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Abstract

Background: Benzalkonium chloride (BAC) is a quaternary ammonium compound (QAC) with a C, to C ,chain length of
alkyl groups. Since BAC exerts toxic effects on microorganisms, it has been used as an effective germicide and preservative,
mostly in cosmetic industry and medicine. However, the toxic potential of BAC may be hazardous to humans, due to the
common use of preparations containing BAC as a preservative. Material and Methods: To assess the possible toxic effects
of BAC, two-stage experiments were performed on female Wistar rats. At first, LC,  after a single exposure to BAC aerosol
was determined. Then, the animals were exposed to BAC aerosol at 30 mg/m? for 6 h, and for 3 days (6 h/day). The controls
were unexposed rats. Directly after BAC exposure and 18 h afterwards,, BALF concentrations were measured of total
protein, Clara cell protein, matrix metalloproteinase-9 (MMP-9), hyaluronic acid (HA), immunoglobulin E (IgE) and cy-
tokines (TF-a, IL-6 and MIP-20), lactate dehydrogenase (LDH) and GSH-S-transferase (GST). Results: The LC, value for
exposed rats was ca. 53 mg BAC in m* air for 4 h. All the rats survived single and repeated inhalation exposure to 30 mg/m?
BAC. After single and repeated exposure, lung weight, total protein, HA and LDH activity in BALF of exposed rats were
higher than in controls while CC16 levels were decreased. A significantly higher BALF concentration of IL-6 and IgE was
noted in animals exposed to single and repeated doses. BALF concentrations of MMP-9, TNF-q, and MIP-2 in exposed rats
were similar to those in control animals. Conclusion: BAC may be classified to class I acute inhalation toxicity. It showed
a strong inflammatory and irritant activity on the lungs after 6h inhalation and stimulated dynamic patterns of IL-6 and
IgE production and protein infiltration from blood vessels to BALE. Continued exposure resulted in cellular destruction,
a statistically significant increase in LDH activity and a continuous decrease in CC16 concentration in BALE.
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INTRODUCTION processes [2]. The bactericidal characteristics of BAC was
for the first time applied in the USA, after the Ameri-
can College of Toxicology had issued a positive opinion

Benzalkonium chloride (BAC) is a mixture of organic
chemicals belonging to the quaternary ammonium com- _ .
pounds (QAC). BAC consists of alkylbenzyl dimethylam- on its use as a bactericide [3]. Up to the present day, the

monium chlorides with alkyl chain lengths varying from CHs .
CH,, to C H, (Fig. 1). Structurally, BAC comprises a po- ‘

lar hydrophilic group and a non-polar lipophilic hydrocar- Q CHe N R | ciI-
bon radical. BAC is a surface-active agent belonging to the I

cationic detergent category, where the hydrophilic group CH:

is a cation [1]. Owing to their chemical structure, the ter- Fig. 1. Chemical formula of benzalkonium chloride (BAC).
nary ammonium compounds inhibit bacterial enzymatic R = contains CH . and C, H, homologues.
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bactericidal properties of BAC have been extensively used
worldwide, mostly in drugs and cosmetics where BAC has
been added as a preservative [4-6].

Animal experiments have revealed that BAC is a com-
pound showing strong toxic effects to laboratory animals.
Experimental median lethal doses (LD,) for BAC ad-
ministered intragastrically ranged from 234 do 445 mg/kg
for the rat and the respective value for the guinea pig
was 200 mg/kg [7-9]. Animals that had survived a single in-
tragastric dose of 250 mg/kg BAC showed alveolar changes
indicative of an inflammatory process [10,11]. Intravenous
or intra-aortal administration of 15 mg/kg BAC to rats was
fatal to 20% of the animals. A 30-sec to 40-sec respiratory
arrest was recorded in the survivors [10]. Recent report
has shown that BAC may cause elevated immune response
in mice. The authors suggest that BAC exposure may in
part affect the pulmonary function by modulating the im-
muno-inflammatory response [12,13].

It should be stressed that in some asthmatic children, in-
halatory treatment with BAC-containing preparations may
cause bronchospasm. Therefore, the American Academy
of Pediatrics suggested that for safety reasons BAC should
be removed from the preparations used to treat asthmatic
patients. In England, BAC is no longer added to solutions
intended for inhalatory treatment, due to its adverse effect
on the bronchi [3].

The present study was conducted to assess the toxic activity
of BAC aerosol on laboratory animals under conditions of
single and repeated inhalation exposure. Markers of a di-
rect damage to lung tissue (CC16, LDH, total protein) and
compounds that may indicate an inflammatory condition
(TNF-a, IL-6, MIP-2) or repair processes in the damaged
cells (MM-9) were determined to investigate the adverse
effects of BAC on the lungs of laboratory animals [12,14].

