
supernatant aliquots were acidified to pH 4 and processed through Am prep C I8
cartridges. After washing with 5 ml of acidified water (pH 4), cyclo-oxygenase and
lipoxygenase arachidonic acid metabolites were diluted with 5 ml of methanol and
vacuum evaporated. Dried residues were re-dissolved in enzyme-linked immunoassay
(EIA) buffer and prostaglandin E 2 (PGE2), prostaglandin F2a (PGF2a), prostaglandin D 2
(PGD2), leukotriene B 4 (LTB4) and peptide LT were determinated using EIA kits. All the
antibodies were highly specific for the eicosanoids that were determined, but peptide LT
antibodies cross-react I 00% with LTC4, I 00% with LTD4 and 67% with L TE4.
Reduced glutathione (GSH) and oxidised glutathione (GSSG) were measured using the
method developed by Baker and eo-workers (77) (paper Ill and IV) . The detection limits
for GSH and GSSG were 25 and 10 nmol/1, respectively. Uric acid was measured using
reverse-phase HPLC with electrochemical detection, based on the method developed by
Iriyama' s research group (78). Modifications to this method for the determination of these
anti-oxidants in NAL fluid have been described previously by Mudway and coworkers
(79) .

Statistical methods
All the calculations have been performed using the statistical package SPSS for Windows
6.0.

In paper I, comparisons between lung function data and symptom scores before and after
exposure were made using the Wilcoxon's non-parametric signed rank test for paired
observations. Spearman's correlation was applied to detect associations between the
categorical variables. Kruscai-Wallis one way analysis of variance by ranks, was used to
examine differences in symptom scores and lung function between exposure groups
(HF::;0.6 mg/m 3 ; HF 0.7-2.4 mg!m3 ; HF?: 2 .5 mg/m3) . Linear regression analyses were
performed to examine the association between plasma fluorides and air concentration of
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HF. The Kruscal-Wallis one way analysis of variance by ranks was used to compare the
three HF groups by baseline fluoride concentrations in plasma.

(

r

In the first study (paper 11), our primary endpoints were changes 'in the number of
lymphocytes and neutrophils and the proportion of CD3-positive cells in the BAL fluid.
All data from the soluble components without and with Bonferoni' s corrections (i.e. pvalue times the number of analyses) are therefore presented. Spearman' s correlation
coefficient is used to indicate bivariate correlation between changes in CD3-positive cells
and lymphocytes in the BP and the BAP and between the two within each portion ofBAL
fluid. The same method was performed to estimate the correlations between cells and
soluble mediators.
Wilcoxon' s non-parametric signed rank test for paired observations was used evaluating
changes in cells and inflammatory mediators in BAL fluid for each individual. To
investigate the difference in the effect between the three exposure groups, a Kruscal
Wallis test was performed.
In the second study (paper Ill), nasal lavage was performed at three different time points
prior to, just after and I. 5 hours after the exposure. The effect of exposure was estimated
by an unbalanced repeated-measures model (BMDPSV) with the effect factors exposure
and lavage (BMDP, 1990). The baseline measurement in each series was included as a
covariate. An interaction term was included to compare the effect of exposure for each
lavage. No

signifi~nt

interaction was observed for any of the response variables that were

analysed. Interaction terms were therefore omitted and the effect estimates given in the
tables measure the mean difference between exposure and control when lavage number 2
and number 3 are pooled. The inclusion of this covariate adjusts for the baseline
measurement for each patient in each series separately and thus ensures a fair comparison
between the series, even when baseline measurements differ between the series. The
within-subject covariance matrix was assumed to have a compound symmetry structure.
Spearman's correlation coefficient was applied to detect correlations betwe~n categorical
variables.
The data presented in paper IV, were analysed using the Wilcoxon' s non-parametric test
for paired samples. A p-value of::;O.OS was considered significant.
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Ethics
All the participants underwent a clinical examination with bicycle ergometry and baseline
spirometry, blood samples and a thorax X-ray before they were included in the study.
They were thoroughly asked, and all denied a history of smoking, lung symptoms, allergy
and asthma. According to the demand from the local Ethics Committee, all participants
were health personnel and consequently better qualified than the general population, to
understand the information that was given. The participants were informed about possible
adverse health effects of the HF exposure, the bronchoalveolar lavage, as well as the nasal
lavage before they gave their written informed consent.
Compared to the repetitive and daily eight hour exposures that aluminium workers
experience, we chose a short exposure time (one hour), to ensure that the participants
were able to stay in the chamber during the whole exposure period without serious
respiratory problems. For safety reasons, we chose concentration levels of HF below the
concentrations that we know may occur in the industrial working atmosphere (42).
Bronchoalveolar lavage (BAL) is an invasive technique which makes it possible to sample
cells and mediators from the bronchial tree and the alveolar part of the airways. It has
become frequently used and is considered to be a safe method for clinical and
experimental use (81). However, a transitory fever reaction may develop within the first
24 hours after bronchoscopy and BAL with a reported frequency from 0 to 50% (80-85),
and an increase in neutrophils has been reported in some cases following the lavage
(87,88). In the present studies one subject reported an episode of transitory fever.
The NAL procedure is less invasive and well tolerated. NAL has become an important
tool for examining nasal responses of inflammation without observed adverse side effects
(88,89).
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DISCUSSION
l\1ETHODOLOGICAL CONSIDERATIONS

Study population

In the present studies we have exposed healthy, male medical students and medical staff
to HF. As possible mechanisms for potroom asthma were the background for these
studies, it could be argued that the best would have been to study aluminium workers to
see how they responded to HF. Potroom workers would already have been exposed to HF
and a mixture of other toxicants during the aluminium production process which could
have blurred the effect of the experimental HF exposure. It would also have been an
advantage to examine volunteers with a similar socio-economic background as the
workers starting in the aluminium industry. Of practical reasons, this has not been
achievable in this study. Consequently, the responsiveness to HF observed among the
study subjects cannot be generalized without reservations to the responsiveness of
industrial aluminium workers.
In an experimental study it is advisable to include only one gender to avoid confounding
related to gender differences. Only males were included in the study as 90 % of the
workers in the primary aluminium industry are men. Medical students and health staff
were selected according to the requirements from the local ethics committee. The age of
the subjects was dominantly younger (21-44 years) than aluminium workers (20-65
years). It should, however, be noted that the age of workers starting in the aluminium
industry presumably is roughly similar to the age of the males in the study group.
In 1990, Kongerud et al reported that 60-70% of the workers in the aluminium industry
were smokers (50), which is approximately twice the frequency that has been reported by
Bakke and eo-workers from the population in a Norwegian community (90). If smokers
had been included in our studies, the responses to HF after exposure in the experimental
chamber might have been augmented. Nevertheless, smoking effects may cause effects
that are difficult to separate from the HF-induced effects, and therefore smokers were not
included.
The participants had a non-allergic and non-asthmatic history in order to avoid a possible
interference between HF and allergy or asthmatic reactions. Individuals with allergy or
asthma will not be advised to start working in the aluminium industry. It is also wellknown in the surrounding areas of aluminium plants that working in this industry
represents a risk for the development of potroom asthma. Moreover, if lung symptoms
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occur, workers will find another type of occupation or they will be transferred to less
exposed areas within the industrial plant. Thus, subjects with allergy or asthma were less
relevant to examine.
The subjects included in the present studies exercised regularly, and probably they were
more "health-focused" than average Norwegian men. Also, the health status of the
participants might have been better than workers starting in the aluminium industry, and
this could influence the responsiveness to HF. On the other hand, the participants used
their bike daily to the hospital during the morning traffic and rush hours, and presumably
they were exposed to relative high concentrations of diesel exhaust and N0 2. This
exposure occurred a short time before they entered the exposure chamber, and might have
elicited a lung response or affected the subsequent responsiveness to HF. Thus, this "preexposure" influence could represent a confounding factor in our study. However, this
factor is also present in the control series, and is assumed to be roughly similar to the
exposure series, and should not lead to systematic errors.

Exposure procedure

When planning this study we had no experience with experimental HF exposures. We did
not know the exact concentrations at which pulmonary effects could be expected to occur.
In a longitudinal study of 1,301 new aluminium potroom workers, a dose-effect
relationship has been reported between the fluoride exposure and asthmatic symptoms
(41). Workers exposed to the fluoride levels of 0.41-0.8 mg/m 3 and >0.8 mg/m3 , had a

relative risk (RR) of 3.4 and 5.2, respectively, when compared to workers exposed to
fluoride levels <0.41 mglm3 (41). However, the workers exposed to these concentrations,
worked for eight hours every day, and were additionally exposed to other irritants in the
working environment, like S02. In our protocol (paper I, 11), we decided to examine
whether one hour exposures ofHF in the following target concentrations: 0.5, 1.0, 2.0 and
4.0 mglm3 , could induce a decrease in lung function, inflammatory reactions and

respiratory symptoms. The grouping of concentrations was performed before the start of
the study and was based on the exposure levels and related to the present and the former
threshold limits in Norway, 0.6 mg/m3 and 2.5 mg/m 3, respectively (paper II). The
exposure time used in these studies was 1 hour, .whereas the observation periods were 2
and 24 hours for the inflammatory reactions, 15 minutes to 4 hours for the lung function
measurements, and 30 minutes to 24 hours for the respiratory symptoms. Thus, the
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exposure time is quite brief compared to the 8 hours exposure period that an aluminium
worker experiences during a regular working day. Furthermore, a worker is exposed
repetitively five days a week, for months and years. This means that the exposure
situation for the study individuals exposed in our chamber is very different from the real
life situation. Presumably, the development of asthma requires a sustained airway
inflammation over a long-term time period. In other words, the observations in the present
study should be carefully interpreted, as it only shows the ability to respond to short-term
HF exposure.
It should be strongly emphasised that our findings are not the "same as" development of

asthma, which is a long-term process with a range of inflammatory and fibrosis mediators
involved. It cannot be excluded, however, that the reaction to 1 hour HF exposure
represent the very first step that later may lead to asthma development upon repeated or
sustained exposures. The one hour exposure and the concentration range for HF were
chosen for safety reasons as there has been limited knowledge of the effects of HF
inhalation in humans. Due to this, the disadvantage of our study is that the reactions were
expected to be relatively weak. In some other experimental studies, a four hour exposure
time has been used to enhance the responsiveness to toxicants (91-96). This could be of
interest for future studies with HF.
In an ideal design, each participant should have been exposed twice in the inhalation
chamber, -once to filtered air (sham exposure) and once to HF in a randomized, blinded
way. The subjects would then have entered the chamber without knowing whether they
were exposed to air or HF. In the present study there were no sham exposures, because
HF so easily was recognised by the test subjects at all the concentrations that have been
used in the present studies. In all other aspects, the procedures for the two series, the
control and the exposure series, were the same, and the subjects had no knowledge of the
exposure concentrations.
Workers in the aluminium industry are physically active within the potroom when they
are exposed to HF and other toxicants. In an effort to mimic this activity, the study
subjects performed bicycle ergometry in the chamber during the exposure period with a
work load of 75 W. This work load has been used by other study groups and will
influence the breathing pattern towards mouth breathing, which may affect the
distribution of HF into the lower and most distant parts of the airways (60). All
participants performed bicycle ergometry for 15 minutes at 75 W inside the chamber. We
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assumed that the ventilation rate did not differ much among the participants because they
were physically active and were respiratory unaffected. The ventilation rate was therefore
not measured in our studies. Sandstmm and coworkers have previously found a breathing
frequency of 18-23 breaths per minutes and no differences between the study groups that
were exposed to air or different concentrations of sulphur dioxide at the same workload
(65).
In order to sample blood during the exposure period, the subjects left the chamber every
15 minutes; i.e. three times. The "sample time" that they spent outside the chamber (three
minutes on average) was added so the total exposure period became

exac~ly

one hour for

all individuals. Preferably, the blood samples should have been performed inside the
chamber, but it was of importance to avoid exposure of the laboratory personnel.

NAL and BAL procedure
The BAL procedure has been performed according to international recommendations and
guidelines (70,71,80). Also, the NAL technique has been used and recommended by other
research groups (72). In the first study, the lavage fluid (BAL) was physiological saline
(paper 11), and in the second study, phosphate-buffered saline (PBS) was used instead
(paper III and IV). The reason for this replacement was to optimise the preservation of the
respiratory cells and mediators. Also, PBS was recommended by our collaborators,
professor Thomas Sandstmm' s group in Umea, based on their broad experience over
many years, with experimental lavage studies. PBS is possibly a better medium than
physiological saline for the respiratory cells and mediators, and has accordingly been used
by most of the other experimental study groups in this research field. This modification
may have influenced the viability of cells in the lavage fluid and also the morphology of
cells. However, the effect of this lavage fluid replacement is uncertain.

Statistical methods
In paper I and 11, the number of subjects in each exposure group was low, but has been
based on previous studies with pollutants. A larger study population would of course have
been an advantage. The group size is however sufficient large to examine whether the
hypothesis that is put forward is correct or not. To improve the statistical power a much
larger number of participants had been required in the study. This has not been possible,
due to economical as well as practical reasons and also recruitment aspects. The study ·
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protocols required extensive work with lung function testing, the inhalation procedure, the
number of samples and lavages, in addition to the laboratory work with cell and cytokine
analyses. The participation made heavy demands on the subjects' time with an average of
15 hours.
Employing a sequential nasal lavage study design (paper Ill), to help uncover the early
responses to HF inhalation in the nasal cavities, gave the disadvantage of a "washout
effect" (97). In the control series the number of all the cells and the concentrations of all
the mediators were decreased in the second and the third NAL compared to the baseline
values, presumably because of a dilution effect. Due to the repeated NALs within both
series, the exposure and the control series, "repeated samplings" was included in the
statistical method as a supplementary effect factor, in addition to the exposure effect. The
time period of 3 to 6 months, between the two NAL series, the exposure and the control
series, may represent a weakness of the study. However, only for GSH, among the tested
parameters, there was a discrepancy between the baseline measurements in the exposed
and the control series. The baseline measurements for each of the two series have been
included as a covariate in the statistical model. Nevertheless, because of the large
variation in the basal GSH concentrations, in the exposed and the control series, we have
been cautious to conclude with a possible effect ofHF exposure on this parameter.
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MAIN FINDINGS
Lung junction

We did not find any effect ofliF (0.2 -5.2 mg/m 3 ) after one hour exposure on the FEV 1
measurements that were performed repetitively up to 4 hours after the end of exposure
(paper 1). We found a significant decrease in FVC for all subjects as a group (0.2 -5.2
mg!m\ but this result was due to a significant decrease in FVC in the lowest HF
concentration group (~0.6 mg/m3) only. Since the intermediate (0.7-2.4 mg/m 3) and high
concentration groups (2.5-5.2 mg/m3) of HF did not induce any significant changes in
FVC, the implication of this finding definitely weakens. Also, no clinical signs of
bronchial constriction were observed. The possible reduction in FVC may be due to a
minor obstruction in the periphery of the airways, and a plausible theoretical explanation
is "air trapping". The same findings have been reported after exposure to potassium
aluminium tetra-fluoride (57).
Body plethysmography (Master Screen Body, (Jaeger, Wiirtsburg, Germany), a more
sensitive technique for the detection of bronchoconstriction, was used to measure the
airway resistance immediately before and after the one hour HF (3.3-3.9 mg/m3) exposure
(paper IV). The measurements showed no significant changes of specific airway
resistance (sRaw) or residual volume (RV). Also, the spirometric variables FVC and
FEV 1 were unchanged. This indicates that lung function is not altered at this time point.
However, the observation time was relatively short, and it cannot be excluded that lung
function impairments may occur later, at other time points. When summarised, these
findings suggest that the inflammatory response to HF, as observed in the present studies,
is accompanied by no or minimal alterations in lung function as measured by spirometry
or plethysmography. In agreement with this, it has been shown that the lung function
measurements were unchanged, while there was a marked inflammatory response in BAL
fluid after 1 hour experimental exposure to diesel exhaust in healthy volunteers (98).

