=S

OXFORD JOURNALS

OXFORD UNIVERSITY PRESS

A Systematic Review of Nicotine by Inhalation
Author(s): Brent Caldwell, Walt Sumner and Julian Crane

Source: Nicotine & Tobacco Research, October 2012, Vol. 14, No. 10 (October 2012), PP-
1127-1139

Published by: Oxford University Press
Stable URL: https://www.jstor.org/stable/10.2307/26763585

REFERENCES

Linked references are available on JSTOR for this article:
https://www.jstor.org/stable/10.2307/26763585?seq=1&cid=pdf-
reference#references_tab_contents

You may need to log in to JSTOR to access the linked references.

JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide
range of content in a trusted digital archive. We use information technology and tools to increase productivity and
facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.

Your use of the JSTOR archive indicates your acceptance of the Terms & Conditions of Use, available at
https://about.jstor.org/terms

Oxford University Press is collaborating with JSTOR to digitize, preserve and extend access to
Nicotine & Tobacco Research

JSTOR

This content downloaded from
134.231.195.186 on Thu, 13 Nov 2025 19:15:04 UTC
All use subject to https://about.jstor.org/terms

1 NJOY-1010



Nicotine & Tobacco Research, Volume 14, Number 10 (October 2012) 1127-1139

Review

A Systematic Review of Nicotine

by
Inhaled Route?

Inhalation: Is There a Role for the

Brent Caldwell, M.B., Ch.B., M.P.H.,' Walt Sumner, M.D.,* & Julian Crane, F.R.A.C.P.!

! Department of Medicine, University of Otago, Wellington, New Zealand
2 Division of General Medical Sciences, Department of Medicine, Washington University School of Medicine, St. Louis, MO

Corresponding author: Brent Caldwell, M.B., Ch.B., M.P.H., Department of Medicine, University of Otago, 23a Mein Street,
Newtown, Wellington 6021, New Zealand. Telephone: +64-4-918-6041; Fax: +64-4-389-5427; E-mail: brent.caldwell@otago.ac.nz

Received July 2, 2011; accepted January 11, 2012

Introduction: A considerable minority of adults remain addicted
to smoking cigarettes despite substantial education and public
health efforts. Nicotine replacement therapies have only modest
long-term quit rates. The pulmonary route of nicotine delivery has
advantages over other routes. However, there are regulatory and
technical barriers to the development of pulmonary nicotine
delivery devices, and hence, none are commercially available. Cur-
rent knowledge about pulmonary nicotine delivery is scattered
throughout the literature and other sources such as patent applica-
tions. This review draws together what is currently known about
pulmonary nicotine delivery and identifies potential ways that
deep lung delivery can be achieved with a simple portable device.

Aims: To systematically review clinical trials of nicotine inhalers,
determine whether they delivered nicotine via the lung, and
identify ways that pulmonary delivery of medicinal nicotine
might be achieved and the technical issues involved.

Methods: Systematic search of Medline and Embase.

Results: Thirty-eight trials met the inclusion criteria. Cough,
reflex interruption of smooth inspiration, and throat scratch
limited the usefulness of nicotine inhalers. The pharmacokinetic
profiles of portable nicotine inhalers were inferior to smoking,
but among commercially available products, electronic cigarettes
are currently the most promising.

Conclusions: Pulmonary nicotine delivery might be maximized
by use of nicotine salts, which have a more physiological pH
than pure nicotine, by ensuring the mass of the particles is opti-
mal for alveolar absorption, and by adding flavoring agents.
Metered-dose inhalers potentially can deliver nicotine more
efficiently than other nicotine products, facilitating smoking
cessation and improving smokers’ lives.

Introduction

There is growing interest in nontobacco nicotine inhalation,
both as a recreational alternative to smoking and as a therapeutic

doi:10.1093/ntr/nts009
Advance Access Published on February 29, 2012

tool for smoking cessation. To our knowledge, no reviews have
been published that specifically examine nicotine inhalation
devices. In light of this, we have systematically reviewed clinical
trials of nicotine inhalation devices to identify technical insights
that might lead to more effective therapeutic nicotine inhalers.

The Limitations of Current Nicotine
Replacement Therapy

Nicotine replacement therapy (NRT) doubles smokers’ chances
of quitting, compared with placebo therapy (Silagy, Lancaster,
Stead, Mant, & Fowler, 2004; Stead, Perera, Bullen, Mant, &
Lancaster, 2008), in spite of a number of shortcomings, including
the following:

1. Long-term quit rates are low. Only 10% of smokers who try
to quit remain abstinent after 12 months (Balfour, Benowitz,
Fagerstrom, Kunze, & Keil, 2000; Institute of Medicine,
2001). Active NRTs only increase quit rates by 7% over placebo
4 years after a single treatment (Etter & Stapleton, 2006);

2. NRTs may have side effects that limit their use, such as local
irritation, nausea/vomiting, coughing, hiccup, dyspepsia,
and sleep disturbances (Caldwell, Burgess, & Crane, 2010;
Wu, Wilson, Dimoulas, & Mills, 2006); the limited variety
of delivery mechanisms and dosages restricts people’s ability
to tailor their nicotine dose in a manner that minimizes side
effects and increases efficacy (Cummings & Hyland, 2005);

