Journal of the Korean Society of

Tobacco Science Vol. 29, No. 2, 110~117 (2007)
Printed in Republic of Korea

Toxicity Assessment of Gas Phase in Cigarette Smoke
Using Cell-free Assay

Chul-Hoon Park’, Hyung-Ok Sohn, Han-Jae Shin, Hyeong-Seok Lee,
Young-Keun Min and Hak-Chul Hyun
KT&G Central Research Institute
(Received November 13, 2007)

ABSTRACT : In vitro toxicity tests such as cytotoxicity, mutagenicity and genotoxicity assay
are useful for evaluating the relative toxicity of smoke or smoke condensates obtained from
different cigarette configurations. A major disadvantage of these tests is relatively time-consuming,
complicated and expensive. Recently, a cell-free glutathione consumption assay (GCA) as a rapid
and simple screening method for the toxicity assessment of smoke has been reported by Cahours
et al. (CORESTA, 2006). This study was carried out to assess the GCA application capable of
predicting the toxicity of gasfvapor phase (GVP) of cigarette smoke and to identify individual
compounds responsible for the glutathione (GSH) consumption in smoke. Each GVPs from 2R4F,
standard cigarette, carbon filter cigarette (ExC) and new carbon filter cigarette (ExN), test
cigarettes were collected by automatic smoking machine and evaluated the relative toxicity by
GCA and neutral red uptake (NRU) assay. Toxic compounds existed in smoke were also chosen,
relative toxicities of these compounds were screened by using two methods and compared
individually. The overall order of toxicity by GCA was 2R4F > ExC > ExN, which was consistent
with the result of Neutral Red Uptake assay. The levels of carbonyl compounds of ExN were
lower than those of 2R4F and ExC, indicating that GSH consumption was associated with
carbonyl compound yields. A major toxicant under current study is acrolein, which contributed to
more than half of the GSH consumption. Collectively, the toxicity of GVP determined by GCA
method may be mainly attributed to acrolein.
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GVP of mainstream smoke contributes greatly

2003). Therefore, there has heen a growing

to the cytotoxicity of cigarette smoke, because it
contains a myriad of reactive components,
including  10"~10"alkyl, alkoxyl
radicals per puff, up to 1000 mg/g of the free

and peroxyl

radical nitric oxide and high levels of reactive
aldehydes (Reddy et al., 2002). Previous reports
also demonstrate that GVP represents a stronger
oxidizing species than whole smoke (Pouli et al.,

interest in the in vitro cytotoxicity of smoke
GVP. Cytotoxicity of GVP can be assessed by
NRU assay, as is the cytotoxicity of total
particulate matter (TPM). NRU assay has been
proposed as an easy and sensitive assay for
assessing the cytotoxic potential of cigarette
smoke and validated by the international
regulatory agencies (Andreoli et al., 2003; Putnam
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et al., 2002). However, the disadvantages of this
test for screening the toxicity of new tobacco
product are relatively time-consuming and
expensive. Recently, GCA reported by Cahours
X. et al. (2006), has been known as a rapid and
method  showing  good
correlation with cytotoxicity assay. GCA was
carried out in a cell free system and the
cytotoxicity of GVP could be speculated from
GSH consumption caused by oxidants in GVP.

GSH is a tripeptide antioxidant containing a
sulfhydryl group. GSH plays a protective role
against oxidants,

simple  screening

electrophilic comounds and
xenobiotics in cells. Previous studies showed that
GSH is critical to lung cellular antioxidant
defenses in in vitro and in vivo assay (Rahman
and MacNee, 1999) and this depletion often
parallels cell activation or toxicity (Reddy et al.,
2002). The direct attack by oxidants can deplete
GSH, which may be at least in part responsible
for the cytotoxicity caused by GVP. In addition,
some acute cytotoxic carbonyl compounds such
as @ [-unsaturated aldehydes spontaneously
react with GSH (Reddy et al, 2002). These
suggest that common determinants of GCA and
in vitro cytotoxicity assay may exist in GVP.

Present study was carried out to evaluate the
suitablility of GCA for
potential

predicting cytotoxic
of GVP from new carbon filter

cigarettes and identify individual compounds

responsible for the GSH consumption.

