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A B S T R A C T

Acetylated Vetiver Oil (AVO) is a fragrance ingredient. We evaluated the systemic and local toxicity of AVO via 
inhalation from use of cosmetic spray products.

Systemic exposure after inhalation was calculated using a deterministic 2-Box model. The “local inhalation 
toxicological threshold of concern” (TTCinh) was used in a weight of evidence (WoE) for the potential of AVO to 
cause local respiratory toxicity and the in vitro model, MucilAir™ was used to evaluate respiratory irritation.

AVO exposure by inhalation of sprayed cosmetic products does not add significant exposure compared to 
dermal exposure. The Margin of Safety (NOAEL compared to total systemic AVO exposure) is > 400, indicating 
no concern for systemic toxicity. Regarding local toxicity, total aggregate exposure to AVO in sprayable cosmetic 
products is significantly lower than the TTCinh. There were no injurious effects to MucilAir™ tissues by 0.2 % and 
1 % AVO. When the NOAEL from the MucilAir™ assay (1 %) and the aggregated exposure were compared, the 
Margin of Exposure was 137.

In conclusion, based on a WoE approach, the concentrations of AVO used in cosmetic products are not ex
pected to carry a risk of local irritation effects on the respiratory tract or add significantly to aggregate systemic 
exposure.

1. Introduction

Acetylated Vetiver Oil (AVO) is a naturally derived substance 
considered as unknown or variable composition, complex reaction 
products or of biological materials (UVCB) under the REACH Regulation 
EC/1907/2006 (EU, 2006). It is used as a fragrance ingredient in 
different spray and non-spray cosmetic products (SCCS, 2019). AVO is 
produced from the repeated distillation of crude vetiver oil, followed by 

acetylation and purification, resulting in a mixture containing around 
130 constituents. Only 22 of these are present at concentrations ≥1 %, 
with the two major constituents being khusimyl acetate and (E)-iso
valencenyl acetate (both with an average concentration of 24 %). 
Although in the last Scientific Committee on Consumer Safety (SCCS) 
opinion (SCCS/1599/18), AVO was considered safe when present in 
cosmetic leave-on and rinse-off type products, this assessment did not 
include spray products. Even though the vast majority of exposure to 
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fragrance ingredients is via the skin, the local respiratory effects are still 
worth considering due to their unique chemistry (low molecular weight 
odorant organic compounds with poor aqueous solubility). Therefore, 
an assessment of the systemic and local respiratory effects resulting from 
inhalation was carried out for AVO when intended to be used in spray 
products. This was achieved without generating new animal data, 
respecting the European Union animal testing ban of cosmetic in
gredients, which is extending to other sectors and countries (Dent et al., 
2021). While defined non-animal New Approach Methodologies (NAMs) 
with OECD Test Guidelines are available for skin and eye irritation and 
used in safety assessments according to the SCCS Notes of Guidance 
(SCCS, 2023), there are no established NAMs for evaluating local irritant 
respiratory effects of substances via the inhalation route to derive safe 
levels that can be used in cosmetic products.

To address the lack of data for the evaluation of local toxicity of AVO 
via inhalation, we used two approaches to support the intended con
centrations in spray products (Table 1). The first approach assessed 
inhalation exposure according to the “inhalation threshold of toxico
logical concern” (TTCinh) (Bowden et al., 2023) limits established by 
Carthew et al. (2009) and the second approach used an in vitro model to 
measure local respiratory irritation. To our knowledge, this is the first 
time a fragrance ingredient has been assessed for local respiratory effects 
using NAMs and the first time it has been conducted for a substance with 
such a complex composition.

The overall concept of the TTC via the oral and dermal route has been 
used for several decades by the pharmaceutical, food and cosmetic in
dustries, with the aim to identify safe levels of substances for which data 
are lacking but the exposure is estimated to be very low (Czaja et al., 
2020; Kroes and Kozianowski, 2002; Munro et al., 2008; Worth et al., 
2012; Yang et al., 2017). While TTC values have been established for the 
oral and dermal routes, similar efforts to derive values for the inhalation 
route have only gained momentum in the last 10–15 years. The reason 
for this is because of major differences in bioavailability across the 
gastrointestinal and respiratory tracts, which prevents TTCs for the oral 
route being easily transferred to the inhalation route (Bowden et al., 
2023). Carthew et al. (2009) were the first to publish an exposure-based 
waiving approach that included the application of the TTC to inhalation 
exposure for aerosol ingredients in cosmetic products (Carthew et al., 
2009). Their evaluation resulted in a TTC for local effects (TTCinh) upon 
inhalation exposure for a material belonging to either Cramer Class I 
(1400 μg/day) or III (470 μg/day). The values were derived from a group 
of 92 chemicals used primarily in cosmetic products for which both 
systemic and site of contact effects were recorded. The authors assigned 
a Cramer class for each chemical and established No Observed Adverse 
Effect Concentrations (NOAECs) for site contact effects. Since then, 

others have also reported separate values to address inhalation TTC for 
organic chemicals (Bowden et al., 2023; Escher et al., 2010; Tluczkie
wicz et al., 2016); however, they did not differentiate between local and 
systemic effects to determine their proposed inhalation TTC. For this 
reason, and because the systemic exposure via inhalation is already 
assessed separately, the TTCinh values from Carthew et al. (2009) which 
focus on local effects were applied in the current assessment. The TTCinh 
was compared with the local exposure to AVO, which was calculated 
using the 2-Box model (Steiling et al., 2012), recommended in the SCCS 
Notes of Guidance (SCCS, 2023).

Local respiratory effects of AVO were studied in a state-of-the-art 
experiment using an in vitro respiratory tissue model. The selection of 
the model was based on the findings of a study in which the recon
structed epithelial tissue, MucilAir™, the human precision-cut lung slice 
(hPCLS) model, and the A549 cell model were evaluated for their suit
ability for implementation into an inhalation risk assessment (Sadekar 
et al., 2025). The results indicated that there is no single endpoint 
measurement that can detect the effects of different chemicals in the 
upper and lower respiratory regions thus, several endpoints are needed 
to best capture the markers of local respiratory irritation. In addition, 
the test systems were shown to be protective of human effects (by at least 
an order of magnitude) when low effect concentrations were compared 
to region-specific depositions predicted for human-relevant exposure 
levels using in silico models. Sadekar et al. (2025) recommended that the 
choice of model used should be based on the expected location of the test 
material depositions within the respiratory airways. MucilAir™ was 
selected to evaluate the respiratory effects of AVO since it is the only one 
of the three models that represents effects in the upper respiratory tract 
(with morphology and functions mirroring the nasal epithelium). AVO 
has a relatively low volatility; therefore, respiratory exposure is likely to 
be from sprayed droplets that deposit in the nose, mouth and throat, 
with exposure of the lung being dictated by the particle size (only par
ticles <10 μm reach the deeper lung). The hPCLS model represents the 
lower respiratory tract and the A549 cell model represents the alveolar 
region, both are less likely to be exposed to AVO from consumer product 
use. Therefore, these models were considered unsuitable for evaluating 
local respiratory effects of AVO. MucilAir™ has been successfully used 
in a case study in which the inhalation toxicity of the crop protection 
product, Chlorothalonil (OECD, 2022) was evaluated. The results of this 
were subsequently used in a formal risk assessment by the Environ
mental Protection Agency (EPA, 2021). MucilAir™ is derived from 
primary human airway epithelial cells (basal, goblet and ciliated cells) 
collected from the upper respiratory or tracheo-bronchial airways of 
healthy donors and cultured at the air-liquid interface (ALI). The 
selected model for this study is the most similar in structure and function 

Table 1 
User defined values for the 2-box deterministic model for each product.

