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Abstract. Electronic cigarettes (ECIGs) are electronic devices 
that heat and vaporize a solution that usually contains a mixture 
of glycerol, propylene glycol, water, flavors and various concen‑
trations of nicotine. ECIGs have 3 key components: A power 
source, a cartridge containing an atomizer along with a liquid 
solution and a mouthpiece. The solution (often known as 
e‑liquid or e‑juice) is heated into an aerosol inhaled by the user. 
Smoking conventional cigarettes is considered a determinant 
factor in the development of chronic respiratory diseases, 
cardiovascular diseases, cancers, and reproductive system 
dysfunctions. Conventional smoking also causes genome 
damage and alteration of the transcriptome, due to the amounts 
of noxious substances emitted during the combustion of these 
products. Recently, cigarette consumers have begun to use 
ECIGs as a replacement or substitute practice to help them 
quit smoking. In addition, an increase in the use of ECIGs 
and similar devices by young individuals has been reported, 
which is unsurprising due to the unregulated distribution and 
sale of these products. The present review article describes 
and discusses the impact and the noxious effects of substances 
in ECIGs and other nicotine administration systems on DNA 
structure, gene expression profile, and epigenetic modification, 
focusing on the respiratory system and embryonic development.
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1. Introduction to electronic cigarettes

Electronic cigarettes (ECIGs), also known as ‘smokeless 
cigarettes,’ ‘e‑hookahs,’ ‘vape pens’ and ‘vapes’, are electronic 
devices that heat and vaporize a solution that usually contains 
a mixture of glycerol, propylene glycol, water, flavors and 
various nicotine concentrations (1). The first electronic ciga‑
rette patents date back to 1965 (2). The concept of this new 
product was a ‘smokeless nontobacco cigarette’, to provide ‘a 
safe and harmless tool and method for smoking’ (3). However, 
ECIGs were not commercially available until 2004. Since they 
have been marketed, they have become one of the products 
with the highest commercial growth rate (4).

2. ECIGs components, function and categories

ECIG devices have 3 key components: A power source, a 
cartridge containing an atomizer to heat a solution that typi‑
cally contains nicotine and a mouthpiece. The liquid solution 
(often termed e‑liquid or e‑juice) that is stored in the cartridge, 
heats up in the device producing an aerosol inhaled by the user 
through the mouthpiece (Fig. 1) (5).

In the evolution of ECIGs, companies have used tech‑
nology to improve devices. Four generations of ECIGs can be 
identified. The first generation, originally designed to imitate 
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the conventional cigarette in appearance, is also known as the 
young category, or Cig‑a‑like. It was built with a disposable 
filter, an integrated atomizer, and cotton soaked in e‑liquid (6). 
The majority of Cig‑a‑likes are built with low‑voltage batteries 
and low‑volume, non‑refillable reservoirs made of sponge‑like 
polyfill (Fig. 1) (7).

The second generation had the enhancement of a 
high‑capacity rechargeable battery and a separated tank (6). 
As the years passed and ECIG technology improved, third‑ 
and fourth‑generation ‘intelligent vaping systems’ included 
new features, such as voltage regulation from 3.4 to 4.8 V, 
battery improvement (third generation), and better internal 
device resistances (fourth generation) (Fig. 1) (6).

Fourth generation ECIGs were introduced in the last 5 
years. Also known as ‘Pod‑Mods’, they are new and highly 
popular. Their main innovation is fusing atomizer and tank 
in a simplified piece, known as a ‘Pod,’ that contains and 
vaporizes the e‑liquid. The Pod is fastened to an USB or to 
a tear‑shaped rechargeable battery. Another difference in 
‘Pod‑Mods’ is the use of a new e‑liquid formula with proton‑
ated nicotine. Inhaling these new formulas do not cause the 
side‑effects caused by high‑nicotine concentrations. This 
innovation increases acceptance rates and increases the risk of 
addiction among young users (Fig. 1) (8).

Some ECIGs are designed to be totally disposable. The 
majority of other ECIGs are reusable. The reusable contain 
a rechargeable lithium battery and a replaceable vaporization 
chamber, wicking system, and nicotine/flavoring cartridge (9).