3. Current NRTsare not very rewarding. Therefore, smokers rarely
use them regularly enough to quit smoking (Cummings &
Hyland, 2005; Shiffman, Hughes, Pillitteri, & Burton, 2003)
and may not spontaneously use NRT in response to smoking
cues such as celebrating or coping with boredom;

4. NRT does not control urges to smoke in response to condi-
tioned cues, such as advertising (Henningfield, 1987);

5. NRTs cannot always be used in the situations in which smokers
feel the strongest urges to smoke (Hatsukami, Morgan,
Pickens, & Champagne, 1990), for instance, drinking alcohol
or coffee interferes with absorption of nicotine from oral
NRT products;

6. NRT administration routes are embarrassing or unappealing
to some smokers (Schneider et al., 2006); and

© The Author 2012. Published by Oxford University Press on behalf of the Society for Research on Nicotine and Tobacco.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

This content downloaded from

1127

134.231.195.186 on Thu, 13 Nov 2025 19:15:04 UTC
All use subject to https://about.jstor.org/terms

NJOY-1010



A systematic review of nicotine by inhalation

7. NRT does not fully suppress weight gain after cessation of
smoking (Hughes, 1993; Parsons, Shraim, Inglis, Aveyard, &
Hajek, 2009). NRT is less effective than smoking for self-
medication of various health problems.

As aresult of these shortcomings, only 38% of smokers have
ever used NRT (Bansal, Cummings, Hyland, & Giovino, 2004)
and less than 20% choose to use NRT as part of their quit
attempts (Cummings & Hyland, 2005). Even if the proportion
of quit attempts that are assisted by current forms of NRT
increased to 100% between 2005 and 2025, only 0.5% of
smoking-related deaths would be avoided (Apelberg, Onicescu,
Avila-Tang, & Samet, 2010). A much greater reduction in smoking
would be achieved if more effective NRTs became available
(Levy, Mabry, Graham, Orleans, & Abrams, 2010). The devel-
opment of pulmonary nicotine devices may help to achieve this.

The Advantages of Inhaled Nicotine

NRTSs might be more effective if they matched cigarette smoking’s
nicotine pharmacokinetics, rewarding effects, and psychosocial
roles (Hughes, 2001). As with many rewarding drugs, nicotine
delivery speed correlates with reinforcement (Benowitz, 1993a,
2008; de Wit, Bodker, & Ambre, 1992; Henningfield & Keenan,
1993; Volkow, Fowler, & Wang, 2002). Depending on the way
they are smoked, cigarettes deliver high arterial doses of nicotine
to the brain of 34.5 ng/ml on average (Armitage et al., 1975),
with a mean nicotine boost in venous blood at 1 min of 11.24
ng/ml in one study (Herning, Jones, Benowitz, & Mines, 1983)
and 21.8 ng/ml in another (Henningfield, London, & Benowitz,
1990). Smoking pairs rapid, addictive nicotine delivery (Rose,
Mukhin, et al., 2010) with respiratory sensory stimulation
(Rose, Behm, Westman, Bates, & Salley, 2003). Nicotine causes the
release of rewarding neurotransmitters when it binds to cerebral
nicotinic acetylcholine receptors (nAChR). Nicotine exposure
may desensitize nAChR for hours, but a Pavlovian response to
conditioned stimuli, such as respiratory sensory experiences, pro-
vides a second reward pathway (Balfour, 2004; Rose et al., 2003).
However, because currently available NRTs do not rapidly deliver
nicotine via the lung, they cannot activate rewarding neural path-
ways in quite the same way as smoking does, which limits their
capacity to act as substitutes for smoking.

The pulmonary route is the fastest practical way to deliver
nicotine to the brain (Dar & Frenk, 2007; Gonda, 2006; Leach,
2007; Russell & Feyerabend, 1978). A pulmonary NRT would
deliver rapid boli of nicotine to “peak seekers” and allow “trough
maintainers” to titrate their nicotine intake precisely to suit
their nicotine metabolism and their nAChR sensitivity (Balfour,
2004; Glautier, 2004; Russell, 1988; Watkins, Koob, & Markou,
2000).

Rapid pulmonary delivery of nicotine also reinforces use via
transient increases in heart rate and blood pressure, similar to
other drugs of addiction (Henningfield, Stapleton, Benowitz,
Grayson, & London, 1993). Acute cardiovascular effects are
more pronounced when a high dose of nicotine is delivered
rapidly, via the lung, compared with slower oral or transdermal
administration (Benowitz, Gourlay, Benowitz, & Gourlay, 1997).
These physiological and sensory effects heighten arousal and
enhance the pleasure of associated activities, such as drinking
alcohol or coffee, celebrating, relaxing, or socializing (Best &
Hakstian, 1978; Dunbar, Scharf, Kirchner, & Shiffman, 2010;
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Rose & Behm, 1991). Inhalation of nicotine is more suited than
oral or transdermal nicotine to many social smoking contexts.
Pulmonary delivery of nicotine in these contexts ensures that
they remain as enjoyable as they were when smoking (Balfour,
2004). Pulmonary delivery of nicotine is also well suited to situa-
tions in which smokers wish to reduce their anxiety, impul-
sivity, and boredom (Pettiford et al., 2007; West, 1992) or to
obtain one of nicotine’s potential medical benefits.