Parameter Hydroalcoholic fragrance 
spray formulation

Deodorant spray 
formulation

Hair propellant spray 
formulations

Hair pump spray 
formulations

Body lotion propellant 
spray formulations

Body lotion pump spray 
formulations

Product 
type

Pump spray Propellant spray Propellant spray Pump spray Propellant spray Pump spray

A 280 mg/application1 3050 mg/ 
application5

5965 mg/application7 3158 mg/ 
application8

3430 mg/application4 5720 mg/application4

C 0.9 % (w/w) 0.05 % (w/w) 0.1 % (w/w) 0.1 % (w/w) 0.1 % (w/w) 0.1 % (w/w)
P 12 0.62 0.62 12 0.62 12

AF 0.22 0.8866 16 0.22 12 0.22

RF 0.013 0.23 0.23 0.013 0.23 0.013

F 1 per day4 2 per day4 1.14 per day4 1.14 per day4 2.28 per day4 2.28 per day4

A = Amount of product by application (mg/application); C = Percentage concentration of ingredient in non-propellant (%); P = Proportion of non-propellant in 
formulation (no units): default 60 % for propellant spray and 100 % for pump spray (Bremmer et al., 2006); AF = airborne fraction (no units): 1 for propellant spray and 
0.2 for pump spray (Bremmer et al., 2006); RF = respirable fraction: 0.2 for propellant spray and 0.01 for pump spray based on internal data and Delmaar and Bremmer 
(2009); F = Frequency of application.
1 – Based on the daily amount used reported by Ficheux and Roudot (2017) and corrected by the frequency of use; 2 –Bremmer et al. (2006); 3 –Delmaar and Bremmer 
(2009) and internal data; 4 – According to SCCS NoG(SCCS, 2023); 5 – Based on daily amount used reported by Hall et al. (2007) and corrected by the frequency of use; 
6 – Based on 11.4 % deposited from Steiling et al. (2012); 7 – Based on daily amount used reported by Steiling et al. (2012) and corrected by the frequency of use; 8 – 
Based on daily amount used reported by Loretz et al. (2006) and corrected by the frequency of use.
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to the nasal epithelium, exhibiting a pseudostratified, ciliated epithe
lium which secretes mucus, and thus represents the major target site for 
AVO exposure from sprayed products (Balogh Sivars et al., 2018). It has 
been used by others to assess different toxicity endpoints, such as tissue 
barrier integrity according to changes in TEER, cytotoxicity according to 
the release of lactate dehydrogenase (LDH), irritation effects according 
to cytokine production, as well as metabolic changes and antioxidant 
responses according to changes in gene expression profiles (Balogh 
Sivars et al., 2018; Cervena et al., 2019; Huang et al., 2013; Welch et al., 
2021). The studies by Sadekar et al. (2025) indicated that cytokine 
biomarkers, IL-8 and IL-6, reflect local tissue effects better than markers 
such as IL-1β, GM-CSF or TNF-α, and were therefore selected as appro
priate markers for inflammation and irritation in this study, along with 
TEER, LDH release and histological analysis.

2. Materials and methods

2.1. 2-Box mathematical model of systemic exposure after inhalation

A respiratory tract exposure after inhalation (RTE) and a systemic 
exposure dose after inhalation (SEDinh) from spray products was calcu
lated according to the SCCS Notes of Guidance (SCCS, 2023) by applying 
a deterministic 2-Box model according to Steiling et al. (2014) and based 
on the principles described by Rothe et al. (2011). The parameters for 
the calculations are listed in Table 1.

The RTE is the exposure of respiratory tract to propellant and pump 
spray products expressed as mg/day and it was calculated according to 
Equation (1): 

RTE (mg / day)= (IA1 + IA2)×G × DA Equation 1 

IA1 = the potential amount inhaled during the first 2 min (in mg): 

IA1 =(EA /V1 ×BR× t1) Equation 2 

IA2 = the potential amount inhaled during the subsequent 10–20 min 
(in mg): 

IA2 =(EA /V2 ×BR× t2) Equation 3 

Potential amount to be inhaled (EA)= (A×C×P×AF)/100
Equation 4 

The systemic exposure via the inhalation route in SEDinh in mg/kg/ 
day for propellant and pump spray products was calculated according to 
Equation (5): 

SEDinh(mg / kg bw / day)= (IA1 + IA2)×G×RF × DA /BW Equation 5 

Where: A = Amount of product by application (mg/application) (user 
defined or default SCCS (SCCS, 2023)); C = Percentage concentration of 
ingredient in non-propellant (%) (user defined); P = Proportion of 
non-propellant in formulation (no units) (user defined) or default 60 % 
propellant and 100 % pump spray (Bremmer et al., 2006); AF = airborne 
fraction (no units); V1 = First step: near-field, 1 m3 (SCCS, 2023); V2 =

Second step: far-field, 10 m3 (SCCS, 2023); BR = breathing rate, 13 
L/min (highest median among several adult age categories (SCCS, 2023; 
US EPA, 2011); t1 = 2 min in near field (Rothe et al., 2011; SCCS, 2023); 
t2 = 20 min in far field (Rothe et al., 2011); G = default factor substance 
lung retention 0.75 (25 % is exhaled) (Rothe et al., 2011; SCCS, 2023); 
RF = respirable fraction: propellant & pump spray specific (user defined 
experimental value); DA = Daily frequency of application (user defined 

or SCCS (2023)); BW = body weight = adult 60 kg (SCCS, 2023).

2.2. Calculation of local respiratory tract exposure

AVO has a relatively low volatility; therefore, respiratory exposure is 
likely to be from sprayed droplets that deposit in the nose, mouth, and 
throat, with exposure of the lung being dictated by the particle size (only 
particles <10 μm reach the deeper lung). The total deposition of the 
product was considered regardless of the droplet size and actual part of 
the respiratory tract. Thus, the calculation for surface local exposure 
(LRTE) considered that the non-respirable fraction deposits on the upper 
respiratory tract surface (URTS = 200 cm2; EPA, 1994), whereas the 
respirable fraction deposits on the lung surface (LS = 60 m2). Therefore, 
according to these assumptions, the local respiratory tract exposure dose 
(LRTE) after inhalation was calculated according to Equation (6):  

2.3. Calculation of exposure via the dermal route

The systemic exposure via the dermal route (SEDderm) was calculated 
using Equation (7). The fraction deposited on the skin was assumed to be 
85 % of total amount of the sprayed product, as per Bremmer et al. 
(2006); except for a deodorant spray for which a value of 11.4 % was 
used (Steiling et al. (2012)). For topically applied products, a value of 
50 % dermal bioavailability was used, as per the opinion on AVO by the 
SCCS (SCCS, 2019). A dermal retention factor of 1.0 was used for fine 
fragrance spray, deodorant spray and body lotion spray, and 0.1 for 
hairspray, as per SCCS Notes of Guidance (SCCS, 2023). The daily 
amount of product use was taken to be 0.28 g/day for fine fragrance 
sprays (Ficheux and Roudot, 2017; SCCS, 2019); 6.1 g/day for a 
deodorant spray (Hall et al., 2007); 6.8 g/day for a hairspray (Bremmer 
et al., 2006; Steiling et al., 2014) and 7.82 g/day for a body lotion spray 
(SCCS, 2023). 