A survey conducted by the National Youth Tobacco Survey 
(NYTS) to estimate the prevalence of ECIGs in the United 
States from 2011  to  2012 demonstrated that 1.78  million 
students had used ECIGs in that time period. In  2012, 
approximately 160,000 students using ECIGs had never used 
conventional cigarettes (10). In a recent study, 4.04 million 
high‑school students and 840,000 middle‑school students 
were at that time using some tobacco product; ECIGs were 
used the most (11).

3. Chemical compounds found in ECIGs

Along with characteristic tobacco odor and flavor options, 
one of the most attractive features of ECIGs for younger indi‑
viduals is the perception that consumption has a ‘low risk’ to 
health (12). While the use of ECIGs does reduces consumption 
levels of toxic compounds compared to traditional cigarettes, it 
remains a source of exposure to harmful substances.

Some investigations have examined the chemical compo‑
sition of commercial e‑liquids from >50 brands. An average 
of 87 (from 60 to 113) chemical compounds were identified in 
ECIGs cartridges, e‑liquids and aerosols (13‑15). Compounds 
identified in ECIG liquids and aerosols include nicotine, 
solvent vehicles such as propylene glycol (PG) and glycerol; 
tobacco‑specific nitrosamines (TSNAs), aldehydes, metals, 
volatile organic compounds (VOCs), phenolic compounds, 
polycyclic aromatic hydrocarbons (PAH), flavorings, and 
minor tobacco alkaloids (Fig. 2) (13,16,17).

Figure 1. ECIGs: Evolution and components. Throughout the evolution of ECIGs, essential parts such as the mouthpiece, cartridge tank (holds the liquid juice), 
heating element, on/off switch, cartridge, and battery remain. The first generation are non‑refillable devices designed for single use that mimic the appearance 
of traditional cigarettes. The second generation are rechargeable devices, with interchangeable substance cartridges and interchangeable battery spare parts. 
The third generation are modifiable devices (‘mods’) that allow users to customize the substances in the device with a tank that contributes to the generation of 
increased vapor and delivery of substances such as nicotine. Finally, fourth generation are compact capsule‑like devices (Pod Mods) attached via magnets that 
demand less energy and generate more steam. Pod Mods typically use nicotine salts instead of the free‑base nicotine used in most others ECIGs. The figure 
was modified from CDC, E‑Cigarette, or Vaping, Products Visual Dictionary, 2019 (https://www.cdc.gov). Created with BioRender.com. ECIGs, electronic 
cigarettes.
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Currently, there are >7,000  flavorings for ECIGs  (18), 
which are manufactured using chemical compounds such as 
alcohols, acids, esters, lactones, aldehydes, ketones, hetero‑
cycles and mercaptans (Table I). These flavorings, as well as 
propylene glycol (PG) and glycerol, are classified as ‘gener‑
ally recognized as safe’ (GRAS) by the FDA (12,19), which 
suggests that they are safe to consume if they are used as food 
additives. However, other administrations, such as inhalation, 
may be harmful. Although data on long‑term inhalation expo‑
sure to PG and glycerol is currently limited (20,21), exposure 
to PG is known to cause irritation to the eyes and respiratory 
tract (13,22), in addition to increasing the probability of devel‑
oping asthma (23‑25).

Even more compounds (approximately 18) are observed 
in the inhaled aerosols, given that additional chemicals are 
generated at high temperatures during vaporization (14). Some 
are potentially harmful chemicals and ultrafine particles, 
including carbonyl compounds, VOCs, TSNAs, metals and 
silicates (Fig. 2) (26). These substances are potentially toxic 
and carcinogenic, and they increase the risk of respiratory 
and heart diseases (13). The heating of flavorings generates 
other substances in quantities exceeding the maximum limit 
allowed, including aldehydes, toxic furans, benzene, methanol 
and ethanol. These can produce multiple adverse health 
effects  (27‑29). When PG and glycerol are heated to high 
temperatures and aerosolized, thermal dehydration reactions 

are facilitated, and several toxic carbonyl compounds are 
generated (30). Recent studies in e‑liquids have found toxic 
carbonyls such as formaldehyde, acetaldehyde, acrolein, 
glyoxal, and methylglyoxal, in addition to propylene oxide, all 
known to be potentially carcinogenic and causing irritation 
of the upper respiratory tract (Table I) (22,31‑36). What is of 
concern is that the numbers of substances and their concen‑
trations are highly variable, due to the differences in the 
manufacturing of ECIGs. Temperature can influence a higher 
production of carbonyl compounds (31,37). In some studies, as 
voltage rises to heat devices, formaldehyde, acetaldehyde and 
acetone levels increase as much as 200 percent, representing a 
major risk to health (38,39).

