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Introduction and Objectives
The health effects of long-term e-cigarette use are currently unknown. While most flavor ingredients used in e-cigarettes are 

“generally recognized as safe” (GRAS) for oral consumption, there are limited data to evaluate their inhalation toxicity. As toxicity 

testing of individual flavor ingredients or formulations is not always feasible, we used a structure-based grouping approach to select 

38 flavor group representatives (FGR) on the basis of known and in silico predicted toxicological data. In this study, a mixture of 

these FGRs was tested in a 5-week dose range-finding inhalation study in A/J mice to select appropriate flavor dose levels that can 

be used in a future chronic inhalation study.

Evaluating the toxicity of e-vapor flavor mixtures: 5-week inhalation study in A/J mice
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Study Design & Endpoints

Conclusions

Results

A/J mice (Jackson Laboratory, Bar Harbor, ME, USA) were whole-body exposed to either fresh air (sham), aerosol from propylene 

glycol (PG) and vegetable glycerol (VG) with nicotine (N; 2% [w/w]), aerosol from PG, VG, and N with flavors (F) at low, medium, and 

high concentrations (4.6–18.6% [w/w]), or mainstream smoke (MS) from the 3R4F reference cigarette for 6 hours per day, for 5 days 

per week, for 5 weeks. The target aerosol nicotine concentration was 15 µg/L. 

Respiratory tract irritation and inflammation were evaluated by histopathology and bronchoalveolar lavage fluid (BALF) analysis. 

Serum, nasal epithelia, larynx, and lung samples were collected for omics analyses.

Care and use of the mice was in accordance with the National Advisory Committee for Laboratory Animal Research Guidelines 

(2004). All animal experiments were approved by the Institutional Animal Care and Use Committee (P15055). 

Figure 1. Schematic overview of study design and endpoints.

1. Test Atmosphere Uptake 2. Bodyweight

Figure 3:Amount of total nicotine metabolites in 24-h 

urine from A/J mice exposed to 3R4F cigarette 

smoke, PG/VG/N aerosol, or PG/VG/N flavor (L, M, 

H) aerosol for 5 weeks. Data are presented as mean 

± SEM (N=10 per study group). NM: Not measured

Figure 4: Body weight progression in male and female mice exposed to 3R4F 

cigarette smoke, PG/VG/N aerosol, or PG/VG/N flavor (L, M, H) aerosol. Data are 

presented as means ± SEM. 

3. Nose Exposure Response

Figure 5: (A) Respiratory epithelial hyperplasia and (B) 

respiratory epithelial squamous metaplasia in the nose of 

mice exposed to 3R4F cigarette smoke, PG/VG/N 

aerosol, or PG/VG/N flavor (L, M, H) aerosol for 5 weeks. 

Data are presented as means ± SEM (N=10 per study 

group).*  p<0.05 vs sham; ***  p<0.001 vs sham; # 

p<0.05 vs 3R4F; ### p<0.001 vs 3R4F; + p<0.05 vs 

PG/VG/N/F-H; ^ p<0.05 vs PG/VG/N
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Results  (continued)

Mice in any group exhibited no signs of severe acute toxicity post-exposure. In contrast to CS exposure, exposure to the flavor aerosols, 

even at the highest flavor concentration, did not cause notable lung inflammation, evidenced by the lack of immune cell infil tration in the 

BALF and histopathological evaluation. The moderate to severe adaptive changes in nasal and laryngeal epithelia seen in the 3R4F group 

were absent or minimal in all flavor groups. Exposure to flavor aerosols had a modest effect on genes and protein expression in the nose, 

gene expression in the larynx, and on gene expression and DNA methylation patterns in the lung. Thus, the tested flavor concentrations did 

not result in severe subacute toxicity or respiratory tract irritation and can be considered suitable for use in a future long-term inhalation 

study in A/J mice.