Airway symptoms

Most of the symptoms that are reported after HF exposure in paper I appeared in the upper
airways (itching and soreness from the nose and throat). The presence of upper airway
symptoms is also reported after HF exposure in paper Ill, and these findings correspond to
observations from other study groups (57,59,63). Correspondingly, an accidental release
ofHF from a petrochemical plant in Texas caused predominantly upper airway symptoms
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(61). Additionally, shortness of breath was also observed, indicating that lower airways
could be affected. Previously, symptoms from the upper airways have been described
after exposure to other gases, such as S02. Similar to HF, S02 is a highly water-soluble
gas which is mainly absorbed in the upper airways and may induce a dose-dependent
increase in nasal irritation of humans during experimental exposures (65).
In the present studies, the subjects were aware of the gas as soon as they entered the
inhalation chamber, due to the pungent odour of HF. Because of this, and possible
psychological mechanisms, the symptoms may have been over-reported. However, the
subjects had no knowledge about the concentrations of HF within the chamber. Still,
increasing symptoms were reported with increasing HF concentrations in the exposure
chamber. This may suggest that the symptom scores may not be biased.
HF exposure and an inflammatory response may affect bronchial reactivity among the
participants.
As we found an inflammatory response in BAL fluid 24 hours after one hour exposure to
HF, one may speculate if repetitive exposures and triggering with HF, would induce
changes in BHR. It has been reported in epidemiological studies that BHR varies with
fluoride exposure (48). There were practical reasons for not examining BHR in the
present studies. Bronchial reactivity measurements prior to BAL might affect the
bronchoscopies, and also the bronchoscopies might influence the bronchial reactivity
evaluation if BAL was performed first. Consequently, we can not exclude that HF may
affect the bronchial reactivity.

Inflammatory cells and mediators in BAL and NALjluid

As fluorides have been associated with asthma-like symptoms among aluminium potroom
workers, and also have been suggested to be possible causal agents (42,39), our primary
aims have been to examine ifHF could be responsible for asthma-like changes in healthy
human airways. As development of asthma involves airway inflammation, it was of
interest to examine whether HF might induce inflammatory changes in cells and soluble
mediators which are detectable in bronchoalveolar lavage (BAL) fluid. Among the
possible inflammatory cells, our focus was primarily on changes in lymphocytes and
neutrophils, as these cell types are involved in inflammatory processes and in the
development of asthma (99), and have been documented to be affected after experimental
exposures to other toxicants (100-103). The BAL and NAL fluid analyses have detected
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inflammatory effects in the airways after HF exposure of volunteers in the inhalation
chamber, possibly reflecting the inflammatory events within the respiratory walls. To
more directly demonstrate the inflammatory development, an endobronchial mucosal
biopsy, which is a more invasive technique (104), would be required. Induced sputum is
another appropriate and less invasive technique to obtain samples from the lower airways
(105). We could have used this method, but it was not much in use when the present
studies were planned.
In the planning phase, we realised that we did not know how long a time period would be
necessary for HF to initiate an inflammatory response that could be detected in BAL fluid
after exposure. The observation interval of 24 hours between the one hour exposure and
the BAL, (paper II), has been chosen on basis of the experience of other study groups.
Experimental studies have reported an increase in the number of macrophages,
lymphocytes or neutrophils in BAL fluid 24 hours after exposure to different toxicants
(103). As we found an inflammatory response with increased percentage oflymphocytes,
accompanied by neutrophil activation and released MPO in BAL fluid 24 hours after HF
exposure (paper II), we subsequently wanted to investigate how early this inflammatory
response was initiated. We found that HF induced an inflammatory response in the nasal
epithelium 1.5 hour after one hour exposure, as reflected primarily by an increased
number ofneutrophils and an increased concentration ofLTB 4, PGE2 , peptid leukotrienes
and TNF-a in the NAL fluid (paper Ill). However, in BAL fluid 2 hours after the exposure
(paper IV), there was a reduction in the number of total cells (in both the bronchial portion
(BP) and the broncheoalveolar portion (BAP)) and a reduction in the number of
neutrophils and lymphocytes in BAP . Decreased concentrations of ~ 2 -MG, IL-6 and total
protein were found in BP and BAP. Also, IL-8 was reduced in BP, whereas ICAM-1 and
albumin showed lowered concentrations in BAP (paper IV). These changes indicate that
the development of inflammation appears to follow quite different time courses in the
nose and the lower airways. The early nasal response may be due to the fact that most of
the inhaled HF gas will be deposited in the nasal region. Also, the nasal mucosa may be
more sensitive to HF than the bronchial mucosa. The different responses, that have been
detected in NAL (immediately and 1.5 hours after exposure) and BAL (2 hours after
exposure), (paper Ill and IV), may reflect a predominant nasal injury attracting and
activating inflammatory cells in this region. It is unclear at which time HF-induced
inflammation in the lung occurs, as reflected by an increase in inflammatory parameters in
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BAL fluid . It would have strengthened this study if we also had included other time points
for examining the inflammatory response after the one hour HF exposure. Several toxicant
studies have revealed an inflammatory response at more intermediate time points. Thus,
gases like N0 2 and 0 3 have induced an inflammatory response in BAL fluid 6 hours after
exposure (1 06, 107).
A striking and unexpected feature was the decrease in the number of cells and soluble
mediators in BAL fluid two hours after the exposure (paper IV). However, the reductions
in cell numbers and the concentrations of inflammatory mediators as an early response
have been identified also after exposures to other air pollutants. A reduction in total
protein and albumin has been found in the bronchial fraction ofBAL fluid 1.5 and 6 hours
after exposure to N0 2 (106). A possible explanation for the reduced cell numbers in BAL
fluid may be increased cell activation with increased adhesiveness, making the cells less
lavageable. The mechanisms are unclear, however, and several possibilities are put
forward in paper IV.
As described above, our data suggest that HF may lead to inflammatory responses both in
the nose and the lung, although with different time courses. In the NAL fluid we observed
an early increase in the number of neutrophils, whereas the percentage of lymhocyte
increased in the BAL fluid at a later time point. It is of interest that the concentration of
IL-6 seemed to be increased in BAL fluid, although not significant after Bonferoni' s
correction. IL-6 is known as a chemoattractant for lymphocytes (108). In contrast to our
studies, the neutrophils are often linked to acute inflammation in the lower airways. This
has been reported after experimental exposures to NOz and 03 ( 103 , 106,107), and often
correspond to an increase in IL-8 that is known to be a chemo-attractant for neutrophils
(109). The explanation for the lack of an increase in neutrophils in the BAL after HF

exposure is unclear, but might be due to the low concentrations ofHF in the experimental
chamber or the choice of a too short-term exposure and observation time. It is of course
possible that HF may induce a qualitatively different airway response than other toxicants.
It should, however, be noted that SOz exposure is reported to give a similar pattern as HF,

with lymphocytosis and no neutrophil response in BAL fluid (110). Unfortunately, the
concentration of IL-8 was not measured in the first study (paper II), although included in
the second study (paper Ill and IV).
In the nose the neutrophil response was neither connected to an increase in IL-6 nor IL-8,
but rather to LTB4 (paper III). As LTB4 is known to recruit neutrophils (111 ), this means
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that different intercellular mediators are crucial in eliciting chemotactic responses in the
nose and lung.

Antioxidants

Inhaled HF encounters and dissolves in the epithelial fluid, ELF, the thin aqueous layer
overlaying the respiratory epithelium along the airway lumen. The ELF contains a wide
spectrum of antioxidants, including ascorbic acid, uric acid, GSH and a-tocopherol (112).
These antioxidants protect the cells in the airways against oxidative damage induced by
toxicants. Oxidative changes that may lead to increased production of inflammatory
cytokines are first induced when the antioxidants are sufficiently depleted. Generally,
antioxidant measurements are regarded to be important parameters for determining
possible effects of pollutants (78,113,114). Several studies have shown an effect of
experimental N0 2 and 0 3 exposure on the concentration levels of different antioxidants in
BAL fluid (115,116). Animal studies have documented an effect of fluorides on the
concentration of GSH ( 117), but it is still unclear whether fluorides are able to exert an
oxidant effect directly or via activated neutrophils and a "respiratory burst". Also, there
might be a difference in the response to HF among different species. In the present thesis
we have examined whether HF might lead to a reduction in the concentration of different
antioxidants in NAL and BAL fluid, reflecting the capability ofHF to induce an oxidative
change.
No reduction in any of the antioxidants was observed in NAL fluid after HF exposure
(paper II). The concentration of uric acid was, however, increased. This increase in uric
acid might be a result of released intracellular uric acid from injured cells into the
epithelial lining fluid (ELF). The increase in uric acid in NAL fluid, may also be due to
increased cell permeability as there was an increase in total protein after the exposure.
Another explanation for the uric acid increase may be a compensatory secretion from the
nasal cells or glands.
We found no changes among the antioxidants in BAL fluid after HF exposure (paper IV).
In comparison, a decrease in uric acid concentration has been reported in BP 1.5 hours
after experimental exposure to N02 , and this response was followed by an increase in uric
acid 6 hours after the exposure (112).
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In summary, our data do not show any evidence for a reduction of the antioxidant levels in
NAL and BAL, suggesting that oxidative changes are not important for adverse health
effects induced by HF in the respiratory system in humans.

Relevance of acute HF-induced inflammation for asthmatic development
How relevant are our findings, following a short-term HF exposure in an experimental
chamber, for the long-term and repetitive exposures which occur in the working
atmosphere of the potrooms in the aluminium industry? This is briefly described under the
methodological considerations. However, the acute inflammatory findings may be
relevant for the subsequent development of a chronic inflammatory disease, such as
potroom asthma. Asthma is regarded as a Th2-mediated inflammatory disorder with
increased cytokines, such as IL-4, IL-5 and IL-13 (118). The Thl cytokines that are
known to be involved in acute inflammation induced by toxicants, may also play a role in
asthmatic development by enhancing the effect of Th2-cytokines. Thus, TNF-n, a critical
pro-inflammatory cytokine of the Th 1-type, and ILA or IL-13 is reported to have
synergistic effects in vitro on eosinophil activation ( 119). On the other hand, Th2cytokines, such as IL-4 and IL-13 are known to inhibit the production of TNF-n, and
subsequently lead to down-regulation of different Th1-cytokines (120).
When studying the concentrations of cytokines in BAL fluid 24 hours after HF exposure
(paper 11), we did not find any increase in IL-4. Neither did we find any changes in ECP,
which is also an important mediator of asthma. This means that we could not observe an
increase of cytokines linked to asthmatic development at this early time point. It is,
however, possible that sustained exposure to HF, as occurring in the potrooms of the
aluminium industry, may trigger such a shift in the cytokine profile from Th1 to Th2.
Also, leukotrienes are important in inflammatory and asthmatic processes. L TB4 has been
reported to be the most important chemoattractant in acute inflammation, and the
cysteinyl leukotrienes (LTC 4, LTD4, LTE4) are crucial in bronchial constriction and in
remodelling and fibrosis-like processes in asthma (121). It is of interest that HF not only
induced an increase of LTB 4 in NAL-fluid immediately after and 1. 5 hours after the end
of exposure, but also induced an increase in the peptide leukotrienes (paper Ill). This
might indicate that HF has the potential to affect the levels of soluble mediators which are
more directly involved in asthma. It should be noted that TNF-n also increased at this
early time point in NAL-fluid, and might precede an increase in the Th1- and Th234

cytokines or an increase in eicosanoids. It is tempting to speculate that long-term and
repeated exposure to HF might lead to asthmatic development via an increase in cysteinyl
leukotrienes and also a shift towards Th2-cytokines. The design of the present studies is,
however, not proper to elucidate such a hypothesis.
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FINAL COMMENTS
The acute inflammatory responses as indicated in BAL and NAL fluid due to HF
exposure were found at concentrations that can occur in the atmosphere of the primary
aluminium industry. We found only minimal changes in BAL fluid in the lowest exposure
group (HF ::;0.6 mg/m3 , the present hygienic standard value in Norway). Nevertheless,
this concentration level should not be considered harmless and used as evidence for a
clear safe treshold level for HF-induced adverse effects in workers with continuous
exposure to HF. This is mainly because the relationship between the ability ofHF to exert
an acute inflammatory response in healthy subjects and the long-term development of
asthma in potroom workers still is unclear. Furthermore, the role of other air pollutants,
and potential synergistic effects with HF, should not be excluded and needs to be studied.
Thus, regular monitoring of the respiratory health of the workers in the potroom should
still be mandatory, as they are exposed to a lot of other harmful agents and the present
studies have examined the acute effects only.
for the future, the basal mechanisms for the development of HF-induced asthma; m
particular the role ofTh2-mediated inflammation remains to be clarified.

36

CONCLUSIONS
1. The one hour HF exposure induced an inflammatory response that was detected 24
hours after the exposure in the lower airways, as reflected by changes of cells and
mediators in BAL fluid.

There was an increase in the percentage of

lymphocytes/CD3-positive cells. Among the soluble mediators, only MPO was
increased after Bonferoni' s correction, indicating an activation of neutrophils.
However, two hours after the end of exposure, no increase of inflammatory
parameters was observed in BAL fluid. In contrast, HF induced a reduction of
inflammatory cells concurrent with a reduction of pro-inflammatory mediators,
which may represent transitory noxious effects on the lower airways .

2. There was an immediate increase in the number of neutrophils and the
concentration of inflammatory mediators, such as TNF-a and the eicosanoids
PGE2 , LTB 4 and peptide leukotrienes in NAL fluid immediately after and 1.5
hours after the one hour exposure to HF. The concentrations of other soluble
mediators (IL-6, IL-8, MPO) were unaltered.

3. In NAL fluid there was an increase in uric acid immediately after and 1.5 hours
after the exposure. Neither in the NAL nor BAL fluid were there other antioxidant
changes after the HF inhalation.

4. One hour HF exposure induced predominantly upper airway symptoms. The upper
airway symptom scores correlated with the HF concentrations, the changes in
plasma fluoride concentrations and the maximum plasma fluoride concentrations.
A correlation was also found between the total symptom scores and the HF
exposure concentrations (measured in the breathing zone).

5. There was a strong dose-dependent relationship between the concentrations of
inhaled HF and the plasma fluoride concentrations after the exposure.

6. After one hour experimental exposure to HF in healthy volunteers, no changes
were detected in lung function parameters (forced expiratory volume in one
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second (FEV1), specific airway resistance (sRaw) and residual volume (RV)
when measured by spirometry and body plethysmography. However, the forced
volume capacity (FVC) was decreased in the lowest exposure group (:::0.6 mg/m3 ),
but not in the intermediate (0.7- 2.4 mg/m 3) and high (2.5- 5.2 mg/m 3) exposure
group.
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Abstract
Objectives-To study the absorption of
inhaled hydrogen fluoride (HF) by measuring plasma fluorides and HF concentrations in the breathing zone during
exposure to HF. A possible dose-effect
relation was investigated by following airway symptoms and lung function-that is,
forced expiratory volume in one second
(FEV,) and forced vital capacity (FVC)during and after exposure to HF.
Methods--20 healthy, male volunteers
were exposed for one hour to constant HF
concentrations that ranged from 0·2 to
~·2 mg/m' ;
these concentrations are
known to occur among potroom workers
in the primary aluminium industry.
Plasma fluorides were analysed before,
during, and after exposure. Symptoms
from the eyes and the upper and lower
airways were registered and graded from
1 to 5 with a standardised questionnaire.
Results-The total symptom score was
significantly increased at the end of exposure for all the subjects as a group
(P < 0•01) and for the group exposed to
HF below the present Norwegian standard
for total fluorides 0·6 mg/m' (P = 0•05).
No change was detected in FEV, although
a significant decrease was found in FVC
in the group exposed to fluorides below
the hygienic standard (n = 9) and for the
entire group (n = 23). Almost all the
symptoms had disappeared four hours
after the end of exposure. Symptom
scores from the upper airways were significantly correlated with the HF concentration (r = 0•62, P = 0·002), the change
in plasma fluoride concentration (LIC)
(r = 0·51, P = 0·01), and the maximum
plasma fluoride concentration (C~) (r =
0•42, P = 0·05). A significant correlation
was also found between the total symptom
score for airways and the HF concentration.
Conclusions-The present study showed a
strong relation between inhaled HF and
concentrations of fluoride in plasma.
Upper airway and eye symptoms
occurred after one hour of exposure to HF
even when below the Norwegian hygienic
standard for fluorides.
(Occup En viron Med 1997;54:32-37)

Keywords: fluorides_; airway symptoms; lung function

Fluorides are used in a variety of industriesfor example, in the production of aluminium,
steel, phosphate fenilisers, phosphoric acid,
glass, ceramic, and brick products. Fluorides
may therefore appear as pollutants emitted
into the air in the working envirorunent and
outside the workplace. Although new technology and improved occupational hygiene programmes have reduced air emissions, fluorides
are still one of the main environmental problems in the primary aluminium industry.
Epidemiological studies of aluminium potroom workers have shown an association
between exposure to fluoride and the occurrence of asthmatic symptoms. 1 Pollutants from
the aluminium industry may also influence the
respiratory health of the general population.
Recently, S0yseth and coworkers found a significant association between air pollution and
bronchial hyperresponsiveness in children living in the vicinity of an aluminium plant.'
Hydrogen fluoride (HF) is one of the main
gaseous fluoride components in the working
envirorunent in the primary aluminium industry. It has been shown to cause inflammatory
responses in the lower airways of healthy volunteers after one hour of exposure in concentrations that usually occur in the aluminium
industry (< 5 mg/m').' Machle and coworkers
have described exposure to 26 mg/m' for three
minutes that induced lower airway irritation
and mild symptoms from the eyes and nose .'
After accidental exposure in which the actual
exposure concentrations were unknown, features such as chills, fever, chest tightness,
cyanosis, pulmonary oedema, and pulmonary
haemorrhagic oedema are described.56 On the
basis of animal studies, Machle and
Kit2miller7 found concentrations of up to
15·2 mg/m' to be tolerable, but human exposure to lower concentrations of HF
(< 1·6 mg/m') has been reponed to cause
symptoms of the upper airways."
Ehrnebo and Ekstrand 10 followed the exposure to fluoride and the corresponding plasma
concentrations in 41 workers in an aluminium
plant during a period of eight hours. They
found a significant correlation between the
amount of gaseous fluoride and both the area
below the plasma fluoride time curve and the
amount of fluoride excreted. However, quantitative information on the relative absorption
from inhaled HF is lacking-such as defined
concentrations of HF in the inhalation zone
and the resulting concentrations of fluoride in
plasma in humans as well as threshold values
for airway symptoms .

