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abstract
Vaping was introduced as a means of quitting smoking by slowly reducing nicotine dose to wean smokers of their carcinogenic habit. 
In this setting the risks of vaping likely outweigh the benefits of eliminating the carcinogenic risk associated with smoking cigarettes. 
Soon after the introduction of vaping it caught on as a trendy alternative to smoking, particularly among young people. This means 
that the risk–benefit profile changed considerably because the benefit of smoking cessation was no longer part of the risk–benefit 
equation. Since vaping has now become a primary means of taking nicotine, a risk assessment of vaping per se is necessary to deter-
mine its potential effects on vapers’ health. In this viewpoint, we use our knowledge of the chemistry of the production of “vape 
smoke” to identify its key toxic components. Then, using published animal toxicity data for these chemicals and estimates of vapers’ 
exposure levels, we assess the magnitude of carcinogenic risk. We conclude that vaping is carcinogenic, but that the risk is likely lower 
than for smoking cigarettes. Therefore, someone taking up vaping not as a tool for smoking cessation is adding carcinogenic risk to 
their daily risk profile.

The modern vape was developed by Chinese 
pharmacist Hon Lik after his father died of 
lung cancer and he wanted to quit smoking  

himself. The first-generation design, known as 
“cig-a-like”, resembled a conventional cigarette 
and was marketed as an aid to quit smoking. More 
recent designs have moved away from a tradi-
tional cigarette lookalike to trendy flavoured vape 
pens and pods. 

Modern vape devices have four components: 
battery, heating coil, fluid compartment and 
mouthpiece. The vape liquid, which comprises  
solvents and vapour-producing chemicals, flavours  
and nicotine, is passed over the heating coil,  
vaporised and delivered to the consumer via 
the mouthpiece. Some reusable vapes have coils 
designed to allow users to customise vapour (we 
will use the term “vape smoke” to describe the 
inhaled vapour, but acknowledge that technically 
it is an aerosol) produced to suit their personal 
needs. The ultimate purpose of the device is to 
deliver a drug (usually nicotine) to the consumer 
via the vape smoke. The use of flavouring agents 
customises the experience to suit the consumer’s  
taste. This is controversial because it might 
increase the willingness of adolescents to take 
up vaping and lead to nicotine addiction. Indeed, 
the introduction of “youthful flavours” has led to 
a significant increase in nicotine consumption 
among youths, especially those who have never 
smoked conventional cigarettes.1

In New Zealand, vaping is more common 
than conventional cigarette smoking in all age 
groups up to 45 years old, with more than 22% 
of 15–24-year-olds vaping.1 This is concerning 
because there have been no long-term studies on 
regular vape consumers, meaning that the long-
term health risks remain uncertain.

Since it will be many years before an epidemi-
ological study on the carcinogenic risk of vaping 
can be carried out, in this viewpoint we combine 
what is known about the chemistry of vape liquid 
components under vaping conditions with pub-
lished animal and in vitro studies to predict the 
carcinogenic risk of vaping.

Vape liquid
Vape liquid (also called “vape juice” or  

“e-liquid”) has four key components: propylene 
glycol (propane-1,2-diol), glycerine (propane-
1,2,3-triol), nicotine (usually as the benzoate salt, 
which vaporises at a lower temperature than free-
base nicotine) and flavours (Figure 1). 

Propylene glycol and glycerine act both as  
solvents for nicotine and the flavours and gener-
ate vape smoke’ when heated. The combination 
of glycerine and propylene glycol determines the 
smoothness or quality of the vape smoke, which 
makes the process pleasurable for its consumer. 
Nicotine is addictive and makes the consumer 
crave vaping. The flavouring agents are generally 
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not disclosed on the label: they include menthol, 
cinnamaldehyde, vanillin, benzaldehyde, ethyl 
maltol and dimethylpyrazine, all of which have 
toxicological profiles in their own right, but little 
is known about their pyrolysis products and since 
they are present at low concentrations in the vape 
liquid they are likely of less toxicological concern.2 

Glycerine and propylene glycol are both  
authorised for use in food products in many  
jurisdictions worldwide and are generally 
regarded as safe (GRAS). However, this is a very 
misleading assurance in the context of their use 
in vape devices because they are inhaled (GRAS 
relates only to oral exposure) and the vape process 
involves heating, which leads to thermal degrada-
tion forming toxic aldehydes.3 It is the toxicity of 
the inhaled aldehydes that likely determines the 
long-term health risks of vaping.

In this viewpoint we outline the chemistry of 
the vape process, particularly the toxicological  
consequences of thermal decomposition of vape 
liquid components, and assess the magnitude 
of the long-term health risks to regular vape 
consumers.

