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Levels of ethene and propene, together with those of some other light hydrocar-
bons (propane, butane, isobutane and ethyne), have been measured under real-
istic conditions in environmental tobacco smoke (ETS) as a step towards the
elucidation of the sources of 2-hydroxyethyl and 2-hydroxypropyl adducts of
hemoglobin observed in non-smokers. These adducts may reflect in vivo doses of
carcinogenic epoxides that are metabolites of the respective alkenes. The data
show that 2.0 mg ethene, 1.4 mg propene, and 0.7 mg propane together with
smaller amounts of butane, isobutane and ethyne are released per cigarette
smoked (0.66 g tobacco) of a common Swedish brand. The alkenes in ETS should
be considered as contributing factors to a risk of systemic cancer from passive
smoking. With regard to alkene intake, even a relatively mild exposure to ETS (2
cigarettes per h for 5 h per day in a 33 m’? room with one air change per hour is
estimated to correspond to the active smoking of about one cigarette per day.

Monitoring of hemoglobin (Hb)" adducts in hu-
mans and other mammals has revealed the occur-
rence of background levels of 2-hydroxyethylated
and 2-hydroxypropylated amino acids (histidine
and N-terminal valine) in individuals without
known exposure.!* These adducts may be
formed via ethylene oxide®® and propylene ox-
ide,” respectively, as shown by raised levels in
samples from persons with occupational exposure
to these epoxides. Ethene and propene — of
which ethylene oxide®"' and propylene oxide,"
respectively, are the main primary metabolites —
are generally formed during the combustion of
organic matter and occur therefore as pollutants
in urban air’*"® and in tobacco smoke.'® In agree-
ment with this, Hb from cigarette smokers
showed raised hydroxyethylation levels as com-

* To whom correspondence should be addressed.

* Abbreviations: Hb, hemoglobin; HOEtVal, N-(2-hy-
droxyethyl)valine; HOPrVal, N-(2-hydroxypropyl)va-
line; ETS, environmental tobacco smoke; MS, main-
stream smoke; SS, sidestream smoke; EO, ethylene
oxide; PO, propylene oxide; ppmh, ppm-hour.
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pared with Hb from non-smokers, ethene in the
mainstream smoke (about 0.25 mg per ciga-
rette'®) being the most probable source.” Fur-
thermore, owing to production by terrestrial and
marine organisms, ethene occurs in low concen-
trations (0.1—1 ppb) as a ubiquitous component
of air." Endogenous production of ethene in
mammalian tissues (Refs. 13, 17, 18) should also
be considered in the total budget of hydroxy-
ethylations of human macromolecules.

Although a considerable proportion of the av-
erage background level in humans - about 100
pmol g~' Hb - of hydroxyethylvaline (HOEtVal)
is due to raised levels in tobacco smokers, there is
also a background level observed in non-smokers
(range 10—100 pmol g~' Hb)."** 2-Hydroxypro-
pylvaline (HOPrVal) also occurs in Hb from non-
smokers although in smaller amounts than
HOEtVal.

Clarification of the role of ambient alkenes in
the formation of HOEtVal and HOPrVal in non-
smokers contributes to the risk assessment of ur-
ban air pollution and of environmental tobacco
smoke (ETS) (passive smoking), especially with



regard to the relative importance of gaseous com-
ponents in these mixed pollutions. Because of
urban—rural differences in the prevalence and
mode of tobacco smoking,?' this source of air
pollutants should be considered also in studies
where the aim is restricted to risk assessment of
urban air pollution.

No reports on the measurement of the amounts
of ethene and propene in sidestream smoke (SS)
have been found in the literature. As a step to-
wards the clarification of the origin of the back-
ground levels of light 2-hydroxyalkyl adducts —
and of associated risks — indoor concentrations of
these alkenes and, simultaneously, of some othér
hydrocarbons (ethyne, propane, butane and iso-
butane) were determined as a function of ciga-
rette smoking. A method developed for auto-
matic analysis of light olefins in urban air was
used for the determination of concentrations.”

Average hydrocarbon emission per smoked
cigarette was determined by fitting a reasonable
mathematical model to data from both intermit-
tent and continuous smoking in an office.

Experimental

Experimental design. Four experiments (I-1V)
were carried out in which the concentrations of
the studied hydrocarbons were measured in an
office of volume 39.3 m® in which two persons
smoked filter cigarettes of a common Swedish
brand.