Exposure to hydrogen fiuon·de: an experimental study in humans of concentrations offluoride in plasma, symptoms, and lung function

The objective of the present study was
therefore to study the absorption of inhaled
HF by means of concentrations of fluoride in
plasma and HF in the breathing zone during
exposure. Also, the effect of exposure to HF
on airway symptoms and spirometry, as well as
a possible dose-response relation, was investigated.

Material and methods
SUBJECTS

Twenty healthy, non-smoking male volunteers, aged 21-44 years, panicipated in the
study. They all gave written informed consent
and the study was approved by the local ethics
committee. All the subjects underwent a physical examination including a chest radiograph.
Subjects with any history of airway infection
during the six weeks before the statt of the
study or during the study period, or with a history of asthma were excluded. Two subjects
had hay fever and one of them showed an
increased total IgE value of 210 kU/1 (upper
normal value 122 kU/1). Another subject also
had an increased total IgE (220 kU/1) without
having a history of allergy. The rest were not
atopic or allergic. No one had any history of
serious respiratory illness or had been previously exposed occupationally to fluorides. All
the subjects had a normal ECG on bicycle
ergometry (75 W for 15 minutes). Haemoglobin, sedimentation rate, leucocytes,
platelets, eosinophils, electrolytes, and liver
function tests were within the reference range.
CHEMICAL AND PHYSICAL PROPERTIES OF
HYDROGEN FLUORIDE

Hydrogen fluoride is a colourless gas with a
pungent smell. It is highly water soluble and,
although weakly dissociated in water, is a
strong proton donor in the class of superacids.
It was prepared by the dynamic dilution of HF
from pressurised gas cylinders (40 dm', 150
atrn, 318-4016 mg/m'). The cylinders were
certified according to calibration standards.
The producer (Messer Griesheim, Germany)
states the accuracy of analysis to be better than
3%. The exposure to HF took place in a specially designed chamber.
INHAlATION CHAMBER

The chamber had a volume of 19·2 m'
(2·50 m x 2·77 m x 2·77 m) with an air lock
and an observation window. The chamber was
constructed of extruded aluminium alloy profiles, AA 6082 quality (98% AI, 0·5% Mg, 1%
Si) for the load bearing constructions and AA
5052 (97% AI, 2·5% Mg) for the plates. The
ceiling and floor were made of perforated
plates which could be removed and the chamber was equipped with a water tap and a drain
for cleaning purposes. The pressure inside the
chamber was kept lower than outside it to
avoid polluting the laboratory area.
ADMINISTRATION OF HYDROGEN FLUORIDE

The HF was passed directly from gas cylinders
into the ventilation duct feeding the chamber
thfough specially made orifices. The gas was
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regulated with orifices of different sizes and by
the pressure of the gas (1 0 atrn). The gas was
fed into the ventilation duct countercurrent to
the airflow to induce turbulence and promote
the mixing of the concentrated gas into the air.
Low gas flow (from 0·1 dm'/min) and high
pressure (2-1 0 atrn) demanded orifices with
diameters as small as 50 J.I.ITl which were carefully drilled under observation with a microscope. All gas tubes, regulators, tubes, and
orifices were of ANSI 316 quality (17% Cr,
12% Ni). The gas flow was measured by a
mass flowmeter (top-trak 821-SS, Sierra
Instruments, USA).
The subjects were divided into three different groups according to their exposure to HF;
< 0·6 mg/m' (current Norwegian hygienic
standard
value
for
total
fluorides),
0·7-2·4 mg/m' (intermediate level), and > 2·5
(former Norwegian hygienic standard value,
until 1990)-5·2 mg/m' (table 1). These exposure concentrations have been shown to occur
in workplaces at aluminium smelters."
SAMPLING AND ANALYSIS OF HYDROGEN
FLUORIDE

Fluoride exposure was precalculated approximately. The exact exposures used in the analyses were determined by analyses of fluorides
absorbed on cellulose pads impregnated with
sodium formate. The filters were kept in a
standard aerosol sampling cassette with AFC
123 personal sampling pumps (Casella
London, England) at a flow rate of rwo
dm'/min and air was collected from the
breathing zone during the exposure. The HF
was desorbed from the filters and analysed
with a fluoride selective electrode. 12 The exposure to HF was kept constant as continuously
measured by a Sensidyne XP-R electrochemical sensor (Sensidyne, USA).
INHAlATION PROCEDURE

After equilibration of the gas concentration in
the chamber, the subjects entered the chamber
and were exposed for 60 minutes. For the first
45 minutes, the subjects rested and they then
had a 15 minute fixed working load of 75 W
on a bicycle ergometer. Each subject was
exposed to a constant concentration of HF
within the range 0·2-5·2 mg/m'. The subjects
were exposed once, apart from three, who
were exposed twice, three months apart. As
HF is absorbed by clothes and hair, the subjects were dressed in overalls and helmets to
minimise any systematic bias that could be
introduced by differences in absorption.
SYMPTOMS

Symptoms were recorded before the start of
exposure, after 30 and 60 minutes of exposure, and finally four and 24 hours after the
end of exposure. The results were registered
on a standardised questionnaire where symptoms from the eyes and the upper and lower
airways were graded on a scale of 0 to 5; 0 representing no symptoms, 1 very mild symptoms, and 5 the most severe symptoms. The
symptoms from the upper airways, (the nose
and throat), and the eyes were itching and
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Samples were collected by a nurse from the
antecubital vein on entering the chamber and
then 15, 30, 45, 60, 90, 120, and 180 minutes
after the start of exposure. The subjects went
outside the chamber for each blood sample,
and the time spent outside was added to exposure time (three minutes on average for the
sampling during exposure) . After centrifugation, the plasma was separated, frozen immediately, and stored at - 70°C until it was
analysed for fluoride by a fluoride ion sensitive
electrode."
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soreness. From the lower airways the subjects
were asked to report chest tightness and soreness, coughing, expectoration, and wheezing.
We were unable to perform the exposure blind
because the subjects recognised the pungent
smell ofHF.
LUNG FUNCTION

Lung function was measured by spirometry
(FEV, and FVC) according to the guidelines
suggested by the European Respiratory
Society" apart from the fact that the test was
conducted with the subject in an upright
standing position. In all subjects baseline
FEV, and FVC were above 80% of
predicted." A portable spirometer (Microspirometer) was used immediately before
entering the test chamber, every 15 minutes
during exposure, immediately after exposure,

Table 1 Age, plasma creatinine, concemracion offiuon'de in plasma before exposure
(C.J , and the maximum value (C..) ajur exposure ID H F at different doses
Concemran·on of HF (mglm')

0·2-0·6
(n

Age (y, mean (range))
Creatinine (#molll, median
(interquart:i le range))
C 0 (nglml, median
(in terquarti le range))
C ..... (nglml, m edian
(interquartile range))

=9)

0 ·7-2·4
(n 7)

=

2·5-5·2
(n 7)

=

3 ] (22--44)

23 (2]--44)

3 l (22--45)

l OO (9 l - l02)

lOO (85- l06)

98 (94-]02)

22·0 (l 5·5-28 5)

l 2·0 (l2·Q- 19-0)

l 2·0 (9·0-l3-0)

22·0 (]9·5-29·0)

29·0* (24·0--42·0)

59·0* (37·0-75·0)

'*P < 0 05, C..,..-Cu with W ilcoxon's ra nk sum test fo r paired observation s.

Comparisons between symptom scores and
lung function data before and after exposure
were made with Wilcoxon's non-parametric
test for paired samples and Spearman's coefficient was applied to detect correlations
between categoric variables. Kruscal-Wallis
one way analysis of variance by ranks was used
to examine differences in symptom scores and
lung function between groups classified by different exposures. Linear regression analyses
were performed to examine the association
between plasma fluorides and exposure to HF.
The Kruscal-Wallis one way analysis of
variance by ranks was used to compare the
three HF groups by baseline concentrations of
fluoride in plasma. Analyses were performed
with SPSS for Windows, version 6·0.
Results
CONCENTRATIONS OF FLUORIDE IN PLASMA

Figures 1 and 2 show the increase in concentration of fluoride in plasma in seven subjects
exposed to 0·7-2·4 mglm' HF and seven subjects exposed to 2·5-5·2 mg/m' HF for one
hour. In the group with the exposure range of
0·2-0·6 mg/m' HF (n = 9), no increase in
plasma fluoride could be detected, but baseline concentrations of fluoride in plasma (C 0)
were significantly higher in this group than in
the other two groups. A significant increase in
concentration of fluoride in plasma (Cm.J
occurred in the groups exposed to 0·7-2·4 and
2·5-5·2 mg/m' HF (table 1). At exposures
between 0·7 and 2·4 mglm' , C~ was registered 60 minutes after the start of exposure in
three subjects, 90 minutes in three subjects,
and 120 minutes in one subject (fig 1). Among
the subjects who were exposed to over
2·5 mglm', five had cmn 60 minutes and two
90 minutes after the start of exposure (fig 2) .
The plasma concentration then declined but
was still high 180 minutes after the start of
exposure compared with baseline in all subjects but one (figs 1 and 2). Figure 3 shows the
correlation between the concentration of HF
in the inhaled air and the increase in fluoride
in plasma (r = 0·95, P < 0·001)-that is, the
difference between baseline and maximum
concentration of fluoride in plasma (LIC).
In a linear regression analysis no association
between FVC or FEV, and plasma fluoride
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was found. Also no assoc1at1on was found
between plasma fluoride at baseline (C 0 ) and
maximum plasma fluoride (C,.J after exposure to HF. We did find an increase io plasma
fluoride (Cmu-Co) with increasing exposure
concentrations (Kruscal-Wallis; P < 0·001).

Norwegian hygienic standard for total fluorides (0·6 mg/m' ), there was also a significant
increase in the reponing of symptoms (total
symptom score) at the end of exposure
(P < 0·05) . Symptoms from the upper airways
were the most pronounced, and a significantly
higher prevalence of total symptom scores and
symptoms of the upper airways was found for
exposure to HF over 2·5 mg/m' compared
with 0·2-{)·6 and 0·7-2·4 mglm' (P < 0·01;
Kruscal-Wallis). Symptoms from the upper
airways dominated after exposure to HF in the
highest dose range (P < 0·05) and the same
trend was found among the subjects in the
lowest dose group (P = 0·06) . Lower airway
symptoms were not reponed to a significant
degree in relation to exposure to HF.
The FEV, did not change during exposure,
although a significant decrease in FVC was

CLINICAL SYMPTOMS

Five subjects reponed minor symptoms on the
questionnaire before exposure, although they
denied having such symptoms at the clinical
examination and they had no clinical signs
before entering the chamber. Three of the
subjects reponed very mild coughing or expectoration (score 1), and one subject reponed
coughing, expectoration, and itching of the
nose and throat (total score 3). One subject
reponed coughing and itching from the nose
and throat, both of which were given a score of
2 on the questionnaire, total score 4.
The total symptom score was significantly
increased after 60 minutes of exposure (table
2). For concentrations below the present

Tabk 2

Symptom scores and lung funclion before and at the end of exposure for difftrent doses of HF

O·Z-{)·6
(n 9)

0·7-Z·4
(n 7)

Z·5-5·Z
(n 7)

AU exposures
O·Z-5-Z
(n Z3)

5
4
0
0·06

1
6
0
0 10

0
4
3
0·02

6
14
3
< 0·001

5
4
0
0·10

6
1
0
0·45

4
2

15
7

7
2
0
0 ·16
4
3
2
0·04

=

Upper airway score after:
None
Low
High
P value
Lower airway score after:
None
Low
High

PvaJue
Eye symptom score after:
None
Low
High
P value
Total symptom score after:
None
Low
High
Pvalue
Lung function (mean (SD)

(9~%

fc?.l=

FEV1 be ore

4·1 (0·6)(3 •6to 4·6)
4•1 (0•7) (3•6 tO 4·6)

FVCbefore

5-J (0·7) (4•6 ro 5·7)

PEV. after
FVCafur
t.FEV,
t:.FVC

4·8 (0·9) .. (4·2 to 5·5)
0·02 (0·16) ( - 0·1 to 0·1)
- 0·2 (0·4) {- 0-5 to 0·06)

=

=

=

I

I

0·26

0·47

5
2
0
0·16

5
2
0
0·18

17
6
0
0 ·02

1
6
0
0·67

0
2
5
0·02

11
7
0·003

4·1 (0·4) (3·8 to 4·5)
4·1 (0·3) (3·8 to 4·4)
5·1 (0·5) (4·6 to 5·5)
5·0 (0·6) (4·5 to 5·5)
0·0 (0·08) (- 0·08 to 0·08)
-0·08 (0·17) (-0·24to0·08)

4·4 (0·7) (3·8 to 5·0)
4·4 (0·6) (3·8 to 4·9)
5·6 (0·6) (5·1 to 6·1)
5·7 (0·7) (5·0 to 6·3)
-0·03 (0·12) (-0·15 to 0·08)
0·03 (0·29) (-0·24 to 0·30)

•p < 0·05; ••p < 0·01, before v after exposure with Wilcoxon's rank sum tesl for paired observations.
None= score O, low= score 1-3, high= score> 3.