Compared with oral or transdermal delivery, delivery of
equal doses of nicotine to pulmonary alveoli results in a larger
acute cerebral dose—inhaled nicotine therefore can achieve a
high ratio of psychoactive effects to systemic side effects
(Cummings & Hyland, 2005; Dar & Frenk, 2007; Russell &
Feyerabend, 1978; Russell, Feyerabend, & Cole, 1976). If NRTs
were similarly rewarding, smokers might persevere with NRTs
despite their side effects.

Many of the therapeutic effects that smokers seek require
that nicotine be inhaled. However, there are challenges to over-
come in delivering nicotine to the lung. First, the nicotine parti-
cles have to be an ideal size and mass. Second, the aversion to
inhaling nicotine must be circumvented. These issues are
outlined in the discussion.

Therapeutic Applications of More
Effective NRTs

The development of new NRTs and improved methods for en-
couraging smokers to use them may further reduce the preva-
lence of smoking and its associated morbidity and mortality
(Henningfield, Fant, Gitchell, & Shiffman, 2000; McRobbie,
Whittaker, & Bullen, 2006; Royal College of Physicians, 2007).
Interestingly, although the pulmonary delivery route was first
reported in 1967 by Herxheimer, Griffiths, Hamilton, and Wake,
it has only recently attracted significant attention. In part, this
reflects regulatory authorities’ initially cautious approach to all
forms of NRT (McNeill, Foulds, & Bates, 2001).

Highly effective NRTs would be useful as long-term nico-
tine therapy, whether to prevent relapse to smoking or to treat a
range of medical conditions (Le Houezec, 1998). Some smokers
find it very hard to quit, such as those who are highly nicotine
dependent, suffer from mental illness, or are addicted to other
drugs. These smokers need palatable, effective, and safe nicotine
maintenance therapy (Fagerstrom, 2002; Gray et al., 2005;
Warner, Slade, & Sweanor, 1997). Although it is desirable to
replace tobacco smoke as a source of nicotine (Thomson, Wilson,
Blakely, & Edwards, 2010), it may not be appropriate, desirable,
or even possible to end all nicotine use (Sumner, 2006).

The aim of this report is to review clinical trials of nicotine inha-
lation devices, with attention to the technical issues involved in
delivery of nicotine to the lung.

Medline and Embase 1947 to present were searched in February
2011. The search strategy, inclusion criteria, and methods are
available as Supplementary material online.
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The identification of trials is summarized in Supplementary
Figure 1. The articles are organized into groups below accord-
ing to the type of inhaler. The quality of the included trials was
variable (Supplementary Table 1), as were their characteristics
(Supplementary Table 2), and the pharmacokinetic profiles
of the inhalers that they tested (Supplementary Table 3; all
available in the Supplementary material online).

Nebulizers

Lux and Frecker investigated the cardiovascular and subjective
effects of inhaling nicotine from a large custom-made nebulizer,
which delivered 10 puffs of approximately 100 ug of nicotine
per puff over 8 min (Lux & Frecker, 1988a). The pH was titrated
to 5.5 by mixing nicotine base with nicotine hydrogen tartrate,
the mass median aerodynamic diameter (MMAD) was 0.5 pm,
and the concentration of nicotine was 0.45 mg/ml in the nebu-
lizer. This delivered 100 ug of nicotine per 3-s puff. The phar-
macokinetics was similar to the reported pharmacokinetics of
smoking. This device resulted in statistically significant effects
on desire for a cigarette, relaxation, discomfort, and well-being,
compared with placebo inhalation or intravenous nicotine (Lux &
Frecker, 1988b).

Three reports involved bench-top nebulizers. One found
that both nicotine and capsaicin aerosols elicited dose-dependent
cough (Hansson, Choudry, Karlsson, & Fuller, 1994). Another
observed cough and irritation and a T, of 2.5 min, with an
aqueous solution of nicotine at pH of 10 (Burch, Erbland,
Gann, & Hiller, 1989). A similar study of aqueous, large MMAD
aerosols reported a T of 7.5 min and substantial aversion
regardless of variations in their pH; however, the effect of pH
was confounded by their very high nicotine concentration and
large MMAD (Burch et al., 1993).

