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SUMMARY A brief review is presented of the scientific literature on the effects of ammonia
compounds, when used as tobacco additives, on the smoke chemistry and
bioavailablity of nicotine. The review concludes that ammonia compounds
used in the manufacture of certain types of tobacco sheet materials: 1)
contribute to the flavor properties of cigarette smoke, 2) do not increase the
amount, rate or efficiency of nicotine transferred from tobacco to mainstream
smoke (MS), 3) do not increase the percentage of nicotine in MS gas phase
using the FTC/ISO (Federal Trade Commission/International Organization
for Standardization) method, 4) have no influence on the determination of MS
nicotine yield as measured by the FTC/ISO method, and 5) do not increase the
total rate or amount of nicotine absorbed by the smoker. The review also
examines the use of pH as it relates to tobacco and to smoke and suggests a
terminology which more accurately describes the measurement (pH of agueons
exctract of tobacco, pH of agueous extract of smoke, and pH/ electrode in smoke). Lastly,
anumber of research gaps in these areas are identified. [Beitr. Tabakforsch. Int.
19 (2000) 103-113]

ZUSAMMENFASSUNG Es wird eine kurze Ubersicht iiber die wissenschaftliche Literatur zu den
Auswirkungen von Ammoniumverbindungen als Tabakadditive auf die
Rauchchemie und die Bioverfiigbarkeit von Nikotin gegeben. Aus der
Literatur folgt, dass Ammoniumverbindungen, die bei der Herstellung von
bestimmten Arten von Tabakfolie eingesetzt werden: 1) zum Aroma des
Cigarettenrauchs beitragen, 2) die Nikotinmenge sowie die Geschwindigkeit
und Effizienz des Nikotintibergangs vom Tabak in den Hauptstromrauch
(HSR) nicht erhohen, 3) den nach FTC/ISO (Federal Trade Commissi-
on/International Organization for Standardization) ermittelten Nikotingehalt
in der Gasphase des HSR nicht erhdhen, 4) keinen Einfluf} auf den nach
FTC/ISO ermittelten Nikotingehalt im HSR haben, 5) die Geschwindigkeit
und die vom Raucher aufgenommene Nikotinmenge nicht erhdhen. In der
Ubersicht wird ebenfalls der Gebrauch der Bezeichnung pH in Bezug auf
Tabak und Rauch untersucht und es werden Definitionen vorgeschlagen, die
die Messung priziser beschreiben (pH des wiissrigen Tabakextraktes, pH des
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Ammonia is found
in tobacco and
in smoke.

Ammonia componnds
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and as processing aids
in the manufacture
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wassrigen Ranchextraktes und pH/ Elektrode im Ranch. Abschliefend werden
einige Forschungsliicken auf diesem Gebiet aufgezeigt. [Beitr. Tabakforsch. Int.
19 (2000) 103-113]

Une breve revue de la littérature scientifique, sur les effets des composés
contenant de ’ammoniac utilisés comme additifs du tabac, sur la chimie de la
fumée et la biodisponibilité de la nicotine, est présentée. Cette revue aboutit a
la conclusion que les composés contenant de I"ammoniac utilisés dans la
fabrication de certains types de tabac reconstitué: 1) contribuent a I’ar6me de
la fumée de cigarettes, 2) n’augmentent pas la quantité, le taux ou P’efficacité de
la nicotine transférée a partir du tabac vers la fumée du courant principal (CP),
3) n’augmentent pas la teneur en nicotine dans la phase gazeuse du CP obtenu
selon la méthode FTC/ISO (Federal Trade Commission/International
Organisation for Standardization), 4) n’influencent pas le rendement en
nicotine du CP obtenu selon la méthode FTC/ISO et 5) n’augmentent pas le
taux total ou la quantité de la nicotine absorbée par le fumeur. La revue
examine également 'utilisation de la dénomination de pH relative au tabac et
a la fumée, et propose des définitions qui décrivent plus précisément la mesure
(pH d’exctrait aquenx de tabac, pH d’extrait aquens: de la fumée, et pH/ électrode dans
la fumiée). Enfin quelques lacunes de recherche dans ce domaine sont identifiées.
[Beitr. Tabakforsch. Int. 19 (2000) 103-113]