~

4·2
4·2
5·3
5·1
O·O
-0·1

(0·6) (4 •0 1.. 4· 4~
(0·6) (4·0 10 4·4
(0·6) (5·0 10 5·5
(0·8)* (4·8 10 5·5)
(0·1) ( - 0·06 to 0•05)
(0·3) ( - 0 ·23 to 0•03)
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food restrictions. No guidelines were given on
the use of fluorinated toothpaste, which
strongly influences the individual baseline
concentrations of fluoride in plasma. This may
HF
I!.C
explain the high background concentrations
Pvalue
Pvalue
Pvalue
recorded (table 1) and is probably one of the
reasons why an increase in plasma fluorides
0 ·53
0 ·009
0·43
0 ·04
0 •03
0 ·002
0 ·01
0 ·62
0·05
0· 51
was not found after exposure to HF at the low0 •71
- 0 ·01
0 •96
0 •08
0 •61
est dose. Another explanation may just be a
0 ·06
0 ·80
0·68
0·09
0 ·30
normal variation within the reference range.
Most of the symptoms which were reponed
came from the upper airways. This is in line
found in the group exposed to less than with findings from both animal and human
0·6 mg/m' HF (P < 0·01, table 2) .
studies.• • 11 After the accidental release of HF
Figure 4 shows the mean symptom scores from a petrochemical plant in Texas, subjects
from the eyes and the upper and lower airways admitted to hospital presented with eye irritaseparately and the way they change in relation tion (41·5%) , burning throat (21 %), headache
to exposure. The subjects mainly reponed (20·6%), and shonness of breath (19·4 %) ."
symptoms of the upper airways and a maxi- The individual exposure concentrations were
mum score was recorded at the end of not estimated, and a threshold for the appearexposure. Almost all the symptoms had dis- ance of symptoms was not indicated. The
appeared four hours after the end of exposure. repon did, however, suggest that symptoms of
One of the subjects reponed chest tightness the upper airways were predominant after
related to the exposure after half an hour, at "diluted" exposure to HF.
This phenomenon of symptoms mainly
the end of exposure, and four hours after the
end of exposure (max score 1· 5).
from the eyes and upper airways is described
There was a significant correlation between for other highly water soluble gases as well. In
symptom scores of the upper airways and the human experimental studies of exposure to
concentration of HF as well as changes in SO, Sandstrem and coworkers' 9 found a
plasma fluoride (LIC) and maximum concen- dose-dependent increase in nasal irritation and
trations of plasma fluoride (Cmu> table 3). A significantly more irritation of the throat dursignificant correlation was also found between ing exposure at 5 mglm' than before it.
the total symptom score for airways and HF
As the present study was not blind, the difconcentrations, LIC and C~. Scores from the ferent symptoms may have been overreponed.
eyes and lower airway symptoms were not The dose-response relation is, however, not
correlated with any of the exposure variables.
likely to be biased as the exposed subjects were
not aware of the concentrations of HF and the
dose-response trend indicated that the high
symptom scores registered at fairly low conDiscussion
The present study has shown a strong correla- centrations of HF are not only caused by systion between the concentration of HF in the tematic overreponing.
inhaled air and concentrations of fluoride in
The symptoms of the lower respiratory tract
plasma. Exposures above 2·5 mg/m' were were mainly coughing and expectoration. As
associated with pronounced symptoms from HF is a highly water soluble gas, it is remarkthe upper respiratory tract.
able that lower respiratory symptoms occurred
Exposure to HF above 0·6 mglm' resulted at low exposures. As described in animal studin an increase in plasma fluoride. These results ies, the distribution and absorption of HF will
confirm similar findings in studies of rats . probably depend on the inhalation route (the
Morris and Smith" reponed a correlation degree of nasal versus mouth breathing). 15 20
between concentrations of airborne HF and This could imply that the absorption is differplasma fluoride in the upper respiratory tract ent in humans, and a higher degree of mouth
of exposed rats. They also found that more breathing because of physical activity (bicycle
than 99·7% of the HF inhaled into the upper ergometry) will probably permit transpon of
respiratory tract was rapidly removed from the HF funher into the bronchial tree and might
air stream and absorbed into the systemic cir- explain our findings. The regular use of airway
culation. However, no information on the protection even at low exposures is therefore
exact site of the fluoride absorption seems to recommended as previously suggested by
exist. Both high reactivity and high solubility Ehmebo and Ekstrand. 10
are needed for the fast and effective removal of
The reduction in FVC in the group that was
a gas from the air stream in the upper respira- exposed to the lowest dose of HF and for all
tory tract; HF has both these propenies as it is the subjects as a group may show minor
a weak acid (pKa = 3·45) and is ionised at obstruction in the periphery of the lungs which
physiological pH." This may explain the high could be theoretically explained by "air trapdegree of bioavailability and the rapid rise in ping" distally in the airways. Hjonsberg er al
the concentration of fluoride in plasma found found the same mechanism after exposure to
in our study.
potassium aluminium tetrafluoride." HowThe subjects had different baseline concen- ever, the lack of significant change in FVC at
trations of fluoride in plasma before the stan higher concentrations of HF weakens the
of exposure (C 0) and there may be several rea- implication of this finding. No one in this
sons for this. They met at 8 00 am and had no study had obvious signs reflecting bronchial

Table 3 Spearmmz rank con-elation coefficiems (r) between symptom scores ac the end of
exposure and maximum concentration offluoride in plasma (C,.,J, change in
concentration offluoride in plasma (!J.C), and the concenrran·on of HP in the air of the
chamber during exposure (HP)

c_
Score
TotaJ symptom
Upper airway
Lower airway
Eye

0 ·45
0 ·42
0 · 11
0 ·23

Exposure to hydrogen fluoride: an expen·memal study in humans of concenrrations of fiuon·de £n plasma, symproms:o and lung functiotl

constnction.
In conclusion, the present study showed a
strong dose dependent relation between concentrations of inhaled HF and plasma fluoride. Among the subjective symptoms that
were registered during the 24 hours after one
hour of exposure at low doses of HF, symptoms of the upper airways and eyes dominated
and appeared even at concentrations similar to
those occurring in the work atmosphere of primary aluminium production. According to our
findings, the concentrations of HF should be
kept well below 2·5 mg/m' to avoid symptoms
of the upper airways and eyes.
We are indebted to Mari-Anne Boe foe performing the lung
function tests and recording the symptoms and associate professor Sven Ove Samuelsen for statistical advice. The srudy was
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Increased CD3 positive cells in bronchoalveolar lavage fluid after hydrogen
fluoride inhalation
by Kristin Lund, MD, 1 Magne Refsnes, PhD,Z Thomas Sandstrnm, MD, 3 Per Snstrand, PhD, 4 Per
Schwarze, PhD,2 Jacob Boe, MD, 1 Johny Kongerud, MD 1
Lund K, Refsnes M, Sandstrem T. Sestrand P, Schwarze P, Boe J, Kongerud J. Increased CD3 positive cells in
bronchoalveolar lavage fluid after hydrogen fluoride inhalation. Scand J Work Environ Health 1999;25(4):326334.

Objectives This smdy examined whether experimental hydrogen fluoride exposure for I hour induces an
inflammatory response in the lower respiratory tract that is detectable in bronchoalveolar lavage fluid.
Methods Nineteen healthy, nonsmoking men were exposed for I hour to constant low (:!>0.6 mg/m3) , intermediate
(0.7-2.4 mg/m 3), or high (2.5-5.2 mg/m3) concentrations of hydrogen fluoride. Bronchoalveolar lavage was
performed at least 3 weeks before and 24 hours after the exposure. For 15 subjects differential countings were
performed.
Results There was a significant increase in the percentage of CD3 positive cells in the bronchial portion for those
exposed to "intermediate" and "high" concentrations. For the "high" exposure group the increase in the bronchoalveolar portion was also significant. A significant correlation was found between the increase in the percentage of
lymphocytes and CD3 positive cells in the bronchoalveolar portion (Spearman's coefficient r=0.68, P=0.008).
Myeloperoxidase and interleukin-6 increased significantly in the bronchial portion for those exposed to "high"
concentrations. There was a significant increase in myeloperoxidase (P=0.005) for all the exposures, while there
was a decrease in E-selectin (P=0.007).
Conclusions Hydrogen fluoride may induce an inflammatory reaction in the airways at concentrations that can
occur in the ambient air in the primary aluminum industry.
Key terms bronchoalveolar lavage, fluorides, inflammation.
Asthma is known as a major health problem in primary
aluminum production (1, 2). Epidemiologic studies have
demonstrated associations between fluoride exposure and
asthmatic symptoms among potroom workers (1-3). An
increased occurrence of bronchial hyperresponsiveness,
a major feature of asthma, has even been reported for
children Jiving in the vicinity of an aluminum plant (4).
An increase in albumin and fibronectin in bronchoalveolar lavage (BAL) fluid has been found in aluminum potroom workers (5) and may indicate that there is an inflammatory process in the airways. The causal agent for
these effects is still unknown.
Hydrogen fluoride is quantitatively one of the most
important gaseous pollutants in the environment of the
primary aluminum industry. Since asthma is associated

2
3
4

with airway inflammation (6, 7), it has been suggested
that low doses of hydrogen fluoride, known as a respiratory irritant, may cause inflammatory reactions in lower
airways (8). In previous experiments we did not find any
changes in lung function when evaluated by measurements offorced expiratory volume in 1 second (FEV 1,0)
(9). Symptoms from upper airways dominated at the end
of the exposure, and they significantly correlated with
the hydrogen fluoride exposure concentration, the change
in plasma fluoride concentration, and maximum plasma
fluoride levels. However, no symptoms were reported 24
hours after the exposure (9).
The aim of our present study was to test the hypothesis that hydrogen fluoride may cause an inflammatory
cell response in the human respiratory tract, as reflected
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in changes in lymphocytes, CD3 positive cells, and neutrophils in BAL fluid. We also wanted to investigate
whether there were indications of changes in soluble
components at different hydrogen fluoride concentrations.

Subjects and methods
Subjects
Nineteen healthy, nonsmoking male volunteers, students
or health personnel, aged 21--44 years participated in
the study. None of the participants had been exposed occupationally to fluorides before. Subjects with any airway infection for the 6 weeks prior to the study or during the study period or with a history of asthma were
excluded. Two subjects had hay fever, and one of them
had an increased total immunoglobulin E (IgE) value of
210 kU/1 (upper normal value 122 kU/1). Another subject had an increased total IgE level (220 kU/l) without
having a history of allergy. All the subjects had normal
chest X-ray results prior to inclusion in the study. The
spirometry values were within the reference range with
regard to forced vital capacity (FVC) and forced expiratory volume in 1 second (FEV 1 0) (10). Everyone had
blood sample values (hemoglobin, sedimentation rate,
leucocytes, eosinophils, electrolytes, and liver and renal
function tests) within the normal reference range. The
study was approved by the local ethics committee, and
the subjects gave their signed informed consent before
they were included in the study.

Study design
Three weeks after a reference BAL, the subjects were
exposed to hydrogen fluoride for 1 hour. Fiberoptic bronchoscopy with BAL was performed 24 hours after the
start of the hydrogen fluoride exposure, and the data obtained by analyses of the BAL fluid were compared with
the results of the analyses of the reference BAL fluid.
Each subject served as his own control.

Hydrogen fluoride
Hydrogen fluoride is a colorless gas with a pungent odor.
It is highly water soluble, and, even though weakly dissociated in water, it is a strong proton donor in the class
of superacids (11). Hydrogen fluoride was prepared by
the dynamic dilution of hydrogen fluoride from pressurized gas cylinders that were certified according to calibration standards.

Administration of hydrogen fluoride
Hydrogen fluoride gas was administered directly from
gas cylinders into the ventilation duct of the inhalation
chamber through specially made orifices. The concentra-

tion of hydrogen fluoride was precalculated according to
the gas cylinder concentration, gas flow, and ventilation
rate. The concentration of hydrogen fluoride was kept at
a constant level for each person during the exposure by
monitoring and measuring continuously from a sensor
inside the inhalation chamber. In addition, the exact concentration of hydrogen fluoride was measured from the
inhalation zone of each participant. Details about the
chamber, the gas delivery system, and the analysis of
hydrogen fluoride have been described earlier (9, 12).
The subjects were divided into 3 groups according to
the hydrogen fluoride concentrations and the current (0.6
mg/m3) and the former (2.5 mg/m3) time-weighted average (TWA) exposure limit for total fluorides in Norway:
S0.6 mg/m 3 (low), 0.7-2.4 mg/m3 (intermediate) and
2.5-5.2 mg/m3 (high) (9).

Inhalation procedure
Each subject was exposed for 60 minutes. The first 45
minutes the subjects were at rest. Then they performed a
15-minute ergometric test at a fixed work load of75 W.
As hydrogen fluoride will adsorb on clothes and hair, the
subjects were dressed in overalls and helmets to standardize the test. During the exposure a slightly negative
pressure was maintained in the chamber to avoid hydrogen fluoride pollution to the surroundings.

Bronchoalveolar lavage
Bronchoscopy with BAL was performed. The procedure
was done according to recommendations of the European Society of Pneumonology (13) and the Workshop
Summary and Guidelines of 1991 (14) and 1992 (15). All
the subjects were investigated in the supine position and
after entering the airways, the tip of the fibreoptic bronchoscope was gently introduced in a wedge position in a
subsegment of the middle lobe. Sterile, isotone saline
warmed to body temperature was instilled using a 4x60
ml aliquot regime (13). Each portion was immediately
aspirated at a suction pressure of 10 kPa into a container
placed in ice water. The recovery from the first instilled
aliquot was separated and defined as the bronchial portion, reflecting the more proximal airways (14). The fluid recovered from the subsequent aliquots was pooled and
defined as the bronchoalveolar portion, reflecting the
more distal air spaces (15). The BAL fluid was spun at
250 g at 4 oc for 10 minutes. The supematant was frozen
at -70°C until further analysis. The cell pellet was resuspended in 1 ml of sterile phosphate-buffered saline (PBS)
with pH 7.3 (PBS-A).

Analysis of isolated cells
Smears were stained using May Griinwald Giemsa, and
cell differential counts were performed after blinding.
More than 200 cells were counted. By mistake, total cells
were not counted in a Biirker chamber. Smears fixed in
Scand J Work Environ Health 1999, vol 25, no 4
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acetone for 10 minutes were used to assess the percentage of CD3-positive cells as a marker ofT-lymphocytes.
Anti-CD3 FITC-conjugated (FITC =fluorescein isothiocyanate) monoclonal antibodies were used for incubation (Becton Dickinson AB, Stockholm, Sweden) for 3
hours, 4° C, in the dark. With the use of fluorescent light
microscopy (Nicon Optiphot) CD3-positive cells were
counted. The slides were coded, and the counts were performed independently by 2 investigators, determining the
percentage of positive cells per 1000 cells. The mean values of these counts were used.

Analyses of noncel/ular components
All soluble components were analyzed in duplicate. Eosinophilic cation protein (ECP) was analyzed with a radioimmunoassay (RIA) kit (Pharmacia, Uppsala, Sweden).
The detection limit was 2 IJ.g/l, and the intra- and interassay variations were <9%. Myeloperox.idase (MPO) was
analyzed with aRIA kit (Pharmacia, Uppsala, Sweden).
The detection limit was 4 )lg!l. The intra- and interassay
variations were <6% and 12%, respectively.
IL-Ia, IL-1~. IL-3, IL-4 and IL-6 (IL = interleukin)
were measured using commercially available immunoassay kits (R&D systems, Minneapolis, USA). For ILIa, IL-l~ and IL-4 the detection limit was 0.3 pg/ml,
whereas the intra- and interassay precision values were
<2% and 6% foriL-la, <2% and 7% for IL-l~. and <7%
and 10% for IL-4, respectively. For IL-3 the detection
limit was 7.4 pg/ml and the intra- and interassay precision values were less than 5%. For IL-6 the detection limit was 0.094 pg/ml and the intraassay precision range was
4-11%, while the interassay precision range was 729%.
Methyl histamine was analyzed with an RIA kit
(Pharmacia, Uppsala, Sweden). The detection limit was
0.05 IJ.g/l. The intra- and interassay variation values were
<6% and 11%, respectively.
E-selectin and intercellular adhesion molecule-!
(ICAM-1) were analyzed with enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, England). For
E-selectin the detection limit was 0.1 ng/ml, and for
ICAM-I it was 0.35 ng/ml, whereas the intra- and interassay variations were 3% and 6% and 8%, respectively.
Albumin was measured using a nephelometric method (Behring Diagnostica, Norway AS). The coefficient
of variation was 7%. The total amount of protein was
determined using a turbidimetric endpoint method (Hoebringer Mannheim). The coefficient of variation was
2.5%.
For the fibronectin analyses a modification of the
double-sandwich enzyme-linked immunosorbent assay
(ELISA) (Kabi Pharmacia, Uppsala, Sweden), described
by Rennard & Crystal (16), was used. Microtiter plates
(NUNC, Denmark) were coated with rabbit-antihuman
fibronectin antibodies (Dakopatts, Denmark) diluted
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I :2000 in carbonate buffer with pH 9.6. After incubation at room temperature for 24 hours, the titer plates
were carefully washed. PBS containing 0.05% albumin
was added for I hour and then washed away. A BAL fluid sample was added in a diluted series together with
horseradish peroxidase-labeled antihuman fibronectin
1:2000 (Dakopatts) as the second antibody, and the plates
were incubated for 90 minutes. The amount of bound
peroxidase, which is proportional to the amount of fibronectin in the sample, was measured by analyzing the
enzymatic activity on ortho-phenylenediamine. Plasma
fibronectin of nephelometric quality was provided by
Sigma Chemicals and used as the standard. The detection limit was 10 )lg/l. The intra- and interassay variation was <7%.
Hyaluronan was analyzed using an RIA kit (Kabi .
Pharmacia Diagnostics, Uppsala, Sweden) adopted according to principles previously outlined (17) . The detection limit for hyaluronan was 5 )lgll. The intra- and
interassay variability of the measurements was <10%.