Unmetered Inhalers

The Nicotrol/Nicorette/Favor/Pharmacia inhalers (oral inhal-
ers) consist of a plastic tube with a plug of freebase nicotine and
menthol at one end, through which the user inhales. They repli-
cate the hand-to-mouth action of smoking and provide upper
airway sensory stimulation; however, they produce gas-phase
nicotine, which deposits in the oral mucosa rather than the
lung. This results in inferior pharmacokinetics and pharmaco-
dynamics, compared with smoking (Lunell, Bergstrom, Antoni,
Langstrom, & Nordberg, 1996; Lunell, Molander, Ekberg, &
Wabhren, 2000; Schneider, Olmstead, Franzon, & Lunell, 2001),
and inferior satisfaction, relaxation, and reduction in craving
compared with smoking standard or even denicotinized ciga-
rettes (Barrett, 2010). The oral inhaler produced a moderate
“good drug effect” but had substantial side effects and was
less well liked than smoking (Schuh, Schuh, Henningfield, &
Stitzer, 1997). Oral inhaler trial results are mixed. The inhaler
had superior short-term quit rates compared with placebo or
other treatments, but this was no longer significant 6 months
after treatment, even when combined with other treatments
(Schneider et al., 1996). Compared with placebo, quit rates
with oral inhaler monotherapy were not significantly higher;
the combination of oral inhaler plus patch produced higher
quit rates but this was not significant beyond 6 weeks, whereas
active patch monotherapy had significantly higher quit rates

This content downloaded from

throughout a 12-month trial (Hand, Edwards, Campbell, &
Cannings, 2002; Tonnesen & Mikkelsen, 2000). Other trials
found that compared with placebo, the oral inhaler significantly
increased long-term quit rates (Hjalmarson, Nilsson, Sjostrom,
& Wiklund, 1997; Tonnesen, Norregaard, Mikkelsen, Jor-
gensen, & Nilsson, 1993) and decreased craving and withdrawal
symptoms (Lunell, Molander, Leischow, & Fagerstrom, 1995).
However, this reduction in craving may be related to perceived
nicotine content, not actual nicotine content (Darredeau &
Barrett, 2010). The oral inhaler was as effective as gum, patch,
or nasal spray (Hajek et al., 1999; West et al., 2001), and its abuse
potential was intermediate between that of patches and nasal
spray (West et al., 2000). Oral inhaler monotherapy had a lower
quit rate compared with bupropion monotherapy, but dual
therapy with bupropion had a higher quit rate than either oral
inhaler or bupropion monotherapy (Croghan et al., 2007, 2010).
Twelve-week quit rates were similar with oral inhaler mono-
therapy, oral inhaler + patch, bupropion, and patch mono-
therapy (Roth, Andrus, & Westman, 2005). In terms of smoking
reduction, the oral inhaler was more effective than placebo
treatment (Bolliger et al., 2000; Rennard et al., 2006) but less
effective than electrically heated tobacco (Fagerstrom, Hughes,
Rasmussen, & Callas, 2000). Compared with the oral inhaler,
other NRTs were more greatly preferred (Fagerstrom, Tejding,
Westin, & Lunell, 1997), or equally preferred (Bolliger, Van
Biljon, & Axelsson, 2007), and had similar quit rates (Bolliger
et al., 2007) and smoking reduction rates (Fagerstrom et al.,
1997). Subjects used the oral inhaler more often than other
NRTs; however, the oral inhaler was considered less suitable as
an NRT (Schneider, Cortner, Gould, Koury, & Olmstead, 2008;
Schneider et al., 2004, 2006). Compared with placebo, the oral
inhaler improved the mood of females but had the opposite
effect in males (File, Fluck, & Leahy, 2001). The oral inhaler
had no acute effect on airway blood flow or airflow (Randhawa,
Mendes, & Wanner, 2006).

Electronic Cigarettes

Electronic nicotine delivery systems (ENDS), commonly known
as electronic cigarettes, use heat or ultrasound to create a
nicotine mist and provide hand-to-mouth action, upper airway
sensations, and at least some nicotine (Bullen et al., 2010).
ENDS were preferred over four NRTs in a short trial of initial
reactions (Schneider et al., 2004). One brand of ENDS reduced
cravings and withdrawal more effectively than placebo; however,
compared with smoking, the ENDS’ plasma nicotine boost was
only 10% as large, reduced urges to smoke only half as much,
and took twice as long to do so (Bullen et al., 2010). Two
other ENDS brands were similar to placebo and inferior to
smoking for nicotine pharmacokinetics and craving reduc-
tion (Eissenberg, 2010). The vacuum required to puff on an
ENDS may be higher than that required to smoke a cigarette
(Schneider et al., 2004), although this may vary with technique
and between devices.

Metered-Dose Inhalers

The first published study of inhaled nicotine used a pressurized
metered-dose inhaler (pMDI) to deliver a dose of 53 ug per puff
(two puffs every 30 s), compared with a nonnicotine aerosol,
lettuce cigarette, and tobacco cigarette, and determined that the
cardiovascular effects of these aerosols were caused by nicotine
rather than throat irritation (Herxheimer et al., 1967).
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In 2005, a clinical trial compared smoking with a pMDI for-
mulation of nicotine base plus ethanol hydrofluroalkane-134a
(HFA-134a) solution with a high respirable fraction (Andrus,
Rhem, Rosenfeld, & Dolovich, 1999; Caldwell et al., 2009).
Some of the inhaler’s nicotine was absorbed rapidly (via the al-
veoli), but most was absorbed more slowly (via the oropharynx
and upper airway). Compared with smoking, the inhaler’s me-
dian C__was 50% as large (12.5 vs. 25.9 ng/ml) andits T, __was
6 versus 3 min. Self-rated satisfaction and reduced urge to
smoke were similar for the pMDI and cigarette. The inhaler was
aversive and caused a dose-dependent reflex interruption of
smooth inspiration.