MATERIALS AND METHODS

Experimental cigarettes

2R4F cigarettes,
purchased from the University of Kentucky,
Lexington, KY, USA. Carbon filtered (ExC) and
(ExNJ, test
cigarette, were designed from KT&G central

reference cigarette, were

new carbon filtered cigarettes
research institute. A brief designation for each
cigarette is given in Table 1.

Sample preparation

Experimental cigarettes were conditioned and
smoked according to ISO Standard 3308 (2000).
GVP was freshly prepared by bubbling through
20 mL of PBS from mainstream smoke which
was passed through a Cambridge filter disc to
get rid of TPM. GVP was diluted with culture
media immediately before use for NRU assay,
and intactly used for GCA.

Cell culture for the Neutral red assay

NRU assay was performed using the BALB/c
3T3 clone A31 cell line (ATCC CCL 163,
Manassas, VA) according to the National
Institute of Health (NIH, 2001) and INVITTOX
protocol 1 (1990). Briefly, 3T3 cells were cultured
in DMEM medium, supplemented with 2 % FBS

Table 1. Description of experimental cigarettes including ISO analyses of TPM

Description TPM (mg/cig)
Ky2R4F Reference Cigarette
ExC Carbon filter with low carbon content 7.15 + 0.33
ExC1 Carbon filter 7.10 + 0.23
ExN1 New carbon experimental filter, Type 1 6.88 + 0.49
ExN2 New carbon experimental filter, Type 2 6.66 + 0.36

All experimental cigarettes used in this study were commercial blend except for 2R4F. Data represent

mean + SD of 3 individual experiments.
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(JRH), 10 % Serum Plus Medium Supplement
1X. Cells were
seeded into 96-well tissue cultured plate at a
density of 10,000 cells (in 100 zL of medium)
per well and incubated at 37 C and 5 % COa.
When cells were confluent, cells were treated for
24 hr with at least 8 dilutions of GVP in culture
medium. After 24 hr, the culture medium was

and Antibiotic-Antimycotic

aspirated from the wells and cells were washed
with PBS. Immediately, 200 gL of a neutral red
solution (50 pg/ml) was added to each well and
the cells were incubated at 37 C for 3 hr. The
neutral red solution was aspirated and 200 mL of
1 % formalin solution was added to each well.
The formalin solution was replaced with 50 %
ethanol solution containing 10 mL glacial acetic
acid/liter.
solution was placed on a microplate shaker for

The plates containing neutral red

10 min and the absorbance of each well was
measured at 540 nm on a microplate reader
(Bio—Tek, USA).
calculated and expressed as percent of untreated
The concentration of GVP
reflecting a 50 % inhibition of cell viability is

Relative cell viability was

vehicle control.

determined from the concentration-response.

Selection of carbonyl compound for GSH
consumption assay

Acrolein, formaldehyde, acetaldehyde, propiona-
ldehyde and acetone were chosen for cytotoxic
potential and abundance in cigarette smoke. All
these compounds were purchased from Sigma
Chemical Co (St. Louis, MO). For GCA, stock
solutions were prepared by dissolving them in
PBS.

Chemical analyses of GVP

In order to identify the contents of carbonyl
in GVP from 2R4F, GVP was
dissolved in acetonitrile with 2,4-dinitropheny-
(DNPH)
compounds  were

compounds

lhydrazine derivatives and carbonyl

determined by liquid

chromatography with photometric detection of the
hydrazones.

Glutathione consumption assay

Glutathione consumption was measured by
colorimetric method with DTNB (5,5’ -Dithiobis
(2-nitrobenzoic acid)). In brief, 500 zL of GSH
solution (0.8 mM) prepared in PBS was aliquoted
to 1.5 mL disposable tube. We mixed 500 gL of
GSH solution with 500 gL of GVP or selected
carbonyl compound solution. Additionally, two
vials of 500 gL PBS were included in each
assay, one with 500 gL of GSH solution for the
negative control, and the other for the blank. All
vials were capped, mixed by gently vortex and
left to stand for 1 hr. 100 gL of GSH mixtures
were added to the microtiter plate wells
100 zL. of DTNB (1 mM).
Absorbance was measured at 405 nm on a
microplate reader (Bio-Tek, USA)

containing

Statistics

Values are expressed as mean = SD. Statistical
analysis was performed using one way analysis
of variance (ANOVA) and the Duncan’s test. P
values of <0.05 were considered as statistically
significant.