SEDderm(μg / kg / day)=A (g / day) ×
1000000

60 kg
× F × C × 85% × DB

Equation 7 

Where F = frequency of application, C = concentration, DB = dermal 
bioavailability.

2.4. Airway irritation potential using the MucilAir™ model

2.4.1. Materials
Acetylated Vetiver Oil stabilized with 1 % α-tocopherol was supplied 

by Robertet S.A. Grasse, France. The MucilAir™ in vitro tissue model and 
culture medium (EP05MM) was from Epithelix Sarl, Geneva, 
Switzerland. Mineral oil, sodium dodecyl sulphate (SDS), β-lactose, 
Triton X-100 and neutral buffered formalin (10 %) were from Sigma- 
Aldrich Ltd.

2.5. Handling of MucilAir™ tissues

Upon delivery, MucilAir™ tissue were warmed to soften the trans
port agar, then units were transferred to 24-well plates containing pre
warmed MucilAir™ medium (700 μL) and allowed to recover for 6–10 
days in an incubator (standard conditions were a humidified atmosphere 

LRTE
(
μg

/
cm2 / day

)
=(IA1 + IA2)×G× F×

(1 − RF)
URTS

+(IA1 + IA2)×G× F ×
(RF)
LS

Equation 6 
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at 37 ◦C with 5 % CO2). Media was replaced every 2–3 days before the 
pre-dose TEER was measured using a Millipore Millicell® ERS-2 meter 
with chopstick electrodes. Following measurements, tissues were 
transferred to fresh medium for 3 days to allow surface mucus to 
regenerate. The tissue condition was checked regularly by light micro
scopy in a sub-set of inserts throughout the recovery period. Tissues 
confirmed to be healthy, with an intact cell layer (TEER >200 Ω cm2) 
and visible beating cilia were used in the studies.

2.6. Dose range finding (DRF) study

The doses and solvent for the main study were based on the solubility 
of the expected nominal top dose of AVO in different solvents and the 
impact of different doses on the viability and integrity of the MucilAir™ 
tissue model. The solubility of 10 % (v/v) AVO in each solvent (mineral 
oil, corn oil, sesame oil, water and 1 % DMSO in culture medium) was 
according to visual and microscopy assessments (e.g., formation of 
microemulsions). AVO was readily soluble in mineral, corn and sesame 
oil but not in the other solvents tested. When AVO was prepared in 1 % 
DMSO in culture media or water it resulted in a cloudy suspension and 
microemulsion. With the water preparation, there was a layer of oil at 
the bottom of the vial. Based on these findings, mineral oil was selected 
as the solvent for the DRF and main studies.

MucilAir™ tissues were treated with 8 concentrations of AVO for 24 
h (duplicates). Tissues were transferred into fresh medium immediately 
prior to the application of 10 μL of 0.005, 0.05, 0.01, 0.1, 0.5, 1, 5 and 
10 % v/v AVO by pipetting directly into the center of the apical surface. 
If required, the pipette tip was used to gently spread the dosing solution 
to cover the surface of the tissue (~0.33 cm2). After 24 h incubation (in 
an incubator under standard conditions), the apical surface of tissues 
was rinsed three times with ~0.5 mL saline solution. The toxicity of AVO 
was assessed according to the TEER and release of LDH into the medium 
(measured using the Cytotoxicity Detection Assay Kit (Catalogue num
ber 04744976001 and 11644793001) from Roche). The LDH standard 
(Catalogue number J195A from Promega) was used for the interference 
tests. Two replicate tissues were lysed by adding 30 μL 2 % (v/v) Triton 
X-100 for 3 h prior to collection of their culture media. This medium 
represented 100 % cell lysis. An additional test in which 10 % AVO was 
incubated with the LDH solution confirmed that AVO itself did not 
interfere with the assay readout. The effect of AVO was compared to an 
ALI control, the vehicle control, and a positive control for toxicity (2.5 
mM SDS in water).

2.7. Main study

MucilAir™ tissues (6 per treatment) were exposed to 10 μL of 0.2 %, 
1 % and 5 % AVO (v/v) in mineral oil for 6 and 24 h. The controls 
included untreated ALI tissues, vehicle control (100 % mineral oil), 
negative control (3 mg/mL β-lactose) and two doses of a positive control 
for toxicity (1 and 2.5 mM SDS). β-lactose was used as a negative control 
because it is known to not produce any irritant effect on the human 
respiratory tract (Sadekar et al., 2025). A seventh replicate was included 
for the untreated ALI tissues and the two SDS treatments and was used 
only to optimize the cytokine assay (see below). Test samples were 
directly applied to the center of the apical surface of the tissues, as 
described in the DRF experiment. After 6 or 24 h, the apical surfaces 
were rinsed three times with ~0.5 mL saline solution.

The effect of AVO on MucilAir™ tissues was assessed according to 
the TEER (which was also measured before application), LDH release, 
cytokine release, and histopathology. All samples were analyzed at the 
time of collection, except for histology samples, which were stored at 
4 ◦C prior to processing to slides, and ELISA media (and diluted media), 
which was stored at − 70 ◦C.

IL-6 was measured using the Invitrogen kit, Catalogue number 
KAC1261 (lot no. 2112–4060) and IL-8 was measured using the Invi
trogen kit, Catalogue number BMS204-3 (lot no. 282242-009), both 

conducted according to the manufacturer’s instructions. Spent medium 
from the seventh replicate samples were used to determine the optimal 
dilution ratio of the samples so that they fell within the calibration curve 
(undiluted and diluted (1:10 and 1:100) were tested). Induced toxicity 
was compared to an untreated ALI control, the vehicle control (mineral 
oil), and two doses of a positive control for toxicity (SDS). Based on this 
preliminary test, the IL-6 ELISA was performed using undiluted media, 
and the IL-8 ELISA used a 1:100 dilution for positive control samples and 
a 1:10 dilution for all other samples.

A statistical analysis was conducted in GraphPad Prism Software 
Version 10 using an unpaired t-test with Welch’s correction. Statistical 
differences between positive/negative/vehicle controls and untreated 
(ALI) samples were denoted by * (where p < 0.05), ** (where p < 0.01) 
or *** (where p < 0.001) and statistical differences between mineral oil 
solvent control and AVO-treated samples are denoted by # (where p <
0.05), ## (where p < 0.01) or ### (where p < 0.001).

For histopathological examination, tissues were fixed with 10 % 
neutral buffered formalin (NBF) and then embedded in wax. The tissues 
were sectioned and stained with Hematoxylin and Eosin (H&E) and 
mounted onto microscope slides. Slides and images underwent quali
tative analysis by an expert veterinary pathologist and were assessed on 
the extent and severity of cilia damage, degeneration, necrosis and 
atrophy.