TSNAs are found in some ECIGs and have a high carci‑
nogenic potential. They form in the curing process during 
the nitrosation of amines (40,41). Minor alkaloids have also 
been found; however, their effects on health are currently 
unknown (30). Other relevant compounds are diethyl phthalate 
(DEP) and di‑2‑ethylhexyl phthalate (DHEP). They probably 
develop from the e‑liquid package in the production process 
and have serious adverse effects on health (42,43).

Various studies have detected different metals in e‑liquids 
and their aerosols (Table I) (13,44). The levels and concen‑
trations of these metals, except for cadmium, are higher 
compared to those in traditional cigarettes. These metals can 
originate in the chamber that aerosolizes the e‑liquid, or from 

Figure 2. Pulmonary genetic and epigenetic impact of chemical components derived from ECIGs. Summary of the main chemical components found in 
e‑liquids and aerosols and schematic representation of their genetic and epigenetic effects, which are evidenced in studies in (A) humans and (B) mice. 
(A) Exposition of ECIGs aerosol in humans may cause oxidative and alkylating lesions directly over the DNA. It also causes transcriptome alterations, such 
as reduced expression of genes related to the immune system and an increased expression of genes involved in the oxidative stress response. As regards the 
effects ECIGs on the epigenome, the hypomethylation of class I transposable elements (LINE‑1) and the dysregulation of miRNA expression should be high‑
lighted. (B) Following ECIGs aerosol exposition in a murine model, the alteration of genes involved in control and correct functioning of circadian rhythm is 
evidenced. Another murine model demonstrated that ECIG aerosol intake was detrimental to fetal and maternal respiratory health (56,57). This effect was due 
to an induction of inflammatory response at pulmonary tissue in mother and litter. Specifically, an increased expression of IL‑1β, IL‑6 and TNF‑α and altered 
ERK1/2 and JNK pathways are being identified in mouse mothers. Also, an increase of TNF‑α and PDGFα expression, a decrease of IL‑1β expression, and 
a dysregulation of p38 and p65 pathways are identified in their breed. Vapor produced by ECIGs leads to changes on the epigenetic profile of exposed breed 
in utero, where a global hypomethylation state is being shown. The figure was created with BioRender.com. ECIGs, electronic cigarettes.

https://www.spandidos-publications.com/10.3892/ije.2021.2
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Table I. Main chemical compounds found in electronic cigarettes.

Chemical	 Chemical		  Main health effects	 Respiratory or	
group	 compound	 Source	 from exposure	 lung irritant	 (Refs.)