TOBACCO AND SMOKE CHEMISTRY

Ammonia and ammonia-releasing compounds are natural constituents in
tobacco (1-4). Because tobaccos used in cigarettes are naturally acidic,
ammonia is protonated in tobacco, i.e., exists as ammonium salts of natural
tobacco carboxylic acids (5), otherwise the ammonia would be lost by
evaporation. Typical concentrations of ammonia in the tobacco blends of
commercial American cigarettes are ca. 0.1-0.4%, as measured by the soluble
ammonia method (2, 6).

Ammonia is present in both the gas and particulate phases of tobacco smoke
(7). Quantitative analysis of ammonia in tobacco and smoke has been reported
in the literature for many years (8). In today’s commercial cigarettes, ammonia
is found in mainstream smoke (MS) in amounts of up to ca. 35 ug per cigarette.
A far greater amount of ammonia is found in sidestream smoke (SS); the SS:MS
(mass) ratio is ca. 40-170:1 (9).

Ammonia compounds are used in the manufacture of some types of cigarettes for
two reasons. First, tobacco-identical ammonia compounds such as ammonium
hydroxide (i.e., an aqueous solution of ammonia) and diammonium phosphate are
added as processing agents in the manufacture of some types of tobacco sheet (2,
10, 11). Second, ammonia compounds serve as flavorants and also as flavor
precursors. They can react during tobacco processing and smoking with oxygen-
containing compounds, including sugars, to form flavorants (2, 12, 13). This is
analogous to the formation of important flavors during the cooking of foods.
The addition of ammonia compounds to tobacco can increase the ammonia
content of mainstream smoke (14). Other tobacco blend constituents such as
amino acids, proteins and inorganic nitrates can form ammonia during the
smoking process and hence influence the ammonia content of mainstream
smoke (2, 15, 16). A recent study of ten commercial US cigarettes revealed a
correlation between mainstream smoke ammonia yield with “tar” yield (6).
This study further found that cigarettes with comparable “tar” yields had
approximately equal amounts of ammonia in mainstream smoke while
differing in their ammonia content in tobacco by a factor of three. This
suggests that ammonia deliveries in commercial cigarettes, which appear to be
correlated to total smoke delivery, are affected more by cigarette design and
blend characteristics than by tobacco additives.
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and in smoke.

A number of reports have discussed the potential effect of ammonia, or other
bases, on the transfer of nicotine (1) to smoke (5, 17-20). It is well known that
nicotine can exist in its nonprotonated or free base form 1 or as mono- or
diprotonated salts, 2 or 3. While 1 is a high boiling point liquid (bp 247 °C)
that measurably evaporates only with heating, the protonated forms (2 or 3)
must first dissociate, decompose or disproportionate to 1 before nicotine can
be transferred to smoke (5, 21). In principle, adding ammonia or ammonia-
releasing substances to tobacco could convert protonated nicotine to nonproto-
nated nicotine. However, the thermal energy provided by the burning cigarette
(afunction of temperature and tobacco mass) is more than sufficient to convert
2 and 3 to 1, irrespective of the presence of ammonia (5, 21).
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Based on thermal studies of nicotine salts (2 and 3) and smoke studies using
covalently bonded nicotine quaternary salts (4a and 4b), nicotine and nicotine
carboxylic acids, such as found in tobacco, transfer nicotine to smoke with
essentially identical efficiencies (5, 21, 22). Transfer of nicotine to mainstream
smoke was recently measured for cigarettes made with the addition of seven
different nicotine carboxylic acid salts and both enantiomers of nicotine to the
tobacco blend. The authors concluded that the degree of thermal stability of
the nicotine salts had no bearing on the efficiency of transfer of nicotine to
smoke or on racemization of nicotine during smoking (23). The relative
thermal stability of the nicotine ring system contributes to its efficient transfer
to smoke: nicotine acid salts will primarily be converted to nonprotonated
nicotine and evaporate at temperatures lower than the temperatures required
to decompose the nicotine ring system or racemize its chiral center (5, 21, 23).
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Some attention has been placed on using the measured values of pH of tobacco
and pH of smoke to predict smoke chemistry. For example, studies have been
reported using pH to quantify the percentages of nicotine in its three forms,
1-3 (24, 25). While a knowledge of the pK, values of the compounds of interest
and the pH of the aqueous solution accurately predicts the position of acid-base
equilibria of components in a dilute aqueous solution at equilibrium (the
Henderson-Hasselbach equation) (25), this theory cannot be applied to either
tobacco or smoke directly. Neither tobacco nor smoke is a dilute aqueous
solution, and neither is at equilibrium. However, pH measurements may
possibly provide an indication of the relative concentrations of the aqueous-
extractable acids and bases in tobacco and smoke.

