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SUMMARY

By the late 1970s, eight technologies in the design of a
“less hazardous’ cigarette were classified as significant.
The eight included: The tobacco blend, the filter tip, filter-
tip additives, reconstituted tobacco sheet, paper additives,
air dilution via paper porosity, expanded tobacco, and air
dilution viafilter-tip perforation. In addition to these eight
cigarette-designtechnol ogieswas another proposed techno-
logy which involved the incorporation of a substitute for
some or al of the tobacco in the cigarette filler. Despite
considerable research and development (R&D) effort on
varioustobacco substitutes that indicated the replacements
in most instances fulfilled the definition of a*less hazard-
ous’ cigarette with regard to the chemical and biological
properties of their mainstream smoke, tobacco substitute-
containing cigarettes failed to attain consumer acceptabil-
ity. As a result, several marketed products containing
tobacco substitutes had an extremely brief tenure in the
marketplace. Outlined herein is a summary of some
detailed research conducted on the composition of the
mainstream smokes from cigarettes containing either all-
substitutefiller or fillers comprising various substitute and
tobacco mixtures aswell asan all-tobacco cigarette. [ Beitr.
Tabakforsch. Int. 22 (2006) 258-289]

ZUSAMMENFASSUNG
In den spéten 70er Jahren des vorigen Jahrhunderts wurden

acht Technologien zur Entwicklung einer “weniger schadli-
chen Zigarette” as bedeutsam klassifiziert. Diese acht
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Technologien beinhalten: Tabakmischung, Filter, Zusatz-
stoffeimFilter, Tabakfolie, Zusatzstoffeim Zigarettenpapier,
V entilation durch Papierporositét, Bldhtabak und Ventilation
durch Filterperforation. Zusétzlich zu diesen acht Technolo-
gien zur Konstruktion von Zigaretten wurde eine weitere
Technik vorgeschlagen, bei der ein Teil oder der gesamte
Tabak der Zigarettenfiillung ersetzt wird. Trotz betréchtlicher
Anstrengungen im Bereich der Forschung und Entwicklung
verschiedener Tabakersatzstoffe, dieindenmeisten Féllenin
Bezug auf ihre chemischen und biologischen Eigenschaften
desHauptstromrauchsder Definition einer ,, weniger schadli-
chen Zigarette” entsprachen, fanden Zigaretten mit Tabak-
ersatzstoffen keine Akzeptanz beim Raucher. Aus diesem
Grund waren Zigaretten mit Tabakersatzstoffen nur fir sehr
kurze Zeit auf dem Markt. Dieser Beitrag liefert eine Zu-
sammenfassung detaillierter Forschung auf dem Gebiet der
Zusammensetzung desHauptstromrauchsvon Zigaretten, die
entweder vollsténdig einen Tabakersatzstoff a s Fullmateria
enthalten oder deren Fullmaterial aus verschiedenen Ersatz-
stoffen und Tabakmischungen bestehen und von Zigaretten,
die ausschliefdich Tabak enthalten. [Beitr. Tabakforsch. Int.
22 (2006) 258-289]

RESUME

A lafin des années 1970, de nouvelles technologies de
conception d’ une cigarette « moins dangereuse » ont été
considérées comme importantes. Au nombre de huit (8)
elles impliguent: le méange de tabac, le bout filtre, des
additifsdu bout filtres, le tabac reconstitué, des additifs du
papier a cigarette, la ventilation d’air par la porosité du
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papier, le tabac expansé et ladilution d’ air par laperfora-
tion du bout filtre. En plus de ces huit méthodes pour la
conception de cigarettes, une autre technologie a été
proposée comportant |’incorporation d’un substitut pour
une partieou latotalité du tabac delacigarette. Malgré des
efforts considérables de recherche et de dével oppement de
substituts de tabac, correspondant dans la plupart des cas
aladéfinition d’ une cigarette « moins dangereuse » en ce
qui concerne les propriétés chimiques et biologiquesdela
fuméeprincipal e, | es cigarettes contenant des substitutsde
tabac n’ ont pas réussit a étre acceptée par les fumeurs. En
conséquence,, les produits contenant des substituts de
tabac ont été disponibles sur le marché que pendant trés
peu de temps. Cette étude présente un résumé des recher-
ches sur la composition de lafumée principal e de cigaret-
tes contenant un substitut complet de tabac, une cigarette
comportant diverssubstituts et mélangesdetabac, et d’ une
cigarettefaitedetabac normal. [Beitr. Tabakforsch. Int. 22
(2006) 258-289]

INTRODUCTION

Prior to the epidemiol ogical and biological datareportedin
the early 1950s, relatively little had been doneto definethe
chemical composition of tobacco and/or its smoke. How-
ever, amultitude of studies on the composition of tobacco
and its smoke and the interrelationship between the two
compositionswastriggered by the publication of theresults
of statistical studies on the association between cigarette
smoking and lung cancer in smokersin 1950 by WYNDER
and GRAHAM (1) and DoLL and HiLL (2) and by the
presentation and publication in 1953 of the report by
WYNDER et al. (3) on the production of carcinomas on
mouse skin-painted with cigarette smoke condensate
(CSC).

