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Application of an optimized system for the well-deﬁned
exposure of human lung cells to trichloramine and
indoor pool air
C. Schmalz, H. G. Wunderlich, R. Heinze, F. H. Frimmel, C. Zwiener
and T. Grummt

ABSTRACT
In this study an in vitro exposure test to investigate toxicological effects of the volatile disinfection
by-product trichloramine and of real indoor pool air was established. For this purpose a set-up to
generate a well-deﬁned, clean gas stream of trichloramine was combined with biotests. Human
alveolar epithelial lung cells of the cell line A-549 were exposed in a CULTEX® device with
trichloramine concentrations between 0.1 and 40 mg/m3 for 1 h. As toxicological endpoints the cell
viability and the inﬂammatory response by the cytokines IL-6 and IL-8 were investigated. A
decreasing cell viability could be observed with increasing trichloramine concentration. An increase
of IL-8 release could be determined at trichloramine concentrations higher than 10 mg/m3 and an
increase of IL-6 release at concentrations of 20 mg/m3. Investigations of indoor swimming pool air
showed similar inﬂammatory effects to the lung cells although the air concentrations of trichloramine
of 0.17 and 0.19 mg/m3 were much lower compared with the laboratory experiments with
trichloramine as the only contaminant. Therefore it is assumed that a mixture of trichloramine and
other disinfection by-products in the air of indoor pool settings contribute to that effect.
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ABBREVIATIONS
A-549 lung cells

human alveolar epithelial carcinoma

NCl3

trichloramine

cell line A-549 (ACC 107, DSMZ,

NO2

nitrogen dioxide

Braunschweig)

PBS

phosphate buffered saline

AOX

adsorbable organically bound halogens

SPW

swimming pool water

DBPs

disinfection by-products

THMs

trihalomethanes

DOC

dissolved organic carbon

DPD

N,N-dipropyl-p-phenylenediamine

DSMZ

German Collection of Microorganisms

INTRODUCTION

and Cell Culture
GSTT1-1

glutathione S-transferase theta

Chlorination is the typical and inevitable method for disinfec-

IC50

50% inhibitory concentration

tion of swimming pool water (SPW). Chlorine not only

IL-6

interleukin 6

inactivates pathogens but it can also react with the bathers

IL-8

interleukin 8

load and with raw water constituents to form partly toxic dis-

LC50

50% lethal concentration

infection by-products (DBPs). Some of the formed DBPs are
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sufﬁciently volatile to partition from the water to the gas

lung and an increase in lung permeability. Hery et al. ()

phase. Most measured volatile DBPs in indoor pool air are tri-

and Gagnaire () reported on irritative complaints of the

halomethanes (THMs) and trichloramine (NCl3). The quality

eye and throat among pool attendants and irritative effects

of indoor pool air depends on the quality of the water, the

on mice at trichloramine concentration levels higher than

mass transfer processes dependent on active stripping effects

0.5 mg/m3 in the air. The proposed INRS (French Institute

caused by whirls and water attractions and the air exchange

for Occupational Health and Safety) guideline value of

rate of the swimming pool hall. The formation, exposure path-

0.5 mg/m3 for NCl3 for indoor pool air is based on these

ways and toxicology of THMs have been studied over the past

investigations.

30 years. The main uptake of THMs has been identiﬁed as the

Trichloramine is four times more volatile than chloro-

respiratory pathway followed by dermal uptake. Data are

form and partitions to the air of swimming pools (Sander

based on analyses of urine, plasma and alveolar air samples

). Determinations of NCl3 in indoor pool air reveal con-

of swimmers, pool workers and swimmers breathing clean

centrations between 0.1 and 18.8 mg/m3 (Hery et al. ;

air from scuba tanks (Levesque et al. ; Fantuzzi et al.

Stottmeister & Voigt ). Typical NCl3 air concentrations

; Erdinger et al. ; Caro & Gallego , ). Carci-

in German indoor pools are between 0.1 and 0.5 mg/m3

nogenicity of chloroform for humans is given by all routes of

(Zirbs ). NCl3 itself is unstable in water and in higher

exposure under conditions that would lead to cytotoxicity;

concentrations an explosive compound of penetrating

that is, under high-exposure conditions (Richardson et al.

odour. Because of its low water solubility it can easily pene-

). Genotoxicity studies showed that brominated THMs

trate into the lower airways of bathers. Here it can cause

were mutagenic after activation by gluthathione S-transferase

harm to the non-ciliated bronchiolar Clara cells and to the

theta (GSTT1-1) (DeMarini et al. ; Pegram et al. ;

permeability of the lung epithelium. The results could be

Richardson et al. ; Zwiener et al. ). Dermal and inha-

dysfunction and manifestation of adverse effects at contin-

lation exposure would permit the activation of selected THMs

ued exposure to NCl3. In addition its role as an asthma-

by GSTT1-1 in target organs, such as the bladder, whereas

causing reagent has been hypothesized (Bernard et al.

oral exposure results in the inactivation of these THMs by

; Lagerkvist et al. ; Bernard et al. ). However,

enzymes in the liver. An increased risk of bladder cancer for

at present, there is a lack of substantial information on toxi-

swimmers versus non-swimmers was shown in an epidemio-

cological effects caused by NCl3 and indoor pool air.

logical study (Villanueva et al. ).

Consequently, further investigations are needed to analyse

Barbee et al. () have undertaken a study to deter-

the effects on human health. Conventional in vitro studies,

mine the acute toxicity of NCl3 from inhalation exposure

in which chemicals are dissolved in culture medium, are of

of 1 h. Besides that, not much is known of its toxicology.

limited value for studies of volatile compounds and cannot

The LC50 (50% lethal concentration) for NCl3 in rats was

be used for NCl3 which is unstable in aqueous solutions.