Novel Devices

More recently, three portable novel devices have been stud-
ied, which do not use pMDI technology and thereby avoid
the problem of timing the inspiration to match the fast pro-
pulsion of particles from the device and the potential adverse
health consequences of chronic inhalation of HFA (Alexander,
1995; Blondino & Byron, 1998; Graepel & Alexander, 1991;
Leach, 2005; Vinegar, Jepson, Cisneros, Rubenstein, & Brock,
2000). The first publication described the AERx Essence sys-
tem, which creates an aerosol by forcing the formulation
under pressure through microscopic holes (Cipolla et al., 2008;
Gonda, Bruisnenberg, Mudumba, & Cipolla, 2009; Gonda et al.,
1998; Schuster, Rubsamen, Lloyd, & Lloyd, 1997). The Staccatto
device electrically heats a film of nicotine solution on a metal
plate (Rabinowitz et al., 2004; Timmons et al., 2008). The third
device consists of a series of chambers through which air
flows and entrains nicotine into an aerosol as it moves turbu-
lently through the chambers (Rose, Rose, Turner, & Murugesan,
2008).

The AERx Essence inhaler (Cipolla et al., 2008; Gonda et al.,
1998, 2009; Schuster et al., 1997) provides rapid pulmonary
nicotine absorption and reduced cravings. Half the dose is in the
fine particle fraction (Cipolla et al., 2008). Its ratio of peripheral:
central lung deposition is 70% higher compared with pMDI
(Farr et al., 2000). However, it also causes throat irritation,
cough, and light-headedness (Gonda et al., 2009). Other dis-
advantages are requiring a battery, requiring the user to
reload the device for every puff, and providing doses in small
blister packets, which could be punctured and ingested by
children or pets.

A clinical trial of a nicotine pyruvate inhaler (Rose et al.,
2008; Rose, Turner, Murugesan, Behm, & Laugesen, 2010) gave
subjects 10 inhalations of 10, 20, and 30 pg nicotine per puff
compared with placebo (room air) and Nicorette/Nicotrol
vapor inhaler. The 20 and 30 pg doses, but not the 10 pg dose,
produced greater C___than the vapor inhaler and placebo. Satis-
faction was higher for all pyruvate inhalers compared with pla-
cebo, but similar to the vapor inhaler. The 20-pg inhaler was
less harsh than the other treatments. The MMAD was 0.62
um, small enough to require 5 s of breath holding to deposit
on the terminal bronchi and alveoli. This would be a notice-
able change for many smokers. British American Tobacco
data suggest that the average breath-hold time is 0.45 s; how-
ever, others observed a wider range of 2.0-10.6 s (no mean
was reported; Marian et al., 2009; Tobin & Sackner, 1982). Philip
Morris International purchased patent rights to the nicotine
pyruvate inhaler in May 2011 (Philip Morris, 2011).
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We have reviewed publications of nicotine inhalation devices
and assessed the extent to which they deliver nicotine to the
lung and the degree to which they replicate the pharmacokinet-
ics and pharmacodynamics of cigarette smoking. Such de-
vices are likely to be more effective at helping people to quit
smoking than current forms of NRT.

The Advantages and Technical Barriers
to Pulmonary Nicotine Delivery

To maximize the proportion of nicotine-infused particles that
deposit in the lung, the particles must have an MMAD small
enough to not impinge on the back of the throat but big enough
to settle in terminal bronchi and alveoli rather than simply
being exhaled (Newman, Anderson, Byron, Dalby, & Peart,
2009). The peak alveolar deposition occurs for particles with an
MMAD of 2-4 pm (Newman et al., 2009) and may require even
smaller particles (1.7-2.7 um) depending on inspiration period
and flow rate (Heyder, 1982). Nicotine particles in this size range
can be made by (a) heating tobacco (by combustion [smoking]
or electric heater; Stapleton, Russell, Sutherland, & Feyerabend,
1998), (b) condensing and aggregating vaporized nicotine solu-
tions by electric heater (Bullen et al., 2010; Westenberger, 2009),
(c) aerosolizing nicotine solutions by bench-top nebulizer
machines, (d) pMDIs (Andrus et al., 1999; Caldwell et al., 2009),
(e) air classifiers (de Boer, Hagedoorn, Gjaltema, Goede, & Frijlink,
2003), (f) capillary aerosol generators (Howell, Mariaczyl, &
Belastro, 2009; Shen, Hindle, & Byron, 2004), and (g) novel
devices (Gonda et al., 2009; Lux & Frecker, 1988a; Rose et al.,
2008). Of these devices, the pMDI is currently the cheapest,
most portable, and relatively simple and economically practical
to manufacture on a large scale.