Prior to 1954, tobacco smoke was recognized as an ex-
tremely complex mixture but relatively little was known
about itsactual composition. In hisreport published in late
1954, Kosak listed the components reported in tobacco
smoke to that date (4). Of the approximately 80 entities
catalogued by Kosak (Table 1), the identities of some 33
(>40%) were questioned by Kosak who did not “ consider
the evidencecitedintheliteratureto be definitive proof” of
their identities. Severa of the components (-, -, and y-
socratine, obelin, lohitam, anodmin, lathraein, poikiline,
and gudham) first reported by WENUSCH and SCHOLLER (5)
and listed under “Alkaloids’ were subsequently demon-
strated to be mixtures or a component listed elsewhere in
Table 1. For example, KUFFNER et al. (6) demonstrated that
obelin was a salt of ammonia, «- and (-socratine were
mixtures of nicotyrine and 2,3’ -bipyridine, and y-socratine
was|-nornicotine. Poikiline was subsequently identified as
4-amino-1-(3-pyridyl)-butanone.

The tremendous escalation in the number of identified
tobacco smoke (and tobacco) components from 1954 to
date was achieved by successive advances in analytical
methodology, particularly those technologies concerned
with the separation and i dentification of individual compo-
nents in complex mixtures. In Figure 1 is shown the
increase in the number of identified tobacco and tobacco
smoke components from 1950 to 1995 (8).

Very few identified tobacco and smoke components have
been added during the past decade. Also noted in Figure 1
are the approximate dates when the major analytical
advances were implemented in the study of tobacco smoke
composition.

Prior to 1950, the major part of the isolation and character-
ization of individual components from tobacco smoke
involved so-called“ classical” chemical techniques, i.e., the
fractionation of tobacco extractsor cigarette smoke conden-
sate (CSC) into neutral (aliphatic hydrocarbons, polycyclic
aromatic hydrocarbons (PAHS), esters), acidic (acids and
phenoals), and basic fractions (amines, nicotine-related alka-
loids), followed by repeated crystallization and/or distilla
tion of these subfractions.

GREEN and RODGMAN (8) summarized the major advances
after 1960 in analytical methodology that enabled the iso-
lation and/or identification of literally hundreds of the
components in tobacco and its smoke. One could readily
discern the effect of the gradual advancement of the
analytical methodol ogy for the separation andidentification
of components in a complex mixture such as tobacco or
tobacco smoke. Intheyearsfollowing thereport by Kosak
(4), publications described the isolation and identification
by classical chemical means of one or afew tobacco and/or
smoke components, e.g., theidentification of the terpenoid
alcohol solanesol in flue-cured tobacco (9), the sugar ester
from Oriental tobacco (10), the phenols eugenol and
isoeugenol in the mainstream smoke (M SS) from Oriental
tobacco (11), and maltol in the M SS from an additive-free
German tobacco blend (12).

As time and the analytical methodology progressed,
publications for some years described the isolation and
identification of perhaps a dozen or more components.
Many of the early studies dealt with MSS vapor-phase
components or the non-polar components in the MSS
particulate phase or a tobacco extract. The lack of know-
ledgeabout polar componentsin tobacco and the particul ate
phase of smoke was primarily due to the inability at that
time to separate highly polar components of a complex
mixture. This situation continued during two decades of
intensive effort on cigarette MSS composition but was
finally resolved and utilized by SCHUMACHER et al. (13) in
the 1970s. Eventually, publications were issued in which
theidentities of literally hundreds of tobacco and/or smoke
components were defined, e.g., of the over 800 MSS
components identified by SCHUMACHER et al. (13), by
NEWELL et al. (14), and by HECKMAN and BEST (15), many
were highly polar components new to the tobacco smoke
literature. Early studieson cigarette M SSled to theidentifi-
cation of afew PAHs (16) and aza-arenes (17) but subse-
guent studiesinwhich new technol ogieswereemployed by
United States Department of Agriculture(USDA) personnel
resulted in the identification of hundreds of PAHs (18, 19)
and aza-arenes (20).

As additional components were defined in studies of the
compositions of tobacco and its smoke, periodic reviews of
the enhanced compositions were published in the next two
decadesafter that of Kosak. Theseincluded the 1959 review
by JoHNSTONE and PLIMMER (7), the 1963 monograph
provided by PHILIPMORRISINC. (21) to the 1964 Advisory
Committeeto the US Surgeon General, and the 1968 review
by STEDMAN (22). In some instances, a review was limited
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Table 1. Tobacco smoke components listed by Kosak in 1954 (4)

Class/component Class/component

Class/component

Hydrocarbons Ketones
Hentriacontane (?) # 3-Pentanone
Acetylene 4-Heptanone
“Unsaturated hydrocarbons” 17-Tritriacontanone (?)
Azulene 2,3-Butanedione

Phenanthrene (?)
Anthracene (?)
Benzopyrene (?)
“Condensed aromatics” (?)

“Higher” ketones (?)

Alcohols and phenols Alkaloids

Methanol Nicotine

Glycerol Pyridyl ethyl ketone
Diethylene glycol Myosmine
Ethylene glycol Nicotyrine

Phenol (?)
Catechol (?)

a-Socratine ©
B-Socratine ©
y-Socratine

Acids

Formic acid
Acetic acid
Butyric acid
Valeric acid
Caproic acid

C, and C, aliphatic acids (?)
Succinic acid (?)
Fumaric acid (?)
Citric acid (?)
Benzoic acid (?)
Phenolic acids (?)

Miscellaneous components
Levoglucosan °
“Phytosterol” (?)

C,,H.,0 (afuran ?)
“Resins” (?)

“Resin acids” (?)

Obelin ¢

Lohitam °©

Anodmin ¢

Lathraein ©

Poikiline ¢

Gudham °
Aldehydes Other N-containing components Inorganic components
Formaldehyde Pyrrole (?) Ammonia
Acetaldehyde “Pyrroles” (?) Carbon monoxide
Butyraldehyde “N-Methyl-pyrrolidines” (?) Carbon dioxide
Acrolein (?) Pyridine Hydrogen cyanide
Benzaldehyde “Picoline” (?) Hydrogen sulfide
2-Furaldehyde (?) “Lutidine” (?) Thiocyanic acid (?)