The smoking, ventilation and air-mixing condi-
tions were varied according to Table 1. In experi-
ments I, III and IV, the normal ventilation sys-

Table 1. Experimental design.
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tem of the building was used, while in II it was
shut off and window frames were sealed. In ex-
periments I and II, the air mixing factor®? was
probably close to 1, but in experiments III and IV
it was more normal. In experiments I, II and IV,
the two persons smoked by turns, so that one
cigarette was burning continuously; in experi-
ment III, a normal ETS exposure situation was
imitated, no, one or two cigarettes being smoked
at any moment. The average smoking time per
cigarette was 6.2 min, 0.66 g tobacco per ciga-
rette being smoked (5 mm butt length).

The concentrations of ethene, propene, pro-
pane, butane, isobutane and ethyne in the
air were determined over 2 min every 12 min,
including three measurements made before
smoking was commenced and three measure-
ments after cessation of smoking. In experiment
ITI, the analysis was limited to ethene and in
experiment IV, concentrations of ethene, pro-
pene and propane were measured.

Chemical analysis. The analytical method? used
was based on an enrichment step using a solid
sorbent and subsequent thermal desorption for
gas-chromatographic analysis of the individual
hydrocarbons.

For sampling of the air in the experimental
room a portion of air was allowed to pass contin-
uously at a rate of 750 ml min~' through a Teflon
tube (7 mx5 mm i.d., 0.4 mm thickness) to the
gas chromatograph (Shimadzu, GC MINI 3). The
hold-up time in the Teflon tube was 11 s. From
the Teflon tube, a sample of 80 ml was taken by
means of pumping at 40 ml min~' through the

Expt. No. Ventilation Air mixing Smoking

I On (ca. 5 air Good One cigarette continuously
changes per h) (2 strong fans) for 53 min (0.16 cig. min~")

il Off (0) =1 One cigarette continuously

for 44 min (0.17 cig. min~")
I} On(=1) Moderate Individually during 86 min
(1 weak fan) (in all 10.3 cigs.)
\% On(=1) =1l Continuously for 48 min

(0.15 cig. min™")
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solid sorbent (molecular sieve 13X, 40-60 mesh;
Alltech, Deerfield, IL, USA) at ambient temper-
ature. The sorbent was packed into a thin-walled
nickel tube, which was connected to the chroma-
tographic column via a 6-port valve. Heat-des-
orption of the sample was on-line with the co-
lumn, over a period of 2 min, nitrogen being used
as the carrier gas (25 ml min™'). The column
(stainless steel Sm X 2mm i.d.) was packed with
activated alumina (80—100 mesh, Alltech) and
the oven temperature was 180 °C. Quantitation of
the compounds was achieved by means of a flame
ionization detector (FID). Data recording and
peak processing were carried out with an integra-
tor (HP 3392 A).

For quantitation, a standard of ethene was
used (Alfax AB, Malmo, Sweden), bottled and
dissolved in nitrogen gas, the concentration of
the ethene being adjusted to 9.2 + 0.5 ppm (by
volume). From this standard. a small volume (0.5
ml) was withdrawn with a gas-tight syringe and
analysed in the same manner as the samples. The
other hydrocarbons were identified using qual-
itative standards and quantified using response
factors relative to ethene, obtained from litera-
ture data.”? The concentration of the primary
ethene standard was confirmed by using a fresh
butane standard, which was prepared by succes-
sive dilutions of 100 % butane (Alfax AB).

Data analysis. Under conditions of good air mix-
ing, the variation in the concentration, C, of a
hydrocarbon may be described by eqn. (1)

—=——kC 1)

where n = number of cigarettes being smoked at
time ¢ (n = 0,1,2); a = amount of the measured
hydrocarbon released per min per cigarette
smoked [(mg min~!) cig.”! if C is given in mg
m~%]; V = volume of room (m%); k = rate of air
change (min™").

Data from the experiments were fitted, using a
non-linear least-squares regression method, to
the function given in eqn. (2), which is the formal
solution of (1). C(0) is the background level,
which was determined separately by measure-
ments made before the commencement of smok-
ing. Fitting was performed by using the program
MLAB.?”
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C(t) = aexp(—ki) [ n(w)exp(ku)du + C(0)  (2)

Results

Observed and calculated variations in the air con-
centrations of ethene and propene in experiments
I and II are shown in Figs. 1 and 2, and corre-
sponding data for ethene in experiment III are
shown in Fig. 3. Estimated hydrocarbon emis-
sions per cigarette for experiments I-IV are giv-
en in Table 2. The effective rate of ventilation
calculated from eqn. (2) was 0.09 min~! in experi-
ments III and IV.