In order to reach the alveoli, a nicotine aerosol must not
prevent deep inspiration by provoking cough or reflex interruption
of inspiration. Nicotine causes dose-dependent airway irrita-
tion, momentary apnea, and cough by stimulation of C-fiber
nerve endings, nAChR’s, rapidly adapting receptors, and capsai-
cin receptors (TRPV1) in the upper and lower airways, the lung,
the carotid and aortic bodies, and the mediastinum (Cometto-
Muniz & Cain, 1992; Dawes & Comroe, 1954; Lavorini et al.,
2007; Lee et al., 2007; Lee, Gerhardstein, Wang, & Burki, 1993;
Lee, Gu, & Lin, 2010; Lyall et al., 2007; Sellick & Widdicombe,
1971; Widdicombe, 2009). Activation of these irritant mecha-
nisms in the oropharynx and upper airway causes stinging,
burning, piquancy, prickling, freshness, and tingling. The degree
to which these sensations are irritating depends on whether
users view the sensations as intended or unintended (Cometto-
Muniz & Cain, 1992). Indeed, some sensory impact is required
for nicotine inhalation to be perceived as satisfying (Rose, Behm, &
Levin, 1993; Teague, 1983). Irritation from inhaled nicotine
may be limited by (a) reducing the amount that impacts on the
oropharynx and upper airway, (b) a distracting flavoring or
counterirritant, (c) viewing the irritation as desirable, and (d)
coating the nicotine in a nonaversive envelope. Each of these
points will be discussed.

The amount of nicotine that impinges on the back of the
throat can be limited in three ways. First, by reducing its pH to
form a nicotine salt (Keithly, Wayne, Cullen, & Connolly, 2005)
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and thereby limiting its concentration in gas form (Lechuga-
Ballesteros, Kuo, Yuan, & Bueche, 2006; Pankow, 2001); second,
by generating small particles; and third, by coordinating inspi-
ration with the release of nicotine from the inhaler. Coordi-
nation can be achieved using a breath-activated inhaler or by
adding glycerol and activator orifices to reduce the speed and
increase the duration of the pMDI plume (Ganderton et al.,
2002). However, cigarette smoke is aversive even after the upper
airway has been anesthetized (Lee et al., 1993, 2007), perhaps
because nicotine activates irritant C-fiber receptors below the
larynx (Lavorini et al., 2007).

Compared with the solid or liquid phase, gas-phase nicotine
causes a greater sensory impact on the throat (Ferris Wayne,
Connolly, & Henningfield, 2006; Pankow, 2001). The formation
of gas-phase nicotine can be minimized with reduced tempera-
ture and maintaining pH levels below 7 (Pankow, 2001). Lux
and Frecker state (without reference) that nicotine aerosols with
neutral pH’s are not easily inhaled but at pH 5.5 are readily
inhaled into the lungs (Lux & Frecker, 1988a). It is not clear what
the relationship is between pH and aversion to nicotine. The
only relevant study used a very large dose of nicotine per puff
and a large MMAD, potentially confusing irritation from nico-
tine with pH and particle size effects (Burch et al., 1993). In 2006,
Jed Rose wrote that researchers acknowledge that nicotine base
aerosols are highly aversive to inhale (Rose, 2006). However,
a high pH and throat scratch are rewarding for some smokers
(Teague, 1983).

There are further advantages to reducing the pH of nicotine
to match the lung’s extravascular fluid pH = 6.69 £ 0.07 (Effros &
Chinard, 1969). It avoids alkaline activation of protective mech-
anisms located in the airway and carotid bodies, and it prevents
alkaline damage to cells lining the airway. Nicotine salts are
polar and cannot immediately cross plasma membranes, unlike
the nonpolar, lipid-soluble freebase. Before nicotine salt mole-
cules can gain entry to a cell, they must first dissociate into the
freebase and acid, and then the freebase can gain entry. This
process occurs in about the time it takes for the cell’s cytoplasm
to buffer its pH, and hence, nicotine salt exposure does not
abruptly alter the cell’s pH.

A nicotine inhaler may be less harsh if flavorings and coun-
terirritants are added to its formulation. Flavoring agents used
in cigarettes include liquorice, vanilla, and citrus flavors (Baker,
Pereira da Silva, & Smith, 2004). Flavorings are also used in
aerosol medicines, such as vanillin in nebules of the bitter
alkaloid ipratropium bromide (Atrovent; Conkins, Economou,
Boersma, Dedhiya, & Hansen, 1999). Menthol in cigarettes is a
counterirritant that makes the smoke less aversive and produces
a transient apnea, which increases pulmonary absorption
(Wayne & Connolly, 2004). Menthol was also added to the
Nicotrol/Nicorette inhaler (Schneider et al., 2001) and a pMDI
formulation (Caldwell et al., 2009). A person’s attitude toward
an aversive respiratory sensation can modify their cough reflex
in response to it (Cometto-Muniz & Cain, 1992; Lavorini et al.,
2007). Flavoring the nicotine inhaler may help people to view its
sensory qualities as desirable and thereby suppress coughing.