“Collidine” (?) Oxygen

“Pyridine bases” (?) Arsenic ¢

Methylamine (?)

“Chlorophyll degradation products” (?)

“Uric acids” (?)

“Acetates” (?)
“Chlorides” (?)
“Cyanides” (?)
“Nitrates” (?)

# The question mark indicates that Kosak did not consider the evidence in the literature to be definitive proof of the identity of the

component.
® 1,6-Anhydro-B-D-glucopyranose.

¢ Subsequent study demonstrated this component was not a well-defined compound but an artifact, a mixture, or an ammonium salt

(see discussion by JOHNSTONE and PLIMMER (7)).
® Probably present as As,O,
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Figure 1. Number of identified tobacco and tobacco smoke
components reported since 1954: Accumulative by year; A =
prior to 1953: “classical” chemical techniques; B = 1953—-1960:
column chromatography; C = 1960-1970: gas chromatography; D
=1970 to mid-1970s: glass capillary gas chromatography coupled
with mass spectrometry; E = mid-1970s to date: derivatives for
HRGC, HPLC, mass spectrometry.
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to tobacco smoke composition (23) or to the cataloguing of
a specific class or type of component identified in tobacco
smoke, e.g., summaries of PAHSs (24), vapor-phase compo-
nents(25), nitrogen-containing components (26, 27), or acids
and phenols (28). Examination of such lists indicates they
were generated by Tobacco Industry-related ingtitutions (21,
23, 24, 25, 26), government agencies (18, 19, 20, 22), and
academic/medical ingtitutions (4, 16, 17, 27).

From examination of the many publications on tobacco and
tobacco smoke composition after the early 1950s, it was
obvious that many institutions as well as the Tobacco
Industry members monitored and catalogued the tobacco
and tobacco smoke componentsasthey wereidentified and
reported. As noted by RODGMAN (29), many component
lists were promulgated by academic and governmental
institutions from the early 1960s to date. However, such
listsusually did not deal with thetotality of componentsbut
only with those tobacco and/or tobacco smoke components
asserted to adversely affect the health of the consumer.



From 1955 to the end of the 20" century, the identified
components of tobacco and its smoke reported in the
literature were diligently catalogued by research and
development (R& D) personnel at R.J. Reynolds Tobacco
Co. (RJIRT) (30, 31). Presumably, R&D personnel at other
Tobacco Industry members were similarly involved. As
indicated in Figure 1, the number of componentsidentified
to date in tobacco smoke approaches 4800. However, from
his examination of chromatographic and spectral data
available in the early 1970s when the number of identified
smoke components was dightly more than a 1000, WAKE-
HAM (32) suggested that the total number of smoke compo-
nents may approach 100000.

After the report in 1957 by WYNDER et al. that the %
tumor-bearing animals (% TBA) decreased as the dose of
“tar” used in skin-painting was decreased (33) and the
assertion by WYNDER (34) that reduction of the per ciga-
rette “tar” yield would be beneficial to the smoker, various
means to reduce the per cigarette “tar” yield were studied
during the next decade and the successful ones were
incorporated into commercia products. Also, in response
to the various assertions on the adverse effect of certain
tobacco smoke components on the smoker, numerous
cigarette design technologies were investigated with the
object of reducing such components. Among the many
technologies studied, eight were considered effective and
were incorporated in various combinations and to various
degrees in cigarettes that were subsequently marketed.
Their utilization by the Tobacco Industry and the “less
hazardous’ cigarette goalsachieved were commended even
by thoseinvestigatorsand government agencies considered
avid opponentsto cigarette smoking [see Table 6in (29) or
Table 15 in (35)]. Eventually, however, commendations
pertinent to the successful reduction of per cigarette “tar”
and specific toxicant yields disappeared because of the
assertions that reduced smoking machine yields were not
paralelled by reduced smoker yields because of smoker
compensation, afactor subsequently includedinthevarious
discussions of cigarettes with reduced “tar” yields (36).
Inthe 1960s and early 1970s prior to theintroduction of the
Ames mutagenicity test, the three criteriato define a“less
hazardous’ cigarette [see p. iii in (37); p. 372 in (38); p.
503, 531 in (39)] were: 1) the per cigarette yield of a
specific toxicant in MSS was lowered; 2) the ratio of the
specifictoxicant yieldtoMSS*tar” yield waslowered; and
3) the specific tumorigenicity of the MSS “tar”, as mea-
sured in the mouse skin-painting bioassay, was lowered.
Significantly, the elimination of thefirst criterion asacom-
plete definition per se of a“less hazardous’ cigarette was
related to the requirement inthethird criterion that the skin-
painting bioassay be specific tumorigenicity-oriented, i.e.,
the “tar” painting dose was fixed at 25 or 50 mg/day and
not related to the cigarette“tar” yield. The requirement that
all three criteria in the definition be met arose because
personnel at variousresearchinstitutionsand governmental
agencieswished to avoid the appearance of endorsing low-
“tar” cigarettes.

Since the early 1950s, it might appear that the cigarette
design efforts of the Tobacco Industry R& D personnel were
primarily directed to meeting these criteria. However, the
R&D personnel in general were troubled by the overall
definition and viewed two of the criteria as seriously

flawed. Criticisms of these criteria were not limited to
Tobacco Industry scientists but were also expressed by
health scientists and governmental authorities.