Test Atmosphere Characterization
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Figure 2: Test atmosphere characterization 

(A) Total particulate matter (TPM), (B) propylene glycol (PG), (C) vegetable glycerol (VG) and (D) nicotine concentrations in the test

atmosphere. Data are presented as means [µg/L] ± SD. Dotted lines indicate +/-10% of target nicotine concentration. < LOD: Below the limit of

detection. PG: propylene glycol; VG, vegetable glycerol; N, nicotine; F-X, flavor-(concentration); L, low; M, medium; H, high
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Figure 6: (A) Overview of significant molecular alterations in respiratory nasal epithelia of mice exposed to 3R4F cigarette smoke, PG/VG/N aerosol, or 

PG/VG/N flavor (L, M, H) aerosol for 5 weeks compared to sham exposure. (B) Volcano plots representing the significantly differentially expressed 

genes (mRNA; FDR p<0.05). (C) Heatmap representing the log2(fold-change) for all proteins (listed on the left side) that were significantly increased or 

decreased in at least one of the comparisons to the sham or PG/VG/N groups. 

5. Lung Exposure Response

Figure 8: (A) Total free lung cell and (B) neutrophil counts, and (C) matrix metalloproteinase (MMP) 

activity in the BALF from A/J mice exposed to 3R4F cigarette smoke, PG/VG/N aerosol, or 

PG/VG/N flavor (L,M,H) aerosol for 5 weeks relative to sham. Data are presented as means ±

SEM (N=10 per study group).**  p<0.01 vs sham; ***  p<0.001 vs sham; ### p<0.001 vs 3R4F; + 

p<0.05 vs PG/VG/N/F-H.

(D) Overview of significant molecular alterations in lung parenchyma of mice exposed to 3R4F 

cigarette smoke, PG/VG/N aerosol, or PG/VG/N flavor (L, M, H) aerosol for 5 weeks compared to 

sham exposure. (E) Volcano plots representing the significantly differentially expressed genes 

(FDR p<0.05). 
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*) Shown are the numbers (n) of genes, microRNA and proteins that were statistically significantly 
differentially expressed (FDR p-value < 0.05) in the nasal respiratory epithelia of exposed mice (study group 
shown on the left) compared to those of sham-exposed mice. “Up”: upregulated molecules, “Down”: 
downregulated molecules.
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4. Larynx Exposure Response

Figure 7: (A) Epithelial hyperplasia and (B) epithelial squamous metaplasia at the base of the epiglottis of mice exposed to 3R4F cigarette smoke, 

PG/VG/N aerosol, or PG/VG/N flavor (L,M,H) aerosol for 5 weeks. Data are presented as means ± SEM (N=10 per study group).*  p<0.05 vs sham; ).**  

p<0.01 vs sham; ***  p<0.001 vs sham; ### p<0.001 vs 3R4F; ++ p<0.01 vs PG/VG/N/F-H; +++ p<0.001 vs PG/VG/N/F-H; ̂ ^ p<0.01 vs PG/VG/N. (C) 

Overview of significant molecular alterations in the larynx of mice exposed to 3R4F cigarette smoke, PG/VG/N aerosol, or PG/VG/N flavor (L, M, H) 

aerosol for 5 weeks compared to sham exposure. 
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*) Shown are the numbers (n) of genes, microRNA and proteins that were 
statistically significantly differentially expressed (FDR p-value < 0.05) in the larynx 
of exposed mice (study group shown on the left) compared to those of sham-
exposed mice. “Up”: upregulated molecules; “Down”: downregulated molecules; 
nd: not done.

D

*) Shown are the numbers (n) of genes that were statistically significantly differentially expressed (FDR 
p-value < 0.05), as well as statistically significantly differentially methylated promoters and enhancers in 
lung parenchyma of exposed mice (study group shown on the left) compared to those of sham-exposed 
mice. “Up”: upregulated molecules; “Down”: downregulated molecules; “hypermeth.”: hypermethylated; 
“Hypometh.”: hypomethylated.
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