Acids	 Butyric acid	 E‑liquid	 Moderate skin and eye irritation	 No evidence	 (13)
		  flavors			 
Alcohols	 Menthol		  Skin irritation and severe eye irritation	 No evidence	 (13)
	 Benzaldehyde		  Aerosolized form generates irritation	 Yes	 (28)
			   in the membranes of the airways		
	 Cinnamaldehyde		  Damage to the homeostasis of the	 Yes	 (27)
			   respiratory system, increase in DNA 		
			   breaks, decrease in cell growth		
			   and increase in cell death		
Heterocycles	 Furfural	 E‑liquid	 Exhibits tumorigenicity in mice	 Yes	 (13,29)
		  aerosol			 
	 5‑Hydroxymethylfurfural		  Exhibits tumorigenicity in mice	 Yes	 (22,29)
	 Maltol		  Cytotoxic	 Yes	 (13)
	 2‑Acetylpyrrole		  Skin irritation	 Yes	
Solvents	 Glycerol	 E‑liquid	 Associated to lipoid pneumonia	 Yes	 (25)
			   Minimal squamous metaplasia		
			   of the epiglottis		
	 Propylene glycol		  Increases the risk of developing	 Yes	 (13,25)
			   asthma and irritates eyes		
	 Ethylene glycol 		  Harmful effects in animal models	 Yes	 (21)
Carbonyl	 Formaldehyde	 E‑liquid	 Classified as a human	 No evidence	 (22)
		  aerosol	 carcinogen (Group 1)		
	 Acetaldehyde		  Classified as possibly carcinogenic	 No evidence	 (22)
			   to humans (Group 2B)		
	 Acrolein		  Causes irritation of the nasal cavity	 Yes	 (13,41)
			   and damages the lining of the lungs		
			   through oxidative stress and its		
			   involved in COPD development		
	 Propylene oxide 		  Classified as potentially	 Yes	 (31)
			   carcinogenic by the IARC		
	 Glyoxal		  Shows mutagenicity	 No evidence	 (36)
Nitrosamines	 N'‑nitrosonornicotine	 E‑liquid	 Low levels have been found. 	 No evidence	 (41,42)
(TSNAs)	 (NNN)	 with	 Are potent carcinogenic chemicals. 		
		  nicotine	 Can cause throat or mouth cancer		
	 N'‑nitrosoanabasine (NAB)		  Classified as a human carcinogen	 No evidence	
			   (Group 3)		
VOCs	 Benzene	 E‑liquid	 Classified as highly carcinogenic	 Yes	 (13,26)
		  aerosol	 by the IARC, related to depression		
			   of the CNS when inhaled		
	 Methanol		  Increases the risk of developing	 Yes	
			   myeloid leukemia and affection of		
			   sexual organs, also its metabolites		
			   are toxic and may cause eye damage		
Phthalates	 Diethyl phthalate	 E‑liquid	 Favors inflammation and	 Yes	 (44)
	 (DEP)	 package	 oxidative stress, and are risk factors		
	 Di‑2‑ethylhexyl phthalate		  for the development of neurological, 		
	 (DHEP)		  gastrointestinal and asthma disorders. 		
			   DHEP is classified as probably		
			   carcinogenic		
				    Yes	
Metals	 Nickel	 Probably	 Impaired lung function, classified 	 Yes	 (45‑48)
		  from ECIGs	 as a human carcinogen (Group 1).		
		  chamber			 
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other ECIGs components that infiltrate the aerosol (13,45). 
One study reported that these metals might be inhaled, 
affecting normal chromium and nickel body levels, resulting 
in high toxicity to multiple organs (46). Copper is specifically 
associated with mitochondrial oxidative stress and DNA frag‑
mentation (13,46,47).

Finally, reactive oxygen species (ROS) and free radicals 
(FRs) are produced by normal aerobic metabolism and can 
also be derived from external sources, such as tobacco smoke. 
The increase in ROS and FR creates homeostatic imbalance 
and oxidative stress, which exerts negative effects, such as 
breakdowns in cellular function and cellular damage (48). This 
may trigger cardiovascular and respiratory diseases (chronic 
obstructive pulmonary disease, asthma) and even cancer 
development, due to DNA damage.

In summary, the majority of ECIGs, regardless of their 
nicotine content, contain and emit potentially toxic substances 
that may, with long‑term exposure, alter the homeostasis of 
certain organs and can cause damage. These changes in 
microenvironment exposure may alter the epigenome, tran‑
scriptome, and even the genome itself. Those effects of vaping 
will be the main focus of discussion below.

4. Noxious effects of ECIGs on DNA

Aerosol generated by ECIGs is composed of various toxic 
agents. Some are reported to exert an effect at the cellular 
level similar to that of tobacco smoke, principally increased 
levels of oxidative stress and inflammation (49), and to lead to 
changes in gene expression (50,51).