3. Results

3.1. Calculated systemic and local exposure to AVO after inhalation

The vapor pressure of AVO is 0.01–0.1 Pa at 20 ◦C (ECHA, 2019) and 
indicates that inhalation exposure through volatilization is negligible. 
Therefore, the systemic exposure via the inhalation and dermal routes 
was calculated for the sprayed fraction of finished products using the 
2-Box model (Table 2). Table 2 also lists the calculated local exposure to 
the respiratory tract after inhalation of AVO when using different spray 
products.

3.2. In vitro assessment of the effects of AVO on MucilAir™ tissues

3.2.1. Initial evaluation of toxicity of AVO to MucilAir™ tissues – dose 
selection

There was no evidence of toxicity of AVO at any dose in the Muci
lAir™ model following 24 h exposure (Fig. 1). TEER values of tissues 
treated with 0.05–5 % AVO were similar to that in untreated ALI tissues 
(296 Ω cm2) and vehicle control tissues (mineral oil, 164 Ω cm2). 
Interestingly, the TEER value for 10 % AVO treated tissues (608 Ω cm2) 
was higher than observed for tissues treated with lower doses of AVO 
(223–306 Ω cm2), vehicle control or in untreated ALI tissues. While not 
indicative of a loss of integrity, lower TEER values suggest a sub-toxic 
stress response. Similar effects were reported by Balharry et al. (2008)
and Mistry et al. (2020) in the EpiAirway tissue model. LDH release into 
the medium was ≤10 % of the total LDH leakage (with a mean of 6 % 
LDH release) after treatment with 0.05–10 % AVO. Therefore, since 
none of the doses of AVO resulted in toxicity based on TEER and LDH 
results, the doses selected for the main study were based on intended use 
concentrations. A dose of 1 % was selected because this covers all 
intended maximum concentrations with the highest AVO concentration 
of 0.9 % (w/w) in fine fragrance sprays. The top and bottom doses were 
set as 5-fold higher and lower than the mid-dose, respectively.

3.3. Effects of AVO on MucilAir™ tissues

The endpoint assessments in vehicle (mineral oil) and untreated ALI 
control samples confirmed the good condition of the test system over the 
duration of the study, whereby at 6 and 24 h, there was a high TEER 
(Fig. 2a), minimal LDH release (Fig. 2b), low cytokine production 
(Fig. 2c and d) and no microscopic findings (Fig. 3).
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The positive control (1 mM and 2.5 mM SDS) resulted in toxicity 
according to all endpoints, thus validating the experiment. Histological 
analysis of the MucilAir™ tissues after 1 mM and 2.5 mM SDS at 6 h 
indicated a greater extent of damage with the higher dose, characterized 
by more severe locally extensive necrosis with sloughing of cells and 
cilia loss (1 mM SDS is shown in Fig. 3a, the effects of both doses on the 
tissue morphology are summarized in Supplementary Table 1). By 24 h, 
the severity of damage had increased, with more extensive intercellular 
separation and locally extensive necrosis and sloughing of cells treated 
with 1 mM SDS (Fig. 3b), and total cell loss in 4 of 6 samples treated with 
2.5 mM SDS (Supplementary Table 1).

Treatment with the negative control, 3 mg/mL β-lactose, resulted in 
a marginally reduced TEER at 6 h, which recovered completely by 24 h 
(Fig. 2a). There were slightly higher levels of LDH release (6.32 % and 
10.50 % after 6 h and 24 h, respectively) compared to the vehicle control 
(2.10 % and 4.72 % after 6 h and 24 h, respectively). Although these 
were statistically significantly different, these values are still low 
compared to the loss after treatment with Triton-X100, and indicative of 
only very minimal (if any) membrane damage (Fig. 2b). β-Lactose did 
not cause statistically significantly different or biologically relevant 
changes in IL-6 production (Fig. 2c) but it did result in a small but sta
tistically significantly elevation in the levels of IL-8 (6876 ± 585 pg/mL 
and 11970 ± 1679 pg/mL after 6 h and 24 h, respectively) compared to 
the untreated ALI samples (1904 ± 436 pg/mL and 6241 ± 1171 pg/mL 
after 6 h and 24 h, respectively) (Fig. 2d).

Doses of 0.2 %, 1 % and 5 % AVO did not cause a statistically sig
nificant reduction in TEER (Fig. 2a) or an increase in LDH release 
(Fig. 2b) compared to the vehicle and untreated control groups after 6 or 
24 h treatment, indicating no overt toxicity. Likewise, none of the doses 
of AVO increased the production of IL-6 compared to the vehicle and 
untreated control groups after 6 or 24 h treatment (Fig. 2c). There was a 
dose- and time-dependent trend towards slightly elevated IL-8 produc
tion after AVO treatment; however, by 24 h the highest levels induced by 
the highest dose of 5 % AVO (11816 ± 1689 pg/mL) were not statisti
cally significantly different from those observed after treatment with the 
negative control, β-lactose (11970 ± 1679 pg/mL) (Fig. 2d).

A histological analysis of tissues dosed with 0.2 % v/v AVO for 6 and 
24 h indicated similar microscopic findings to those in vehicle, negative 
and untreated control tissues (Fig. 3 and Supplementary Table 1). Thus, 
there was no single cell apoptosis or necrosis, no intercellular separa
tion, no locally extensive necrosis or sloughing of cells and no cilia loss.

At 1 % AVO, there was a slight increase in intercellular separation at 
6 h, but no other findings, compared to vehicle, negative and untreated 
tissues (Fig. 3 and Supplementary Table 1). Intercellular separation is 
considered the mildest lesion and likely represents reversible break
down of cell-to-cell adhesions and movement of media into the cell 
layer. This effect was not observed after 24 h after treatment, such that 
microscopic findings were similar to those in vehicle, untreated and 

negative controls. This suggests that the minor effects observed at 6 h 
were transient, especially since there was no change in TEER observed, 
which would be an expected consequence of compromised cell-to-cell 
adhesion.

At 5 % AVO, there was a slight increase in intercellular separation 
after 6 h, but no other findings, compared to vehicle, untreated and 
negative controls (Fig. 3 and Supplementary Table 1). This intercellular 
separation by 5 % AVO at 6 h was absent or minimal in 3/6 tissues, mild 
in 2/6 tissues and moderate in 1/6 tissues, whereas it was absent or 
minimal in vehicle, negative and untreated tissues. By 24 h, intercellular 
separation was absent or minimal in 5/6 tissues and mild in 1/6 tissues, 
indicating a trend towards recovery (although recovery was not spe
cifically investigated in this experiment). At 24 h, there was a slight 
increase in the severity of apoptosis/necrosis observed in samples 
treated with 5 % AVO, such that apoptosis/necrosis was absent or 
minimal in all tissues at 6 h and was minimal in 4/6 tissues and mild in 
2/6 tissues at 24 h (examples of affected tissues with apoptosis/necrosis 
at 6 and 24 h is shown in Fig. 3). Apoptosis/necrosis is a non-reversible 
injury but still relatively mild when seen in low numbers of individual 
cells rather than locally extensive sheets as observed in the positive 
controls.