Thermal decomposition of vape 
liquid components

The temperature of the heating coil is in the 
range 157–266 degrees Celsius with a “usual”  
vaping temperature of approximately 190 degrees 
Celsius.4 At this temperature, propylene glycol 
(boiling point: 187 degrees Celsius) readily forms 
a vapour for inhalation, while glycerine (boiling 
point: 290 degrees Celsius) vaporises to a lesser 
extent. Users can, to some extent, personalise 
their vaping experience by varying the combina-
tion of propylene glycol and glycerine or adjusting 
the coil’s operating temperature to alter the “quality” 
of the vape smoke.

At normal operating temperature (approx-
imately 190 degrees Celsius), both propylene  
glycol and glycerine break down to form  
aldehydes including acrolein, formaldehyde,  
acetaldehyde, propionaldehyde and methylgly-
oxal (Figure 2). The degree of thermal decomposi-
tion and the thermal decomposition pathways are 
temperature dependent and so vary from device 
to device and from user to user.

Figure 1: Glycerine (propane-1,2,3-triol, A), propylene glycol (propane-1,2-diol, B) and nicotine benzoate (C).

Figure 2: Top: thermal decomposition of propylene glycol (A) via propylene oxide (B) to propionaldehyde (C) and 
via methylglyoxal (D) to formaldehyde (E).3 Bottom: thermal decomposition of glycerine (F) via 1,3-dihydroxypro-
pene (G) and 3-hydroxypropanal (H) to acrolein (I).5
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The aldehydes shown in Figure 2 are toxic  
following inhalation. Their mechanisms of  
toxicity range from direct reactions (e.g., alkyla-
tion) with biological molecules (e.g., DNA) due to 
the chemical reactivity of the aldehyde group to 
initiation of a local inflammatory response due  
to the chemicals’ irritant properties. These  
mechanisms can lead to significant cellular and 
physiological outcomes, including carcinogenesis 
and inflammation-related disorders. In this view-
point we focus on carcinogenesis.

The toxicology of aldehydes, particularly  
formaldehyde, has been studied extensively 
because of their applications in industrial processes.  
Formaldehyde is of note because of its use in 
pathology laboratories. Therefore, previous 
human exposure/effect data (high incidence 
of nasal cancers in exposed workers) led to its  
categorisation by the World Health Organization 
(WHO) International Agency for Research on  
Cancer (IARC) as Group 1—carcinogenic to humans. 
To understand the risk of vaping, we must assess 
the hazard (i.e., toxicity) of the aldehydes present 
in vape smoke and estimate vapers’ exposure lev-
els. These two parameters allow us to estimate the 
magnitude of risk (RISK=HAZARDxEXPOSURE).

Formaldehyde 
Formaldehyde is a human respiratory carcino-

gen. Formaldehyde’s carcinogenic properties are 
thought to be due to its reactive aldehyde group 
causing DNA/protein crosslinks in exposed (e.g., 
nasal) tissues.6 There is overwhelming evidence 
for multiple-site carcinogenesis in humans occu-
pationally exposed to formaldehyde.6 However, 
assessing the dose at which carcinogenesis occurs 
is difficult because of the very long-term and 
variable exposures in industrial and laboratory 
settings. For this reason we will use published 
animal toxicology studies to estimate the carcino-
genicity adverse effect levels as part of our human 
risk assessment. 

In a study in which rats were exposed to  
formaldehyde vapour for 24 months and the  
cancer incidence compared to controls, there was 
a definite dose relationship for nasal squamous 
cell carcinoma with a high incidence at 14.3 parts 
per million (ppm).7 More recently, Gelbke et al. 
reassessed the wealth of published formaldehyde 
toxicity data and proposed an inhalation carcino-
genicity lowest observed adverse effect concen-
tration for polyploid adenomas of 1ppm.8 

Studies on vape inhalation have shown that 

vape devices deliver very variable formaldehyde/
puff values with a mean of 7.8mcg.9 This vari-
ability is further evidenced by Margham et al., 
who reported formaldehyde/puff values between 
17.5 and 59.0mcg.10 In addition, Farsalinos et al. 
showed that formaldehyde concentrations in 
vape smoke are dependent on coil voltage (this  
determines coil temperature) and ranged from 
almost 0mcg/puff at 3.3V to approximately 
71mcg/puff at 5.0V.11 The WHO reported that the  
formaldehyde concentration in cigarette smoke 
is approximately 5mcg/puff.12 At a realistic vape 
coil voltage of 4V, the formaldehyde delivered 
is approximately 32% lower than that through 
a conventional cigarette (note: the relationship 
between formaldehyde production and voltage is 
not linear).10