Various hedlth scientists and personnel of governmental
agencies expressed conflicting opinionsonthefirst criterion.
Some interpreted the experimenta evidence of lower %
tumor-bearing animals (TBA) in mice treated with reduced
levels of “tar” (equivalent to reduced cigarette yield) as an
indicationthat alower-“tar” yield cigaretteis“ safer” or “less
hazardous’ than a higher-“tar” yield cigarette. Others held
the view that the biological response resulted from a dose-
responsefactor [see pp. 504-506 in (39)] and wasnot, per se,
related to reduced health hazards in smokers.

The second criterion for a “less hazardous’ cigarette is
paradoxical. On the one hand, some of its proponents
recommended the reduction of the levels of specific
components in MSS supposedly responsible for the ob-
served tumorigenicity of particulate matter to mouse skin
(40). However, on the other hand, other proponents of this
criterion admitted either aninability to explain the observed
biological effect on the basis of the levels of these compo-
nents in the particulate matter or they accepted the lack of
an association between the observed biological effect and
chemical composition (41, 42, 43).

Thethird criterion suffersfrom several problems: Itignores
the findings that 1) inhalation studies with laboratory ani-
mals exposed to cigarette MSS have consistently given
inconclusive (negative) results with regard to carcinoma
induction, 2) mouse skin-painting bioassays with cigarette
smoke particulate matter do not measure smoke compo-
nents reported to be tumorigenic in other systems such as
ingestion, e.g., N-nitrosamines (NNAs), and 3) skin-
painting and Amestest datawith cigarette M SSs produced
under certain conditions are widely divergent. Recently,
some departure from the third criterion has occurred with
the increased usage of various cytotoxicity tests.
Inthedesignof a“lesshazardous’ cigarette, many approaches
have been investigated over the years (35). Table 2 summa
rizes the cigarette design technologies studied by Tobacco
Industry and non-Industry investigators, a list eventualy
reduced to the eight technol ogies considered significant.
The eight technologies subsequently deemed significant and
much commended even by health and governmental personnel
over theyears[seelisting and referencesin Table 6 in (29) or
Table 15 in (35)] include: The tobacco blend, the filter tip,
filter-tip additives, reconstituted tobacco sheet, paper addi-
tives, air dilution via paper porosity, expanded tobacco, and
air dilution via filter-tip perforation. Their significance was
recognized in “less hazardous’ cigarette design by the
Nationa Cancer Ingtitute (NCI) and the US Surgeon General.
The eight design technologies are used in concert and to
different degrees, thus enabling the design of consumer
acceptable cigarettes with MSS FTC “tar” yields ranging
from 1 to 40 mg/cig and M SS nicotineyields ranging from
0.1to 3.0 mg/cig.

TOBACCO SUBSTITUTES
One technology that commanded an inordinate amount of

research effort in the late 1960s and early 1970s was the
study of tobacco substitutes which essentially replaced the
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Table 2. Alteration of cigarette mainstream smoke yield, composition, and biological activity: Methods studied

Cigarette design technology

Tobacco selection Tobacco additives
Type Combustion modifiers
Stalk position
Nitrate content
Nicotine content
Other components

Flavorants

Diluents (substitutes)
Filtration Cytrel®
Efficiency/selectivity
Material (cellulose acetate, paper) Expanded grains (J10)

Material (charcoal) Carbon/carbonized filler

Additives SSM® (Sutton Smoking Material)
Other plants (lettuce, peanut hulls,
Tobacco cut width etc.)

Casing materials and humectants

Pesticides, agricultural chemicals

NSM® (New Smoking Material)

Amount of tobacco Tobacco treatment
Cigarette dimensions Curing

Tobacco weight Grading
RTS (non-paper process) Fermentation
RTS (paper process) Extraction

Denicotinization
Ammoniation
Expansion (laminae and/or stems)

Homogenized leaf
Stem inclusion
Expanded laminae
Moisture content
Cigarette paper

Blending Porosity (air dilution)
Additives

Air dilution (perforated filter Coatings

tips)

tobacco in the cigarette filler or acted as diluents of the
tobacco in the filler. Prior to the intensive study of specifi-
caly designed tobacco smoke, agreat number of substitutes
were proposed and tested (44). Among them were various
plant materias, e.g., lettuce (45), peanut hulls (46), cacao
bean hulls (47)% kudzu leaves (48), papaya leaves (49),
which were examined as possible substitutes or diluents for
thetobacco inthe cigarettefiller. None proved to be success-
ful, primarily because of lack of consumer acceptance.
Those substitutes that did contribute to significant changes
inthe chemical and biological propertiesof cigarette smoke
included Cytredl® from Celanese, the New Smoking
Material (NSM®) from the Imperia Group, expanded
grains (J10) from RJRT (50), and the Sutton Smoking
Material (SSM®) from the Sutton Research Corporation.
The latter was studied in great detail at RIRT R&D.
Unfortunately, even though several of the substitutes ful-
filled the chemical and biological propertiesrequired for a
“lesshazardous’ cigarette, Cytrel®- and NSM®-containing
products placed on the UK market in 1977 proved unac-
ceptableto the consumer. They were classified ascommer-
cial failures and subsequently removed from the market-
place after arelatively short marketing period. Obviously,
these products had a serious problem discussed by several
investigators. Even those aszeal ousas WYNDER and HOFF-
MANN were aware of possible major problems, if not the
major problem, in the design of a “less hazardous’ ciga-
rette, namely, consumer acceptance. When the low-“tar”
cigarette had obviously become the choice of many smok-
ers, WYNDER and HOFFMANN, after commending the
Tobacco Industry for its emphasis on low-“tar” cigarette
design and marketing, noted in 1979 (51):
Development of a less harmful cigarette acceptable to the
majority of the smokers needs to continue. We must be
realists. A completely safe cigarette smoked by only 1% of
the smoking public is of considerably less societal benefit
than a cigarette with some adverse effects smoked by 90% of
the public.
and again (52):

# Cacao bean hulls as a smoking material was patented by a former
Hershey Chocolate Co. employee[Hess, E.H.: Tobacco composition; U.S.
Patent No. 3,429,316 (February 25, 1969)] and ultimately appeared in the
marketed Free cigarette.