4. Discussion

4.1. Calculations of systemic and local exposure to AVO and its safety

The parameters used in the calculation of AVO systemic exposure 
were intended to represent the worst-case conditions for spray products 
under typical consumer use conditions. For example, in the 2-Box 
exposure scenario, the duration of inhalation exposure used was 20 
min (according to Rothe et al. (2011)); however, an alternative value of 
10 min could have been used according to the SCCS Notes of Guidance 
(SCCS, 2023). Likewise, the total exposure from spray products was 
calculated using the higher values for hair and body lotion products. 
Nevertheless, for each of the product types, the calculated systemic 
exposure to AVO via the inhalation route was much lower than via the 
dermal route. For example, exposure to AVO via the inhalation route 
from a hydroalcoholic fragrance or a body lotion pump spray was 
>5000-fold lower than via the dermal route. The lowest difference be
tween exposure to AVO via the inhalation and dermal routes was for a 
propellant hair spray and was still 9-fold lower for the inhalation route.

The low exposure of the respiratory airways to AVO, together with 
the low concentration of individual AVO constituents in the finished 
product (≤0.22 % (SCCS, 2019)), suggests that AVO is unlikely to result 
in any irritation effect to respiratory airways. This is supported by 
studies which show that the concentrations of AVO used in cosmetic 
products are not expected to carry a risk of skin or eye irritation (SCCS, 
2019). Eye irritation can be considered to be closer analogue to 

Table 2 
Deterministic local respiratory tract exposure after inhalation (LRTE) and systemic exposure dose via inhalation (SEDinh) and dermal (SEDderm) routes of different 
products containing AVO.

Product Concentration of AVO in product Product formulation type Respiratory tract exposure Systemic exposure (SED) 
(μg/kg bw/day)

RTE 
μg/day

LRTE 
μg/cm2/day

SEDinh SEDderm TOTAL SED

Hydroalcoholic fragrancea 0.9 % Pump spray 19.66 0.0973 0.0033 17.9 17.9
Deodorant/antiperspiranta 0.05 % Propellant spray 63.23 0.253 0.21 2.9 3.11
Hair spraya 0.1 % Propellant spray 159.1 0.637 0.53 4.82 5.35
Body lotiona 0.1 % Propellant spray 305.2 1.22 1.017 55.4 56.42
Hair spray 0.1 % Pump spray 28.08 0.139 0.0047 4.82 4.82
Body lotion 0.1 % Pump spray 1.02 0.302 0.01 55.4 55.41
aTotal exposure of spray products ¼ 636.3 2.21 1.775 141.24 143.01
​

a Denotes the LRTE values used to calculate the worst-case maximum total local inhalation exposure from different spray product types, assuming that hair spray and 
body lotion from only one product type is used.
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respiratory irritation than the skin because the eye and the respiratory 
tract are both characterized by direct exposure of epithelial cells in an 
aqueous environment.

Likewise, when the total systemic exposure via the dermal and 
inhalation routes (i.e., 143 μg/kg/day, from Table 2) is compared with 
the No Observed Adverse Effect Level (NOAEL) of 58.33 mg/kg/day for 
systemic toxicity (SCCS, 2019), the resulting MoS is 410, which supports 
the absence of concern for systemic toxicity. Other endpoints considered 
in the safety assessment of AVO (SCCS, 2024), such as genotoxicity, are 
not within the scope of this study. Of note, the NOAEL of 58.33 
mg/kg/day was the lowest of all the endpoints considered by the SCCS; 
therefore, the MoS derived here considers all potential effects of AVO 
(not just systemic toxicity).

4.2. Application of the inhalation TTC for local effects

The potential of AVO to cause respiratory local effects can also be 
assessed according to the inhalation TTC. This paper highlights how the 
inhalation TTC could be used in a real-life case study to support a risk 
assessment without the use of animal studies, although it is acknowl
edged that this approach requires further development to be considered 
as a valid risk assessment tool (Bowden et al., 2023; SCCS, 2023).

Two approaches have been published with derived inhalation TTC 
limits, each with its advantages and limitations: 

• Carthew et al. (2009) proposed inhalation TTC values based on 
NOAECs, distinguishing between local and systemic effects observed 
in vivo. The derived TTC values were normalized using human lung 
weight (650 g), making them suitable for assessing local respiratory 
irritation. A conservative safety factor of 10 was used to extrapolate 
LOAECs to NOAECs. The approach prioritizes repeated-dose rat 
inhalation studies under OECD and GLP guidelines. However, the 
dataset is small (92 chemicals), with many exclusions, but it includes 
chemicals commonly used in consumer products. Other limitations 
include 5-day exposure adjustments (rather than 7-day) and reliance 
on Cramer classification.

• Escher et al. (2010) and Tluczkiewicz et al. (2016) used a broader 
dataset, excluding genotoxic chemicals and nerve agents, and 
grouped the inventory by structural features. They also distinguished 
local and systemic effects but used a less conservative safety factor (2 
for subchronic-to-chronic, 3 for LOEC to NOEC). TTCs were based on 
general effects, and NOAECs were not consistently used. Key factors 
such as breathing rate and lung deposition were not considered. 
One-third of the chemicals were defaulted to high-toxicity due to 
categorization limitations, making the approach more conservative 
in grouping and less specific for local respiratory effects from inha
lation exposure.

We applied inhalation TTC values reported by Carthew et al. (2009)
as per the Research Institute for Fragrance Material (RIFM) criteria for 
safety assessment of fragrance materials (Api et al., 2015). These criteria 
were reviewed and accepted by their Expert Panel of Fragrance Safety in 
preference to those by the others. RIFM has also published the criteria 
for safety evaluation of Natural Complex Substances (NCS) (Api et al., 
2022). According to the published criteria, NCS are evaluated as whole 
mixtures, with priority given to existing, relevant toxicological data on 
the complete mixture. If such data are unavailable, the total exposure to 
the mixture is compared against the most conservative inhalation TTC 
value of 0.47 mg/day corresponding to Cramer Class III. If the exposure 
exceeds this threshold, the mixture is assessed on a component basis. At 
this stage, the derived exposure for each constituent is evaluated 
following the established criteria for discrete fragrance materials, using 
a tiered approach: targeted data, followed by read-across, and finally 
exposure-based waiving. Since AVO is a mixture of multiple compo
nents, the derived inhalation exposure exposure of individual compo
nents can be compared with the inhalation TTC. The two major 
constituents of AVO are khusimyl acetate and (E)-isovalencenyl acetate, 
each contributing to a maximum of 24.01 % and 24.29 % of the UVCB, 
respectively (SCCS, 2019). The total exposure by inhalation from all 
sprayed products (from Table 2) was 547.2 μg/day, which exceeds the 
inhalation TTC value of 470 ug/day. However, considering the highest 
percentage component, the maximum exposure in μg/day of khusimyl 
acetate or (E)-isovalencenyl acetate was calculated to be 131.3 μg/day 
(24 % of 547.2 μg/day). This exposure value is well below the TTC 
Cramer Class III for local respiratory effects of 470 μg/day (Carthew 
et al., 2009), assuming, as a worst-case scenario, that all components in 
AVO are of Cramer Class III structure.