RESULTS AND DISCUSSION

NRU cytotoxicity assay has been described as
method for the
assessment of cytotoxic potential of GVP as well
as TPM (Tewes et al., 2003). Qur results show
that NRU assay can differentiate ExC from the
ExNs and furthermore discriminate among ExNs.
Cytotoxicity determined by the NRU assay of the
GVP is shown in Fig. 1. The GVP dose-
dependently induced cytotoxicity and reduced cell
viability. The GVPs from all the test cigarettes
had significantly lower cytotoxicity compared to

a suitable and sensitive

the 2R4F. The overall order of cytotoxicity was
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Fig. 1. Cytotoxicity of GVP from 2R4F, ExCs
and ExNs. Data represent mean = SD of 3
individual experiments. ANOVA followed by
Duncan’s test: ** P<0.0lvs. 2R4F; * P<0.01 vs.
2R4F and ExC; ' P<0.01 vs. 2R4F, ExCs and
ExN1

ExC > ExC1 > ExNI1 > ExN2. Cytotoxicity of
GVP from ExC1 and ExN1 was 40-45 % lower
than that of EXC. ExN2 was 62 % less cytotoxic
than ExC, 35 % and 31 % less cytotoxic than
ExC1 and ExNI, respectively.

Since some of carbonyl compounds found in
GVP are extremely cytotoxic (Bombick et al.,
1995; Grafstrom et al., 1986; Harris et al., 1985),
reductions of carbonyl compounds by new carbon
filter could have significant effect on reducing
the cytotoxicity. For each filter type, the levels
of five carbonyl compounds such as acrolein,
formaldehyde, propionaldehyde, acetaldehyde and
acetone, were investigate in GVP by HPLC. The
filter
significantly reduced the carbonyl compounds
(Table 2). For the ExN2, about 70 % of acrolein

cigarettes  containing new  carbon

and propionaldehyde and 40~60 % of acetaldehyde,
acetone and formaldehyde were reduced in
comparison with ExC.

The order of GSH consumption was ExC >
ExC1> ExNI> ExN2 (Fig. 2) indicating that the
data obtained GSH consumption assay were
correlated well with the results of NRU assay
(Fig. 3). These results are consistent with those
of a previous study which showed a good
GSH
cytotoxicity (Cahours et al., 2006; Heinz-Verner

correlation  between consumption  and
et al.,, 2004). In abiotic condition, since many
reactive GVP components can react directly with
GSH, exposure of solutions of GSH to GVP also
resulted in rapid GSH consumption (Fig. 2).

In living cells, GSH depletion is considered as
a major mechanism of cytotoxicity (Kelly, 1999).
Acute exposure of whole smoke or its condensate
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Fig. 2. GSH consumption caused by GVP from
2R4F, ExCs and ExNs. Data represent mean +SD
of 3 individual experiments. ANOVA followed by
Duncan’s test: ## P<0.01 vs. 2R4F; * P<0.01 vs.
2R4F and ExC; * P<0.01 vs. 2R4F, ExCs and
ExN1

Table 2. Yields of selected carbonyl compounds in GVP from experimental cigareltes

Formaldehyde Acetaldehyde Acetone acrolein propionaldehyde
(ug/cig) (ng/cig) (ug/cig) (ug/cig) (ug/cig)
ExC 5.17 + 0.42 181.5 + 10.9 104.2 + 5.1 122 + 1.0 95+ 04
ExCl1 4.58 + 0.41 146.7 + 1.3 69.1 = 1.5 7.5 £ 0.5 6.8 = 0.4
ExN1 343 £ 0.37 130.4 £ 10.6 59.5 £ 5.2 64 + 0.9 59 = 0.7
ExN2 3.19 + 0.63 103.7 = 4.4 39.6 £ 2.5 3.7+0.2 3.0 £ 0.2

Data represent mean + SD of 3 individual experiments.