262

Itisimportant to appreciate that avirtually harmlesscigarette
smoked by only 1% of the population will have a lesser
impact on the reduction of tobacco-related diseases than a
somewhat more harmful cigarette smoked by 80% of thetotal
smoking population. Research on the less harmful cigarette
should therefore be directed toward developing a cigarette
containing the lowest possible amount of harmful elements
for all tobacco-related diseases, but one that has sufficient
acceptability for the largest segment of smokers.
On several occasions, including his summary of the 1979
Banbury Conference onthe”lesshazardous’ cigarette (53),
GoRI expressed asimilar sentiment (54).
Following the introduction of consumer-acceptable filter-
tipped and low-"tar” cigarettes, the Tobacco Industry con-
sidered the value of introducing tobacco substitutes into
cigarettes. A proportion of thenatural tobacco wasreplaced
with material of lower biological activity, offering the pro-
spect of reducing the toxicity of the cigarettes. Having
abided by guidelines for the “less hazardous’ cigarette
testing of substitutes, the Tobacco Industry marketed the
first two major tobacco subgtitutes: Cytrel® 361 and
NSM® in1977. Because of lack of consumer acceptability,
both were acommercial failure, and were eventually with-
drawnfromthemarketplace. A large-scal e epidemiol ogical
study to examine the long-term impact on the health of
smokers of these products was also abandoned because it
failed to enlist an adequate sample of substitute cigarette
smokers.
It was realized that a substitute, in addition to meeting the
criteria for a “less hazardous’ cigarette, should also meet
certain criteria for consumer acceptance and/or Tobacco
Industry usage. These criteriaincluded: 1) Combustion pro-
perties such that its burn rate and its ash formation, appear-
ance, and properties approximated those of tobacco; 2)
Generation of MSS and SSS that did not possess any off-
odor or off-taste; 3) Deliver a bland smoke amenable to
flavor enhancement by suitable additives, 4) Substantialy
influencecigarette M SScomposition, yield, and propertiesat
modest levels (10-25%) of inclusion of the subgtitute in the
filler; and 5) Introduce into MSS no “strangers’ with uncer-
tain or unknown biological properties. A smoke “ stranger”
was defined as a component identified in the substitute
cigarette M SS that was not found in the all-tobacco cigarette
MSS. This criterion was significant at RIRT.



Table 3. Pyrones identified in mainstream smoke from Sutton Smoking Material (SSM®) (55)

Pyrone CAS No. Estimated % of SSM® CSC Tobacco MSS
2H-Pyran-2-one, 3-hydroxy- +

4H-Pyran-4-one, 3,5-dihydroxy- 488-18-6 27-30 59
4H-Pyran-4-one, 3,5-dihydroxy-2,6-dimethyl- + 55
4H-Pyran-4-one, 3,5-hydroxy-2-methyl- 1073-96-7 + 55
4H-Pyran-4-one, 3-hydroxy- 496-63-9 4-7 55
4H-Pyran-4-one, 3-hydroxy-2-methyl- # 118-71-8 + 12,55
4H-Pyran-4-one, 2-hydroxymethyl-3,5,6-trihydroxy- 4-6 55(0)°
4H-Pyran-2-carboxylic acid, 5-hydroxy-4-oxo- © 3-5 55 (0)
4H-Pyran-2-carboxylic acid, 5-hydroxy-4-oxo-, (1- + 55 (0)

methylethyl) ester ¢

# Maltol

® (0) indicates none detected in all-tobacco smoke
¢ Comenic acid, isopropyl ester

4 Comenic acid

Detailed examination of the composition of the MSS from
the various tobacco substitutes provided some interesting
results. In most instances, the MSS components in the
tobacco substitute smokewere also present in tobacco MSS
but the per cigarette M SSyieldsfrom the substitute usually
varied considerably from those in tobacco MSS. In most
instances, the substitute MSS component yields were less
than those in tobacco M SS.

The mainstream CSC from cigarettes fabricated from
SSM® was found by GREEN et al. (55) to be uniquely
different from the mainstream CSC from an al-tobacco
cigarette. The preparation and composition of various ver-
sions of SSM® and the final version used in the study of
the chemical and biological properties of its MSS are
described by RoDGMAN et al. (56). Not only was the
complexity of the SSM® CSC much less than that of
tobacco CSC but also a large percentage (~50%) of the
SSM® CSC comprised one class of compounds, the
pyrones. Some of the pyronesidentified and their percent-
age of SSM® CSC are summarized in Table 3. The struc-
tures of several other pyrones present in trace amountsin
the SSM® CSC were proposed.