Discussion

Hydrocarbon emission in ETS. Since small frac-
tions of inhaled amounts of ethene *!! propene,"
and, with all probability, also of the other hydro-
carbons, are metabolized and thus not re-ex-
haled, the figures in Table 2 are slightly lower
than the total amounts in MS + SS.

It should be stressed that the aim of the present
study was to measure air concentrations of low
molecular-weight alkenes in ETS under practical
conditions. The values in Table 2 are therefore
not directly comparable with analytical data for
components in MS and SS from cigarettes ma-
chine-smoked under standard conditions.

We believe that the conditions in experiments 1
and IT were as close as possible to the postulated
model (1), which can be seen from the low stan-
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Fig. 1. Observed (symbols) and fitted concentrations
of ethene and propene in experiment |. The average
backgrounds {ethene 2.7 ppb, propene 1.6 ppb) have
been subtracted.
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Fig. 2. Observed (symbols) and fitted concentrations
of ethene and propene in experiment Il.

dard errors of the estimates and from the agree-
ment between the experiments (Table 2). The
slightly higher values obtained in experiments I1I
and IV probably result from insufficient air mix-
ing leading to inhomogeneous distribution in the
room, also at steady state. This effect cannot,
however, be described in terms of an empirically
determined mixing factor, m,”? which is sup-
posed to affect only the time taken to reach a
homogeneous steady state. A correct model for
non-ideal mixing should take into account the
positions in the room of the source and sampling
points as well as directions and forces of air flows.

To our knowledge, the SS/MS ratio for ethene
has not been previously determined. Published
values for ethene in MS correspond to the range
0.2—-0.3 mg per cigarette with one value at about
0.6 mg per cigarette (in these calculations 1
mol % or vol.% was assumed to correspond to

160 +
ethene

30 60 30
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Fig. 3. Observed (asterisks) and fitted concentrations

of ethene in experiment Ill. The average background

(3 ppb) has been subtracted. Duration of smoking

and no. of cigarettes are shown above the time axis

(=),

o
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Table 1. Amounts, with S. E., of the studied
hydrocarbons released to the environment per
cigarette smoked (0.66 g tobacco), calculated from
eqgn. (2) fitted to data from experiments I-1V.

I/mg I/mg i/mg IV/mg
Ethene 1.97(4) 1.93(1) 2.1(1)  2.4(2)
Propene  1.43(3) 1.41(1) 1.8(1)
Propane  0.70(2) 0.64(1) 0.96(7)
Butane 0.17(1) 0.17(1)
Isobutane 0.05(1)  0.05(1)
Ethyne 0.16(2) 0.13(1)

0.16 mmol; cf. Refs. 30, 31). If the MS content of
ethene is 0.25 mg per cigarette, the SS/MS ratio
would be ca. 7, i.e. a relatively high value com-
pared with those for other light hydrocarbons
(e.g. methane: ca. 3;* from such comparisons
NRCCP" estimates ca. 1 mg ethene to be released
into the environment per cigarette smoked, but
recognizes that this may be an underestimation).
For propene + propane, Brunnemann et
al., < have given a ratio of 4.1, with 0.5 mg per
cigarette in the MS. These values would corre-
spond to a release in to the ETS, of 4.1x0.5 mg
(in SS) + ca. 0.8x0.5 mg (re-exhaled) = 2.45 mg
per smoked cigarette, in acceptable agreement
with the sum, 2.1 mg per cigarette, for these
components in Table 2 (Experiments I, II).

Biological aspects. Important biological aspects
of the occurrence of alkenes in ETS concern the
contributions of these compounds to the ob-
served background levels of 2-hydroxyalkyl ad-
ducts'™ and to the risk of cancer from passive
smoking. The 2—4 carbon alkanes are not known
to be genotoxic, although small effects of car-
bonyl intermediates cannot be excluded. Meta-
bolism of ethyne (acetylene) proceeds via acetate;
no Hb adducts from an intermediate epoxide
were seen in a preliminary study (unpublished
data).