Consider first the pH of tbacco. This measurement is typically made by
extracting tobacco samples with water, filtering the mixture, and measuring the
pH of the resultant aqueous solution. Because the nomenclature pH of fobacco
is both ambiguous and misleading, we recommend that this experimental
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parameter be renamed the pH of aqueous extract of tobacco. pH measurements of
aqueous extracts of Bright, Burley, and Oriental tobaccos as well as of
reference and commercial cigarette tobaccos over the past 40 years have
typically resulted in values in the range of 5.5-6.5 (5, 10, 26). The first pK of
nicotine is ca. 8.0. Thus, nicotine in a dilute aqueous solution of pH 6.0 will be
ca. 1.5% nonprotonated 1 and 98.5% monoprotonated 2. Thermogravimetric
analysis and related studies of tobacco samples indicate that nicotine evolution
is consistent with its being protonated in the tobacco matrix as nicotine
volatilizes (5). Thus, one can reasonably predict that most of the nicotine in
tobacco is protonated (5).

Two types of methods have been used to measure pH of smoke. Many studies
have reported the pH of aqueous extracts of FTC (or FTC-type) total particulate
matter (IPM) and of (portions of) whole smoke, trapped under different
conditions (27-31). While these methods have the capability of extracting water
soluble substances, the trapping of MS carbon dioxide in some methods but not
in others is likely to lead to method-dependent pH values (27). We recommend
that this technique be called the pH of agueons extract of smoke.

SENSABAUGH and CUNDIFF (32), and others (24, 33) including most recently
Labstat, Inc. (6, 34) have reported the use of a special electrode, coated with an
aqueous-based gel, inserted into the path of flowing MS. This latter method
provides measurements on a puff-by-puff basis but suffers from a questionable
ability to extract all water-soluble materials. Consequently, neither pH of smoke
nor pH of an aqueous extract of smoke seem completely descriptive of this tech-
nique. We recommend the name pH/ electrode in smoke be used to describe this
methodology.

No comprehensive study has been published to date that has examined a
number of different pH methodologies using MS from the same series of
cigarettes. Nonetheless, any use of measured pH values to quantify the actual
percentage of 1-3 in tobacco smoke goes well beyond the theoretical under-
pinning of the Henderson-Hasselbach equation. However, all of the measure-
ments of pH of agueons extract of smoke and pH/ electrode in smoke of flue-cured
and US-blended style commercial cigarettes result in values in the acidic range.
We therefore conclude that most of MS nicotine is protonated.

Two recent studies, one based on ten US commercial cigarettes (6) and one
based on reference and test cigarettes (14) containing varied levels of ammonia-
producing compounds as additives, demonstrated that the pH of smoke was not
significantly affected by ammonia content in the tobacco. These two studies
also demonstrated that ammonia content in smoke did not significantly affect
the pH of smoke as measured.

In the investigation of ten commercial cigarettes, ammonia levels in MS varied
per cigarette by over 20-fold (from 1.4 to 33 pg/cigarette) and differences in the
pH/ electrode in smofke (6.00-6.35) were observed; importantly, no correlation
between pH/ electrode in smoke and soluble (tobacco) ammonia was found (6). A
weak, inverse (negative) correlation was found between pH/ electrode in smoke
and MS ammonia.