For this reason, it is essential to determine whether ECIG 
aerosol exposure can cause DNA damage to pulmonary and 
oral epithelial cells. Ganapathy et al (52) determined the geno‑
toxicity and mechanisms induced by ECIG aerosol extract in 
human epithelial normal bronchial cells (Nuli1) and human 
oral squamous cell carcinoma (UM‑SCC‑1). After 1  h of 
aerosol exposure in both cell types, oxidative and alkylation 
DNA lesions were observed. It was also shown that DNA 
damage was dose‑dependent, as more damage was evidenced 
as exposure to ECIG aerosols increased (Table  II). These 
harmful effects may be associated with formaldehyde and the 
ROS levels in aerosols (Fig. 2A) (52).

The significant mutagenic capacity of toxic compounds in 
ECIGs has not yet been described, at least to the best of our 

knowledge. However, conventional smoking has been proven 
to cause multiple epigenetic alterations. Given that ECIGs 
contain numerous noxious chemical compounds, they can alter 
epigenetic mechanisms that regulate gene expression as well.

Toxic chemicals in ECIGs can generate changes in the 
cellular microenvironment, leading to deregulation in gene 
expression through epigenetic alterations, such as DNA aberrant 
methylation or hypomethylation, histone modifications, chro‑
matin remodeling and microRNA (miRNA/miR) expression. 
Alterations in these mechanisms can support the development 
of different pathologies, particularly in the lungs (53).

5. Effect ECIGs on genes involved in the immune response

The study by Martin  et  al  (54) in 2016 on conventional 
smokers, non‑smokers and ECIG users, compared the expres‑
sion of 597 genes in nasal mucous epithelial cells related to the 
immune response. The expression of 53 genes in smokers and 
305 in ECIGs users decreased (Table II).

It is important to note that the decrease in the expression 
of genes associated with exposure to conventional cigarettes 
was also observed in cells exposed to ECIGs. The levels of 
the early growth response protein 1 (EGR1), dipeptidyl pepti‑
dase‑4 (DPP4), chemokine (C‑X‑C motif) ligand 2 (CXCL2), 
CX3C chemokine receptor 1 (CX3CR1) and cluster of differ‑
entiation 28 (CD28) genes were shown to be downregulated 
in conventional cigarette smokers, while the levels of the zinc 
finger and BTB domain‑containing protein 16 (ZBTB16), 
EGR1, polymeric immunoglobulin receptor (PIGR), prosta‑
glandin‑endoperoxide synthase 2 (PTGS2) and FKBP prolyl 
isomerase 5 (FKBP5) genes were downregulated in ECIG 
users. The majority of the downregulated genes in cigarette 
smokers and ECIG users code for transcription factors (TFs) 
that regulate downstream genes associated with the immune 
system (54). One of these is the colony‑stimulating factor 
1 (CSF‑1), a gene that codes for a cytokine involved in the 
activation of innate immunity in infection response (55). The 
CSF‑1 is a target of EFR1 TF, the expression of which is signif‑
icantly decreased in smokers and ECIG users (Fig. 2A). This 
suggests that the use of ECIGs may induce immunosuppres‑
sion states associated with the suppression of the expression 
of genes involved in the immune response of nasal mucous 
cells. This may increase susceptibility to various infections 
(Table II) (54).

Table I. Continued.

Chemical	 Chemical		  Main health effects	 Respiratory or	
group	 compound	 Source	 from exposure	 lung irritant	 (Refs.)

	 Copper		  Mitochondrial oxidative stress	 No evidence	
			   and DNA fragmentation		
	 Cadmium		  May cause toxicity to multiple organs		
	 Manganese				  
	 Aluminum				  
	 Iron		  Impaired lung function and fibrosis	 Yes	

VOCs, volatile organic compounds.

https://www.spandidos-publications.com/10.3892/ije.2021.2
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6. Effect of ECIGs on genes involved in the circadian clock

The circadian molecular clock is important for homeostasis 
and biologic functions, such as glucose metabolism and 
immune/inflammatory responses. Circadian clock disruption 
in the lungs may alter respiratory function and affect inflam‑
matory responses. ROS production may cause DNA damage 
and mucus hypersecretion, contributing to the development 
and advance of chronic obstructive pulmonary disease 
(COPD) (56). Alterations in organs other than the lungs have 
been associated with the development of cancer, obesity and 
cardiovascular risk, among other illnesses (57).