Statistics
Wilcoxon's nonparametric signed rank test for paired
observations was used for evaluating any change in the
cells and the inflammatory mediators in BAL fluid from
each person. All the calculations were performed using
the statistical package for the social sciences (SPSS-PC)
(18).
Our primary end points were changes in lymphocytes,
CD3-positive cells, and neutrophils in the BAL fluid.
This study is, to our knowledge, a pioneer work regarding specific cell response to hydrogen fluoride in a human experimental provocation setting. All data from the
soluble components without and with Bonferoni's corrections (ie, P-value times the number of analyses) are
therefore presented. To investigate the difference in the
effect between the 3 exposure groups, a Kruscal Wallis
test was performed.
Spearman' s correlation coefficient was used to indicate the bivariate correlation of the individual differences in CD3-positive cells and lymphocytes in the bronchial and bronchoalveolar portions and between the differences in the 2 variables within each portion of BAL
fluid. The same analysis was performed to estimate the
correlations between the differences in the cells and the
soluble mediators.

Results
Isolated cells
The percentage of CD3-positive cells in the bronchial and
bronchoalveolar portions before and after hydrogen
fluoride exposure is presented individually for the
3 concentration groups (low, intermediate, and high) in

Lund et a/

figures 1 and 2, respectively. A significant increase
(P=0.03) in the percentage of CD3-positive cells in the
bronchial portion occurred in the intermediate and high
exposure groups, and for the bronchoalveolar portion
there was a significant increase (P=0.04) in the high exposure group. Data from the cell differential counts from
the bronchial and bronchoalveolar portions are presented in tables 1 and 2, respectively. There was a significant increase in the percentage of lymphocytes in the
bronchial and bronchoalveolar portions in the intermediate exposure group. Since no dose-response effect was
found in the scatterplots and no significant difference was
found between the exposure groups by the Kruscal Wallis test, the P-values for each group are not shown in the
tables.
There was a significant correlation between the individual changes in the percentage of CD3-positive cells
and the changes in the percentage of lymphocytes from
the bronchoalveolar portion (Spearman' s correlation coefficient r=0.68, P=0.008), while there was no signifi-

The median recovered volume of the bronchial portion
from the reference BAL was 20 ml (interquartile range
19-22 rnl), which did not differ significantly from the
median postexposure bronchial portion values of 19 ml
(interquartile range 16-22 rnl). Correspondingly, the
median recovery for the bronchoalveolar portion was 104
(interquartile range 90---121) ml before and 117 (interquartile range 91-129) ml after exposure (not significant).
Data obtained on soluble components from the reference and the postexposure bronchoscopies are presented

a

b

cant corresponding correlation for the bronchial portion
(r=0.25). A significant correlation was observed between
the differences in the percentage of CD3-positive cells
in the bronchial and bronchoalveolar portions (Spearman's correlation coefficient r=0.77, P=O.OOO) and between the changes in the percentage of lymphocytes in
the 2 portions (r=0.53, P=0.04).

Noncel/ular components
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Figure 1. Percentage of CD3-positive cells in the bronchial portion of
bronchoalveolar lavage fluid individually before and 24 hours after
exposure to hydrogen fluoride in the low (s 0.6 mg/m') (a), intermediate (0.7-2.4 mg/m 3) (b), and high (2.5--5.2 mg/m 3) (c) concentration groups.
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in tables 3 and 4 for the bronchial and bronchoalveolar
portions, respectively. MPO and IL-6 increased significantly in the bronchial portion in the high-exposure
group. A decrease was found for methyl histamine in the
high-exposure group, while E-selectin was decreased
when all the exposures were analyzed together. The median (with the interquartile range) concentrations for fibronectin before and after the exposure were 1600 (9502100) and 1250 (650-2300) J.lg/1, respectively. The corresponding values for hyaluronan were 27.1 (23.8-30.5)
and 25.5 (21.2-35 .0) 11gll.
As can be seen in table 4, there was a significant decrease in ICAM-1, albumin, and total protein in the intermediate exposure group. The median (with the interquartile range) concentration for IL-3 before exposure
was 50 (36-86) pg/ml, and after exposure it was 49
(42-90) pg/rnl for the entire group. ECP was close to
the detection limit in both portions before and after the
exposure (data not shown). IL-l a, IL-l~, and IL-4 were
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Figure 2. Percentage of CD3-positive cells in the bronchoalveolar
portion of bronchoalveolar lavage fluid individually before and 24
hours after exposures to hydrogen fluoride in the low (,;0.6 mg/m3 )
(a), intermediate (0.7-2.4 mg/m 3) (b), and high (2.5-5.2 mg/m 3) (c)
concentration groups.

not detectable in the control bronchoalveolar portion or
in the exposed bronchoalveolar portion.
After Bonferoni' s corrections for multiple testing,
only the change in MPO in the bronchial portion in "all
exposures" was significant among the soluble markers
(table 3).
There was a significant correlation between the individual changes in MPO and the differences in neutrophils
in the bronchial portion and the bronchoalveolar portion
(Spearman's correlation coefficient r=0.51, P=0.04 and
r=0.92, P=O.OOO, respectively).

Discussion
Our study shows that the exposure of healthy subjects to
hydrogen fluoride concentrations above 0.6 mg/m3 can
induce an inflammatory response in the airways. The

Lund eta/

Table 1. Cell differentials (%) in the bronchial portion (median and interquartile range) before and after exposure in the 3 hydrogen
fluoride exposure groups (N = number of subjects). Wilcoxon's rank sum test for paired observations.
Hydrogen fluoride exposure groups

Type of cell
0.2--{).6 mglm' (N=5)
Median

lnterquartlle
range

0.7-2.4 mg/m3 (N=6)
Median

Eoslnophlls
Before
After

0
0

Q---0.6
0-0.7

0
0

Neutrophils
Before
After

0
0

0-1.4
Q---0.5

All exposures (N=15)
2.5-5.2 mg/m' (N=4)

lnterquartile
range

Median

Q---0.1
0--{).4

0
0

0.3
3.6

Q---1 .1
0.4--4.6

0
0

Median

lnterquartile
range

0
0
P=0.74

Q---0
0--{).3

0
0
P=0.39

0--{).5
Q---3.0

lnterquartile
range

0-0.2

Lymphocytes
Before
After

6.3
6.4

Q---8.5
0.9-14.5

3.5
21 .8

2.Q--5.0
16.6-33.3

0,9
9.2

0.1-5.4
6.2-12.2

3.1
12.3
• P=0.004

Q---6.7
6.4-18.6

Macro phages
Before
After

93.7
93.0

89.6-100
85.4-98.5

96.2
75.9

94.7-97.1
62.8-79.7

99.2
90.7

94.7-99.9
87.8-93.8

96.9
87.4
P=0.003

93.3-99.6
77.2-93.0

Table 2. Cell differentials (%) in the bronchoalveolar portion (median and interquartile range) before and after exposure in the 3
hydrogen fluoride exposure groups (N

=number of subjects). Wilcoxon's rank sum test for paired observations.
Hydrogen fluoride exposure groups

Type of cell
0.2--{).6 mg/m' (N=5)
Median

lnterquartile
range

Eoslnophils
Before
After

0
0

Neutrophlls
Before
After

0
0

Q---3.7

Lymphocytes
Before
After

1.0
2.2

Macrophages
Before
After

98.0
97.5

Q---0.2

2.5-5.2 mg/m' (N=4)

0.7-2.4 mglm' (N=6)
Median

All exposures (N= 15)

lnterquartile
range

Median

Q---0.1
Q---0.4

0
0

0
0

lnterquartlle
range

lnterquartile
range
Q---0.2
Q---0.2

Q---1.0

Median

0
0
P=0.46

Q---0
Q---0.2

0
0
P=0.67

Q---0.3
Q---1.7

0.2
2.2

0.6~.9

Q---3.4
Q---9.0

3.2
12.9

10.6-20.9

0.3
9.4

0--4.7
5.5-13.2

1.0
11.8
P=0.002

0--4.9
5.Q--13.4

93.5-100
91 .1-100

95.5
83.0

93.1-99.8
72.9-88.5

99.8
90.5

95.1-100
86.8-95.3

98.0
88.2
P= 0.002

93.6-100
86.Q--94.7

~.4

inflammatory response appeared primarily as a relative
increase in lymphocytes, especially CD3-positive cells.
Lymphocytosis has previously been reported after exposure to other occupational toxicants, such as nitrogen dioxide and sulfur dioxide with peak values 24 hours after
exposure (19, 20). The mechanisms for the recruitment
of lymphocytes (CD3-positive cells) in the persons exposed to hydrogen fluoride are unclear. Other studies
have identified several factors involved in lymphocytosis due to toxicant exposure or lung disease. Experiments
with adenovirus-vector-mediated gene transfer have demonstrated that IL-6 promotes lymphocytosis in the rat
(21). Such a role for IL-6 in the recruitment of lymphocytes is of interest for our study since hydrogen

Q---0.2

fluoride induced a significant increase in IL-6 in the highexposure group in the bronchial portion, even though it
was not significant after Bonferoni' s corrections.
Exposures to other toxicants, like ozone (22) and nitrogen dioxide (20) have been shown to elicit a neutrophilic response in BAL fluid 24 hours after exposure.
Cytokines such as IL-8 in humans (23) and macrophage·
inflammatory protein 2 (MIP-2) in rats (24, 25) are potent chemo-attracting agents for neutrophilic cells. In our
study, we could not observe any increase in the number
of neutrophils in the persons exposed to hydrogen fluoride, although MPO was significantly increased in the
bronchial portion. These findings may reflect an activation of neutrophils to release MPO, or the number of
Scand J Work Environ Health 1999, vo/25, no 4
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Table 3. Median value and interquartile range for soluble components in the bronchial portion of bronchoalveolar lavage fluid before
and after exposure in the 3 hydrogen fluoride exposure groups (N =number of subjects).
Hydrogen fluoride exposure groups

Type of cell

0.7-2.4

0.2-D.6 mg/m' (N=6)

mg/m 3

(N=7)

All exposures (N=19)
2.5-5.2

mg/m 3

(N=6)

lnterquartile
range

lnterquartile
range

Median

lnterquartile
range

Myeloperoxidase (ng/ml)
Before
12.0
After
17.7

7.4-21 .8
12.2-29.9

7.4
21.9

5.1-12.9
13.9-28.0

11.1
23.8

7.9-22.6
16.2-81.2

11 .2
21 .7
P=O.OOS•

6.2-15.4
15.0-28.0

lnterleukin·S (pg/ml)
Before
2.5•
After
3.4

1.8-3.4
1.7-4.3

3.8
4.2

2.5-6.4
3.5-4.8

2.7
5.1

2.1-4.2
3.7-6.7

2.9'
4.2
P=0.09•

2.2-3.8
3.3-5.1

Median

Methyl histamine
Before
After

lnterquartile
range

Median

Median

(~g/1)

ICAM-1 (ng/ml)
Before
After
E-selectin (ng/ml)
Before
After

0.15
0.21

0.11-0.27
0.14-0.68

0.16
0.19

0.12-0.27
0.07-D.36

0.23
0.19

0.21-0.34
0.13-0.22

0.19
0.19
P=0.72•

0.15-0.27
0.14-0.24

119.9
93.4

83.1-146.7
59.7-113.1

103.9
123.5

88.3-126.2
106.2-135.8

83.2
97.5

75.0-148.1
78.8-100.5

103.9
104.7
P=0.97•

80.8-143.3
82.2-123.5

0.29
0.05

0.07-D.75
0.02-D.12

0.18
0.0

0.05-0.49
0.0-0.08

0.18
0.0

0.05-0.49
0.0-0.12

0.20
0.05
P=0.007•

0.05-D.40
0.0-0.11

• Wllcoxon's rank sum test for paired observations.
• N=5
e N=18.

Table 4. Median value and interquartile range for soluble components in the bronchoalveolar portion of bronchoalveolar lavage fluid
before and after exposure in the 3 hydrogen fluoride exposure groups (N
Type of cell

=number of subjects).

All exposures (N=19)

Hydrogen fluoride exposure groups
0.2-D.6 mg/m 3 (N=6)

0.7-2.4 mg/m' (N=7)

2.5-5.2 mg/m' (N=6)

Median

lnterquartlle
range

lnterquartile
range

Median

lnterquartlle
range

Median

lnterquartile
range

Myeloperoxidase (ng/ml)
Before
2.0
After
2.0

2,0-12.3
2.0-2.0

6.4
5.8

4.2-16.4
2.0-18.6

2.0
2.0

2.0-10.4
2.0-12.2

4.1
2.0
P=0.64•

2.0-8.5
2.0-5.8

lnterleukin-6 (pg/ml)
Before
0.7
After
1.0

0.6-1 .4
0.4-1 .3

2.1
1.5

1.6-4.1
0.4-2.3

1.1

0.8-2.0
0.7-2.0

1.2
1.1
P=0.31'

0.8-2.1
0.5-1.6

Median

1.1'

ICAM-1 (ng/ml)
Before
After

40.0
43.9

21.0-57.4
26.4-63,0

59.5
31.4

51.4-70.4
22.3-49.0

29.5
24.3

25.4-32.8
22.2-33.2

41 .3
31.4
P=0.04•

27.5-59.5
22.8-49.0

E-selectin (ng/ml)
Before
After

0.08
0.04

0.01-{).18
0.02-0.19

0.17
0.01

0.0-0.48
0.0-0.20

0.0
0.0

0.0-0.06
0.0-0.02

0.05
0.02
P=0.08•

0.0-0.18
0.0-0.06

Albumin (mg/1)
Before
After

40
40

28-70
28-63

40
30

40-80
20-40

35
20

28-55
20-33

40
30
P=0.05'

30-70
20-40

Total protein (mgm
Before
After

50
45

30-90
10-80

60
30

40-130
20-50

40
25

30-95
10-55

50
30
P=0.04•

30-90
10-50

• Wllcoxon's rank sum test for paired observations.
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neutrophilic cells peaked at a much earlier time point than
24 hours, leaving some neutrophils to release more MPO
(26). Although it remains unclear which, it should be noted that MPO correlates with the number of neutrophilic
cells in both the bronchial and bronchoalveolar portions.
Our data indicate that the inflammatory response
seems to be prominent in the more proximal airways, as
reflected in the percentage of CD3-positive cells in the
bronchial and bronchoalveolar portions. Furthermore,
MPO and IL-6 were elevated in the bronchial portion
only. These findings could be due to the high water solubility of hydrogen fluoride, which leads to a higher absorption rate in the proximal airways with a concomitant
cellular response. The observations correspond with those
of studies of nose-breathing animals, in which it has been
shown that more than 99% of hydrogen fluoride inhaled
through the upper respiratory tract has been removed
from the air stream before it reaches the lungs (27). Similarly, some studies have shown that most sulfur dioxide, which is also a highly water-soluble gas, is absorbed
in the nasopharynx during nasal breathing and at only
extremely high concentrations will alveolar deposition
occur (28).
A striking observation in our study was the apparent
decrease in total protein, albumin, ICAM-1, and E-selectin. These findings may be due to chance observations,
as the results were not significant subsequent to Bonferoni 's corrections, but they may also reflect true effects that
deserve further study. Reductions in total protein and
soluble mediators have been reported in other pollution
studies, but so far little attention has been given to these
observations (20). Recently, they have been of growing
interest for the role of matrix metalloproteases (MMP),
which are enzymes that contribute to airway remodeling.
An increase in MMP has been observed in BAL fluid after exposure to diesel exhaust (29). It can be speculated
that these enzymes may be involved in the reduction of
total protein observed after hydrogen fluoride exposure.
The exposure of healthy, nonasthmatic subjects to
hydrogen fluoride did not induce any changes in the
number of eosinophils or ECP. This finding does not,
however, exclude the possibility that hydrogen fluoride
may elicit an eosinophil response in the BAL fluid from
aluminum potroom workers with asthmatic symptoms.
Furthermore, it should be strongly emphasized that the
relationship between the ability of hydrogen fluoride to
exert an acute inflammatory response in healthy subjects,
reported in this study, and the long-term development of
asthma in potroom workers (3), is unclear. Previous studies have, on one hand, indicated an association between
the development of asthma and fluoride exposure (2), but,
on the other, have demonstrated a role of inflammation
in asthmatic development (6, 7). It remains to be clarified to what extent asthma in these workers is induced
by a direct toxic effect with a subsequent inflammatory

response or whether hydrogen fluoride acts as an occupational sensitizer.
It is of interest that the acute inflammatory response
due to hydrogen fluoride exposure was found at concentrations that can occur in the atmosphere of the primary
aluminum industry. Although, we cannot identify a clear
dose-effect relationship and only found minor changes
in BAL fluid ~0 . 6 mg/m 3 (ie, the present TWA exposure
limit in Norway), this level should not be considered
harmless in workers with continuous exposure to hydrogen fluoride, and regular monitoring of their respiratory
health should therefore be mandatory.
In conclusion, hydrogen fluoride exposure at concentrations that can occur in the ambient air in the primary
aluminum industry induces an inflammatory response in
the airways of healthy subjects.
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The development of asthmalike symptoms among aluminum potroom workers has been
associated with exposure to fluorides. In the present study, the immediate nasal response
in humans was examined subsequent to short-term hydrogen fluoride (HF) exposure.
Ten healthy subjects were exposed to HF (3.3-3.9 mglm 3 ) for 7 h. Nasal lavage (NAL)
was performed before, immediately after, and 7.5 h after the end of exposure. Control
lavages were performed on the same subjects at the same time points but without HF exposure. At the end of HF exposure, 7 of 70 individuals reported upper airway symptoms.
A significant increase was observed in the number of neutrophils and total cells, while
there was a decrease in cell viability. The changes in neutrophil numbers correlated significantly with the reported airway symptoms. HF also induced a significant increase in
tumor necrosis factor-a and the total protein content of NAL fluid. Among the eicosanoids, prostaglandin £2, leukotriene B., and peptide leukotrienes were elevated after
exposure. Of the antioxidants measured, the concentration of uric acid increased after
exposure. In conclusion, exposure to HF induced immediate nasal inflammatory and
antioxidant responses in healthy human volunteers. These findings may contribute to a
further understanding of_the way HF exerts damage to the airways and show that HF
could represent an occupational hazard.