- 113 -



Chul-Hoon Park, Hyung-Ok Sohn, Han-Jae Shin, Hyeong-Seok Lee,
Young-Keun Min and Hak-Chul Hyun

Table 3. The estimated contribution rate (%) of each carbonyl compound to the GSH comsumption

by Ky2R4F

Smoke constituents (;:;clfg) GS}fn(;gg]jlclgl;ﬁon Contrib(t(;)ti)on rate

Ky2R4F 904.8 + 12.6 100

Acetaldehyde 398.2 £+ 3.5 0 0

Acetone 231.0 = 2.7 0 0

Acrolein 343 =+ 1.3 572.6 + 14.8 63

Formaldehyde 57 £ 0.9 154 £ 8.6 2

Propionaldehyde 275 £ 0.9 0 o 0

Data represent mean + SD of three individual experiments.

induced the depletion of intracellular GSH
(Aufderheide et al., 2003; Joshi et al., 1988; Kode
et al., 2006; Li et al., 1994; Rahman et al., 1995;
Ritter et al., 2004), which can give rise to

cytotoxic effects such as lipid peroxidation, .

protein oxidation and DNA modification, if the
glutathione pool and other antioxidative cellular
mechanisms are not sufficient to balance the
redox situation (Pryor, 1997; Ritter et al., 2004).
These indicate that reactive oxygen species and
aldehydes which can be easily react with GSH
are play a key role in the cytotoxicity and
futhermore, might also be highly responsible for
GSH consumption in GCA.
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Fig. 3. The correlation between NRU cytotoxicity

test and GCA (R?=0.9437). Relationship between

ECs;and GSH consumption caused by GVP of

experimental cigarettes were evaluated. The line

was obtained by linear regression analysis.

The data in table 3 show the contribution rate
(%) of each carbonyl compound to the GSH
consumption by 2R4F. 2" % of the GSH
consumption by GVP from 2R4F was attributed
to formaldehyde and 63 % to acrolein. However,
acetaldehyde, propionaldehyde and acetone had
almost no effects on the GSH consumption in
the dose range of 1~66 mM. According to the
previous study, n-alkanals such as formaldehyde,
acetaldehyde and propionaldehyde, were 1000
times less effective in depleting GSH than
2-alkenals, of which acrolein was the most
potent in the adult rat lung type II alveolar cells
(Meacher and Menzel, 1999). It was also reported
that nearly 50 % of the GSH depletion by GVP
is due to reaction with acrolein (Reddy ef al.,
2002) and that 40~60 % of the cytotoxicity by
GVP can be attributed to acrolein (Tewes et al.,
2003; Shin et al., 2007). Acrolein can bind rapidly

‘(both enzymatically and non-enzymatically) with

cellular components. Many’ of the toxicological
effects of acrolein may occur due to the
saturation of protective ‘cellular mechanisms
(most notably glutathione)) and subsequent
reaction with critical sulfydryI groups in proteins
and piptides (Gurtoo et al., 1981; Marinello et al.,
1984). Therefore, acrolein is considered as a key
determinant of cytotoxicity and GSH
consumption induced by GVP.
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Fig. 4. Dose-dependent effect of selected carbonyl compounds on GSH consumption. The
effect of selected carbonyl compound on GSH consumption was tested in the dose range of
0.02~66 mM. (A) Acrolein, (B) Formaldehyde, (C) Acetaldehyde, (D) Propionatdehyde, (E)
Acetone
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CONCLUSIONS

We confirmed the compatibility of in-house GCA
with  the
cytotoxicity test using the new carbon filter

prediction model for in vitro
cigarettes. There was a statistically significant
correlation (R?=0.9437) between cytotoxicity and
Furthermore, the GSH
consumption of each carbonyl compound was

GSH  consumption.

investigated to identify what are responsible for
GCA. Our data shows that more than 60 % of
the GSH consumption by GVP from 2R4F was
attributed to acrolein. Taken together, although
not responding to all toxicants and/or
combinations of toxicants in GVP, GCA is a
useful method for predicting the toxicity of gas

phase cigarette smoke.
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