Fig. 1. TEER (a) and LDH release (b) in MucilAir™ tissues treated with a range 
of AVO doses. Controls were treatment with a positive control (2.5 mM SDS), a 
vehicle control (mineral oil) and untreated ALI tissues. Values are a mean of 
duplicates + range. In (b) 100 % LDH release was achieved by lysing the tissues 
with 2 % (v/v) Triton X-100 for 3 h.
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4.3. Local effects of AVO on MucilAir™ tissues

In this study, the overall assessment of the effect of AVO was based 
on all endpoints measured. The exposure to AVO was relatively short 
exposure compared to those used by others (e.g. 1-, 7- and 28-days used 
by Cervena et al. (2019)) and therefore represented acute effects. While 
a recovery phase was not included in the experimental design, there 
were signs of recovery after the application of several treatments (e.g., 
lactose and 1 % and 5 % AVO). TEER measurements detected transient 
effects of β-lactose, indicating this is sufficiently sensitive to changes in 
tissue integrity. This is in accordance with others who observed that 
TEER measurements were a good indicator of in vivo toxicity of several 
inhaled drug candidates (Balogh Sivars et al., 2018). The same authors 
also reported that LDH release and cytokine production were relatively 
insensitive to the effects of the drugs, which contrasted with the findings 
from our study. Both IL-8 and IL-6 were statistically significantly 
increased by SDS compared to ALI controls and small but 
dose-dependent increases in IL-8 were observed after AVO treatment; 
however, there was more variability in the IL-6 values for all samples, 
making this a less suitable marker with which to compare treatments 
under the conditions utilized here. Others have reported less variable 
values for IL-6 production by MucilAir™ models (Sharma et al., 2023), 
although the levels measured in control samples (9.6 pg/ml at 24 h) in 
their experiment were somewhat lower than those measured here (100 
± 94 and 43 ± 12 pg/ml at 24 h in ALI and mineral oil treated models, 
respectively). While ELISA methods were used both in the current study 
and Sharma et al. (2023) to measure IL-6 levels, the assay kit suppliers 
differed. Other factors, e.g. donor and tissue differences, may also 
impact the variability in IL-6 production.

The MucilAir™ experiment included several controls, namely non- 
treated ALI tissues, positive controls (1 mM and 2.5 mM SDS), a 
vehicle control (mineral oil) and a negative control (β-lactose) to vali
date the experiment and compare effects with those of AVO. The find
ings with SDS are in accordance with those reported by Welch et al. 
(2021), who observed increases in IL-8 release at and above 0.63 mM, 
decreases in TEER at doses at and above 1.25 mM, and increased LDH 
release above 2.5 mM after 24 h of exposure. β-Lactose resulted in a 
small time-dependent increase in the production of IL-8 compared to 
untreated ALI tissues, which is indicative of a slight IL-8 inflammatory 
response. Overall, these findings suggest that β-lactose caused a low 
transient perturbation to the test system. However, there were no dif
ferences in the microscopic findings after treatment with β-lactose and 
the vehicle and ALI treatments, suggesting that effects on this cytokine 
did not lead to downstream observable physical changes in the tissues.

The findings of this study suggest that a 24-h exposure after liquid 
application containing 5 % AVO in mineral oil may have a minor inju
rious effect on the MucilAir™ tissues. This was evident as a dose- and 
time-dependent trend towards slightly elevated IL-8 production and 
minor changes in microscopic findings, which were considered revers
ible (intercellular separation) or minimal (localized apoptosis/necrosis 
in individual cells). By contrast, doses of 0.2 % and 1 % AVO in mineral 
oil do not exhibit injurious effects on the MucilAir™ tissues. Thus, a 
NOAEL for local respiratory effects of 1 % was considered to be the Point 
of Departure for the risk assessment.

To put the doses used in this study into perspective, a comparison of 
the aggregate exposure from spray products to exposure in MucilAir™ in 
vitro model was made i.e., a Margin of Exposure (MoE) was estimated 
(Table 3). The MoE is the factor between the dose applied on MucilAir™ 

Fig. 2. TEER (a) LDH release (b), IL-6 production (c) and IL-8 production (d) in MucilAir™ tissues treated with 0.2 %, 1 % and 5 % AVO. Controls were untreated ALI 
tissues, and treatment with a positive control (1 and 2.5 mM SDS), a solvent control (mineral oil) and a negative control (β-lactose). Values at 6 h (white bars) and 24 
h (hashed bars) are a mean of triplicates +SD. Statistical differences between positive/negative/vehicle controls and untreated (ALI) samples are denoted by * (p <
0.05), ** (p < 0.01) or *** (p < 0.001) and statistical differences between mineral oil solvent control and AVO-treated samples are denoted by # (p < 0.05), ## (p <
0.01) or ### (p < 0.001).
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tissues and the total local inhalation exposure from propellant spray 
products only (2.21 μg/cm2, from Table 2). To enable this comparison, 
the default lung surface areas of 60 m2 (Fröhlich et al., 2016) and 200 
cm2 for the upper respiratory tract (relevant for pump sprays (EPA, 
1994)) were used as they provide a relevant means for estimating res
piratory tract depositions from inhalation exposure to a complex 

mixture. This indicates that the doses used in the MucilAir™ model by 
liquid application of AVO were many orders of magnitude higher than 
are exposures to the respiratory tract upon use of cosmetic products. 
Therefore, the minor effects observed in this study at higher doses are 
not expected to occur under consumer relevant conditions.

The experimental design used did not mimic exactly the exposure of 

Fig. 3. Histological analysis of MucilAir™ tissues treated with 0.2 %, 1 % and 5 % v/v AVO for (a) 6 h and (b) 24 h. Controls shown in the left panels were untreated 
ALI tissues, and tissues treated with a solvent control (mineral oil), a negative control (β-lactose) and a positive control (1 mM SDS). Cells which are apoptotic/ 
necrotic are denoted by an arrow and “A/N”. 
(a) 6 h time point 
(b) 24 h time point.
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a spray consumer product as it was not possible to reliably use an aerosol 
application for the MucilAir™ model at the time of the study. Sadekar 
et al. (2025) also recommend that the mode of exposure should be based 
on the physico-chemical properties of the test material. Therefore, 
instead of aerosolizing AVO, it was applied as a small 10 μL droplet 
directly to the ALI, which was the lowest pipettable volume that could be 
applied reproducibly. On the other hand, this can be considered a 
worst-case application scenario as the applied dose is far greater than 
when aerosolized and the amount a consumer would be exposed to in a 
real-life scenario. While this direct exposure method may impact the 
interpretation of the data of volatile chemicals (since the amount on the 
tissue would change over time), this was not a concern for AVO because 
it is not volatile under these conditions. Others have shown that liquid 
application dosing itself on primary human bronchial epithelial cells in 
ALI cultures may confound chemical toxicity testing by inducing a 
multi-disease-like phenotype similar to that induced by true chemical 
exposure (Mallek et al., 2023). This includes an increase in 
stress-responsive signaling, an increase in pro-inflammatory cytokine 
and growth factor secretion and a decrease in epithelial barrier integrity. 
Therefore, it is likely that the direct liquid application of AVO to 
MucilAir™ model ALI may well amplify the toxicity effects seen for the 
5 % AVO sample compared to those that might be observed if the cells 
were exposed to 5 % AVO by aerosol application. In any case, this type of 
application can be considered a worst-case in comparison to an aerosol 
application. Future studies could test the effects of aerosol application of 
AVO once such a testing method has been optimized.