Epidemiological studies have shown an increased frequency of asthmalike symptoms among aluminum potroom workers (Abramson et al.,
1989; Kongerud et al., 1994). These workers are exposed to a number of
different pollutants such as sulfur dioxide (50 2) as well as particles and
fluorid es of di ffe rent kinds. The quantitatively most important gaseous
pollu ta nt in alum inum production is hydrogen flu o ride (HF). Exposure to
fluor ides has been associated w ith the development of respiratory symptoms amo ng workers (Kongerud & Sam uelse n, 199 1 ).
Anhydrous HF is a strong proton donor in the class of super acids
(Gall, 1980), and fluorine (F 2 ) and HF elicit pulmonary toxicity in different animal species (Rosenholtz et al., 1963; Stokinger, 1949). Epithelial
and submucosal necrosis and inflammatory cell accumulations are found
in the nasal region of rats following exposure to high concentrations of
HF (Stavert et al., 1991 ). Furthermore, animal studies of obligatory nose
breathers have shown that almost 100% of inhaled HF was deposited in
the upper part of the respiratory tract (Morris & Smith, 1982). Previousl y
we have shown that HF exposure for 1 h induced upper airway symptoms
and changes in inflammatory markers (T lymphocytes and cytokines) in
the bronchoalveolar lavage fluid of healthy nonsmoking volunteers after
24 h (Lund et al., 1997, 1999).

NASAL INFLAMMATION DUE TO HYDROGEN FLUORIDE

121

Inflammation is involved in acute responses to toxicants (Sandstr0m,
1995). Eicosanoids and cytokines are known to participate in inflammatory
responses in a complex cell-to-cell network. Prostaglandins and leukotrienes are eicosanoids that occur abundantly throughout the respiratory
tract and are involved in chemotaxis, the modulation of airway function ,
and changes in the function of neutrophils (Henderson, 1987). Cytokines
such as interleukin (IL)-6 and IL-8 play an important role in the recruitment of inflammatory cells to the site of tissue injury, whereas tumor
necrosis factor-a (TNF-a) is known to induce the secretion of these cytokines (Akira et al., 1990; Baggiolini & Clark-Lewis, 1992; Luster et al.,
1999). TNF-a therefore plays a key role in the immediate inflammatory
response.
The effect of different air pollutants has also been associated with their
potential to function as oxidants (Mudway et al., 1996; Kelly et al., 1995;
Blomberg et al., 1998). Accordingly, antioxidant measurements are regarded as important parameters for the determination of possible effects
of pollutants, and changes in antioxidant levels may serve as markers of
exposure and effects.
Nasal lavage (NAL) is a simple and reliable technique that has been
used to investigate the nasal responses to air pollutants such as ozone
(0 3 ) (Koren et al., 1990; Steerenberg et al., 1996). An increase in neutrophils, IL-8, albumin, and ascorbic acid has been observed in NAL fluid
after challenging the nose (Koren et al., 1990; Graham & Koren, 1990;
Woodin et al., 1998). The response by the nasal mucosa provides an indication of pollutant effects that may also affect the lower airways (Koren et
al., 1990; Steerenberg et al., 1996).
The aim of this study was to investigate whether short-term exposure to
HF induced an immediate inflammatory response in the nose of nonsmoking human volunteers. The changes in the levels of different mediators of
inflammatory responses, in addition to alterations in the antioxidant status,
were examined.

MATERIAL AND METHODS
Subjects
Ten healthy, nonsmoking male volunteers, all health-care staff aged
22-41 yr, gave their written informed consent to participate. Each was
nonallergic and nonasthmatic with an immunoglobulin E (lgE) value ranging from 4 to 70 IU/ml (upper normal value 122 IU/ml). Subjects with any
airway infection during the 6 wk prior to or during the study period were
excluded. All the subjects had a normal chest x-ray before inclusion and
spirometric values above 80% of predicted [forced vital capacity (FVC)
and forced expiratory volume in 1 s (FEV 1)]. All blood sample values were
within the reference range (hemoglobin, sedimentation rate, leukocytes,
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eosinophils, electrolytes, liver and renal function tests). The study was
approved by the local ethics committee.
Study Design

The subjects were exposed to HF for 1 h in an inhalation chamber,
details of which have been given previously (S0strand et al., 1997). Due
to the pungent odor of HF, it was not possible to perform exposure to HF
or air in a blinded fashion. Control lavages were performed without prior
exposure to air in the chamber using the same time points in order to
control for an expected dilution effect when performing repetitive lavages
within a short time period. Nasal lavage was performed just prior to,
immediately after, and 1.5 h after the end of HF exposure, representing
the exposure series. In the same way, the control series refers to the three
NAL samples obtained at equivalent time points at the same time of the
day for each individual. The control and the exposure NAL series were
performed 3 to 6 mo apart.
Symptoms

Upper airway symptom registration was carried out using the same
time schedule as for the NALs, immediately before the start of exposure,
at the end of exposure, and 1 .5 h after the end of exposure. The questionnaire results on symptoms, such as itching and soreness in the nose and
throat and itching of the eyes, were registered according to a scale of 0 to
5, with 0 representing no symptoms, 1 very mild symptoms and 5 the most
severe symptoms (Lund et al., 1997).
Exposure Procedure

The subjects were exposed to HF in a specially designed inhalation
chamber (S0strand et al., 1997). The HF concentration was monitored
continuously during the exposure period with an electrochemical sensor
(Sensidyne, Inc., USA). Everyone was exposed for 60 min to atmospheric
concentrations of H F within the range of 3.3-3. 9 mg/m 3 • These concentrations have been shown to occur in workplaces at aluminum smelters
(Abramson et al., 1989), while the current Norwegian hygienic standard
value for total fluorides is 0.6 mg/m 3 •
The exact concentration of HF for each individual was calculated
from impregnated filters in the breathing zone during exposure, and the
final analysis of fluoride was performed using a fluoride-selective electrode (Nagy & Keul, 1978). During exposure the subjects were first at rest
for 45 min. Bicycle ergometry at a fixed working load of 75 W was then
performed for 15 min during exposure.
NAL samples were collected according to the method described by
Peden et al. (1995). Briefly, during the lavage procedure, the subjects
were seated with their neck flexed about 30°. Ten 0.1 ml aliquots of
phosphate-buffered saline (PBS) were sprayed into each nostril while the
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subjects performed constant and slight inhalation, and were recovered by
a careful blow-out. This procedure was repeated five times in each nostril. NAL fluid was kept on ice, filtered through a nylon filter with a pore
diameter of 100 !Jm, and centrifuged at 389 x gat 4°C for 10 min. A mixture of protease inhibitors (Sigma Chemical Company, St. Louis, MO) was
added to the supernatant, giving a final concentration of 1 f-Jg/ml soybean
trypsin inhibitor, 1 f-Jg/ml aprotinin, 1 f-Jg/ml a-1-antitrypsin, 1 j..Jg/ml pepstatin A, 0.5 !Jglml 1,1 0-phenantroline, 2.5 IJg!ml ethylenediamine tetraacetic acid (EDTA), and 5.0 j..Jg/ml benzamidine.

Cell Preparation
The supernatant was distributed in cryotubes and stored at -70°C. The
cell pellet was resuspended using Hanks buffer solution. The cell number
and the cell viability were determined in a Bi.irker chamber subsequent to
trypan blue staining. Cytospin preparations (-50,000 cells) were made by
loading 200 jJI of the lavage fluid into a cytocentrifuge (Megafuge, Heraeus
Sepatech, Osterode, Germany) and spinning it onto glass slides at 84 x g
at 4°C for 5 min. The preparations were dried using a hair dryer and stored
at room temperature. They were subsequently stained for differential cell
counts using the May Gri.inwald Giemsa method. Differential cell counts
were performed on anonymous slides by two independent investigators.
The results are presented as the average of the two counts.

Analyses of Noncellular Components
Cytokines All the soluble components were analyzed in duplicate.
Eosinophil cation protein (ECP) and myeloperoxidase (MPO) were analyzed
using radioimmunoassays (Kabi Pharmacia, Uppsala, Sweden) and IL-6 using an immunoassay kit (R&D Systems, Abingdon, MN), as previously
described (Lund et al., 1999). IL-8 and TNF-a were measured using commercially available immunoassay kits (R&D Systems, Abingdon, MN). For IL8, the detection limit was 3.0 pg/ml and the intra-assay precision was 2-4%,
whereas the interassay precision was 7-12%. For TNF-a, the detection limit
was 0.18 pglml. The intra-assay precision was 5.7-8.2%, whereas the interassay precision was 7.5-1 0.4%.
Eicosanoids The extraction of eicosanoids from nasal lavages was
performed according to a method described previously by Ramis et al.
(1990). The supernatant aliquots were acidified to pH 4 and processed
through Amprep C18 cartridges (Amersham, Buckinghamshire, UK). After
washing with 5 ml acidified water (pH 4), cyclo-oxygenase and lipoxygenase arachidonic acid metabolites were diluted with 5 ml methanol and
vacuum evaporated (Savant, Hicksville, NY). Dried residues were redissolved in enzyme-linked immunoassay (EIA) buffer, and prostaglandin E2
(PGE 2 ), prostaglandin F20 (PGF 20 ), prostaglandin 0 2 (PGD 2 ), leukotriene B4
(LTB 4 ) and peptide LT were determined using EIA kits provided by Cayman
(Ann Arbor, Ml). All the antibodies were highly specific for the eicosanoids
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that were determined. The peptide LT antibody cross-reacts 100% with LTC 4 ,
100% with LTD 4 , and 67% with LTE 4 •
Antioxidants Reduced glutathione (GSH) and oxidized glutathione
(GSSG) were measured using the method developed by Baker et al. (1990),
as previously described (Mudway et al., 1996). The detection limits for GSH
and GSSG were 25 and 10 nmoi/L, respectively. Uric acid was measured
using reverse-phase high-performance liquid chromatography (HPLC) with
electrochemical detection, based on the method developed by lriyama et al.
(1984). Modifications to this method for the determination of these antioxidants in NAL fluid have been described previously (Mudway et al., 1996).
Protein Total protein was measured using the bicinchoninic acid
method (Smith et al., 1985).
Statistical Analysis
Nasal lavages were performe9 at 3 different time points, prior to, just
after, and 1 .5 h after exposure. The effect of exposure was estimated by an
unbalanced repeated-measures model (BMDP5V) with the effect factors
exposure and lavage (Dixon et al., 1990). The baseline measurement in
each series was included as a covariate. An interaction term was included
to compare the effect of exposure for each lavage. No significant interaction was observed for any of the response variables that were analyzed. Interaction terms were therefore omitted, and the effect estimates given in the
tables measure the mean difference between exposure and control when
lavages 2 and 3 are pooled. The inclusion of the covariate adjusts for the
baseline measurement for each patient in each series separately and thus
ensures a fair comparison between the series, even when baseline measurements differ between the series. The within-subject covariance matrix was
assumed to have a compound symmetry structure. Spearman's correlation
coefficient was applied to detect correlations between categorical variables.
RESULTS
No upper airway symptoms were reported before testing or 1 .5 h after
the end of exposure. At the end of exposure, however, seven individuals reported upper airway symptoms: two individuals grade 1, three grade 2, one
grade 3, and one grade 4, respectively. The NAL volumes (mean ±SE) were
5.9 ± 0.4, 5.4 ± 0.5, and 5.7 ± 0.4 ml immediately before, at the end of
exposure, and 1.5 h after exposure. In the control series, the corresponding
volumes were 7.3 ± 0.3, 7.0 ± 2.9, and 7.0 ± 0.3 ml. HF exposure did not
have any significant effect on NAL fluid recoveries. The NAL fluid was
examined for the number of cells and levels of different noncellular components. In the control series the levels of all markers and cells were substantially decreased in the lavages subsequent to the first, presumably
because of a dilution effect.
The number of total cells and neutrophils and the viability of cells in
NAL fluid are presented in Table 1 A. The estimated effect of HF exposure
was an increase in total cell and neutrophil number, while there was a de-
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TABLE 1. Effect of HF exposure on cellular parameters in NAL fluid: (A) Total cell number,
neutrophils and cell viability (mean ±SE) from lavage 1 (preexposure), 2 (postexposure, and 3 (1.5 h
postexposure) in the exposure series and corresponding lavages without exposure in the control
series; (B) Estimated effect of exposure

(A)

Total cell number
(10'/ml)

Neutrophils
(10'/ml)

(%)

Exposure series
Lavage 1
Lavage 2
Lavage 3

11 .8 ± 8.8
13.5 ± 7.5
15.1 ± 12.0

3.2 ± 3.3
8.1 ± 7.1
10.0 ± 9.7

53.4 ± 5.3
53.2 ± 5.3
58.3 ± 4.8

8.2 ± 6.2
4.0 ± 3.7
4.8 ± 6.8

3.1 ± 4.7
1.8 ± 3.4
2.5±7.1

61.5 ± 7.0
68.8 ± 5.7
76.4 ± 4 .8

Control series
Lavage 1
Lavage 2
Lavage 3

Viability

(8)

Estimated effect

95% Confidence interval

p Value

Total cells (1 O'/ml)
Neutrophi Is (1 04 /ml)
Viability(%)

9.2
6.9
-11 .8

4.1; 14.2
2.4; 11.3
-19.9; -3.7

<.001

.003
.004

Note. Positive values represent an increase in the effect of exposure.

crease in cell viability (Table 1 B). Figure 1 shows that there was an increase
in neutrophil s among nine of the individuals in the exposed series and an
increase for only one individual in the control series. A significant correlation was found between the upper airway symptoms that were reported and
the changes in the number of neutrophils in the NAL fluid (r5 P. = .75, p =
.01 ). Eosinophilic cells were very rarely seen in lavage fluid from treated
and untreated subjects.
Table 2A presents the concentrations of MPO, ECP, IL-6, IL-8, TNF-a,
and total protein in the NAL fluid from each lavage in the exposed and the
control series. Among these parameters there was an estimated increase in
the concentrations of TN F-a and tota l protein (Table 28) after exposure.
The concentratio ns of eicosanoi ds are shown in Table 3A. HF exposure led to a signi fica nt increase in PG E2 , LTB 4 , and peptide LT (Table 38) .
The observed concentrations of the antioxidants uric acid, GSH, and
GSSG in the NAL fluid are presented in Table 4A. For uric acid there was
an estimated increase after exposure, as shown in Table 48. There was
also an apparent increase in GSH, but as the measurements 2 and 3 within each series surprisingly turn out not to be related to the first measurement, the result should be interpreted with caution.