Klager et al. measured formaldehyde concen-
trations in vape smoke from four different vape 
liquid brands comprising 15 different flavours and 
reported concentrations in the range of 55.9mcg/
m3 (45.6ppm) to 99,400mcg/m3 (81,011ppm).13 
These concentrations all exceed the rat 14.3ppm 
exposure concentration, which led to increased 
nasopharyngeal cancer incidence and exceeded 
the lowest observable adverse effect concentration 
of 1ppm.7 The rat carcinogenicity studies involved 
constant prolonged inhalation exposure, whereas 
vaping results in relatively short inhalation expo-
sures. We estimate that these short exposures 
occur approximately four times per day but are 
likely to be over many years. This means that it 
is impossible to determine quantitative cancer 
risk from vaping. However, there is no doubt that 
formaldehyde in vape smoke presents a cancer 
risk. 

Acrolein
Acrolein (prop-2-enal) is very reactive and 

highly toxic following both inhalation and oral 
exposure. It is a ubiquitous environmental  
pollutant (e.g., from combustion engine exhaust) 
and is present in many foods (e.g., daily con-
sumption from fruit ~15–17mcg), so humans are 
exposed to low doses constantly.14,15 In addition, 
acrolein is a major component of tobacco smoke: 
a cigarette produces 10 to >140mcg acrolein.15 

Acrolein’s mechanisms of toxicity are under-
pinned by its chemical reactivity, leading to 
adduct formation with DNA and proteins caus-
ing functional alterations of key biological  
molecules.14 Acrolein is detoxified by reaction 
with cell protective glutathione and after further 
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metabolism is excreted.16

Regardless of exposure source, acrolein’s effects 
on cells will be the same. Therefore, acrolein 
from vaping adds to the body’s acrolein burden 
and depletes cellular glutathione, thus exposing 
cells to toxic insults that glutathione would nor-
mally protect against. If acrolein exposure is high 
enough to outstrip the cell’s glutathione pool,  
glutathione-unreacted acrolein will be available 
to react with other biological molecules (e.g., 
DNA), thus exerting its toxic effects.

Acrolein has “low” mutagenicity in a bacterial 
reverse mutation assay.17 In animal studies, acro-
lein is acutely toxic with inhalation LC50s ranging 
from 18 to 151mg/m3 and oral LD50s in the range 
7–46mg/kg body weight and continuous inhalation 
studies (90 days) lead to exposure-related lung, 
spleen and thyroid lesions with a lowest observable 
adverse effect level in dogs of 0.5mg/m3.18 Long-
term (52 weeks) inhalation studies at exposures of 
9.2mg/m3 showed no exposure-related tumours,18 
suggesting that acrolein’s low mutagenicity may 
not be relevant in a carcinogenicity context.  
Contrary to this, the IARC rates acrolein as 
Group 2A—probably carcinogenic to humans 
due to evidence that acrolein is carcinogenic in 
a dose-related manner in animal studies, but its 
carcinogenicity in humans has not been proven 
or disproven. 

In rats at an acrolein inhalation dose of 2ppm 
there was a significant increase in respiratory 
tract inflammation and squamous cell metaplasia 
with goblet cell hyperplasia, which is considered 
to be a preneoplastic change.19 Multiple exposures 
to the same carcinogen with the same cancer out-
come are likely to be additive and therefore we 
use the dose leading to respiratory hyperplasia 
as the trigger dose for carcinogenesis in this risk 
assessment.19,20

Acrolein concentration in vape smoke is in 
the range 0.012–1.37mcg/puff and 12.4–19.2mcg/
puff.9,10 The volume of a vape puff ranges from 
90 to 150mL. At the highest concentration of 
acrolein, 19.2mcg/puff, the acrolein exposure 
is in the range 128–213mcg/L. Since the trigger 
hyperplasia exposure concentration in rats is 
2ppm, which equates to approximately 5mcg/L,19 
this means that a vaper’s exposure to acrolein 
is above the hyperplasia trigger concentration. 
However, this relates only to the concentration  
in respired vape smoke and does not take account 
of exposure frequency or duration (i.e., total  
acrolein dose). In the rat study we used to define 
the hyperplasia trigger exposure concentration, 

this was 6 hours a day, 5 days a week for a total of 
104 weeks. In a vaper, exposure would be approx-
imately four sessions a day for what is likely to 
be years. In view of this, the acrolein exposure 
concentration via vaping is arguably within the 
hyperplasia trigger range, but it is not possible to 
quantify the risk.