MATERIALS AND METHODS

Animals

Female outbred Imp: Wist Wistar rats, aged 2 to 3 months,
that were obtained from the breeding farm of the Nofer In-
stitute of Occupational Medicine, £.0dz, Poland, were used
in the experiment. At each stage of the study, groups of

[JOMEH 2008;21(2)

five animals were investigated: the exposed animals as the
study group and unexposed ones as the controls. During
the testing, both the groups were kept in exposure cham-
bers but the control rats inhaled atmospheric air; other en-
vironmental conditions: temperature, humidity, and food
and water intake were the same for the two groups.

Chemicals
The study groups were exposed to BAC (Fluka, CAS
no. 8001-54-5, purity = 95%) as an aerosol.

Inhalation exposure

Figure 2 is a diagram showing the animal exposure sys-
tem. The chemical to be tested was injected into exposure
chamber with a dynamic air flow to ensure 15 air changes
per hour, so that the rat’s head/nose would be directly ex-
posed to BAC as an aqueous aerosol. The system used to
produce BAC aerosol comprised a Harvard 950A Pump
and an atomiser. BAC concentration in the chamber was
monitored by HPLC [10,15]. Air samples collected in the
chamber were filtered on FIPRO-37 polypropylene filter.
BAC was then desorbed from the filter in the mobile phase
and analyzed by liquid chromatography. A Waters liquid
chromatograph (2690 Integrity System) with a Waters 996
UV-VIS detector was used for the quantitative determina-
tions of BAC. A 100 pul sample was injected into a YMC-
Pack CN (250%4.6 mm LD, S-5 um, 12 nm) column, with
a mixture (52:48 v/v) of 0.1 mol pH = 5.0 sodium acetate
and acetonitrile as the mobile phase. The measurement
was performed at 250 nm wavelength.

Inlet for BAC aerosol

Air
Atomizer T

Exposure
chamber

[ e

Pump for BAC
solution

Exit

Fig. 2. Technical scheme of nose-only inhalation exposure con-
ditions for toxicity testing of BAC aerosol.
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Experimental design

The local Biomedical Ethics Committee has approved the
study protocol (Opinion No. £/BD/247). The study, de-
signed to asses BAC toxicity to laboratory animals was per-
formed in two stages. The first stage was designed to deter-
mine the median lethal concentration for BAC after head/
nose inhalation exposure. Two groups of rats (5 per group)
were used at that stage. One of the groups was exposed
to the maximum concentration of BAC (52.84 mg/m®) that
could be generated in exposure chamber. The other group
was exposed to a lower concentration (37.64 mg/m®). For
both the groups, the exposure time was 4 hours. After ter-
mination of exposure, the animals were observed for 14
days. The aim of the second stage was to assess the pneu-
motoxic effect after a single (6 h) and repeated (3 days,
6 h/day) inhalation exposure, during which BAC concen-
tration in exposure chamber was 50% lower than the LC,
value. Bronchoalveolar lavage fluid (BALF) was collected
from the exposed and control animals at two time-points:
immediately after termination of exposure and 18 h after-
wards. The rats were anaesthetized by an intraperitoneal
injection of pentobarbital sodium at 50 mg/kg body weight
and their lungs were lavaged with 2x5 ml of 0.9% NaCl
solution. BALF was collected and centrifuged at 200 g
at 4°C for 10 min. The supernatant was used for biochem-
istry. Clara cell protein (CC16) was determined by latex
immunoassay [16]. Specific rabbit antibodies against CC16

and a standard for CC16, based on the purified protein,
were obtained as described elsewhere [17]. Hyaluronic acid
(HA) was measured in non-concentrated BALF by enzy-
matic-immunoassay (ELISA) kit, including hyaluronic acid
binding protein (HABP) capture molecule (Chungai-test,
Japan). Lactate dehydrogenase (LDH) activity [18] and the
levels of matrix metalloproteinase-9 (MMP-9) (Amersham
Biosciences), tumor necrosis factor (TNF-a.), interleukin 6
(IL-6), macrophage inflammatory protein (MIP)-2 (Bio-
source) and IgE were measured in BALF using the ELISA
kit. GSH-S-transferase (GST) (EC. 2.5.1.18) in postmi-
tochondrial supernatants of rat lung was assessed with
1-chloro-2,4-dinitrobenzene (CDNB) [19]. The quantity of
CDNB (nmol) reacting during one minute was regarded as
the unit (u) of measurement.

Statistical analysis

The results were compared using the Kruskall-Wallis one-
way ANOVA. Scheffe’s test was used for detailed, multi-
ple comparisons. Differences were regarded as significant
when the probability of the null hypothesis was < 0.05.