DISCUSSION
This study reveals that 1 h of exposure to HF, in concentrations that
occur in the primary aluminum industry (Abramson et al., 1989), may
induce an immediate inflammatory response in the nasal mucosa. In NAL
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FIGURE 1. Numbers of neutrophils in NAL fluid of individuals at three time points after start of exposure. (A) Number of neutrophils at time 0.0 (before exposure), at time 1.0 (the end of exposure), and
at time 2.5 (1.5 h postexposure) in the exposure series. (B) Corresponding number of neutrophils at
the same time points in the control series.
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TABLE 2. Effect of HF exposure on soluble mediators and total protein in NAL fluid: (A)
Concentration (mean ± SE) from lavage 1 (preexp osu re), 2 (postexposure), and 3 (1.5 h postexposure)
in the exposure series and corresponding lavages without exposure in the control series; (B) Estimated
effect of exposure

IL-8
(pg/ml)

TNF-u
(pg/ml)

ECP
(ng/ml)

Total
protein
(mg/ml)

(A)

MPO
(ng/ml)

Exposure series
Lavage 1
Lavage 2
Lavage 3

579 ± 363
416 ± 354
390 ± 244

5.3 ± 4.4
4.7 ± 4.5
8.0 ± 7.4

892 ± 526
530 ± 380
338 ± 136

1.8 ± 1.2
1.7±1.2
1.7 ± 1.3

19.9 ±26.2
18.2 ± 33.8
14.2±15.5

0.5 ± 0.09
0.4 ± 0.07
0.4 ± 0.05

Control series
Lavage 1
Lavage 2
Lavage 3

560 ± 409
262 ± 240
338 ± 360

11.6±15.0
7.4 ± 8.4
7.0 ± 6.6

1889 ± 1274
937 ± 576
848 ± 590

1.8 ± 1.3
1.4 ± 1.0
1.1 ± 0.8

35.0±39.1
10.7±13. 1
15.9 ± 18.1

0.5 ± 0.11
0.4 ± 0.09
0.3 ± 0.07

IL-6
(pg/ml)

(B)

Estimated effect

95% Confidence interval

p Value

MPO (ng/ml )
ECP (ng/ml)
IL-6 (pg/ml)
IL-8 (pg/ml)
TNF-u (pg/ml)
Total protein (mg/ml)

90.0
9.2
1.4
-61.0
0.4
0.11

-7.0;
-0.9;
-2 .0;
-232.2;
0.1;
0.015;

.07
.07
.42
.49
.004
.025

187 .0
19.3
4.9
110.1
0.7
0.207

Note. Positive va lues represent an increase in the effect of exposure.

fluid, we observed a significant effect on the number of neutrophils, total
cell number, total protein, TNF-a, the eicosanoids LTB 4 , PGE 2, and peptide
LT, and the antioxidants uric acid and GSH. Seven of the 10 subjects reported nasal symptoms, and there was a significant association between
symptoms and the increase in neutrophils. Similarly, a significant increase in
the number of neutrophils in NAL fluid has been reported for other toxicants
such as ozone (Steerenberg et al., 1996). An increase in neutrophils and T
lymphocytes is regarded as a marker of nonspec ific in flammatory reactions.
Neutrophils are crucial components in the inf lammatory process, and they
are often chemoattracted to the sites of tissue damage by IL-8, LTB 4 , and
prostaglandins (Baggiolini & Clark-Lewis, 1992; Samuelsson, 1991; Till et
al., 1979). The effects on the levels of LTB 4 , PGE 2 , and peptide LT in NAL
fluid reported in this study, suggest the involvement of these eicosanoids in
the acute nasal neutrophilic response in HF-exposed volunteers. In contrast,
IL-8 does not seem to be involved in the earl y HF-induced chemoattraction
of neutrophils in the nose, since we were unable to detect a significant
increase in IL-8 in the NAL fluid from exposed individuals.
In the present study, the TNF-a concentration also increased signifi cantly in the NAL fluid after HF exposure. TNF-a is known to be expressed
during an early phase after exposure to toxicants and to initiate a cascade
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TABLE 3. Effect of HF exposure on the eicosanoids in NAL fluid : (A) Concentration (mean± SE) from
lavage 1 (preexposure), 2 (postexposure), and 3 (1.5 h postexposure) in the exposure series
and corresponding lavages without exposure in the control series; (B) Estimated effect of exposure

(A)

PGD 2
(pg/ml)

PGE 2
(pg/ml)

PGF 2 u
(pg/ml)

LTB 4
(pg/ml)

Peptide LT
(pg/ml)

Exposure series
Lavage 1
Lavage 2
Lavage 3

388 ± 139
202 ± 40
277 ± 73

960 ± 197
1306 ± 293
588 ± 77

1643 ± 346
1266 ± 243
941 ± 116

309 ±lOO
742 ± 269
287 ± 80

288 ± 47
266 ± 62
293 ±50

Control series
Lavage 1
Lavage 2
Lavage 3

315 ± 109
260 ±59
217 ±50

1072 ± 281
634 ± 129
417 ± 83

1509 ± 285
1086 ± 274
786 ± 160

565 ± 185
222 ± 63
175 ± 71

360 ± 86
185 ± 19
136 ± 25

(B)

Estimated effect (pg/ml)

95% Confidence interva l

p-va lue

PGD 2
PGE 2
PGF 2 a
LTB,
Peptide LT

9
529
178
444
145

-80; 99
265; 794
-104;459
177; 712
62; 229

0.837
<0.001
0.216
<0.001
<0.001

Note. Positive values represent an increase in the effect of e~posure.

of other cytokines involved in inflammation (Luster et al., 1999; Martin et
al., 1997). Thus, TNF-a induces an increase in the concentration of other
cytokines such as IL-6 and IL-8 that attract T lymphocytes and neutrophils, respectively (Baggiolini & Clark-Lewis, 1992; Crestani et al., 1994).
The observed lack of an IL-6 and IL-8 response in NAL fluid may be due
to the early sampling time points. This could indicate that the levels of IL8 and IL-6 would increase at a later time point in the NAL fluid after HF
exposure and elicit a further change in the pattern of inflammatory cells.
In support of this notion, we have previously reported that HF induces an
IL-6 response and an increase in the number of T lymphocytes in BAL
fluid 24 h after the start of exposure (Lund et al., 1999).
The mechanisms underlying the inflammatory response induced by
HF are not clear. Fluorides are able to react with trace amounts of Al 3 +
and form AIF 4 - complexes that can activate GTP-binding proteins (G-proteins) in cell membranes (Sternweis & Gilman, 1982). In support of the
theory that a G-protein-mediated mechanism is involved in HF-induced
inflammation, a study involving a human epithelial lung cell line has
shown that fluoride strongly induces an increase in the synthesis of IL-6
and IL-8, which is potentiated by AP+ and almost abolished by deferoxamine, a chelating agent for AP+ (Refsnes et al., 1999). The fluorideinduced activation of G-proteins may profoundly affect many cellular signaling processes. From in vitro studies with other cell types, it has been
reported that fluoride might activate adenylyl cyclase, phospholipase C
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(PLC), and phospholipase A 2 (PLA2 ) (Biackmore et al., 1985). The activation
of PLA2 , liberating arachidonic acid, could be of special interest as arachidonic acid is the precursor of eicosanoids such as PGE 2 and LTB 4 • lt is
therefore conceivable that the increase in these eicosanoids in this study is
mediated via the fluorid e activation of PLA2 in nasal mucosa cells. Interestingly, TNF-a, which is increased in the nasal lavage after HF exposure, is
known to activate PLA 2 in rat tracheal epithelial cells (Nettesheim & Bader,
1996).
Another explanation of the HF effect could be that fluoride operates as a
protein phosphatase inhibitor (Wergedal & Lau, 1992), or that HF leads to
an acidification of the nasal mucosa. lt has been shown that acidification in
the respiratory tract of rabbits induces an increase in IL-8 (Folkesson et al. ,
1995) and that exposure to high concentrations of HF, HCI, and HBr in rats
induces an increase in IL-8 and the number of neutrophils in the trachea
(Stavert et al., 1991).
The elevated total protein in NAL fluid after exposure indicates an increase in microvascular permeability. Similar changes are found in BAL fluid
after exposure to other toxicants (Sandstr0m, 1995) and are in accordance
with the reduced viability of cells that has previously been reported in vitro
after fluoride exposure (Hirano & Ando, 1996).
There was an increase in uric acid, which is considered to be an important antioxidant in the respiratory tract and is present in high concentrations in nasal cavity lining fluid. Also, an estimated increase in GSH was
observed after HF exposure. The mean baseline GSH appears to differ beTABLE 4. Effect of HF exposure on antioxidants in NAL fluid: (A) Concentration (mean ± SE) from
lavage 1 (preexposure), 2 (postexposure) and 3 (1 .5 h postexposure) in the exposure series and corresponding lavages in the control series; (B) Estimated effect of exposure

(A)

Uri c acid
(!Jmoi/L)

GSH
(!Jmoi/L)

GSSG
(i.Jmoi/L)

Exposure series
Lavage 1
Lavage 2
Lavage 3

24 .0 ± 1.8
21 .8 ± 3.2
27 .0 ± 4.5

0 .95 ± 0 .12
1 .03 ± 0.14
0.64 ± 0.07

0.31 ± 0 .07
0.62 ± 0.25
0.25 ± 0.09

Control series
Lavage 1
Lavage 2
Lavage 3

24 .1±2.9
18.9 ± 1.0
17.8±1 .5

0.27 ± 0.09
0.23 ± 0 .07
0.21 ± 0 .07

0.24 ± 0.06
0.20 ± 0.08
0.16±0.03

(B)

Estimated effect (!Jmoi/L)

95% Confidence interval

p Value

Uric acid
GSSG
GSH

6.0
0.3
0.7

0.7; 11.3
-0.007; 0.527
0.3 ; 1.0

.026
.078
<. 001

Note. Positive values represent an increase in the effect of exposure.
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tween the series and, at first sight, the estimated difference (0.7 f.Jmol/ml)
does not appear to be adjusted for the baseline measurement. Baseline
GSH is, however, included as a covariate in the statistical model, and the
apparent discrepancy between mean values (Table 4A) and the effect estimate (Table 4B) occurs because the measurements from lavage 2 and 3
are not related to the baseline measurement. The mean values in Table
4A thus mask the fact that the individual response courses within each
series are very different and that the responses in the exposed series are
independent of the measurement prior to exposure. Nevertheless,
because of the large variation in the basal GSH levels in the two
series, these changes should be cautiously interpreted.
The observed increase in uric acid in NAL fluid after HF exposure could
be due to a compensatory secretion in the nose. A similar finding has been
made for ascorbic acid, following the exposure of volunteers to diesel exhaust (Biomberg et al., 1998). lt has also been observed that exposure to
N0 2 'resulted in a reduction in uric acid concentration in the bronchial
wash 1.5 h after exposure, whereas there was a compensatory increase
above the reference level 6 h after exposure (Kelly et al., 1996).
The period between the exposure and the control series may represent
a weakness of this study. However, only for GSH was there a discrepancy
between the baseline measurements in the two series, representing a possi ble seasonal effect.
In conclusion, exposure to HF induces an immediate inflammatory response that is reflected in an increase in neutrophilic cells, total protein,
and TNF-a and in the eicosanoids PGE 2 , LTB 4 , and peptide LT in the NAL
fluid. Additionally, there is an estimated increase in uric acid. These findings may contribute to a further understanding of the way HF induces damage to the airways and indicate that HF could represent an occupational
hazard.
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Running head: Respiratory inflammation due to hydrogen fluoride

Summary

Fluoride has been in focus as a possible causal agent for the respiratory
symptoms among aluminium potroom workers for several decades.
Previously, using bronchoalveolar lavage (BAL), we demonstrated airway
inflammation in healthy volunteers 24 hours after exposure to hydrogen
fluoride (HF). The objective of the present study was to examine the early
lung responses to HF exposure. Bronchoscopy with BAL was performed
two hours after the end of one hour exposure to HF. Significant reductions
in the total cell number and the number of neutrophils and lymphocytes
were observed in bronchoalveolar portion (BAP), whereas there were no
significant changes in the bronchial portion (BP). Significantly decreased
concentrations of fh-MG, IL-6 and total protein were found in both BAP
and BP. Additionally, IL-8 was significantly reduced in BP, and ICAM-1
and albumin were present in lower concentrations in BAP. Lung function
measurements were not affected by HF exposure. These reported effects
are presumably transitory as many were not present in the airways 24
hours after a similar HF exposure.

Key words: hydrogen fluoride, inflammation, bronchoalveolar lavage
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Introduction
Epidemiological studies have revealed an increased frequency of asthmalike

symptoms

among

aluminium potroom

workers. 1-e During

the

electrolytic extraction of aluminium, workers are exposed to numerous
agents including gaseous fluorides, fluoride particles, carbon monoxide,
sulphur dioxide, carbon dust, aluminia and trace elements like vanadium,

°

chromium and nickel. s-1 Fluoride has been suggested as a possible
causal agent for aluminium potroom asthma, and the development of the
respiratory symptoms has been associated with the exposure to fluorides.
11 13
-

Kongerud and eo-workers found that the risk of developing asthma-

like symptoms increased three times among aluminium potroom workers
when exposed to low concentrations of hydrogen fluoride (HF) with a
mean of 0.4-0.8 mg/m 3 during the last year of exposure. 11 In another
study,

a

positive

correlation

between

fluorides

and

bronchial

hyperreactivity has been found among aluminium production workers. 13
Although the airway symptoms among the workers in primary aluminium
production are well recognised, the mechanisms involved are poorly
understood.
In order to explore the effect of gaseous fluorides, we established an
experimental inhalation chamber. 14 After 1 h exposure to HF at
concentrations within the range of 0.2-5.2 mg/m3 , which may occur in the
work place atmosphere, 15 we previously found that upper airway
symptoms occurred in exposed healthy subjects. 16 Spirometry, performed
during and after the HF exposure, revealed no change in forced expiratory
volume in one second (FEV1) or forced vital capacity (FVC). 16 However, an
3

inflammatory response was detected in the bronchoalveolar lavage (BAL)
fluid 24 h after exposure to HF (0.2-5.2 mglm\ 17 Accordingly, there was
an increase in the percentage of CD3-positive cells in both bronchial
portion

(BP)

and

bronchoalveolar

portion

(BAP),

whereas

myeloperoxidase (MPO) and interleukin 6 (IL-6) were elevated only in the
BP.17
We have also demonstrated that experimental exposure to HF (1 h)
induced an early increase in neutrophils in the nasal lavage (NAL) fluid,
concurrent with an increase in leukotriene 84 (LT84) 2 h after the end of
exposureY

LTB4 and

interleukin-8

(IL-8)

are

known

as

crucial

components in the recruitment of neutrophils to the site of injury. 19•20 The
concentration of tumor necrosis factor-a. (TNF-a.) was also increased in the
NAL fluid after HF exposure. 18 For some other toxicants it has been
demonstrated that an increase in the concentration of the proinflammatory
cytokine TNF-a precedes the inaease in the concentration of other
cytokines such as IL-6 and IL-8, which are important for changes in the
cell pattern in the lung.21 "24 An increase in TNF-a. has also been reported
to precede changes in LT84 concentration.25•26 The NAL response to HF
was rapid, 18 and early responses have also been reported from other
research groups after exposures to ozone (03 ) and nitric dioxide (N0 2). 2730

The epithelial lining fluid (ELF) which overlays the respiratory epithelium
contains a wide spectrum of antioxidants, including ascorbic acid, uric
acid, reduced glutathione and a.-tocopherol. 31 -35 Exposure to different toxic
gases like

0J

and N02 has been shown to induce changes in the
4

concentration of ELF antioxidants, 33•36 and these antioxidants have been
suggested to protect the bronchial mucosa from oxidant challenge. HF is a
highly water-soluble gas, 37 that dissolves in the ELF, and the interaction
between ELF antioxidant and HF may therefore also play a role in the
early respiratory response to this toxic gas.
To date, the early (within 2 h) pulmonary responses to HF have not been
examined. Thus, the objective of the present study was to study these
responses in healthy subjects following 1 h exposure to HF exposure. We
focused our attention on a range of possible responses, including changes
in lung function, the number of inflammatory cells, appearance of
inflammatory biomarkers and changes in ELF antioxidant defences.
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Methods
Subjects

Ten healthy men, non-smoking medical students, 22-41 of age, gave their
written informed consent to participate. They were non-asthmatic and had
no allergy, their total lgE value not exceeding 70 IU/ml (upper normal
value 122 IU/ml) prior to the study. All the subjects had a clinical
examination and a chest X-ray before they were included. The spirometric
values (FVC and FEV1) were above 80% of predicted prior to the study.
Subjects having any airway infection tor the last six weeks prior to the start
of the study or during the study period were excluded. The study was
approved by the local Ethics Committee.