3

determined to be 112 ppm (∼550 mg/m ). The acute inhala-

The CULTEX® device allows the exposure of cultured cells

tion toxicity of NCl3 is higher than that of chlorine with a

to gaseous compounds at an air/liquid interface. This

LC50 of 293 ppm (Back et al. ).

system was tested in several applications for the investigation

Detailed studies of the occurrence of trichloramine in

of tobacco smoke (Wolz et al. ; Aufderheide et al. ),

indoor pool halls were performed just recently. Hery et al.

volatile chemicals (Pariselli et al. a, b; Persoz et al. ),

() developed a method for the determination of trichlora-

native gaseous compounds (Ritter et al. ) and diesel

mine concentrations in the air. Adverse health effects on

engine exhaust (Knebel et al. ). The advantage of the

respiratory functions and on the risk of developing asthma

system is that the cells are supplied with medium through

from attending chlorinated swimming pools were reported

membrane systems called transwells and that the cultured

in epidemiological studies (Bernard et al. ; Levesque

cells are directly exposed to gaseous samples.

et al. ; Nickmilder & Bernard ). Often trichloramine

The aim of this study was to establish an in vitro exposure

has been suggested to cause eye and upper respiratory tract

test to investigate toxicological effects of gaseous trichlora-

irritations (Massin et al. ), biomarker changes in the

mine. The test system was applied in lab experiments and in
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exposure tests with indoor pool air. A conﬁguration for gener-

concentrations higher than 2 g/L in water should be avoided

ation of a controlled continuous ﬂow of gaseous trichloramine

(Schlessinger ; Savickas et al. ).

®

was adapted to the CULTEX device. For this study, cells of

Trichloramine was produced in a stirred 1-L four-neck

the human alveolar epithelial cell line A-549 were exposed

round bottom ﬂask, which contained 60 ml phosphate

and cytotoxic and inﬂammatory effects were evaluated.

buffer (pH 2; 0.17 mol/L) and an initial concentration of
0.3–0.6 mmol/L ammonium chloride and 1.5–3.0 mmol/L
sodium hypochlorite. A solution of ammonium chloride
(0.5–2 mmol/L) and sodium hypochlorite (2.5–10.0 mmol/

MATERIAL AND METHODS

L) was continuously dosed from two 100 mL dropping fun-

Trichloramine generation, analysis and exposure unit
The set-up of the trichloramine exposure unit consisted of
six parts: (1) generation of the trichloramine gas; (2) cleaning step; (3) analysing cell; (4) dilution of the gas stream;
(5) exposure chamber; and (6) ﬁnal control of the trichloramine concentration of the diluted gas stream (Figure 1).

nels (dropping ﬂow rate of 0.7 mL/min). With a nitrogen
ﬂow rate of 100 mL/min the produced trichloramine was
continuously transferred to four washing bottles in order
to eliminate any chlorine and other chloramines. The ﬁrst
two ﬂasks contained 100 mL amido sulfonic acid solution
(2 g/L) each and the last two contained 100 mL distilled
water each. The concentrations of free chlorine and combined chlorine were measured in the distilled water of the
last washing bottle with the photometric DPD (N,N-dipropyl-p-phenylenediamine) method (Spectroquant chlorine

Trichloramine generation and dilution

cell test from Merck) to check the purity of the produced
All chemicals used for trichloramine generation were pro

NCl3 gas. The NCl3 gas stream was split into two parts.

analysi reagent grade and obtained from Merck (Darmstadt,

One partial gas stream was trapped in 10 mL of cooled

Germany), except sodium hypochlorite solution (12 wt%

i-octane and analysed UV-spectrophotometrically every

chlorine) which was purchased from Roth (Karlsruhe,

10–30 min.

Germany) and 2,2,4-trimethylpentane (iso-octane) from

The second partial ﬂow was diluted with synthetic air to

Sigma-Aldrich (Taufkirchen, Germany). Attention: NCl3 is

give the required concentration. Dilution factors between

in higher concentrations an explosively unstable compound

100 and 400 were adjusted with a needle valve and controlled

when heated above its boiling temperature of 71 C

with rotameters in each gas stream. The produced gas then

and when catalysed by light or in the presence of hetero-

ﬂowed to a distribution system from which a much smaller

geneous catalysts. Isolation of the pure compound and

but deﬁned gas stream was sucked into the exposure unit. At

W

Figure 1

|

Set-up of the trichloramine generation, analysis and exposure method (R ¼ rotameter).
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the ﬁnal gas outlet the NCl3 concentrations of the diluted gas

During the experiment the cells on the membranes were

stream were controlled after reduction to chloride. For this

supplied with medium from the bottom of the wells through

purpose a gas stream of 1,000 mL/min was sucked through

the membrane to prevent drying and nutrient deﬁciency. The

an impinger ﬁlled with 100 mL of an aqueous solution of

conical-shaped tubes of the upper part of the transwells were

arsenic(III)-oxide (0.05 g/L) and sodium carbonate (0.4 g/L)

connected to a vacuum pump to guarantee a continuous gas

by a vacuum pump (PCXR8K universal sampling pump,

ﬂow and hence a steady exposure of the cells from the top to

SKC Inc., Eighty Four, PA). After an initial time period of

the test atmosphere. Flow rates of 5 mL/min in each transwell

about 90 min the NCl3 production system reached a steady-

resulted in tolerable mechanical stress and dehydration of the

state and gas streams of constant NCl3 concentrations

cells revealed by sufﬁcient viability in control experiments. The

3

between 0.1 and 40 mg/m could be produced for a time

cell viability was determined as the ratio of the number of

period of 2 h.

viable cells and the number of total cells (viability (%) ¼
number of viable cells/number of total cells × 100). For NCl3

Monitoring of the trichloramine concentration

exposure experiments a viability of 94.1 ± 3.4% (n ¼ 71), for
the control experiments 95.3 ± 2.9% (n ¼ 71) was measured.