E‑liquids contain a high amount of PG and glycerol. To 
assess the effects of these substances on health, a previous 
study exposed a murine model (female BALB/c) to steam 
from nicotine‑free and flavor‑free ECIGs at various solvent 
concentrations (PG 70% and glycerol 30%, glycerol 100% and 
PG 100%) (57). The lung transcriptomic results revealed that 
the inhalation of both components modulated the expression of 
37 genes, most conspicuously aryl hydrocarbon receptor nuclear 
translocator like (Arntl), neuronal PAS domain protein  2 
(Npas2), nuclear receptor subfamily 1 group D member 1 
(Nr1d1), nuclear receptor subfamily  1 group  D member  2 
(Nr1d2), period circadian regulator (Per), Per2 and Per3. These 
genes belong to the circadian clock machinery and play an 
important role in circadian cycle regulation. Surprisingly, these 
affected genetic expression not only in pulmonary tissue, but 
also in the liver, brain, skeletal muscle and kidneys (Table II). 
Likewise, the expression of the heat shock 70 kDa protein 1 
(Hspa1a, also known as Hsp72) and heat shock protein 
family A (Hsp70) member 1B (Hspa1b) genes, Hsp70 member 
was altered following exposure to PG and glycerol, suggesting 
that although Hspa1a and Hspa1b are not part of the circadian 
clock control, they may be affected because their expression 
depends on this physiologic process (Fig. 2B) (57).

A similar study by Khan  et  al  (56) demonstrated that 
chronic exposure to smoke and aerosols from ECIGs and 
water‑pipes in a C57BL/6J murine model produced specific 
pulmonary alterations to the abundance and expression of genes 
related to the circadian clock control and to the output of genes 
controlled by the circadian clock. Water‑pipe smoke exposure 
produced alterations in the circadian clock expression patterns 
of the pulmonary‑specific genes, Clock and Bmal1, and in the 
upregulation of the output genes, Rev‑erbα, Rev‑erbβ, Per2, 
Cry1 and Rorα (Fig. 2B). Exposure to ECIG aerosols also alters 
circadian clock genetic expression in lung tissue, particularly 
when e‑liquids contain nicotine (Table II) (56).

7. Effects of ECIGs on the epigenome

Smoking tobacco cigarettes has been one of the risk factors 
most related to epigenome alterations. Recently the impact 
of ECIGs on the epigenome has also been questioned. 
Caliri et al (58) proved the association between vaping and 
a loss of DNA methylation levels. They analyzed peripheral 
blood samples of ECIGs users, conventional smokers and 
non‑smokers for methylation levels (5‑mC) on the trans‑
posable elements, long interspersed nucleotide element  1 
(LINE‑1). The loss of methylation in LINE‑1 coding regions 
results in latent retrotransposon activation. This can lead to a 

genomic instability status, a hallmark of cancer. Their study 
demonstrated a significant decrease in methylation (5‑mC) in 
LINE‑1 elements (Fig. 2A), 18% in vapers and 13% in ciga‑
rette smokers, compared to a non‑smoker control group, with 
no significant differences between vapers and smokers. The 
hydroxymethylation (5‑hmC) was also quantified on the DNA, 
decreased in vapers (66%) and cigarette smokers (88%) (58). 
Epigenetic alterations found in that study are linked to DNA 
hypomethylation, and they suggest a possible association 
between ECIGs use and cancer risk (Table II).

Exposure to liquids and aerosols of ECIGs, with or without 
nicotine, induces the gene expression of glutamate‑cysteine 
ligase catalytic subunit (GCLC), glutathione peroxidase 2 
(GPX2), NAD(P)H dehydrogenase [quinone] 1 (NQO1) and 
heme oxygenase  1 (HO1) in response to oxidative stress 
in normal human bronchial epithelial cells (NHBE). The 
maximum response to oxidative stress is produced when ECIG 
aerosols contain nicotine (59).