Acetaldehyde
Acetaldehyde (ethanal) is a reactive environmen-

tal pollutant and is used in industrial processes, 
which means that human exposure studies are 
available. Indeed, these studies in combination 
with animal carcinogenicity studies led the IARC 
to rate acetaldehyde as Group 2B—possibly  
carcinogenic to humans. In addition, acetaldehyde 
is an alcohol dehydrogenase catalysed metabolite 
of ethanol and has been linked to oesophageal 
cancer in alcoholics.22 

Acetaldehyde is detoxified to non-toxic  
acetate by aldehyde dehydrogenase, thus the 
speed and completeness of this detoxification 
pathway determine the amount of acetaldehyde 
available to react with biological molecules and 
so exert its toxic effects. Interestingly, acetal-
dehyde can also be detoxified by reaction with 
cysteine to form thiazolidine-4-carboxylic acid, 
which can, in turn, react with nitrite (e.g., from 
cured meats) to form carcinogenic N-nitrosothi-
azolidine-4-carboxylic acid.23 This illustrates the 
multiple pathways by which acetaldehyde might 
initiate carcinogenesis.

Long-term rat acetaldehyde inhalation  
studies led to squamous cell carcinomas at or 
above 1,500ppm (equivalent to approximately 
2,700mcg/L).24 Acetaldehyde concentration in 
vape smoke is in the range 0.02–22.5mcg/puff and 
7.71–18.0mcg/puff.9,10 Using the same method of 
calculation used for acrolein (above) means that 
the worst case acetaldehyde exposure concentra-
tion is 150–250mcg/L, which is far below the rat 
study 2,702mcg/L trigger value. In the rat studies, 
this trigger value led to carcinogenesis following 
extended continuous exposure, whereas vaping 
exposure would be for relatively short bursts for 
probably years. Nevertheless, it is unlikely that 
this would pose a cumulative carcinogenic dose 
considering aldehyde dehydrogenase-mediated 
acetaldehyde detoxification. In addition, aldehyde 
dehydrogenase has been demonstrated in the 
nasal mucosa of rodents, which means that acetal-
dehyde detoxification might occur locally following 
inhalation,25 further reducing carcinogenic risk. 
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On balance, acetaldehyde likely presents a low, if 
any, carcinogenic risk following vaping.

Propionaldehyde
Toxicologically, propionaldehyde (propanal) 

is similar to formaldehyde and acetaldehyde 
because of their common reactive aldehyde 
groups. However, the length and form of the  
aldehyde carbon chain in part determines its  
reactivity; indeed, chain length is inversely related 
to inhalation toxicity.26 Therefore, despite there 
being a dearth of toxicological data on propion-
aldehyde, it would be expected to have a lower  
toxicity than acetaldehyde. 

Propionaldehyde concentration in vape 
smoke is in the range 0.019–12.1mcg/puff and 
2.3–6.01mcg/puff.9,10 Using the same method of  
calculation used for acrolein (above) the worst 
case propionaldehyde exposure concentration 
is 0.08–0.13mcg/L. This is very much lower than 
the trigger value of 2,700mcg/L for acetaldehyde, 
which, based on propionaldehyde’s expected 
lower toxicity profile compared with acetal-
dehyde, suggests that propionaldehyde likely  
presents very low or no cancer risk.

Methylglyoxal 
Methylglyoxal (2-oxopropanal) is an aldehyde 

with a keto-containing side chain. Its toxicological 
profile is akin to the other aldehyde toxicities  
discussed above. It depletes cellular glutathi-
one and so exposes cells to the toxic effects of 
molecules that would usually be detoxified by  
glutathione,27 which might facilitate the toxicities 
(including carcinogenicity) of other molecules. In 

this context, it is interesting that methylglyoxal 
increases the incidence of N-methyl-N’-nitro-N- 
nitrosoguanidine initiated tumours in rats.28 In 
addition, methylglyoxal is positive in a mutagen-
icity test and the positive test result is suppressed 
by supplementing with glutathione.29,30 This  
supports the glutathione depletion hypothesis 
for methylglyoxal-associated carcinogenesis. A  
significant amount of other published data led 
the IARC to rate methylglyoxal as Group 3—not  
classifiable as to its carcinogenicity to humans.

The concentration of methylglyoxal in vape 
smoke is in the range 5.24–6.49mcg/puff,10 but 
considering its IARC carcinogenicity classifica-
tion, it is very unlikely that inhalation exposure 
will initiate carcinogenesis. However, its presence 
might facilitate or enhance the carcinogenicity of 
carcinogens present in vape smoke.