5. Conclusion

With respect to systemic toxicity, the inclusion of AVO exposure via 
the inhalation of sprayed cosmetic products does not add any significant 
exposure compared to that via the dermal route. When the total systemic 
exposure to AVO is compared with the NOAEL, the Margin of Safety is 
above 400, indicating it is without any concern for systemic toxicity. In 
addition, the total exposure to AVO and its individual components in 
cosmetic products is significantly lower than the TTC local effects by 
inhalation, even when aggregate exposure of all spray product-types is 
taken into account.

The concentrations of AVO to be used in cosmetic products are also 
not expected to carry a risk of local irritation effects on the respiratory 
tract. This is based on multiple factors, including, but not limited to: the 
low volatility of AVO; the generally low concentrations of AVO in 
finished products, resulting in the low exposure of the respiratory tract 
to individual AVO constituents (a maximum of 131.3 μg/day, consid
ering aggregate exposure of all sprayed products), and the absence of 

concern of irritation of eye mucosal tissue at these concentrations. 
Furthermore, in a state-of-the-art experimental setup, there was a lack of 
injurious effects on the MucilAir™ tissue model, when AVO was applied 
directly in small volume to the ALI. This is, to our knowledge, the first 
time the local toxicity of a UVCB substance has been evaluated in an in 
vitro respiratory tissue model. When comparing the exposures between 
the experimental set-up in the tissue model and the aggregated use of all 
spray cosmetic products, the MoE was at least 137, when the NOAEL 
concentration tested (in a worst-case assumption) was considered as the 
Point of Departure for the risk assessment.
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Table 3 
Comparison of the doses applied to the MucilAir™ model and total local 
inhalation exposure from spray cosmetic products. The NOAEL of 1 % is the 
concentration which did not cause Local respiratory effects to the MucilAir™ 
model.

AVO 
Concentration 
(%)

Amount of 
AVO 
applied in 
10 μL (μg)a

Application 
area (cm2)

Dose applied 
on MucilAir™ 
tissue (μg/ 
cm2)b

MoEc

including 
propellant 
hair and body 
spray products

0.2 20 0.33 61 28
1 (NOAEL) 100 0.33 303 137
5 500 0.33 1515 686

a Conversion based on the assumption of a relative density of AVO = 1 g/mL 
and an application of 10 μL per tissue.

b Based on 10 μL of preparation applied on 0.33 cm2 tissue model.
c Margin of Exposure (MoE) calculated from dose applied/total local inhala

tion exposure from the worst-case scenario for aggregate spray products (2.21 
μg/cm2/day, from Table 2), if the dose applied was to be considered as Point of 
Departure.
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Fröhlich, E., Mercuri, A., Wu, S., Salar-Behzadi, S., 2016. Measurements of deposition, 
lung surface area and lung fluid for simulation of inhaled compounds. Front. 
Pharmacol. 7, 181. https://doi.org/10.3389/fphar.2016.00181.

Hall, B., Tozer, S., Safford, B., Coroama, M., Steiling, W., Leneveu-Duchemin, M.C., 
McNamara, C., Gibney, M., 2007. European consumer exposure to cosmetic 

products, a framework for conducting population exposure assessments. Food Chem. 
Toxicol. 45 (11), 2097–2108. https://doi.org/10.1016/j.fct.2007.06.017.

Huang, S., Wiszniewski, L., Constant, S., Roggen, E., 2013. Potential of in vitro 
reconstituted 3D human airway epithelia (MucilAir™) to assess respiratory 
sensitizers. Toxicol. Vitro 27 (3), 1151–1156. https://doi.org/10.1016/j. 
tiv.2012.10.010.

Kroes, R., Kozianowski, G., 2002. Threshold of toxicological concern (TTC) in food safety 
assessment. Toxicol. Lett. 127 (1–3), 43–46. https://doi.org/10.1016/s0378-4274 
(01)00481-7.

Loretz, L., Api, A.M., Barraj, L., Burdick, J., Davis de, A., Dressler, W., Gilberti, E., 
Jarrett, G., Mann, S., Laurie Pan, Y.H., Re, T., Renskers, K., Scrafford, C., Vater, S., 
2006. Exposure data for personal care products: Hairspray, spray perfume, liquid 
foundation, shampoo, body wash, and solid antiperspirant. Food Chem. Toxicol. 44 
(12), 2008–2018. https://doi.org/10.1016/j.fct.2006.06.029.

Mallek, N.M., Martin, E.M., Dailey, L.A., McCullough, S.D., 2023. Liquid application 
dosing alters the physiology of air-liquid interface primary bronchial epithelial 
cultures and in vitro testing relevant endpoints. Res Sq. https://doi.org/10.21203/ 
rs.3.rs-2570280/v1.

Mistry, A., Bowen, L.E., Dzierlenga, M.W., Hartman, J.K., Slattery, S.D., 2020. 
Development of an in vitro approach to point-of-contact inhalation toxicity testing of 
volatile compounds, using organotypic culture and air-liquid interface exposure. 
Toxicol. Vitro 69, 104968. https://doi.org/10.1016/j.tiv.2020.104968.

Munro, I.C., Renwick, A.G., Danielewska-Nikiel, B., 2008. The threshold of toxicological 
concern (TTC) in risk assessment. Toxicol. Lett. 180 (2), 151–156. https://doi.org/ 
10.1016/j.toxlet.2008.05.006.

OECD, 2022. Case study on the use of an integrated approach for testing and assessment 
(IATA) for New Approach Methodology (NAM) for refining inhalation risk 
assessment from point of contact toxicity of the pesticide, chlorothalonil. Series Test. 
Assess. No. 367. https://one.oecd.org/document/env/cbc/mono(2022)31/en/pdf.

Rothe, H., Fautz, R., Gerber, E., Neumann, L., Rettinger, K., Schuh, W., Gronewold, C., 
2011. Special aspects of cosmetic spray safety evaluations: principles on inhalation 
risk assessment. Toxicol. Lett. 205 (2), 97–104. https://doi.org/10.1016/j. 
toxlet.2011.05.1038.

Sadekar, N., Behrsing, H.P., Hansen, T., Patel, V., Paulo, H., Rae, A., Ritter, D., 
Schwarz, K., Api, A.M., 2025. A proof-of-concept for safety evaluation of inhalation 
exposure to known respiratory irritants using in vitro and in silico methods. Toxics 
13, 35. https://doi.org/10.3390/toxics13010035.

SCCS, 2019. Scientific Committee on Consumer Safety. Opinion on Fragrance Ingredient 
Acetylated Vetiver Oil (AVO) - Submission III, SCCS/1599/18, Preliminary Version 
of 21-22 June 2018, Final Version of 26 February 2019. Corrigendum on 20-21 June 
2019. 

SCCS, 2023. Scientific Committee on Consumer Safety. Notes of Guidance for the Testing 
of Cosmetic Ingredients and Their Safety Evaluation 12th Revision, 15 May 2023, 
SCCS/1647/22. 

SCCS, 2024. (Scientific Committee on Consumer Safety), Opinion on the Inhalation 
Toxicity of the Fragrance Ingredient Acetylated Vetiver Oil – AVO (CAS No 84082- 
84-8, EC No 282-031-1) in Sprayable Cosmetic Products - Submission IV, 
Preliminary Version of 28 February 2024 final version of 25 October 2024, SCCS/ 
1663/24. 