Inhalation chamber

The chamber had an air1ock and an observation window. lt was made of
aluminium and glass and had a volume of 19 m3 . The load bearing
construction was made of extruded aluminium alloy profiles. The ceiling
and the floor were made of perforated aluminium plates. 14

Exposure procedure

After equilibration of the HF concentration in the chamber, the subjects
entered and were exposed for 1 h to a constant level of HF within the
range of 3.3-3.9 mg/m3 . Similar concentrations have been documented to
occur in aluminium smelters. 9 The

method for HF

concentration

measurements has been thoroughly described in an earlier study. 16 During
the exposure period the subjects rested for 45 minutes. Then light work of
6

75 W was perfonned on a bicycle for the last 15 minutes of the exposure
period. Since HF easily will absorb to clothes and hair, the subjects wore
overalls and helmets in the chamber to standardise their exposure.

Lung function

Whole body plethysmography (Master Screen Body, Jaeger, WUrtzburg,
Germany) was used immediately before and after HF exposure to examine
the lung function parameters FEV1, FVC, specific resistance (sRaw} and
residual volume (RV}.

Bronchoalveolar lavage

Each subject underwent two bronchoscopies. One bronchoscopy was
perfonned 2 hours after the end of the HF exposure period. The other
bronchoscopy did not involve an exposure and was perfonned at the same
time point of the day, 3 weeks before or after the HF exposure.
Bronchoscopy with BAL was perfonned as described previously. 17 The
bronchoscope was inserted through the mouth with the subjects in the
supine position. After entering the airways, the bronchoscope was wedged
in a subsegment of the middle lobe. Then four portions of 60 ml sterile,
phosphate-buffered saline (PBS-A} of 3t> C were instilled with an
immediate aspiration of each portion at a suction pressure of 10 kPa into a
siliconized container.
The first recovered portion was separated and represented the bronchial
portion (BP), reflecting more proximal airways. The following fluids
recovered from the subsequent aliquots were pooled and defined as the
7

bronchoalveolar portion (BAP). The BAL fluid was kept on ice before
filtering through a nylon filter with a pore diameter of 100 IJm. The volume
was measured and a 6 j.JI/ml mixture of protease inhibitors (1 j.lg/ml soy
bean trypsin inhibitor, 1 IJg/ml aprotinin, 1 !Jg/ml alpha-1-antitrypsin, 1
j.Jg/ml pepstatin A, 0.5 IJg/ml, 1,1 0-phenantroline, 2.5 IJg/ml EDTA and 5.0
j.Jg/ml benzamidine) was added.
The BAL fluid was centrifuged at 389 x g and 4° C for 10 minutes. The cell
pellet was resuspended using Hank's buffer solution. The viability and the
total number of cells were estimated using Trypan blue in a Burker
chamber. Cytospin preparations of 50 000 cells were made by loading 200
!JI of the lavage fluid into a cytocentrifuge and spinning it onto glass slides
at 84 x g and 4° C for 5 minutes. The cytospin samples were dried using
an air hair dryer and stored at room temperature for subsequent staining.
The supematants obtained after centrifugation were distributed in 2 ml
cryotubes and stored at -8Cf C until further analysis.

Cell analysis

The slides were stained using May-Grunwald Giemsa. Differential cell
countings were performed on anonymised slides by calculating the
average of the numbers from two independent investigators.

Analysis of non-cellular components

Myeloperoxidase (MPO}, IL-6, IL-8, TNF-a, E-selectin, soluble intercellular
adhesion molecule-1 (s-ICAM-1), total protein and albumin were analysed
according to the methods previously described. 17' 18 Betaz-microglobulin
8

Uh-MG) was measured in duplicates, using a radio-immunoassay
(Phannacia Diagnostics AB, Sweden) with detection limit 40 ug/L and
intra- and interassay variability 6.2 and 7.0%, respectively. Lactate
dehydrogenase (LDH) was determined using the optimised standard
method according to the recommendation from the ·oeutsche Gesellschaft
fUr

Klinischen

Chemie"

(Hitachi

917)

(Roche).

The

eicosanoids

prostaglandin (PG} E2, PGF2a and thromboxane (TX} 82 were detennined
using the method described previously by Ramis et al. 38 Reduced
glutathione (GSH} and oxidised glutathione (GSSG) were measured using
the method developed by Baker et al., 39 as previously described in detail. 40
Ascorbic acid and uric acid were measured simultaneously using reversephase HPLC with electrochemical detection, based on the method
developed by lriyama.41

Plasma total sulphydryls were measured

according to the protocol described by Wayner et al. 42

Statistical analysis

The data were evaluated using the statistical package SPSS procedure
Wilcoxon·s non-parametric test for paired samples. A p-value of S0.05 was
considered significant.
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Results
Table 1 presents the median numbers of cells before and after exposure in
the BP and the BAP, respectively. Among the ten subjects participating in
the study, there was a significant reduction in the number of neutrophils
and lymphocytes and also the total cell number in BAP after HF exposure.
There were no significant changes in cell numbers in the BP after HF
exposure. The eosinophil numbers were negligible in both portions.
The median concentrations of soluble mediators are shown in Table 2.
There were significant reductions in the concentrations of Jh-MG, s-ICAM1, IL-6, albumin and total protein in BAP after HF exposure. In BP there
were significant reductions in the concentrations of lh-MG, IL-6, IL-8 and
total protein. MPO and LDH concentrations did not change significantly in
either portions of BAL fluid after exposure. E-selectin and TNF-a were not
detectable in any sample.
Table 3 presents the median concentrations of the eicosanoids in BAP 2 h
after exposure to HF and for comparison, in the absence of HF exposure.
No changes were observed after HF exposure. The BP was not examined
for PGE2, PGF2a and TXB2 due to the lack of sufficient lavage fluid.
The median concentrations of GSH, GSSG, total thiols, ascorbic acid and
uric acid in BP and BAP are shown in Table 4. No significant changes
were detected among any of the antioxidants after HF exposure.
The BAL fluid recovery was not significantly changed after exposure to
HF. The median recoveries were 22 ml (interquartile range 20-23 ml)
before and 23 ml (20-25 ml) after exposure in the BP. The corresponding
values were 125 ml (78-139 ml) and 133 ml ( 118-153 ml) in the BAP.
10

The body box measurements showed no significant changes in the FVC,
FEV1, sRaw or RV and were all within the reference range. The median
FVC was 5.85 L (interquartile range 5.33-6.42 L) immediately before and
5.83 L (5.35-6.43 L) 2 h after the exposure to HF. The values for FEV1 at

the same time points were 4.92 L (4.52-5.64 L) and 4.94 L (4.60-5.69 L).
The sRaw medians were 0.78 cmH:z()/Us (0.65-1.15 cmH:z()/Us) before
and 0.88 cmH20/Us (0.76-1.02 cmH:z()/Us) after the exposure and the RV
medians were 1.78 L (1 .73-1.81 L) and 1.89 L (1.57-2.15 L), respectively.

11

Discussion
In the present study, 1 h exposure to HF did not result in an acute
inflammation in the lung 2 h after the end of the exposure period, as
assessed through the pattern of cells and mediators in BAL fluid. In
contrast, the numbers of neutrophils and lymphocytes were reduced after
HF exposure as were the concentrations of a range of soluble components.
We have earlier demonstrated that the same HF exposure regimen is
capable of inducing an airway inflammation with a lymphocytic infiltration 24
h after exposure. Moreover, this is accompanied by neutrophil activation
and myeloperoxidase release. 17 Additionally, we have conftnned that HF
induces an inflammatory response in the nasal epithelium within 2 h after
exposure. 18 The current, unexpected findings indicate that the development
of inflammation following HF exposure follows different time courses in the
nose and lungs.
HF is very hydrophilic and will effectively be absorbed in the nasal
epithelium and upper airways, in similar manner as sulphur dioxide. 43•44 In
agreement with this, Stavert and eo-workers have found a mucosal
response in nose-breathing rats exposed to HF, with epithelial and
submucosal necrosis confined to the nasal region. 45 In the same study,
similar changes were found in the larger conducting airways of mouthbreathing rats at a later time point, confirming that HF can indeed
penetrate deep into the lungs. 1t is suggested that the higher deposition of
HF in the nose may account for some of the differences in mucosal
response to HF at this early time point.
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A striking feature in the early acute lung response to HF was the significant
reductions in BAL fluid total cells, neutrophil and lymphocyte numbers, with
a tendency also for lower numbers of alveolar macrophages. Furthennore,
this was accompanied by reduced concentrations of IL-6, IL-8, lh-MG, sICAM-1 , albumin and total protein in the lavage fluid. The concentrations of
some proteins were unaltered, as seen with MPO, LDH and protein-thiol
antioxidants. Likewise, the concentrations of eicosanoids were unchanged.
Decreased lavage cell numbers and protein levels in the early acute
response is not restricted to HF, but has indeed been identified also after
exposure to other air pollutants. Blomberg et al reported consistent
reductions in albumin, total protein and s-ICAM-1 in BAL 1.5 h and 6 h
after exposure to 2 ppm N02 in healthy subjects. 30 Reduced levels of
albumin and total protein were furthermore identified in BAL fluid 1.5 h
after exposure to 2 ppm N02 for four sequentional days. 46 Notably, the
reduction in protein levels in lavages was not reflected by MPO, as seen in
the present study. Decreased recovery of cells, induding alveolar
macrophages in BAL fluid, has been demonstrated in several studies in the
early phase after experimental air pollution exposures, coherent with the
present findings. Z7,47
There may be several reasons for a decrease in cell numbers and protein
concentrations in lavage fluid immediately following a toxic exposure. A
decrease in the number of cells may reflect increased cell activation after
the noxious pollutant challenge. Activation can increase cell adhesion to
the epithelium making the cells less accessible by lavage. In addition,
cytotoxicity cannot be excluded although there are several arguments
13

against it. First, the concentration of LDH would be expected to increase in
the presence of damaged and lysed cells, and clearly, this is not the case.
Second, neutrophils would be expected to release MPO and alveolar
macrophages GSH if cells had lysed, but the concentrations of both were
not increased. Third and perhaps most important, we could not identify any
increase in the inclusion of trypan blue in inflammatory cells, which
suggests maintained cell membrane integrity.
Reduced protein levels recovered in BAL have been identified in some
earlier experimental air pollution exposure studies. However, the definite
reason for these observations has not been delineated and reduced
permeability of the epithelium has been suggested. 30 While we have
demonstrated that the human bronchial epithelium actively produces
various cytokines 24 h post HF exposure, it has also been shown that
epithelial function may be altered with suppressed signal transduction as
early as 1.5 h after ozone exposure. 48•49 The significant early effects on
epithelial function after moderately severe noxious air pollution challenge
may therefore resuH in a temporary change of penneability that is only

subsequently restored at a later time point. 30
An alternative, or additive, mechanism for the decreased BAL fluid protein
concentrations is that of an increased uptake of proteins by activated cells
such as macrophages. We hypothesise that HF may have induced release

of

metalloproteases

from

macrophages

and

other

metalloproteases are capable of cleavage of proteins like

IL~

cells.

The

and ICAM-

1.50 Since both IL-8 and ICAM-1 are important for the recruitment of
neutrophils to the site of injury, decreased levels of these mediators could
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have resulted in reduced neutrophil recruitment early after exposure. 51
Additionally, fluorides have been reported to inhibit protein synthesis, but
such an effect would be expected to take more than 2 h. 52.53
The findings of the current study do not suggest any interactions between
HF and ELF antioxidants, at least within 2 h of exposure. This contrasts with
the responses seen in the nose where we observed an increase in uric acid
in nasal lavage fluid 2 h after HF exposure.18 We have earlier reported of
rapid depletion of uric acid and ascorbic acid in BAL fluid after both 03 and
N02 exposure, as these agents are strong oxidants applying an oxidative
stress burden immediately upon encountering the epithelial lining fluid.54
Other agents may influence the antioxidant level indirectly after having
induced an inflammatory response first by increasing the oxidant burden
and inducing an antioxidant depletion in the airways. 40 However, such
mechanisms do not appear to be involved in the effects of HF.
The changes in the BAL components from the lower airways were not
associated with any changes in clinical symptoms or lung function at the
investigated 2 h time point. lt cannot, however, be excluded that lung
function changes may occur at a later time point, although no changes in
FVC and FEV1 were registered in a previous study with exposure to HF, in
which spirometry was performed on several occasions during a 4 h postexposure period.16
In conclusion, HF exposure in the present study induced an early reduction
in inflammatory cells in BAL fluid concurrent with a reduction in
proinflammatory mediators such as ll-8 and ICAM-1 and protein levels.
Similar effects have previously been identified early after exposure to other
15

air pollutants, and the present findings may represent transitory noxious
effects on airway and alveolar cells by HF.
Further studies are required to examine the importance of the initial
reduction of inflammatory parameters and the triggering of the subsequent
inflammatory cascade.
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Table 1.

Median value and interquartile range for cells in the bronchial and the bronchoalveolar
portion of BALF before and after exposure to HF (no=1 0).
Total cells
(x1 07/L)

Alveolar macroph.
(x1 07/L)

Neutrophils
(x1 07/L)

Lymphocytes
(x1 07/L)

BRONCHIAL PORTION
Before
exposure

14.8
9.1-22.8

12.5
8.0-19.3

0.5
0.1-1.4

0.9
0.5-3.5

After
exposure
p- value

15.1
8.3-20.1
0.7

14.2
7.9-16.4
0.9

0.2
0.1-0.5
0.1

0.8
0.4-1.5
0.5

BRONCHOALVEOLAR PORTION
12.7
Before
4.4-22.5
exposure

10.9
3.8-19.7

0.3
0.3-0.9

1.1
0.5-1.5

7.3
5.0-8.7
0.1

0.05
0.02-0.1
0.02

0.5
0.3-0.8
0.04

After
exposure
p- value

8.4
5.6-9.6
0.06

Table 2.

Median value and interquartile range for soluble components in the bronchial and the bronchoalveolar portion of BALF before and after exposure to HF (no=1 0).
~2-MG

ICAM-1

IL-6

IL-8

MPO

LD

alb

total protein

(ng/L)

(ng/ml)

(ng/L)

(ng/L)

(ng/ml)

(U/L)

(mg/L)

(mg/L)

70

BRONCHIAL PORTION
Before

247

5.5

76

5.8

58.0

exposure

177-260 68-142

123

2.4-9.1

40-164

4.2-9.7

25.5-65.3 50-90

160-250

After

175

100

2.9

39

5.9

40.5

160

exposure

143-213

72-138

2.3-4.9

25-73

3.8-8.7

23.0-65.8 40-73

140-210

p- value

0.04

0.9

0.008

0.009

0.9

0.8

0.2

0.01

5.0

36.0

40

150

55

190

BRONCHOALVEOLAR PORTION
Before

126

65

2.6

240.5

exposure

90-219

39-82

1.6-5.6

71.3-374.3 4.0-6.4

After

85

40

0.7

83.0

exposure

77- 93

36-54

0.4-1.6

45.5-177.8 2.0-7.2

14.3-51.8 20-43

p- value

0.04

0.04

0.03

0.1

0.7

3.2
0.5

19.3-76.5 40-63

110-220

28.5

70

30

0.02

60-130

0.03

Table 3.

Median value and interquartile range of the prostaglandins in the bronchoalveolar portion of BALF after exposure to HF (no=1 0).
PGE2
(ng/L)

PGF2u
(ng/L)

TXB2
(ng/L)

Before
exposure

26.2
14.3-53.3

9.6
5.4-19.1

74.5
45.9-85.7

After
exposure
p- value

22.6
14.6-32.7
0.3

12.4
6.4-16.4
0.9

68.6
36.7-91.1
1.0

Table 4.

The antioxidant status expressed as the median value and interquartile range
in the bronchial and the bronchoalveolar portion of BALF before and after
exposure to HF (no=1 0)
GSH

GSSG

Total thiols

Asc. acid

Uric acid
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