The UV-analyses of iso-octane solutions containing the

The total numbers of cells were in an optimal measurement

absorbed NCl3 were performed by a Cary 50 spectropho-

range according to standard protocols (Butler ).

tometer (Varian, Darmstadt, Germany). The concentration

The test atmosphere was used without extra humidiﬁcation

of NCl3 was analysed at three wavelengths (λ ¼ 343 nm,

or other modiﬁcations such as CO2 addition. The gas stream

ε ¼ 185 L/mol/cm; λ ¼ 260 nm, ε ¼ 399 L/mol/cm; λ ¼

over each transwell was controlled with ﬂow meters. The

225 nm, ε ¼ 5,470 L/mol/cm). The aqueous chloride sol-

exposure device was held at a constant temperature of 37 C

utions in the impinger were concentrated to 10 mL with a

with an external water bath. For the exposure to indoor swim-

rotary evaporator and were analysed after cation exchange

ming pool air including the control experiment in the ofﬁce

(Dowex 50 WX 8) by ion chromatography (IC 790,

temperature control was not necessary, since the temperature

Metrohm, Herisau, Switzerland; column: Metrosep Anion

of 29 C provided sufﬁcient viability of the cells (viability:

Dual 2, 75 mm × 4.6 mm, 6 μm particles; eluent: 5 mM

88.7 ± 3.6% in pool air, 85.0 ± 2.3% in ofﬁce air). Positive con-

phthalic acid with 2% acetonitrile at pH 4.5).

trol experiments were performed by exposure to nitrogen

W

W

dioxide (NO2), a well-investigated airborne pollutant and a com®

Cell Exposure unit, CULTEX

mercially available gas standard already applied in exposure
studies with a CULTEX® module (Aufderheide et al. ).

A CULTEX® continuous-ﬂow-module from Vitrocell®

Test concentrations from 4.2 to 12.4 mg/m3 were

(Waldkirch, Germany) with three inserts for 24 mm trans-

obtained by dilution of a NO2 stock gas (10.9 ppm NO2 in

wells was used as an exposure unit. Hence three

synthetic air, 10 L gas cylinder, Linde Gas, Pullach,

membranes with cells could be exposed in parallel. Figure 2

Germany) with synthetic air using mass ﬂow meters. In par-

shows a typical ﬂow chart of the system.

allel to each exposure experiment, control cultures were
placed in a second CULTEX® module which was exposed
to synthetic air or ‘clean’ air of an ofﬁce outside the pool
hall in the same building.
Cell line and culture conditions
Human alveolar epithelial carcinoma cell line A-549 (ACC
107, German Collection of Microorganisms and Cell Culture,
DSMZ, Braunschweig) was cultivated in Dulbecco’s Modiﬁed

Figure 2

|

Flow chart of the CULTEX® module (Vitrocell® Waldkirch).
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Cytokines IL-8, IL-6

W

mine at 37 C under a humidiﬁed atmosphere with 95%
relative humidity containing 5% CO2. This cell line was used

The cytokines IL-8 and IL-6 were chosen as pro-inﬂamma-

within 20 passages from the DSMZ stock received. For

tory biomarkers. Supernatants were analysed in duplicate

exposure experiments, cells were harvested with trypsin-

with human IL-8 and IL-6 ELISA kits (Diaclone, Besancon,

EDTA, counted using an electronic cell counter and analyser

France). Using the calibration curves of the kits the IL-6 and

system (CASY, Roche, Mannheim, Germany) and seeded at

IL-8 concentrations were determined in pg/mL units. The

a density of 8 × 104 cells/mL into 4.2 cm2 cell culture inserts

measured IL-6 and IL-8 concentrations in the supernatant

(transwells) with track-etched polyethylene terephthalate

of the exposed cells were normalized to the numbers of

6

2

(PET) membranes (pore size 0.4 μm, 1.6 × 10 pores/cm ),

viable cells of the control experiment.

which are permeable to the culture medium (Becton Dickinson, Germany). At sub-conﬂuence, the culture medium was

Investigations in an indoor pool hall

removed and replaced with serum-free medium for 18 h to synchronize cells without any loss of viability. Directly before

The indoor pool hall had an air volume of 6,100 m3 and

exposure, the cell monolayer on the transwells was washed

comprises a swimmer pool with a water volume of 850 m3

twice with phosphate buffered saline (PBS) and transferred

(water surface area: 418 m2) and a non-swimmer pool with

subsequently to the exposure device. Here, the inserts were

a water volume of 160 m3 (water surface area: 120 m2).

only immersed in serum-free medium, the cells were fed and

The pools were operated with the following treatment

moistened from the basal side through the porous membrane

scheme: ﬂocculation–ultra-ﬁltration–ﬁltration through acti-

with nutrient mixture F-12 Ham (Sigma) and exposed to the

vated carbon (15% partial current)–chlorination with

test atmosphere on their apical side for a deﬁned exposure

chlorine gas. Samples were taken on two consecutive days

time of up to 2 h. After the exposure experiments, the inserts

(25 November 2008, 26 November 2008).

were transferred into conventional 6-well plates with complete

Owing to the instability of NCl3 it is not possible to col-

medium and incubated for 2, 24 and 48 h before further

lect samples. For air measurements the CULTEX® module

measurements.

was directly placed at the pool side of the non-swimmer
pool. The air was sucked through 25 cm long polyethylene

Determination of the cell viability and inﬂammatory

tubes at the height of 20 cm above the water surface and

biological effects: cytokines

10 cm off the pool edge into the CULTEX® module. The
sampling time was 2 h. The air ﬂow over each transwell