Inthelate 1960swhen the SSM® CSC study was conducted,
no pyrones had been reported in tobacco smoke. Thus, they
were considered as “strangers’ in the MSS. However, the
“stranger” problem subsequently disappeared. In 1970,
ELMENHORST (57) reported theisol ation and i dentification of
2-hydroxy-3-methyl-4H-pyran-4-one from all-tobacco ciga
rettesmoke. In 1971, GReeN and SCHUMACHER (58) reported
the identification of four pyrones [3-hydroxy-4H-pyran-4-
one, 3,5-dihydroxy-2-methyl-4H-pyran-4-one, 3,5-dihy-
droxy-2,6-dimethyl-4H-pyran-4-one, and 3-hydroxy-2-
methyl-4H-pyran-4-one (maltol)] in tobacco smoke. The
presence in MSS of the latter compound, maltol, was later
confirmed by ELMENHORST (12). In 1974, HECKMAN (59)
reported theidentification of 3,5-dihydroxy-4H-pyran-4-one
in burley tobacco smoke. ELMENHORST and NicoLAusinthe
late 1970s also identified severa dihydropyran-4-ones in
tobacco smoke (60).

The wedlth of spectral data (UV, IR, NMR, GC, MS)
collected during numerous studies on the composition of
tobacco and tobacco smokeand used inthe characterization
of a great number of their components was extremely
useful in identifying many components in the MSS from

cigarettes containing various tobacco substitutes. The
reverse of this was aso true. Because the MSS from
tobacco substitute cigarettes contained higher levels of
many components present in trace amounts in the MSS
from all-tobacco cigarettes, the more definitive spectral
data generated from them permitted identification of
tobacco smoke components, the structures of which were
previously suspected but not proven. The previously
described case involving the pyrones is an excellent
example of the latter situation.

During the next decade, the properties of the smoke chemis-
try of several of the above mentioned tobacco substitutes
were studied in detail, not only on achemical basis but aso
from abiological point of view. The results of the chemical
composition studies are outlined in Table 4. In a detailed
study of the composition of SSM® MSS, GReEN &t al. (55)
identified over 130 components in the MSS from an all-
SSM® cigarette. Morethan 175 componentswereidentified
by GREEN €t al. (61) in the MSS from cigarettes containing
Cytre(1308)®. Because the purpose of this study on
Cytrel(1308)® by GREEN et al. (61) and their previousoneon
SSM® (55) wasto determine whether any “strangers’ were
present in the substitute M SS, quantitation of the identified
componentswas limited. Thus, in Table 4, only afew com-
ponentsidentified in these two studies areindicated as being
more (>) or less (<) in the substitute cigarette MSS than in
the all-tobacco cigarette MSS. Contrary to the assertion by
Celanese R&D personnel that al components in Cytrel®
MSS were tobacco MSS components, GREEN et al. (61)
identified several MSS components in their Cytrel (1308)®
study that were not componentsin the M SSfrom al-tobacco
cigarettes. The “strangers’ included a series of Tergitol®
ethers (I-V) and nonane-related products generated during
the smoking process by the degradation of Tergitol® ether
111, an additive to the particular Cytrel(1308)® formulation
provided at that time (see Figure 2). The Tergitol® ether 111
was omitted from a subsequent formulation, Cytrel (1324)®
(62). Again, contrary to aCelanese R& D personnel assertion,
severa other components not reported in the MSS from an
al-tobacco cigarette a that time were identified in
Cytrel(1324) MSS. They included severd 2(5H)-furanones
and a dihydro-2(5H)-furanone. The precursor in Cytrel® of
these compounds in its MSS was postulated to be the
carboxymethylcellulose, aningredientinthevariousformula:
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(CH2CH20),CHzR
Nonane, 4-acetyl-2,6,8-trimethyl-

CH3GHCHCHCHoCHCH,CHCH3 .
4-Nonanol, 2,6,8-trimethyl-

Hs Hg LH3

Tergitol ether I: R = CHjs, x=1
Tergitol ether Il: R = CHs, x=2
Tergitol ether Ill: R = CHs, x=3
Tergitol ether IV: R = H, x=1

4-Nonanone, 2,6,8-trimethyl-

Figure 2. Components identified in mainstream smoke from
Cytrel® cigarettes but not found in mainstream smoke from
tobacco cigarettes

tions of Cytrel® [see BROWNE (63)]. However, afew years
later, because of the availability of the many spectral data
from the Cytrel®(1324) M SS study, the furanones and dihy-
drofuranonewereidentified in several different studiesonthe
M SScomposition from cigarettes containing tobacco (64, 65,
66) and/or various processed tobaccos (13, 67, 68, 69).

In three related studies, the research staff at Celanese, the
originator of Cytrel®, conducted a detailed investigation of
the MSS composition from the following: 1) al-Cytre®
cigarettes, 2) al-flue-cured tobacco cigarettes, and 3) ciga
rettes containing mixtures of Cytrel® and the flue-cured
tobacco. VICKROY et al. (70) reported the identification of
components in the MSS vapor phase from these sources
whereas MAULDIN (71) and ALLEN and VICKROY (72)
reported on the identification of components in the semi-
volatile and particul ate phases, respectively. Overall, more
than 200 identified components were reported in the three
studies (see Table 4), but no “stranger” was reported by
Celanesepersonnel intheM SSfromany Cytrel®-containing
cigarette. Several components identified in the flue-cured
tobacco M SSwere not detected by Celanese personnd inthe
Cytrd® MSS, eg., dimethylaminoacetonitrile (70, 71),
cyclooctatetraene (71), cyclopentanone (71), 3-methylene-
7,11,15-trimethyl-1-hexadecene (neophytadiene) (71),
several indenes and indoles (71), N-methyl-N-nitroso-
methanamine (NDMA) (72), pentenal and pentenone (71),
pyridine (71) and severa pyridine derivatives (71, 72), and
N-nitrosopyrrolidine (NPYR) (72).