In the second study, the control cigarette and two of the test (model) cigarettes
had ammonia compounds in the reconstituted tobacco in the blend, while the
other two test cigarettes had no added ammonia compounds; filler soluble
ammonia ranged from 0.12% to 0.31% (dry weight basis). All five cigarettes
had the same FTC “tar” yields. The ammonia levels in MS varied from 6.1 to
11.9 pg per cigarette; pH of agueons extracts of smoke was between 5.3-5.4, again
without any correlation of pH with smoke ammonia (14). In addition, the
nicotine yields were essentially the same. Thus, in these two studies, the
ammonia content of MS does not appear to significantly alter the measured pH
of smoke.

Nicotine (and ammonia, as well as other smoke constituents) can be found in
both the gas phase and particle phase of tobacco smoke (9). We note here that
the term “gas-phase nicotine” can have two different definitions.



FTC method accurately
quantifies nicotine
in mainstream smoke.

Deposition of
gas-phase nicotine
oceurs primarily in the month
and upper respiratory tract
and results in a slow
transfer of nicotine into blood.

1) Atany time and position during the smoking of a cigarette, the smoke is
made up of a particulate phase and a gas - or vapor - phase. Less than 1%
of the total nicotine in MS as it exits the cigarette is in the gas phase
(35-37).

2)  Aspartof the FTC/ISO methods for measuring “tar” and nicotine yields,
a Cambridge filter is placed behind the cigarette (38). The nicotine that is
trapped on the Cambridge filter is reported as “FTC nicotine.” The
nicotine not trapped on the Cambridge filter is sometimes referred to as
“gas-phase nicotine”.

It has recently been hypothesized (20) that the FTC method under-reports a

significant percentage of the nicotine in MS, attributed to a postulated failure

of the FTC method to capture gas-phase nicotine (Definition no. 2 above).

Further, it was hypothesized that ammonia in smoke will increase the

percentage of nicotine in the gas phase (Definitions no. 1 and/or no. 2 above)

which is not trapped by the Cambridge filter pad (20).

Two studies using isotopically labeled nicotine (**C and *H) clearly demon-

strated that greater than 99% of nicotine in MS is collected on the Cambridge

pad; in these studies, no nicotine in the gas phase (Definition no. 2) was
observed (39, 40). Experimental confirmation of these results can be found in
the work of BEVAN, ELLIS and their respective co-workers. BEVAN found

Cambridge filter efficiencies of >99% for nicotine in the smoke of commercial

flue-cured cigarettes having acidic MS as well as for dark air-cured cigarettes

having basic smoke (Reported on page 4-5 of Ref. 9). Recently, ELLIS ¢7 a/.

examined a set of cigarettes with different amounts of smoke ammonia. The

trapping efficiency of the Cambridge filter for MS nicotine was not only found

to be >99% but also independent of the ammonia content in MS (14, 41).

NICOTINE BIOAVAILABILITY

Nicotine bioavailablity to the smoker will now be examined. In addition, the
potential effect of ammonia-releasing compounds in tobacco on the amount
and rate of nicotine absorbed by the smoker will be evaluated. It is necessary
to consider the dynamic nature of smoke that manifests itself, in part, by the
non-equilibrium partitioning of smoke components between the gas and
particulate phases.

Gas-phase nicotine deposits primarily in the mouth and upper respiratory
tract. We know this because “nicotine vapor inhalers”, a source of gas-phase
nicotine, are known to result in nicotine being found primarily in the oral
cavity, esophagus, and stomach in humans (42-45). Inhalation of nicotine
vapor results in little deposition in the lung. Further, these and related
published reports, including human smoking studies, demonstrate that nicotine
transfers poorly from the mouth to the blood, with a slow uptake to the
systemic circulation and also without any indication of a spike or “bolus”
concentration (43, 46-51).

Greater than 99% of the nicotine in MS is in the particulate phase as the smoke
exits the cigarette (35, 37, 52). MS particles are generally small (mass median
diameters <0.5 um) (53, 54) and these travel to the lung (55, 56).