After 2, 24 and 48 h recovery time cytokine release (IL-6,

and the cultivation of the cells were the same as described

IL-8) in the cell culture medium, the numbers of total cells

above. The cultivated cells on the transwells in the serum-

and viable cells were investigated. The collected super-

free medium were transported in thermal isolated boxes to

natants of the three transwells were combined and stored

the bath. The transwells with the cell monolayer were

at –20 C until cytokine analysis. The cells of each transwell

washed twice with phosphate-buffered saline (PBS) and

were used for cell counting.

transferred to the exposure device directly before the air

W

sampling. After exposure the inserts were again supplied
Cell viability

with complete medium and transported in thermal isolated
boxes directly to the laboratory. Transport times were at

The cells from the membranes of the transwells were

maximum 2 h. In the lab the cells were incubated and ana-

trypsinized by adding 500 μL trypsin-EDTA solution.

lysed as described above. Control samples were exposed in

Subsequently the cells were gently suspended and 100 μL

parallel with a second CULTEX®-module in the ofﬁce

of the cell suspension was diluted in 9.9 mL CASYton

area of the building.

(Roche). Aliquots were analysed with an electronic cell
counter and analyser system (CASY, Roche).
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water surface and 20 cm off the edge of the pool with

data represent at least three independent experiments

the method described by Hery et al. (). Additional water

(n ¼ 3) each performed in triplicate (three transwells for

samples were taken to determine the water quality. Free

each experiment). The calculated t-values of the regression

chlorine and combined chlorine were measured spectropho-

coefﬁcients were compared with the tabulated t-values for

tometrically on site with a chlorine cell test (Merck) after

p ¼ 0.01 using a two-tailed t-test for (n  2) degrees of free-

reaction with DPD according to the European Standard

dom. For the viability-tests the 95% prediction interval was

method EN ISO 7393-2 (). Water samples for the deter-

calculated according to Samuels & Wittmer ().

mination of urea, trihalomethanes (THM), dissolved
organic carbon (DOC) and adsorbable organically bound
halogens (AOX) were taken without headspace in tightly

RESULTS AND DISCUSSION

sealed bottles. Sodium thiosulfate was added to quench the
residual chlorine. The water temperature was 28 ± 1 C and
W

Trichloramine generation and dilution

the air temperature was 29 ± 1 C at all measurements. The
W

relative humidity in the pool hall was 60%. THMs were ana-

The results of the measurements of UV-absorbance and

lysed using headspace gas chromatography with electron

chloride demonstrate the well-deﬁned generation of trichlor-

capture detection on an HP 6890 system according to DIN

amine and steady-state conditions over the experimental

38407-30 (). Urea was analysed with the enzymatic and

period. Constancy of the trichloramine generation was con-

colorimetric indophenol blue method (Microquant® urea-

trolled by measurement of trichloramine trapped in iso-

test, Merck). AOX measurements were done according to

octane from a side gas stream. All concentrations shown

EN ISO 9562 () with an AOX-Analyzer ECS 1200 (Euro-

in Figure 3(a)–(c) were normalized to the ﬁnal exposure con-

glas, Thermo Electron, Dreieich, Germany). Dissolved

centration after further dilution with synthetic air. Sampling

organic carbon (DOC) was analysed with a TOC-Analyzer

intervals were 30 min for experiments at low concentrations

820 (Sievers Instruments, USA).

(Figure 3(a)), 20 and 15 min for higher concentrations
(Figure 3(b) and (c), respectively). After an initial phase of

Statistics

90 min a steady-state level with constant trichloramine concentrations could be maintained (standard deviations of

Results were expressed as arithmetic means ± standard devi-

0.02 to 0.09 mg/m3).

ations. Statistical analyses were done according to Miller &

The ﬁnal diluted NCl3 gas concentration used for the

Miller (). Means of samples were compared with means

exposure experiments was controlled directly at the gas out-

of controls with the t-test (independent two sample student

let. Differences between the trichloramine concentrations

t-test) for a signiﬁcance level of p ¼ 0.01. The laboratory

in the side gas stream and at the outlet were at maximum

Figure 3

|

Trichloramine concentrations applied to the CULTEX®-chamber. The concentrations reached steady-state conditions after an initial period of about 90 min. Sampling intervals
were: (a) 30 min; (b) 20 min; and (c) 15 min.
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30% and therefore within an acceptable range to use the side

cells could be observed. For NCl3 an IC50 (50% inhibitory

gas stream for continuous monitoring of the generation

concentration) of 24 ± 7 mg/m3 and for NO2 an IC50 of

system over the whole exposure time. The NCl3 gas stream of

11.0 ± 0.8 mg/m3 was determined. The set-up used was

0.5 mg/m3 contained less than 0.1% free and combined

more sensitive than the one described by Bakand et al.

3

chlorine compared with the NCl3 concentration (0.36 μg/m

() who measured the cell viability with an ATP assay.

free and 0.47 μg/m3 combined chlorine), which can be con-

The authors found an IC50 of 20.7 ± 6.7 mg/m3 for a 1 h

sidered as negligible, also at higher concentrated NCl3

exposure of A-549 lung cells with NO2.

concentration. In conclusion the use of the described set-up

The release of IL-6 as an inﬂammatory response indi-

enabled the generation of a pure and well-deﬁned trichlora-

cator after 1 h of exposure to NCl3 and NO2 followed by

mine gas stream for exposure experiments.

two hours of recovery is presented in Figure 5(a) and (b).
NO2 at concentrations between 4.2 and 12.4 mg/m3 did

Cell viability and cytokine release after exposure

not induce any signiﬁcant IL-6 release compared with the

to trichloramine

clean air controls. Also NCl3 concentrations between 1.2
and 20 mg/m3 did not induce any IL-6 release compared