As summarized in Table 4, over 350 components were
identified by LLoYD and MILLER (64) and GREEN et al. (65,

66) inthe M SSfrom cigarettes containing a50:50 blend of
J10 and tobacco. Although J10 denoted expanded grainsin
Table 2, the particular expanded grain in much of the J10
research described hereafter was shredded popcorn.

In most instances, the per cigarette yields of MSS compo-
nents from the J10:tobacco cigarettes were much lower
than those from the all-tobacco cigarette. At first it ap-
peared that the MSS from a J10:tobacco cigarette did
indeed contain a“stranger” that interfered with the deter-
mination of phenol. However, in astudy of the pyrolysisof
J10, the “stranger” was isolated from the pyrolysate and
identified as levoglucosenone (64). Subsequently, it was
identified in the MSS from an al-tobacco cigarette (13).
Examination of the Table 4 listing reveal sthat tobacco and
the J10:tobacco blend gave essentidly the same per
cigarette yield of a few compounds, e.g., ammonia, 1,3-
benzenediol, 2-hexanone. Examination also reveals afew
caseswhere the MSS levels of afew components from the
J10:tobacco cigarette exceeded theall-tobacco MSSyields,
e.g., 2-butenoic acid, 2-furancarboxaldehyde and its 5-
hydroxymethyl derivative, 2-furanmethanol (furfuryl
alcohol).

Because J10, unlike SSM®, NSM® and Cytrel®, would
not support combustion in a cigarette at the 100% level, a
combustion-enhancing substance was required to sustain
cigarette smolder between puffs. Thus, MSS composition
studies on 100% J10 cigarettes were impossible. The
problem was resolved by addition of alow level (2%) of
nitrate to the J10. The nitrate-treated J10 is designated as
J10T in Table 5. Comparison of the MSS compositions
from1:1 J10:tobacco cigarettesand 1:1 J10T :tobacco ciga-
rettes indicated the nitrate had no significant effect on the
M SS composition or its properties.

It is obviousthat the number of M SS componentsfrom the
varioustobacco substitutes (J10, SSM®, NSM®, Cytrel®)
is much less than the number in the M SS from all-tobacco
cigarettes. The simplicity of the substitutes vs. the com-
plexity of tobacco with its more than 3000 identified
components is arational explanation for the difference in
the number of MSS components.

Because RIRT had prepared the experimental blend SEBIV
from various tobaccos and the various cigarette prototypes
used in the NCI “less hazardous® cigarette study on the

Table 5. Comparison of data from biological assays of mainstream smokes from J10-, J10T-, and SEBIV-containing cigarettes

11 1:1
Analyte SEBIV J10:SEBIV J10T:SEBIV J10T
Carcinogenicity study (75)

%Tumor-bearing animals, dose = 25 mg/day 36 21 22 7
54¢

18-Month survivors 38 38 46 37
46 ?

Benzo[a]pyrene, ng/mg TPM 0.53 0.36 0.42 0.19
0.60°

Phenol, yg/mg TPM 3.73 2.88 2.70 1.98
3.19°
Mutagenicity study (76)

Ames test (TA98), rev/250 ug 330 210 215 90

Ames test (TA1538), rev/250 pg 560 450 310 105

Biological data reported by Gori (79) for MSS from SEBIV.
® Analytical value reported by Gori (79) for MSS from SEBIV.
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fourth set of experimental cigarettes, supplies of the same
tobaccos were available (73). With them, a comparable
SEBIV blend was prepared for use in the chemica and
biological studies of the MSSsinvolving J10-, J10T-, and
SEBIV-containing cigarettes. Biological studies (mouse
skin-painting bioassays, Ames-type mutagenicity studies)
were conducted on the mainstream CSCs from the follow-
ing four cigarette samples: all-SEBIV, 1:1 J10:SEBIV, 1:1
J10T:SEBIV, and al-J10T.

The protocol used in the mouse skin-painting bioassay
paralleled that described in the NCl “lesshazardous* studies
(74) except for onedifference: A Borgwal dt 30-port smoking
machine was used to circumvent the problems associated
with the 360-port Process and Instruments Corporation
smoking machine used throughout the NCI studies. An 18-
month mouse skin-painting bioassay was conducted by
Industriadl Bio-Test Laboratories, Ltd. on the previousy
mentioned four cigarette samples. Only one CSC dose level
was used, namely 25 mg/day, for each of the four samples
(75). After 18 months, the % TBAsfor the four sampleswere
36%, 21%, 22%, and 7%, respectively.

The mutagenicities of the four TPMswere examined inthe
early daysof the Amestest (Salmonella typhimurium) when
guantitation and determination of specific mutagenicity had
not yet been defined (76). However, the mutagenicity
findings paralleled those in the mouse skin-painting bio-
assay. The results of the bioassays of the J10 systems are
shownin Table 5.