Atleast two fundamentally different mechanisms account for nicotine’s highly
efficient deposition in the respiratory system. First, smoke particles will be
deposited onto the surfaces of the airways within the lung by inertial
impaction, Brownian diffusion, and gravitational sedimentation of the smoke
particles (55, 57). Second, as the concentrated bolus of smoke becomes diluted
with air in the mouth and respiratory system, this dilution will result in
volatiles and semi-volatiles, including nicotine, evaporating from the smoke
particles and depositing by diffusion onto the respiratory surfaces (36).
FROST ¢f al. reported that >90% of the nicotine and ca. 50% of the solanesol
(5) in MS was retained within the respiratory system following a 500 mL
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Nicotine is rapidly absorbed
in the lung, independent of
“PH of aqueons extracts
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inhalation (51). As solanesol is considered to be a non-volatile component of
smoke, it must deposit only by a particle-deposition mechanism. Thus, FROST
¢t al. concluded that the relatively higher respiratory retention of nicotine was
evidence for the evaporation of nicotine from smoke particles being a
significant deposition mechanism (51).

CHs; CHs; CHs,
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To the extent that ammonia in smoke influences the amount or rate of eva-
poration of nicotine from particles to the gas phase, a number of conclusions
seem evident. (a) For ammonia to have any effect on nicotine evaporation from
a particle, the ammonia must be in that particle (37, 58); (b) ammonia itself has
a very high vapor pressure and would evaporate from the particles faster than
the nicotine (59); (c) because of its very high water solubility, gas-phase
ammonia entering the mouth will rapidly deposit primarily there (60, 61); (d)
smoke particles entering the lung are likely to be ammonia-depleted relative to
nicotine, due to the greater rate of evaporation of ammonia from the particles
as they travel to the lung; (e) once in the lung, any remaining ammonia will
also evaporate faster from smoke particles than nicotine. Taking these factors
together, ammonia is unlikely to have any major influence on the evaporation
of nicotine from smoke particles within the lung. Ammonia’s influence, if any,
will be early in the history of the aerosol, in the mouth and upper respiratory
tract, where nicotine absorption is slower and has ca. 50% absorption
efficiency compared with absorption in the lung which is fast and occurs with
80-90% efficiency (46). These experimental observations indicate that the
presence of ammonia in tobacco smoke does not ultimately increase the
amount or rate of nicotine absorbed in the lung.

A number of comprehensive reviews have concluded that, when tobacco
smoke reaches the small airways and alveoli of the lung, nicotine is rapidly
absorbed into the pulmonary circulation and that smoke pH has no effect on
either the amount or rate of nicotine absorption in the lung; the nicotine is
rapidly absorbed independent of pH of the smoke (49, 62-65). These
conclusions are based, in part, on considering the amount of nicotine per puff
and the buffering capacity of the lung. Each MS puff contains only a small
amount of nicotine (ca. 0.01-0.1 mg). Further, nicotine reaching the lung will
be distributed over the lung’s extensive surface area. These factors ensure that
the lung’s significant buffering capacity at pH 7.4 will not be overcome.
Thus, nicotine distributed in the fluids lining the surface of the lung will always
exist at a 20:80 ratio of “nonprotonated” 1 to “protonated” nicotine 2 regardless
of the form(s) in which it enters the lungs. Only nonprotonated nicotine is
nonionized and can move readily across the lung membrane (see Figure 1).
However, very rapid acid-base interconversion in the buffered environment
maintains the 20:80 ratio of “nonprotonated” 1 to “protonated” nicotine 2, and
the nicotine can thus transfer rapidly to the plasma (see Figure 1).

The physiological pH of blood is also pH 7.4, which means that the same 20:80
ratio of “nonprotonated” to “protonated” nicotine exists in the bloodstream
(25). This 20:80 “nonprotonated” to “protonated” ratio for nicotine reaching
the blood-brain barrier cannot be changed, regardless of the form in which
nicotine enters the lung. In other words, even if nicotine existed in cigarette
smoke as 100% “nonprotonated” nicotine, it would be at the same ratio (20 to
80 : “nonprotonated” to “protonated”) at the surface of the lung, in the
bloodstream, and as it reaches the blood-brain barrier (49, 66).