In the next step cytotoxic and inﬂammatory effects of NCl3

with the controls. NCl3 concentrations between 20 and

and NO2 to A-549 cells were investigated with the described

30 mg/m3, however, signiﬁcantly induced IL-6 release

experimental set-up. The cells, placed in the CULTEX®

(148.6%; p < 0.01) compared with the clean air controls

module, were exposed for a period of 1 h at different concen-

(100%). Further increase of NCl3 concentrations higher

tration levels in the range between 0.01 and 40 mg/m NCl3

than 30 mg/m3 resulted in a decrease of IL-6 induction

and 4.2 and 12.4 mg/m3 NO2. The numbers of viable cells

(52.9%, p < 0.01). This can be interpreted by cytotoxicity

and the concentrations of the released pro-inﬂammatory

of NCl3 at higher concentrations (IC50 ¼ 24 mg/m3).

3

biomarkers IL-6 and IL-8 in the cell culture medium were

The induction of IL-8 was chosen as a second inﬂamma-

analysed. The results of each exposure experiment were

tory response indicator. Since IL-8 is one of the major

directly related to those of the corresponding control exper-

cytokines responsible for inﬂammatory reactions, a more

iment performed simultaneously with synthetic air in a
®

sensitive response would be expected. Figure 5(c) shows

module. The results of the numbers of

the IL-8 release after 1 h of exposure to NCl3 followed by

viable cells were then calculated as a percentage of the

a 2 h recovery. At NCl3 concentrations between 6.5 and

number of viable control cells and shown in Figure 4(a)

10 mg/m3 no signiﬁcant effects on the IL-8 release were

and (b). With increasing concentrations of NCl3 and NO2

observed compared with the controls. However, NCl3 con-

a signiﬁcant decrease in the relative numbers of viable

centrations of 10 to 20 mg/m3 and 20 to 30 mg/m3 NCl3

second CULTEX

Figure 4

|

Relative number of viable A-549 lung cells after one hour exposure vs. varied concentrations of (a) NCl3 and (b) NO2. Relative numbers of viable cells ¼ number of viable exposed
cells/(number of viable control cells) × 100% (prediction interval p ¼ 0.05).
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Inﬂammatory cytokine (IL-6 (a, b) and IL-8 (c)) release of lung cells (A-549) after 1 h of exposure to NO2 (a) and NCl3 (b, c) following a 2 h re-cultivation period. The columns in the
graph show the means of n independent measurements; error bars show the standard deviation (1 s); signiﬁcant differences are indicated with an asterisk for a signiﬁcance
level of 0.01 in the t-test (* signiﬁcant inhibition, ** signiﬁcant stimulation).

signiﬁcantly (p < 0.01) increased the IL-8 induction to

immune deviation which induces and regulates the IgE pro-

156 and 130%, respectively. At NCl3 concentrations

duction; and (3) induction of lung eosinophil airway

3

higher than 30 mg/m the IL-8 release was inhibited (44%,

inﬁltration. IL-8 is an important mediator for neutrophiles

p < 0.01) again because of the strong cytotoxicity of NCl3.

(Zhang et al. ). Both cytokines IL-6 and IL-8 play a

The results clearly demonstrate the suitability of the

key role in developing asthma.

experimental set-up to investigate toxicological effects of

Increases in IL-8 release and decreases in IL-6 release in

NCl3 on lung cells. The A-549 lung cell line has already

in vitro lung cell experiments have been shown for aromatic

been established and characterized in other in vitro studies

volatile organic compounds at almost cytotoxic concen-

investigating inhalation toxicity (Persoz et al. ). The

trations (Fischäder et al. ; Pariselli et al. a). Our

properties of the type II alveolar epithelial cells and the

investigations clearly demonstrate cytotoxic and inﬂamma-

differentiation characteristics have been proved for lung-

tory effects of NCl3 to human lung cells. However, it has

speciﬁc toxicity testing.

to be emphasized that the applied experimental approach

The critical endpoints, cytoxicity and cytokine release IL-6

cannot completely mimic the complex in vivo situation,

and IL-8, have to be considered in the context of the likely

but offers the possibility to study and understand basic cellu-

mechanisms of the non-polar and oxidative test compound

lar reactions under realistic exposure conditions with

trichloramine. The measured cytotoxic effects of NCl3

human lung cells.

which include expected cell membrane damages (Bernard
et al. ) are in the same range as those of NO2, a hazar-

Investigation of indoor pool air

dous substance in the air. Consideration of the cell viability
also enabled the cell status of the exposed cells to be moni-

The CULTEX® device was further applied to study effects of

tored in comparison with the controls. The applied exposure

indoor pool air on A-549 lung cells. The determined water

ﬂow rate of 5 ml/min/transwell permitted a dynamic and

quality parameters (Table 1) show a moderately loaded swim-

well-deﬁned exposure at sufﬁcient ventilation of the trans-

ming pool water on both sampling days. THMs levels between

wells and minimized side-effects due to drying out of the

6.0 and 7.6 μg/L could comply with the parameter values

exposed cells. The release of pro-inﬂammatory cytokines

given in DIN 19643 (). Slightly increased concentrations

in the supernatant is a typical reaction of A-549 cells after

of combined chlorine at 0.24 and 0.20 mg/L were observed.