Coating nicotine-bearing particles with a nonirritating
substance may reduce aversion. In cigarettes, nicotine is dis-
solved in particles of tar, which may reduce airway irritation
by minimizing gas-phase nicotine (Rose & Behm, 1987; Rose,
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Behm, Westman, & Coleman, 1999; Rose, Westman, Behm,
Johnson, & Goldberg, 1999). It may be possible to coat nicotine in
a pMDI formulation with glycerol, propylene glycol, or complex
sugar molecules, such as beta-cyclodextrin, although this may
increase the particle size and lung residency time (Brambilla et al.,
1999; Cabral Marques, Hadgraft, Kellaway, & Taylor, 1991;
Nakate et al., 2003; Prigal, McGavack, Speer, & Harris, 1947).

The Advantages and Disadvantages of
Inhaler Devices Identified in This Review

The devices identified in this review varied in their ability to
mimic the pulmonary delivery of cigarette smoking and their
portability. Trials of bulky nebulizer devices demonstrated that
they were capable of pulmonary delivery and achieved reason-
able plasma levels if the pH of the nicotine was reduced and the
particle sizes were small; however, their usefulness is limited by
their lack of portability. The most widely available portable
inhaler (Nicotrol/Nicorette/Favor/Pharmacia inhaler) had a slower
pharmacokinetic profile than cigarettes or the other inhalers
identified in the present review. Despite its nonpulmonary
delivery route, a Cochrane review found that the relative risk of
6-month abstinence with this oral inhaler was 1.90 (95% CI =
1.36-2.67; Stead et al., 2008), which suggests that the oral inhaler
is effective as a smoking cessation medication despite having a
slower pharmacokinetic profile than cigarettes.

Like the oral inhaler, ENDS are also widely available. Con-
siderable experience and practice is required to learn to puff
ENDS frequently in order to absorb enough nicotine to quench
the urge to smoke (Trehy et al., 2011). Novice users may
account for why some studies have observed a slow, low-dose
pharmacokinetic profile (Eissenberg, 2010). Experienced users
report quickly reduced urges to smoke and minimal withdrawal
symptoms and weight gain. These observations, along with high
salivary cotinine measurements in experienced users (Etter &
Bullen, 2011), suggest that vapors can rapidly absorb nicotine in
daily quantities comparable to smokers. No serious side effects
have been reported yet, although allergic reactions to the vehicle
may occur. Flavored glycerin or propylene glycol aerosols are
typical and avoid irritation. Unlike users of other NRTs, ENDS
users are inspired to spontaneously form social networks
devoted to the promotion of ENDS as a safer alternative to
smoking (McQueen, Tower, & Sumner, 2011). This social phe-
nomenon is a uniquely strong endorsement of the technology as
a commercially viable alternative to smoking.

Other portable devices identified in this review were not
currently commercially available, such as the AERx Essence in-
haler, the nicotine pyruvate inhaler, and pMDI devices. Of these
devices, the AERx Essence had a much higher C__(Supplementary
Table 3) and superior particle size distribution. Both the AERx
Essence and nicotine pyruvate inhaler had a very short arterial
T . which indicates that most of the nicotine was absorbed in
the peripheral pulmonary zones. The C_  of the pMDI was
higher than the nicotine pyruvate inhaler but lower than the
AERx Essence (Table 3). The pMDTI’s larger MMAD, high pH,
and its aversive side effects explain why it had alonger T, _than
the AERx and pyruvate inhalers. Exhalation of the very small par-
ticles of nicotine pyruvate and the extremely low dose per puff
were probably responsible for the low C__of the pyruvate inhaler.
Whether or not higher doses of nicotine pyruvate per puff would
be tolerable needs to be explored. All these three inhalers have the
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potential to rival the pharmacokinetics of smoking, although
their ability to match the pharmacodynamics of smoking and
their capacity to act as smoking cessation aids needs to be tested
in randomized controlled trials.

Potential Therapeutic Role of Nicotine
Inhalers

Nicotine inhalers would be useful to treat other conditions in
addition to tobacco dependence. Nicotine has therapeutic
effects that are important for some people. Nicotine enhances
cognition, in both smokers and nonsmokers, and does so even
in smokers who are not experiencing withdrawal symptoms
(Heishman, Kleykamp, & Singleton, 2010; Marchant, Trawley, &
Rusted, 2008; Myers, Taylor, Moolchan, & Heishman, 2008).
The cognitive effects of nicotine may ameliorate attention
deficit hyperactivity disorder and Alzheimer’s disease (Levin &
Rezvani, 2002; Levin et al., 1996; Vagg & Chapman, 2005).
Improvements in cognitive function may explain the high prev-
alence of smoking among people with psychiatric disorders
such as schizophrenia (Mobascher & Winterer, 2008). Also,
nicotine has anti-inflammatory properties (Kalra et al., 2004)
and is helpful in managing ulcerative colitis (Birrenbach &
Bocker, 2004; McGrath, McDonald, & Macdonald, 2004).
Smokers may want a substitute for the social and relaxation
roles that cigarettes fulfill (Ennett et al., 2010; Fry, Grogan,
Gough, & Conner, 2008; Kahler, Daughters, Leventhal, Gwalt-
ney, & Palfai, 2007; Ritchie, Amos, & Martin, 2010).