Recent work by ROSE e# 4/, indicates that transfer of nicotine from the lung to



Full mechanistic details of
nicotine’s transfer from
lung to plasma are still to be
experimentally determined.

Conclusions presented are,
and must be, supported by
experimentation and
scientific data.

LUNG SURFACE —>

BUFFER

Nicotine deposited on the lung surface

H\O Buffer H\O H Buffer H\O
S o o X
S Oy, O Y, = (0%
—
N© H CH 80:20 N CHs N CHs 20:80 N~ H CHs
z© VS
2 1 1 2
o
Lung w Plasma
L
2
[a]
Figure 1.

A schematic of the kinetic system involving nicotine and its monoproto-
nated salt in two buffered (pH 7.4) systems, at the lung surface and in the
plasma. The rapid interconversion between 1 and 2 ensures that nicotine can
transfer to the plasma.

blood, while rapid, does not result in a large spike of nicotine in arterial blood
(67). These results appear to be inconsistent with the previously postulated (47)
“bolus effect”. ROSE e¢# al. suggested that lung tissue uptake of nicotine might
slow the rate of nicotine into the systemic circulation, as found for other
alkaloids, perhaps involving alkaloid binding by lung tissue (67). As acid-base
reactions are extremely rapid, especially in a buffered system, the kinetics and
mechanism(s) involved in alkaloid lung absorption are not likely to be controlled
by ammonia initially present in MS particles as they exit the cigarette.

Let us compare mouth absorption to lung absorption. An increased amount
of nonprotonated nicotine in MS could shift the site of absorption of some
nicotine from the small airway/alveolar region of the lung to the mouth/upper
airway region. At a constant amount of nicotine in MS, an increased propor-
tion of gas-phase nicotine (Definition no. 1) may result in an overall reduction
(rather than an increase) in the overall amount and rate of nicotine absorption
and flow to the central nervous system.

The available experimental data to date, covering decades of published

literature, indicate that ammonia compounds used in the manufacture of

commercial cigarettes:

»  Serve as processing agents in the manufacture of certain types of tobacco
sheet.

»  Contribute to the flavor properties of cigarette smoke.

» Do not increase the amount or rate of nicotine transferred from tobacco
to smoke.

»  Have no influence on the determination of MS nicotine yield when the
FTC/ISO method is used (and the FTC/ISO method captures >99% of
MS nicotine).

» Do not increase the amount or total rate of nicotine absorbed by the
smoker.

» Do notincrease the amount and total rate of nicotine uptake to the central
nervous system.

» Do not appear to affect the pH/ electrode in smoke and/or pH of agueons
exctracts of smoke measurements under commercial-use levels.

In addition, there is no experimental evidence that pH of agueous extracts of

tobacco or smoke or pH / electrode in smoke have meaningful quantitative predictive

value for the percentage of nonprotonated nicotine in MS or for the percentage

of nicotine in the gas phase of MS.
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Future research will
increase our understanding
and knowledge

and bioavailability.

While these conclusions are based on substantial and consistent scientific data
derived from many studies worldwide, research gaps still do exist. We are
aware that laboratories around the world are working to fill these gaps. For
example, no studies have been reported in which cigarettes having different
amounts of ammonia in tobacco, or in smoke, have been smoked and either
plasma nicotine or brain nicotine levels determined. The detailed mechanisms,
kinetics, and partitioning of all routes of nicotine absorption in the smoker are
not fully understood. Neither experimental nor theoretical studies have been
published on the relative rates of evaporation of ammonia, nicotine, or other
bases or acids from either tobacco smoke particles or from particles from
related synthetic aerosols. The formation and transfer to smoke from
presumed ammonia precursors (amino acids, proteins or the ammonia
compounds added during manufacture) have not been experimentally
quantified. We hope and expect to see the results of many new studies in the
near future.
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