activation by environmental allergens. It is assumed that

The results of the IL-6 and IL-8 release as inﬂammatory

IL-6 and IL-8 cytokines are responsible for inﬂammation

response indicators 2, 24 and 48 h after exposure to the

of the respiratory tract. Properties of IL-6 cytokines are

indoor pool air are shown in Table 2. After a re-cultivation

described in the literature (Zhang et al. ) as: (1) stimu-

time of 2 h no IL-6 and IL-8 cytokines in the supernatant

lation of the mucin genes which leads to a mucous

medium (detection limit of 2 pg/ml IL-6 and 29 pg/ml IL-8)

secretion in the airways; (2) promotion of Th2-type

could be measured for the exposed cells as well as for the
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Typical water and air quality parameters of the investigated indoor swimming
pool
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the exposed cells. It is reasonable to assume that stress
due to handling and transportation of the cells to the pool
and back to the lab is responsible for that. For the lower

25 November

26 November

2008

2008

0.35

0.37

were assumed to be responsible. Similar effects on IL-8

Water quality parameters

cytokine levels at 48 h compared with 24 h, physiological
effects such as cellular adaptation to the environment

Free chlorine (as Cl2) (mg/L)
Combined chlorine (as Cl2) (mg/L)

0.24

0.20

and IL-1β levels after NO2 exposure of normal human bron-

Urea (mg/L)

0.81

0.78

chial epithelial cells were demonstrated by Ayyagari et al.

DOC (mg/L)

1.3

1.3

(). However, the IL-6 and IL-8 inductions observed

THM (sum as CHCl3) (μg/L)

6.0

7.6

for the exposure to real indoor pool air containing NCl3 at

AOX (as chloride) (μg/L)

124

136

concentrations of less than 0.2 mg/m3 cannot be explained

0.19

0.16

pure NCl3 required concentrations higher than 10 mg/m3.

0.17

0.16

Therefore, in addition to NCl3, further volatile DBPs con-

Air quality parameters

by the presence of NCl3 only, since lab experiments with

NCl3 (20 cma) (mg/m3)
a

3

NCl3 (150 cm ) (mg/m )
a

tributed to IL-6 and IL-8 induction in the indoor pool air.

Above water level.

This result demonstrates that additional, most likely volatile,
DBPs affect the lung cells in the applied exposure set-up.
Table 2

|

Release of inﬂammatory cytokines IL-6 and IL-8 from human lung epithelial cells
(A-549) after a 2-h exposure period to indoor pool air followed by a 2, 24 or 48 h
re-cultivation period

Further analyses of volatile DBPs followed by further
exposure experiments with DBP mixtures will be necessary
to understand toxicological effects of indoor pool air on

Re-cultivation
time

25 November 2008

26 November 2008

Indoor pool

Control

Indoor pool

Control

IL-6
(pg/mL)

IL-6
(pg/mL)

IL-6
(pg/mL)

IL-6
(pg/mL)

human lung cells.

CONCLUSIONS

2h

<2

<2

<2

<2

24 h

7.1

2.5

10.1

3.9

In this study an experimental set-up was developed to gener-

<2

<2

<2

<2

ate a well-deﬁned, pure NCl3 gas stream to study toxicity

IL-8
(pg/mL)

IL-8
(pg/mL)

IL-8
(pg/mL)

IL-8
(pg/mL)

effects of gaseous trichloramine and indoor swimming

2h

<29

<29

<29

<29

24 h

315.4

190.4

631.7

386.1

48 h

150.4

177.3

372.9

260.4

48 h

pool air on lung epithelial cells.
NCl3 has been found to be an irritating, volatile and
non-polar compound with the ability to penetrate into the
deeper parts of the human lung (Bernard et al. ) and
is suspected to cause adverse health effects on respiratory

control cells. After 24 h re-cultivation a signiﬁcant induction

functions. Therefore human lung epithelial cells from the

of IL-6 release of 284 and 267% and of IL-8 release of 169

line A-549 were chosen for exposure experiments with

and 161% was observed on 25 and 26 November 2008,

varied, well-deﬁned NCl3 concentrations between 0.1 and

respectively. After 48 h re-cultivation no IL-6 release could

40 mg/m3 and with swimming pool air. The numbers of

be detected at all. IL-8 was not signiﬁcantly increased or

viable cells and the inﬂammatory parameters IL-6 and IL-8

an inhibition occurred compared with the controls. The

were investigated as biological endpoints for the evaluation

results reveal signiﬁcant effects of indoor swimming pool

of the NCl3 toxicity. In this study a 50% decrease in relative

air on the exposed lung cells. In contrast to the laboratory

numbers of viable cells could be observed at concentrations

experiments with pure NCl3 gas streams, the IL-6 and IL-8

of 24 mg/m3 NCl3. Concentrations higher than 10 mg/m3

release was temporally delayed. The time delay of the cyto-

NCl3 caused an increased release of IL-8; concentrations

kine response was observed for the control cells and for

higher than 30 mg/m3 a decrease of IL-8. The decreased
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secretion indicates cytotoxicity at high exposure concentrations. The release of IL-6 by A-549 cells is less sensitive,
but behaves in the same manner with an increase at
20 mg/m3 NCl3 and a decrease at 30 mg/m3.
Investigations of indoor swimming pool air revealed those
inﬂammatory reactions at much lower NCl3 concentrations of
0.17 and 0.19 mg/m3. To achieve similar cytokine inductions
in laboratory experiments with pure NCl3 gas streams
considerably higher concentrations were necessary. Therefore,
the results suggest that additional volatile DBPs play a role
in cytokine induction and that the complex mixture of pollutants in the swimming pool air may have additive effects on
A-549 lung cells.

ACKNOWLEDGEMENTS
The German Ministry of Research and Education (BMBF) is
acknowledged for ﬁnancial support of the Joint Project
‘Health related optimization of swimming pool water
treatment’ (Project number 02WT1090).