Dose versus exposure 
concentration

Risk is determined by dose. However, in 
an inhalation setting concentrations are often  
considered in the context of exposure time. In 
order to lead to a particular health outcome (in 
this case carcinogenesis) the exposure time to a 
particular concentration (e.g., of an aldehyde) is 
the risk determinant. In this viewpoint we have 
used concentration as an indicator of exposure 
level associated with risk, and we have calculated 
doses from these concentrations (Table 1) as a  
better determinant of magnitude of risk.

Non-genotoxic carcinogenesis
Inflammation is a key driver of non-genotoxic 

Table 1: Approximate yields of aldehydes from cigarette smoke and calculated doses for a 70kg human assuming 
the entire cigarette is consumed compared with equivalent data for vaping.9,31,32

Aldehyde 

Smoking Vaping

mcg/cigarette
Dose

mcg/kg body 
weight

mcg/puff
Dose

mcg/kg body 
weight

Acrolein 220–468 3.1–6.7 0.012–1.37 0.0026–0.29

Formaldehyde 87–243 1.2–3.5 0.13–24.4 0.028–5.2

Acetaldehyde 1,110–2,040 15.9–29.1 0.02–22.5 0.0043–4.8

Propionaldehyde 87–176 1.2–2.5 0.19–12.1 0.0041–2.6
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carcinogenesis because it stimulates cell division 
and, since DNA-related errors can lead to neopla-
sia, if the frequency of division goes up the risk of 
carcinogenesis also goes up.33 

Aldehydes initiate inflammatory responses at 
low inhalation concentrations in an environmen-
tal pollution setting, and aldehydes in cigarette 
smoke have been shown to cause acute airway 
inflammation.34 The doses of some aldehydes in 
cigarette smoke and vape smoke are shown in 
Table 1. 

Acrolein and acetaldehyde doses are higher 
following cigarette smoking than vaping, whereas 
formaldehyde and propionaldehyde doses are 
comparable (Table 1). 

While acetaldehyde poses a low cancer risk, 
it represents a very much lower risk to vapers 
than to cigarette smokers. Acrolein, on the other 
hand, is mutagenic and carcinogenic, but the 
dose following vaping is very much lower than  
following smoking and so the cancer risk is  
concomitantly lower. The dose of formaldehyde, a 
known human carcinogen, is comparable between 
cigarette smoking and vaping, which suggests 
that the formaldehyde dose from vaping poses 
a comparable cancer risk to cigarette smoking. 
Similarly, the propionaldehyde dose is similar 
for cigarette smoking and vaping but likely poses 
negligible cancer risk. All of these aldehydes 
are inflammatory and so might present a non- 
genotoxic carcinogenesis risk both by primary 
cellular transformation (due to transcriptional 
errors in cell division) or promotion of already 
transformed (due to exposure to other carcino-
gens) cells.

Finally, the complex array of compounds that 
vapers inhale, including aldehydes, might act 
in concert leading to additivity or even synergy. 
Because all aldehydes share the reactive alde-
hyde group, their likely mechanisms of toxicity 
(including carcinogenicity) are similar, but the 

extent varies depending on the length of their 
carbon chains’ influence on reactivity. Therefore, 
aldehyde toxicity is likely to be at least additive. 
However, synergy is feasible because if a highly 
reactive aldehyde (e.g., formaldehyde) leads to a 
mutation and carcinogenesis, the transformation 
might be promoted by the inflammatory proper-
ties of other aldehydes (e.g., propionaldehyde) via 
a non-genotoxic mechanism.

Conclusions
In our view, it is clear from this risk analysis 

that vaping presents an unquantifiable cancer 
risk, but that based on exposure to vape smoke 
aldehydes the risk is lower than for cigarette 
smoking. It is important to note that there are 
also other potent carcinogens in cigarette smoke 
(e.g., benzo[a]pyrene) that present a significantly 
higher cancer risk.

In our view this risk assessment supports the 
use of vaping for smoking cessation because the 
overall cancer risk is lower than for smoking, 
but does not exonerate vaping in its own right 
because taking up the habit introduces a new  
vaping-associated cancer risk.

It will take many years to accrue sufficient  
epidemiological data to determine whether or 
not vaping is carcinogenic. In the meantime, in 
our view, the risk assessment approach taken 
here points firmly to cancer risk, based purely 
on the inhaled carcinogenic components of vape 
smoke. This supports invoking the precautionary  
principle and the need to consider the vaping 
risk–benefit balance. There is a definite benefit of 
vaping as part of a smoking cessation programme, 
which likely outweighs the carcinogenic risk, 
but we find it difficult to identify any benefit of  
vaping for its own sake, which means that its  
predicted cancer risk is difficult, if not impossible, 
to justify.35
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