On the other hand, exposure to ECIGs deregulates the 
expression of >125 miRNAs. This was first evidenced by 
Solleti et al  (59), using RNA‑seq. These results confirmed 
the increased expression of the miRNAs, miR‑26A‑2‑3p, 
miR‑126‑5P, miR‑140‑5P, miR‑29A‑2‑5P, miR‑374A‑3P and 
miR‑147B. The results were focused on miR‑126‑5P, expressed 
in highly vascularized tissues like that found in lungs and the 
heart, inducing the decrease in its gene targets, MAS‑related 
G‑protein coupled receptor member X3 (MRGPRX3) and MYC, 
involved in apoptosis, transformation and cellular differentia‑
tion processes (Table II). This exposure also increases NQO1 
protein and HO1 enzyme expression, both with antioxidative 
function in response to oxidative stress (Fig. 2A) (59).

It is currently known that conventional cigarette consump‑
tion during pregnancy is detrimental to fetal respiratory health, 
increasing post‑natal susceptibility to respiratory infections 
and pulmonary dysfunction (1,2,32,34). For this reason, some 
have the perception that the use of ECIGs is a safer smoking 
alternative and acceptable for use by pregnant women.

In pregnant murine models (BALB/c mice) exposed to ECIGs, 
with and without nicotine, epigenetic alterations were observed, 
among mothers and their descendants, in genes involved in the 
inflammatory response of the lungs (56,57). The expression 
of the genes, interleukin (Il)‑1β, Il‑6 and tumor necrosis factor 
(Tnf)‑α increased in the lungs of mothers and the hatchlings 
exhibited an increased Tnf‑α expression, but decreased Il‑1β 
levels. In addition, signaling routes involved in the inflammatory 
response were differentially altered in mothers and hatchlings, 
with changes on the Erk1/2 and Jnk expression in mothers and 
p38 and p65 changes in hatchlings (Table II) (54,56-62).

The intrauterine exposure of mice to ECIGs with or 
without nicotine has revealed increased mRNA levels of 
platelet‑derived growth factor α‑receptor (Pdgfα) in the 
postnatal stage. An increment in Pdgfα expression has been 
shown to be involved in the pathologic process of pulmonary 
fibrosis  (61). In  uterus, ECIG aerosol exposure produces 
epigenetic alterations. An increase in global methylation was 
previously evidenced in the lungs of BALB/c mice hatchlings 
exposed to ECIGs during pregnancy, regardless of the nicotine 
concentration (Fig. 2B) (61).

Apart from altering the genetic expression of molecules 
related to the inflammatory response and the methylation of 

https://www.spandidos-publications.com/10.3892/ije.2021.2
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fetal DNA, it has been evidenced in different animal models that 
ECIG exposure generates embryonic development alterations. 
Exposure to ECIG aerosols provokes orofacial alteration during 
Xenopus laevis embryonic development. These may include 
middle facial cleft, middle face hypoplasia, and alterations of 
muscle development and vasculature distribution (54,56-62).

These alterations also occur in mammals. The aberrant 
expression of the vasculogenesis gene, vascular endothelial 
growth factor (VEGF) and the markers involved in the forma‑
tion of Fgf2, Sox9, and Col2a1 cartilage were observed in 
the murine neural crest cell line, O91, following exposure to 
different brands of electronic cigarettes (Table II) (54,56-62).

These alterations are caused by ECIGs components, such 
as PG, vegetal glycerin and various concentrations of nicotine 
in the e‑liquids (62). This evidence suggests that vaping during 
pregnancy may exert adverse effects, such as those caused 
by traditional smoking. Further investigations however, are 
necessary to fully elucidate these effects.

8. Effects of nicotine administration systems on pulmonary 
function

There is limited information regarding the effects of vaping 
on pulmonary function. Several studies have evaluated the 
acute effects, demonstrating variable results (63). In the study 
conducted by Flouris et al (64), the acute impact of active and 
passive ECIGs smoking on serum nicotine and lung function 
was assessed and compared to active and passive tobacco ciga‑
rette smoking. The results revealed that ECIGs and tobacco 
cigarettes generated similar (P<0.001) effects on serum 
nicotine levels with active and passive smoking. There was 
no significant difference in pulmonary function parameters 
between active and passive ECIGs smoking (64,65).