Future Directions

Before large clinical trials are conducted, the performance of the
pMDI and the pyruvate inhalers needs to be refined. The pMDI
may be improved by use of a nicotine salt, an appropriate spacer
device, and flavorings. Nicotine pMDIs may be improved
further by use of a spacer device to ensure that the vapor can be
puffed on like a cigarette, avoiding the high-velocity jet of a
pMDI. A spacer may provide some resistance to airflow to
open the architecture of the throat so fewer particles impact in
the pharynx (Newman et al., 2009). Both the pyruvate and the
AERX inhalers need to be made smaller and portable, and the
potential to increase the dose of the pyruvate inhaler needs to be
tested. Further research is required to better understand the role
of pH, flavorings, counterirritants, the nonnicotine rewarding
components of tobacco smoke, and nonaversive vehicles in
maximizing pulmonary delivery of medicinal nicotine. Other
ingredients of cigarette smoke (harman, norharman, anaba-
sine, and anatabine) could enhance reinforcement (Clemens,
Caille, Stinus, & Cador, 2009; Herraiz & Chaparro, 2005;
Lewis, Miller, & Lea, 2007), but some of these potential additives
may not be as safe as nicotine (Jimenez, Riveron-Negrete,
Abdullaev, Espinosa-Aguirre, & Rodriguez-Arnaiz, 2008; Keeler,
Crowe, & Lambert, 1984; Nakagawa, Suzuki, Ishii, Ogata, &
Nakae, 2010).

Corporations are unlikely to risk investing in research and
design programs to develop tolerable effective pulmonary delivery
devices under very risk-averse regulatory environments because
of concerns about the safety of nicotine and its addictive
potential (Sweanor, 2000). For example, conventional Western
manufacturers have not brought to market devices such as
Altria’s Chrysalis inhaler (Anonymous, 2008) or Next Safety’s
nicotine inhaler (Next Safety, 2011).
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The potential risks of chronic nicotine inhalation are far
lower than the risks of continued smoking. Although nico-
tine may have adverse cardiovascular effects and may be a
co-mutagen (Benowitz, 1993b; Cooke & Bitterman, 2004;
Dasgupta & Chellappan, 2006; Heeschen et al., 2001), NRT is
safe in people with cardiovascular disease (Balfour et al.,
2000), NRT does not increase the risk of cancer (Murray,
Connett, & Zapawa, 2009), and after decades of experience
NRTs have a good safety track record (Balfour et al., 2000).
The risks of long-term NRT use are far outweighed by the
risks of long-term addiction to smoking (Apelberg et al., 2010;
Fagerstrom, 2002; Sumner, 2003; Sweanor, 1999; Warner
et al., 1997). Specific concerns about ENDS have led to calls
for tighter regulation of ENDS availability (Cobb & Abrams,
2011). Although HFA propellants can produce cardiac sensiti-
zation, they appear to be safe at typical therapeutic levels in
pMDIs (Donnell et al., 1995; Harrison et al., 1996). On balance,
it is unlikely that nicotine inhalers will cause significant health
problems.

Smoking is an exceptionally common, risky, and persistent
behavior with staggering costs in terms of human suffering.
NRT is relatively ineffective—current smokers are unable or
unwilling to quit despite extensive education and public health
initiatives. For these smokers, inhaled nicotine could be very
attractive and even life-saving.

Consumers may or may not accept a pMDI as an alterna-
tive to cigarettes or ENDS. pMDI users cannot display emo-
tion in social settings as they do with cigarettes and ENDS.
The pensive preparation to partake, the intense puffs of con-
centration, or a long contented draft conveniently convey
moods in a way that asthma inhalers do not. On the other
hand, pMDIs may be more convenient to use than ENDS
because pMDIs contain more doses per canister and have no
battery to recharge. Consumer acceptance is not guaranteed,
but the greater the variety of rapid nicotine delivery devices
the greater the chance that smokers will find a device that
suits them. The health consequence of giving consumers
another nicotine maintenance alternative to cigarettes should
be favorable.

The present review has limitations: only a small number
of nicotine inhalation devices have been developed and tested
and the review focused on clinical trials and therefore did
not take account of preclinical inhaler trials. The strength of
this review is that it is the first review that we are aware of
that has drawn together the diverse range of information on
nicotine inhalation devices that is scattered throughout the
literature.

This review has contributed to the literature by summariz-
ing the benefits and technical issues relating to nicotine inhala-
tion and has shown that an effective, tolerable, pulmonary
nicotine delivery device may be more effective than current
NRTs. Its development would be a complex undertaking and
requires investment and a supportive regulatory environment.
Further research is required to maximize alveolar delivery.
Investment in development of therapeutic pulmonary nico-
tine devices is likely to result in a major advance in smoking
cessation treatment and prevent considerable mortality and
morbidity.
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Supplementary Tables 1-3 and Supplementary Figure 1 can be
found online at http://www.ntr.oxfordjournals.org/.
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