REFERENCES
Aufderheide, M., Knebel, J. W. & Ritter, D.  A method for the
in vitro exposure of human cells to environmental and
complex gaseous mixtures: application to various types of
atmosphere. ATLA 30 (4), 433–441.
Aufderheide, M., Knebel, J. W. & Ritter, D.  An improved in vitro
model for testing the pulmonary toxicity of complex mixtures
such as cigarette smoke. Exp. Toxicol. Pathol. 55 (1), 51–57.
Ayyagari, V. N., Januszkiewicz, A. & Nath, J.  Proinﬂammatory responses of human bronchial epithelial cells to
acute nitrogen dioxide exposure. Toxicology 197 (2), 148–163.
Back, K. C., Anthony, A. A. & MacEwen, J. D.  Reclassiﬁcation
of Materials Listed as Transportation Health Hazards. PB
Report 73 US National Technical Information Service,
Springﬁeld, Virginia.
Bakand, S., Hayes, A. & Winder, C.  An integrated in vitro
approach for toxicity testing of airborne contaminants.
J. Toxicol. Environ. Health, Part A 70 (19), 1604–1612.
Barbee, S. J., Thackara, J. W. & Rinehart, W. E.  Acute
inhalation toxicology of nitrogen trichloride. Am. Ind. Hyg.
Assoc. J. 44 (2), 145–146.
Bernard, A., Carbonnelle, S., Michel, O., Higuet, S., De Burbure,
C., Buchet, P. J., Hermans, C., Dumont, X. & Doyle, I. 
Lung hyperpermeability and asthma prevalence in
schoolchildren: unexpected associations with the attendance

Downloaded from https://iwaponline.com/jwh/article-pdf/9/3/586/395981/586.pdf
by guest
on 19 October 2018

Journal of Water and Health

|

09.3

|

2011

at indoor chlorinated swimming pools. Occup. Environ. Med.
60 (6), 385–394.
Bernard, A., Carbonnelle, S., de Burbure, C., Michel, O. &
Nickmilder, M.  Chlorinated pool attendance, atopy, and
the risk of asthma during childhood. Environ. Health
Perspect. 114 (10), 1567–1573.
Butler, M.  Animal Cell Culture and Technology, 2nd edition.
BIOS Scientiﬁc Publishers, Taylor Francis Group, London.
Caro, J. & Gallego, M.  Assessment of exposure of workers
and swimmers to trihalomethanes in an indoor swimming
pool. Environ. Sci. Technol. 41 (13), 4793–4798.
Caro, J. & Gallego, M.  Alveolar air and urine analyses as
biomarkers of exposure to trihalomethanes in an indoor
swimming pool. Environ. Sci. Technol. 42 (13), 5002–5007.
DeMarini, D. M., Shelton, M. L., Warren, S. H., Ross, T. M., Shim,
J.-Y., Richard, A. M. & Pegram, R. A.  Glutathione
S-transferase-mediated induction of GC to AT transitions by
halomethanes in salmonella. Environ. Mol. Mutagen. 30 (4),
440–447.
Erdinger, L., Kuehn, K. P., Kirsch, F., Feldhues, R., Froebel, T.,
Nohynek, B. & Gabrio, T.  Pathways of trihalomethane
uptake in swimming pools. Int. J. Hyg. Environ. Health 207
(6), 571–575.
European Standard EN ISO 7393  Water Quality –
Determination of Free Chlorine and Total Chlorine – Part 2:
Colorimetric Method Using N,N-diethyl-1,4-phenylendiamine
for Routine Control Purposes. European Committee for
Standardization, Beuth Verlag, Berlin.
European Standard EN ISO 9562  Water Quality –
Determination of Adsorbables Organically Bound Halogens
(AOX). European Committee for Standardization, Beuth
Verlag, Berlin.
Fantuzzi, G., Righi, E., Predieri, G., Ceppelli, G., Gobba, F. &
Aggazzotti, G.  Occupational exposure to
trihalomethanes in indoor swimming pools. Sci. Total
Environ. 264 (3), 257–265.
Fischäder, G., Röder-Stolinski, C., Wichmann, G., Nieber, K. &
Lehmann, I.  Release of MCP-1 and IL-8 from lung
epithelial cells exposed to volatile organic compounds.
Toxicol. In Vitro 22 (2), 359–366.
Gagnaire, F., Azim, S., Bonnet, P., Hecht, G. & Hery, M. 
Comparison of the sensory irritation response in mice to
chlorine and nitrogen trichloride. J. Appl. Toxicol. 14 (6),
405–409.
German Standard DIN 19643  Treatment of Water of
Swimming-pools and Baths. Part 1: General Requirements
Normenausschuss Wasserwesen (NAW) im DIN Deutsches
Institut für Normung, Beuth Verlag, Berlin (in German).
German Standard DIN 38407-30  German Standard Methods
for the Examination of Water, Waste water and Sludge –
Jointly Determinable Substances (group F) – Part 30:
Determination of Trihalogenmethanes in Bathing Water and
Pool Water with Headspace-gas Chromatography (F 30)
Normenausschuss Wasserwesen (NAW) im DIN Deutsches
Institut für Normung, Beuth Verlag, Berlin (in German).