Ferrari et al (66) performed a study comparing the effects 
of using nicotine‑free ECIGs and traditional cigarettes for 
5 min in healthy adult smokers (n=10) and non‑smokers (n=10), 
evaluating pulmonary function. As was expected, traditional 
cigarettes induced a significant decrease from baseline in 
forced expiratory flow at 75% of vital capacity (FEF75) in 
non‑smokers. There were significant decreases in forced expi‑
ratory flow at 25% of vital capacity (FEF25), forced expiratory 
volume in 1 sec (FEV1), and peak expiratory flow (PEF) in 
smokers. The only statistically significant effects induced by 
the nicotine‑free ECIGs in smokers were reductions in FEV1 
and FEF25 (66). Other studies found that acute exposure to 
ECIGs induced vasoreactivity and decreased PEF, though 
they identified non‑significant changes in FEV1, forced 
vital capacity (FVC), and the ratio between FEV1 and FVC 
(FEV1/FVC) (67).

A randomized trial in Brussels with 30  patients (68) 
demonstrated that acute nicotine and nicotine‑free vaping 
decreased transcutaneous oxygen tension (TcpO2) and slightly 
decreased peripheral oxygen saturation (SpO2) despite its lack 
of sensitivity to small changes in arterial O2 partial pressure. 
This further indicates potential disturbances in lung gas 
exchanges caused by vaping.

In another randomized, double‑blind study, occasional 
smokers (maximum 10 tobacco cigarettes per month) were 
exposed to ECIGs aerosol for 30 min following a washout 
period of 1 week minimum. Dynamic spirometry and impulse 

oscillometry were then evaluated. The results revealed a 
significant decrease in vital capacity and resonance frequency, 
but increased levels of fractional exhaled nitric oxide and 
increased resistance to airflow, indicating an obstructive 
pattern after the exposure (69).

As presented above, a number of studies have explored 
short‑term effects of vaping. Information on the long‑term 
effects is limited; however, generating increasing concern. 
A recent observational 3.5  year‑study compared health 
outcomes in 9 daily ECIGs users who had never smoked 
tobacco and a control group of 12 individuals who had never 
smoked. The results revealed no statistically significant 
changes from baseline in the EC users (or between EC users 
and controls) in any of the investigated health outcomes 
[blood pressure, heart rate, body weight, lung function, respi‑
ratory symptoms, exhaled nitric oxide (eNO), exhaled carbon 
monoxide (eCO) and high‑resolution computed tomography 
(HRCT)] (70).

Due to the newness of vaping and the multitude of devices, 
flavorings and nicotine concentrations on the market, there 
is a shortage of data regarding its long‑term effects on the 
respiratory system. The consequences of long‑term vaping 
remain unclear (71). Further studies are required to pinpoint 
involved pathogenesis mechanisms, and to identify the poten‑
tial long‑term consequences of ECIG usage.

To date, there are no specific policies on the manufacturing 
standards of e‑cigs. As regards ECIs regulation, the WHO 
Framework Convention for Tobacco Control (FCTC/Law 1109 
of 2006) at the seventh meeting of WHO Framework Convention 
on Tobacco Control, invited FCTC parties to consider prohib‑
iting or regulating ECIGs. On the other hand, the United 
States Congress raised the minimum age to buy tobacco and 
electronic cigarettes in the country from 18 to 21 years of age 
on November, 2019; the measure approved was far from what 
the US administration was considering a total prohibition on 
flavored electronic cigarettes (72‑75).

9. Conclusion

The majority of ECIGs, whether they contain nicotine or 
not, emit potentially toxic substances when used. What is 
of concern is that the number of these toxic substances and 
their concentration are highly variable, as are the manufac‑
turing specifications for, as well as ECIGs manufacturing 
characteristics. This variability may result in increased 
exposure to these compounds with clinically demonstrated 
adverse health effects. While the use of ECIGs reduces the 
consumption of toxic compounds compared to traditional 
cigarettes, it remains a source of exposure to substances 
with high carcinogenic potential that alter epigenomic and 
transcriptomic processes, promote cell injury, hijack normal 
inflammatory response and, at high doses, affect normal fetal 
development. Further investigations are required in order to 
better understand the underlying mechanisms. Preventive 
measures and guidelines for the use of these devices can then 
be established.
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