RESULTS

At the first stage of the experiment, two rats did not survive
the 14-day observation period. Out of the Srats, 2 (40%) died
within the first 24 h period after 4 h exposure to 52.84 mg/m’

Table 1. Body weight and food intake in rats subjected to a single exposure to BAC

BAC concentration Parameter Day
(mg/m’ +SD) 7 14

52.84+12.56 Body weight 182+9.80 201.70+12.60 206.70+12.60
(g =SD)
Changes in b.w. (g £SD) 16.70°+2.90 5.00°+0.00
Food intake 117 100
(g/rat/week)

37.64+7.78 Body weight 217+5.70 226+7.40 234+5.50
(g =SD)
Changes in b.w. (g £SD) 9+4.20 8+4.50
Food intake 90 135
(g/rat/week)

*Different from the value recorded at the onset of experiment.

b Different from the value recorded within the first week of observation.
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Table 2. Body weight, lung weight/100 g b.w., CC16 and total protein concentration, HA and LDH activity in BALE, GST in the
lung, and concentrations of matrix metalloproteinase-9 (MMP-9), tumor necrosis factor (TNF-a.), interleukin 6 (IL-6), macrophage
inflammatory protein (MIP)-2 and IgE in BALF of control rats and rats exposed for 6 h to 28.0 (£6.0) mg (£SD) BAC/m?

Time point
Parameter Control (h)
0 18

Body weight (g) 188+5.70 176x8.20 176+5.50
Lung weight/100 g b.w. 0.77=0.08 1.01+0.14* 0.89+0.13
Total protein (g/1) 0.47%0.16 8.62£1.82%%* 6.39+£2.74*
CC16 (ug/) 12.30+4 2.25%1.24%% 5.37+0.53*
HA (ug/) 8+6.81 34.50+2.50* 14.75%9.58
LDH (U/1) 109+39 275+100%* 205x40%*
GST (u/mg protein) 389+70 351£35 362+123
MMP-9 (ng/ml) 0.89+0.13 0.79+0.03 0.84%0.08
TNF-a (pg/ml) 24.30+23.60 26.50=18.60 64.10+26*
IL-6 (pg/ml) 49.20+22.60 910£197*** 138x27
MIP-2 (pg/ml) 322+119 452=113 259+100
IgE (ng/ml) 6.28+3.32 117+55% 140+97*

*, =% Significantly different from control at p < 0.05, p < 0.01, and p < 0.001, respectively. Results expressed as mean+SD.

Table 3. Body weight, lung weight/100 g b.w., CC16 and total protein concentration, HA and LDH activity in BALE, GST in lung, and
concentrations of matrix metalloproteinase-9 (MMP-9), tumor necrosis factor (TNF-a.), interleukin 6 (IL-6), macrophage inflamma-
tory protein (MIP)-2 and IgE in BALF of control rats and rats exposed for 3 days (6 h/day) to 30.5 (+4.2) mg (+£SD) BAC/m*

Time point
Parameter Control (h)
0 18

Body weight (g) 191740 171£10.80 180=10
Lung weight/100 g b.w. 0.84x0.16 1.23£0.07** 1.03=0.06
Total protein (g/l) 0.18+0.64 1.89+0.66*** 0.39+0.15*
CC16 (ug/l) 8.39+1.44 1.35+0.30%** 2.17£0.44
HA (ug/l) 11.50+1.30 21.10£5.70 16.60+11.70
LDH (UN) 124+32 457£51%* 207+44
GST (u/mg protein) 133%15 123+25 102+23*
MMP-9 (ng/ml) 0.84x0.10 0.77x0.03 0.98+0.19
TNF-a (pg/ml) 20.60£16.20 50+43.70 5.78+3.99
IL-6 (pg/ml) 31.50£18.40 528 +£282* 16.2=15
MIP-2 (pg/ml) 297231 479+159 133+27
IgE (ng/ml) 3.52+2.42 14.57+5.10* 1.58+0.49

Abbreviations as in Table 2.