Sharma, M., Stucki, A.O., Verstraelen, S., Stedeford, T.J., Jacobs, A., Maes, F., 
Poelmans, D., Van Laer, J., Remy, S., Frijns, E., Allen, D.G., Clippinger, A.J., 2023. 
Human cell-based in vitro systems to assess respiratory toxicity: a case study using 
silanes. Toxicol. Sci. 195 (2), 213–230. https://doi.org/10.1093/toxsci/kfad074.

Steiling, W., Bascompta, M., Carthew, P., Catalano, G., Corea, N., D’Haese, A., 
Jackson, P., Kromidas, L., Meurice, P., Rothe, H., Singal, M., 2014. Principle 
considerations for the risk assessment of sprayed consumer products. Toxicol. Lett. 
227 (1), 41–49. https://doi.org/10.1016/j.toxlet.2014.03.005.

Steiling, W., Buttgereit, P., Hall, B., O’Keeffe, L., Safford, B., Tozer, S., Coroama, M., 
2012. Skin exposure to deodorants/antiperspirants in aerosol form. Food Chem. 
Toxicol. 50 (6), 2206–2215. https://doi.org/10.1016/j.fct.2012.03.058.

Tluczkiewicz, I., Kühne, R., Ebert, R.U., Batke, M., Schüürmann, G., Mangelsdorf, I., 
Escher, S.E., 2016. Inhalation TTC values: a new integrative grouping approach 
considering structural, toxicological and mechanistic features. Regul. Toxicol. 
Pharmacol. 78, 8–23. https://doi.org/10.1016/j.yrtph.2016.03.022.

US EPA, 2011. Exposure factors handbook, 2011 Edition. September 2011, EPA/600/R- 
090/052F. https://www.nrc.gov/docs/ML1400/ML14007A666.pdf.

Welch, J., Wallace, J., Lansley, A.B., Roper, C., 2021. Evaluation of the toxicity of sodium 
dodecyl sulphate (SDS) in the MucilAir™ human airway model in vitro. Regul. 
Toxicol. Pharmacol. 125, 105022. https://doi.org/10.1016/j.yrtph.2021.105022.

Worth, A., Cronin, M., Enoch, S., Fioravanzo, E., Fuart Gatnik, M., Pavan, M., Yang, C., 
2012. Applicability of the Threshold of Toxicological Concern (TTC) approach to 
cosmetics – preliminary analysis. https://data.europa.eu/doi/10.2788/5059.

Yang, C., Barlow, S.M., Muldoon Jacobs, K.L., Vitcheva, V., Boobis, A.R., Felter, S.P., 
Arvidson, K.B., Keller, D., Cronin, M.T.D., Enoch, S., Worth, A., Hollnagel, H.M., 
2017. Thresholds of toxicological concern for cosmetics-related substances: new 
database, thresholds, and enrichment of chemical space. Food Chem. Toxicol. 109 
(Pt 1), 170–193. https://doi.org/10.1016/j.fct.2017.08.043.

F. Boisleve et al.                                                                                                                                                                                                                                 Regulatory Toxicology and Pharmacology 162 (2025) 105905 

10 

https://doi.org/10.1016/j.fct.2021.112715
https://doi.org/10.1016/j.fct.2021.112715
https://doi.org/10.1016/j.fct.2014.11.014
https://doi.org/10.1016/j.tox.2007.11.001
https://doi.org/10.1093/toxsci/kfx255
https://doi.org/10.1016/j.yrtph.2023.105434
https://doi.org/10.1016/j.yrtph.2023.105434
http://www.rivm.nl/bibliotheek/rapporten/320104001.pdf
https://doi.org/10.1016/j.fct.2009.02.024
https://doi.org/10.1016/j.fct.2009.02.024
https://doi.org/10.1177/0261192919841484
https://doi.org/10.1177/0261192919841484
https://doi.org/10.1016/j.fct.2020.111120
https://www.rivm.nl/bibliotheek/rapporten/320104005.pdf
https://doi.org/10.1016/j.yrtph.2021.105026
https://echa.europa.eu/registration-dossier/-/registered-dossier/22147/4/7
https://echa.europa.eu/registration-dossier/-/registered-dossier/22147/4/7
https://www.epa.gov/sites/default/files/2014-11/documents/rfc_methodology.pdf
https://www.epa.gov/sites/default/files/2014-11/documents/rfc_methodology.pdf
https://www.regulations.gov/document/EPA-HQ-OPP-2011-0840-0080
https://doi.org/10.1016/j.yrtph.2010.06.009
https://doi.org/10.1016/j.yrtph.2010.06.009
http://data.europa.eu/eli/reg/2006/1907/oj
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref17
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref17
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref17
https://doi.org/10.3389/fphar.2016.00181
https://doi.org/10.1016/j.fct.2007.06.017
https://doi.org/10.1016/j.tiv.2012.10.010
https://doi.org/10.1016/j.tiv.2012.10.010
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.1016/j.fct.2006.06.029
https://doi.org/10.21203/rs.3.rs-2570280/v1
https://doi.org/10.21203/rs.3.rs-2570280/v1
https://doi.org/10.1016/j.tiv.2020.104968
https://doi.org/10.1016/j.toxlet.2008.05.006
https://doi.org/10.1016/j.toxlet.2008.05.006
https://one.oecd.org/document/env/cbc/mono(2022)31/en/pdf
https://doi.org/10.1016/j.toxlet.2011.05.1038
https://doi.org/10.1016/j.toxlet.2011.05.1038
https://doi.org/10.3390/toxics13010035
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref29
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref29
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref29
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref29
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref30
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref30
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref30
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref31
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref31
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref31
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref31
http://refhub.elsevier.com/S0273-2300(25)00135-7/sref31
https://doi.org/10.1093/toxsci/kfad074
https://doi.org/10.1016/j.toxlet.2014.03.005
https://doi.org/10.1016/j.fct.2012.03.058
https://doi.org/10.1016/j.yrtph.2016.03.022
https://www.nrc.gov/docs/ML1400/ML14007A666.pdf
https://doi.org/10.1016/j.yrtph.2021.105022
https://data.europa.eu/doi/10.2788/5059
https://doi.org/10.1016/j.fct.2017.08.043

	Use of NAMs in a weight of evidence approach to evaluate the safety via the inhalation route of acetylated vetiver oil, in  ...
	1 Introduction
	2 Materials and methods
	2.1 2-Box mathematical model of systemic exposure after inhalation
	2.2 Calculation of local respiratory tract exposure
	2.3 Calculation of exposure via the dermal route
	2.4 Airway irritation potential using the MucilAir™ model
	2.4.1 Materials

	2.5 Handling of MucilAir™ tissues
	2.6 Dose range finding (DRF) study
	2.7 Main study

	3 Results
	3.1 Calculated systemic and local exposure to AVO after inhalation
	3.2 In vitro assessment of the effects of AVO on MucilAir™ tissues
	3.2.1 Initial evaluation of toxicity of AVO to MucilAir™ tissues – dose selection

	3.3 Effects of AVO on MucilAir™ tissues

	4 Discussion
	4.1 Calculations of systemic and local exposure to AVO and its safety
	4.2 Application of the inhalation TTC for local effects
	4.3 Local effects of AVO on MucilAir™ tissues

	5 Conclusion
	CRediT authorship contribution statement
	Data statement
	Funding information
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