During the investigations from the late 1960s through the
late 1970s of the composition of M SS from cigarettes con-
taining individual tobacco substitutes or blends of various
ratios of tobacco substitute to tobacco, considerable data
were generated in various laboratories (61, 64, 65, 66, 70,
72,77, 78) on the per cigarette yields of some of the com-
ponents classified at that time as toxicants. The analytical
data generated on several tobacco substitutes are summa-
rized in Table 6. It is interesting to note that the MSS
components determined quantitatively in industrial and
governmental laboratorieswereeventually classified inthe
late 1990s as “HOFFMANN analytes’ because of their
frequent listing as harmful smoke components by HOFF-
MANN et al. [(36, 80), see dso Table 2in RODGMAN (29)].
In additionto thedatacompiledin Table 6, the per cigarette
MSSyields were determined for several other components
subsequently defined as “HOFFMANN analytes’. Those
included arelisted in Table 7 with an indication of their per
cigarette MSS level compared to that from an al-tobacco
cigarette. Except for 2-propenamide and quinoline, al the
“HoFFMANN analytes’ listedin Table 7inthe MSSfroman
all-tobacco substitute cigarette or a tobacco:tobacco sub-
stitute mixture cigarette were reported at alower per ciga
rette yield than the yield from an al-tobacco cigarette.
GORI, in his reports on the NCI Smoking and Health
Program devoted to the search for a “less hazardous’
cigarette, described the results of the biological studies
(mouse skin-painting assay) conducted with the CSCsfrom
several tobacco substitute cigarettes, namely, NSM® and
Cytrel® (77, 78). Examination of the biological data in
Table 6 indicates that NSM® CSC showed lower specific
tumorigenicity to mouse skin than did the CSC froman all-
tobacco cigarette. However, because of the variation
described for the specific tumorigenicity of CSC from
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Cytrel®-containing cigarettes in the first bioassay results
obtained in the NCI program (77), the study was repeated
(78) with several different Cytrel® formulations. No
improvement was observed. In the second NCI study, the
Cytrel® CSCsagain showed higher specifictumorigenicity
than did the CSCs from the all-tobacco cigarettes. This
increased specific tumorigenicity with Cytrel® CSCswas
observed despite the fact that in both studies the per
cigarette yields of benz[a]lanthracene (B[a]A) and
benzo[a]pyrene (B[a]P) in the Cytrel® CSCs were lower
than those in the CSCs from the al-tobacco cigarettes.
However, the ratio B[a]P:TPM was greater for the all-
Cytrel® CSC than for the all-tobacco CSC.

Severd yearslater, thebiological effectsof the M SSsfrom
cigaretteswith fillers containing different rati os of tobacco
and Cytrel® were studied by Battelle personnel (COGGINS
et al. (83) in an 18-month inhalation study with rats. On
histopathological examination, the rats exposed to the
MSSs from Cytrel®-containing cigarettes showed fewer
changes than those exposed to the MSS from all-tobacco
cigarettes even though the MSS exposure levels were
essentially equivalent. The decrease in changes was
roughly proportional tothelevel of Cytrel® inthe Cytrel®-
tobacco filler.

CoGaGINS et al. (83) also studied the tumorigenicity of the
CSCs from Cytrel®-containing cigarettes in a 24-month
mouse skin-painting study. As the percent Cytrel® in the
cigarette fillers was increased from 0% (the all-tobacco
cigarette) to 25%, 50%, and 100% (the all-Cytrel® ciga-
rette), not only did the mainstream CSC yield per cigarette
decrease but also its specific tumorigenicity decreased.
Fromtheir assessment of the results of thisstudy, COGGINS
et al. (83) reported that the specific tumorigenicity of the
CSC from the al-Cytrel® cigarette was about 50% less
than that of the CSC from the all-tobacco cigarette. These
skin-painting bioassay findings (83) differed significantly
from those reported in the NCI study by Gorli (77, 78) (see
Table6). A possible explanationisthat the Cytrel® formu-
lation used in the inhalation and skin-painting bioassays
conducted by COGGINS et al. in the early 1980s (82, 83)
differed from the formulations used in the two NCI skin-
painting studiesinthemid-1970s (77, 78). Several Cytrel®
formulations availablein the mid-1970s were described in
1979 by BROWNE (63).

CONCLUSION

Despite the fact that much R& D effort on tobacco substi-
tutes indicated they fulfilled in most instances the defini-
tion of a “less hazardous’ cigarette with regard to the
chemical and biological propertiesof their M SSs, inclusion
of tobacco substitutes such as NSM® and Cytrel® in
marketed cigaretteswas short-lived becausetheir failureto
attain consumer acceptability led to insignificant repeat
sales.
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Table 7. Comparison of per cigarette yields of various mainstream smoke “Hoffmann analytes” from cigarettes containing tobacco
substitutes, substitute:tobacco mixtures, or tobacco

Component #

Green et al. (55)

Green et al. (61)

Vickroy et al. Gori
(70, 71, 72) (77,78, 79)

Lloyd, Miller (64);
Green et al. (65, 66)

Acetamide — —
Arsenic — —
Benzenamine, 2-methyl- < <
Benzene

Benzene, ethenyl- — —

Benzene, methyl-
1,2-Benzenediol
Benzo[k]fluoranthene
Beryllium

1,3-Butadiene — —
1,3-Butadiene, 2-methyl- < <
2-Butenal — —
Cadmium — —
Chromium (VI) — —
Cobalt — —
Furan < <
Lead — —
Methanamine, N-methyl-N-nitroso- — —
Nickel — —
2-Propanone — <
2-Propenamide — —
2-Propenenitrile < —
Pyrrolidine, N-nitroso — —
Quinoline — —

<

A
-
I

| A A A A
|
| A A A AN

|
[ A

| AAANANAANANANNANAN|
L1
A

|
v

— — >

@ The appropriate CAS No. for each analyte is listed in Table 4.
® The symbol < indicates the component was found at a lower per cigarette yield in the all-substitute MSS or the substitute:tobacco MSS

than in the all-tobacco MSS; > indicates the component was found at a higher per cigarette yield in the all-substitute MSS or the
substitute:tobacco MSS than in the all-tobacco MSS.

Heckman and M.P. Newell that contributed to the charac-
terization of many MSS components. We also appreciate
the extensive laboratory assistance of the highly skilled
technicians A.L. Angel, M.A. Wagoner, and the late B.W.
Woosley.
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