An estimation of the contributions to back-
ground adduct levels requires knowledge of ex-
posure doses of alkenes and of their metabolism
in humans. It can be shown that, although con-
centration will vary during intermittent smoking,
the exposure dose [time integral of C in eqn. (1)]
corresponds to

693



PERSSON ET AL.

D, = f C(ndt =
1

(emitted amount cig.”')X(no. of cigarettes)
k'V

In the absence of precise data for the parameters
in (3), a rough estimation of the order of magni-
tude of a mean value may be made. Within the
work of the Swedish Cancer Committee, the
quantitative reasonableness of the excess cancer
risk indicated in Hirayama’s®* epidemiological
study of non-smoking Japanese women with
smoking husbands, was studied® using an estima-
tion of the cancer risk from assumed exposure
doses of ETS. In this calculation, an average
daily exposure dose was assumed to correspond
to 2 cigarettes h™' for 5 h, V = 33 m% k' = one
effective air change per h. This moderate expo-
sure may just as well be used as a measure of the
order of magnitude of an average daily exposure
dose in Swedish homes. The daily exposure dose
of ethene estimated by the insertion of these pa-
rameter values into eqn. (3) amounts, accord-
ingly, to 0.6 mg m~> h (= 0.55 ppmh).

At low exposure levels, the inhalation of 1 mg
ethene per kg body weight gives rise to approxi-
mately the same tissue dose® of ethylene oxide
(EO) in mice (experiments with ethene'’), rats
and hamsters (measurement of Hb adducts in
animals exposed to automotive engine exhausts*)
and in humans. The latter was judged from the
incremental level of HOEtVal in Hb from smok-
ers, ca. 10 pmol g™! Hb per cigarette per day,"”
assuming that the inhaled amount of ethene is
equal to the amount, ca. 0.25 mg,'® in the main-
stream smoke (MS) from a cigarette.

The inhalation rate of a human adult at rest is
about 0.5 m* h™'. In the exposure situation sug-
gested above (D,,, = 0.6 mg m™* h), ca. 0.3 mg
ethene, i.e. approximately the amount in the MS
from one cigarette, will be inhaled per day. This
uptake rate is accordingly expected to give rise to
a steady-state level of some 10 pmol HOEtVal
¢! Hb. From animal studies*"? the simultaneous
increment of HOPrVal is expected to be some
five times lower.

Alkenes in ETS are accordingly expected to be
essential contributors to observed background
levels of HOEtVal and HOPrVal in humans. In
an epidemiological pilot study aiming primarily at
urban—rural differences this contribution was not
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detected [effect of passive smoking (0 + 15) pmol
HOEtVal g~! Hb], evidently because of low re-
producibility of the analytical method at low lev-
els and because of variations in other sources of
HOEtVal.”

Both EO** and PO¥* have exhibited carci-
nogenic properties in animal tests, and raised
cancer incidence has also been indicated in hu-
man populations with occupational exposure to
EO.* Since dose response curves for cancer ini-
tiators/mutagens should be considered as being
linear,* it is natural to consider also the metabo-
lic precursors, ethene and propene, of the epox-
ides to be carcinogens, although, because of the
saturation kinetics of the metabolic conver-
sion,*** this is not detectable in regular long-
term animal studies.* A report on the estimated
magnitude of the cancer risk from the alkenes
awaits current dosimetric studies in humans.

Some comments do, however, seem to be justi-
fied at this stage. Under the conditions assumed,
the estimated dose of ethene received by a pas-
sive smoker corresponds to that received in active
smoking of about one cigarette per day, i.e. 10 %
of the dose of an average Swedish active smoker
(10 cig. per day***®). This figure is in the range of
that estimated for other gaseous components®
and is appreciably less than the cigarette equiv-
alent of particulate components received by pas-
sive smokers. One reason for this difference is
the precipitation of particles leading to lower
doses compared with those of gaseous compo-
nents.”

Doses of low molecular-weight epoxides are,
based on animal experiments,”® expected to be
equally distributed in the body. These compo-
nents of ETS are therefore expected to give rise
to systemic tumours rather than to the lung tu-
mours studied in the first reports, among others
that of Hirayama,* on the risk of cancer from
passive smoking. More recent epidemiological
studies of passive smokers support this expecta-
tion by indicating an increased incidence of tu-
mours at sites other than the respiratory tract (for
a review see Ref. 47).
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