596

C. Schmalz et al.

|

Trichloramine and indoor pool air toxicity on human lung cells

Hery, M., Hecht, G., Gerber, J. M., Gendre, J. C., Hubert, G. &
Rebuffaud, J.  Exposure to chloramines in the
atmosphere of indoor swimming pools. Ann. Occup. Hyg. 39
(4), 427–439.
Knebel, J. W., Ritter, D. & Aufderheide, M.  Exposure of
human lung cells to native diesel motor exhaustdevelopment of an optimized in vitro test strategy. Toxicol.
In Vitro 16 (2), 185–192.
Lagerkvist, B. J., Bernard, A., Blomberg, A., Bergstrom, E.,
Forsberg, B., Holmstrom, K., Karp, K., Lundstrom, N.-G.,
Segerstedt, B., Svensson, M. & Nordberg, G.  Pulmonary
epithelial integrity in children: relationship to ambient ozone
exposure and swimming pool attendance. Environ. Health
Perspect. 112 (17), 1768–1771.
Levesque, B., Ayotte, P., LeBlanc, A., Dewailly, E., Prud’Homme,
D., Lavoie, R., Allaire, S. & Levallois, P.  Evaluation of
dermal and respiratory chloroform exposure in humans.
Environ. Health Perspect. 102 (12), 1082–1087.
Levesque, B., Duchesne, J.-F., Gingras, S., Lavoie, R.,
Prud’homme, D., Bernard, E., Boulet, L.-P. & Ernst, P. 
The determinants of prevalence of health complaints among
young competitive swimmers. Int. Arch. Occup. Environ.
Health 80 (1), 32–39.
Massin, N., Bohadana, A. B., Wild, P., Hery, M., Toamain, J. P. &
Hubert, G.  Respiratory symptoms and bronchial
responsiveness in lifeguards exposed to nitrogen trichloride
in indoor swimming pools. Occup. Environ. Med. 55 (4),
258–263.
Miller, J. C. & Miller, J. N.  Statistics for Analytical Chemistry.
John Wiley & Sons, Chichester, UK.
Nickmilder, M. & Bernard, A.  Ecological association
between childhood asthma and availability of indoor
chlorinated swimming pools in Europe. Occup. Environ.
Med. 64 (1), 37–46.
Pariselli, F., Sacco, M. G. & Rembges, D. a An optimized
method for in vitro exposure of human derived lung cells to
volatile chemicals. Exp. Toxicol. Pathol. 61 (1), 33–39.
Pariselli, F., Sacco, M. G., Ponti, J. & Rembges, D. b Effects of
toluene and benzene air mixtures on human lung cells
(A-549). Exp. Toxicol. Pathol. 61 (4), 381–386.
Pegram, R. A., Andersen, M. E., Warren, S. H., Ross, T. M. &
Claxton, L. D.  Glutathione S-transferase-mediated
mutagenicity of trihalomethanes in Salmonella typhimurium:
contrasting results with bromodichloromethane and
chloroform. Toxicol. Appl. Pharmacol. 144 (1), 183–188.
Persoz, C., Achard, S., Leleu, C., Momas, I. & Seta, N.  An in
vitro model to evaluate the inﬂammatory response after

Journal of Water and Health

09.3

|

2011

gaseous formaldehyde exposure of lung epithelial cells.
Toxicol. Lett. 195 (2–3), 99–105.
Richardson, S. D., Plewa, M. J., Wagner, E. D., Schoeny, R. &
DeMarini, D. M.  Occurrence, genotoxicity, and
carcinogenicity of regulated and emerging disinfection
by-products in drinking water: a review and roadmap for
research. Mutat. Res.-Rev. Mutat. 636 (1–3), 178–242.
Ritter, D., Knebel, J. W. & Aufderheide, M.  In vitro exposure
of isolated cells to native gaseous compounds: development
and validation of an optimized system for human lung cells.
Exp. Toxicol. Pathol. 53 (5), 373–386.
Samuels, M. L. & Wittmer, J. A.  Statistics for the Life
Sciences, 3rd edition. Pearson Education, Munich.
Sander, R.  Compilation of Henry’s Law Constants for
Inorganic and Organic Species of Potential Importance in
Environmental Chemistry. Max-Planck Institute of
Chemistry, Mainz, Germany, Version 3. Available from:
http://www.mpch-mainz.mpg.de/~sander/res/henry.html
(accessed 21 April 2011).
Savickas, P. J., LaPack, M. A. & Tou, J. C.  Hollow ﬁber
membrane probes for the in situ spectrometric monitoring of
nitrogen trichloride formation during wastewater treatment.
Anal. Chem. 61 (20), 2332–2336.
Schlessinger, G. G.  Nitrogen trichloride-ether mix explodes.
Chem. Eng. News 44 (15), 46.
Stottmeister, E. & Voigt, K.  Trichloramin in der
Hallenbadluft. Arch. Badew. 3, 158–162 (in German).
Villanueva, C. M., Kenneth, C. P., Grimalt, J. O., Malats, N.,
Silverman, D., Tardon, A., Garcia-Closas, R., Serra, C.,
Carrato, A., Castano-Vinyals, G., Marcos, R., Rothman, N.,
Real, F. X., Dosemeci, M. & Kogevinas, M.  Bladder
cancer and exposure to water disinfection by-products
through ingestion, bathing, showering, and swimming in
pools. Am. J. Epidemiol. 165 (2), 148–156.
Wolz, L., Krause, G., Scherer, G., Aufderheide, M. & Mohr, U.
 In vitro genotoxicity assay of sidestream smoke using a
human bronchial epithelial cell line. Food Chem. Toxicol. 40
(6), 845–850.
Zhang, Z., Liu, R., Noordhoek, J. A. & Kauffman, H. F. 
Interaction of airway epithelial cells (A549) with spores and
mycelium of Aspergillus fumigatus. J. Infection 51 (5), 375–382.
Zirbs, R.  Schadstoffe in Hallenbädern. Unfallversicherung
aktuell 3, 10–13 (in German).
Zwiener, C., Richardson, S. D., De Marini, D. M., Grummt, T.,
Glauner, T. & Frimmel, F. H.  Drowning in disinfection
byproducts? Assessing swimming pool water. Environ. Sci.
Technol. 41 (2), 363–372.

First received 6 September 2010; accepted in revised form 21 February 2011. Available online 11 May 2011

Downloaded from https://iwaponline.com/jwh/article-pdf/9/3/586/395981/586.pdf
by guest
on 19 October 2018

|