BAC aerosol. The rats exposed to BAC at 37.64 mg/m’, sur-
vived the 14-day observation period. In animals that survived

of the animals which were necropsied after 14-day observa-
tion revealed no pathological changes.
the 4 h exposure and 14-day observation, body weight gain At the second stage, all the rats survived inhalation ex-

and food intake were similar (Table 1). Gross examination posure to BAC aerosol. Table 2 shows the changes in

[JOMEH 2008;21(2)



PULMONARY IRRITATION AFTER BAC EXPOSURE IN RATS ORIGINAL PAPERS

lung weight/100g/b.w. as well as GST in the lung and
other biomarkers in BALF of rats exposed for 6 h and
in respective controls. As regards BAC-exposed group,
a significant increase was noted in total protein, CC16,
LDH and IgE in BALF both directly after termination
of exposure and 18 h afterwards. Significantly higher
IL-6 and HA concentrations in BALF were found in the
exposed group immediately after exposure. Also, higher
concentrations of TNF-a in BALF were recorded in the
exposed group at the 18 h time-point. A significant in-
crease in relative lung mass was observed directly after
termination of exposure. No significant differences were
noted in GST, MMP-9 and MIP-2 levels between the ex-
posed group and the controls. In animals repeatedly ex-
posed to BAC aerosol (3 days; 6 h/day), for most of the
biomarkers, the concentration changes were similar to
those noted in animals exposed once.

Table 3 shows the changes in lung weight/100 g b.w. as well
as GST in lung and other biomarkers in BALF of rats ex-
posed for 3 days (6 h/day) to BAC aerosol in relation to
the control group. A significant increase in relative lung
mass, concentration of total protein, LDH and IgE in
BALE, and a significant decrease in CC16 concentration
in BALF were recorded at the first time-point among the
repeatedly-exposed animals compared to controls. Higher
total protein concentration and lower lung GST levels in
the exposed animals were detected at the 18h time-point.
No significant differences in BALF concentrations of IL-6,
MIP-2, TNF-q and IgE between the exposed animals and
controls were noted 18 h after exposure (Table 3).

DISCUSSION AND CONCLUSIONS

The results of the preliminary tests indicate that BAC aer-
osol may be classified to Class I acute inhalation toxicity,
i.e. as very toxic under conditions of acute inhalation ex-
posure [20]. The maximum concentration of BAC aerosol
(52.84 mg/m?), causing death of 40% of the animals, was
close to the BAC concentration at which the animals sur-
vived (37.64 mg/m®). Such a small span between the lethal
concentration and the levels which did not bring about
fatalities indicates that the LC, value was close to the

maximum BAC concentration that could be generated in
the exposure chamber. The experiment designed to assess
the pneumotoxic effect of BAC aerosol on laboratory ani-
mals revealed that both single and repeated exposure to
BAC had a significant influence on the levels of lung bio-
markers. In the majority of cases, a similar trend could be
observed in this respect. The adverse effect of exposure to
BAC aerosol was not found to be time-dependent. Never-
theless, in some cases of repeated exposure, the values of
the study parameters were lower (IL-6 and total protein)
or higher (LDH), compared with the findings for single
exposure to BAC aerosol. However, under the tested con-
ditions, the exposure to BAC aerosol produced a strong
pneumotoxic effect manifested by necrosis of the respira-
tory cells (increased LDH activity) and lung inflammation
(elevated IL-6 concentration) even after a single inhala-
tion exposure. Clara cells producing CC16 protein are
a group of cells forming the respiratory lining. The 6h in-
halation exposure resulted in a dramatic decrease in Clara
protein level in BALE. At the 18 h time-point, CC16 level
did not return to the values observed in controls (Table 2).
Repeated exposure produced more pronounced decrease
in CC16 concentration and an increase in IL-6 concentra-
tion and LDH activity in BALF, indicating cumulated BAC
toxicity. The damage to Clara cells, reflected by decreased
concentration of CC16 showing immunosuppressive and
anti-inflammatory activity, accompanied with a significant
increase in IgE level 6 h and 18 h after a single exposure
to BAC may point to an immuno-inflammatory response
[21,22]. BAC exposure induces a massive influx of pro-
teins from blood vessels to the intra-alveolar space, which
is manifested by increased total protein concentration in
BALEF. The increase results from the permeability changes
in the blood-air barrier which may also account for a de-
creased CC16 concentration in the bronchiolar lining as
a result of CC16 passing into the blood [23-25]. For some
of the study parameters, the high inter-individual vari-
ability of the concentration levels, which was noted both
in the exposed and control groups, directly affected the
results of our statistical analyses. An adaptation tendency
was found after repeated exposure to BAC aerosol; the
changes in the study parameters were diminishing, which
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was particularly evident 18 h after termination of the 3-day
exposure.

To sum up, inhalation of BAC aerosol induced a strong
inflammatory response and a damage to the blood-air bar-
rier. It is reasonable to expect similar pneumotoxic effects
in people exposed to high concentrations of BAC aerosol.
Inhaling BAC may be dangerous to workers occupation-
ally exposed to this agent, especially those showing a posi-
tive skin prick test with BAC [26,27]. Furthermore, recent
data suggest that BAC added to preparations intended for
inhalatory treatment may pose severe health hazard to
asthmatics [28]. For all these reasons, BAC should be used
with extreme caution.
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