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To date there are no OECD validated alternative approaches to study toxicity following inhalation exposure to
airborne chemicals. The available OECD test guidelines for acute inhalation toxicity aim to estimate a value of
the lethal air concentration of the test chemical leading to the death of 50% of the exposed animals (LCsp), to
satisfy hazard classification and labelling requirements. This paper explores the view that alternative
approaches must compare to outcomes of existing guideline methods to become accepted and implemented
in a regulatory context. This case study describes the initiatives taken to validate the lung surfactant bioassay,
an in vitro cell-free method, and discusses the challenges faced. While the lung surfactant bioassay could not
predict the GHS classification for acute inhalation toxicity of 26 chemicals, the assay successfully predicted
the clinical signs of respiratory toxicity observed during or shortly after exposure in vivo as reported in regis-
tration dossiers. The lung surfactant bioassay is a promising alternative approach to assess the potential of
chemicals to cause changes to respiration remaining after exposure (indicating decreased lung function),
and can be combined with other test methods in an integrated approach to testing and assessment of inhaled

substances.

Identification of hazardous properties of airborne chemicals is
required under regulatory schemes worldwide, for instance the Euro-
pean regulation for the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) (European Commission, 2006),
the American Toxic Substances Control Act (TSCA) (Senate and
House of Representatives of the United States of America in
Congress, 2016), and the South Korean acts on Registration and Eval-
uation of Chemical Substances and on Consumer Chemical Products
and Biocides Safety (The Republic of Korea, 2019, 2020). For regula-
tory acceptance of test results, internationally accepted testing guide-
lines (TGs), such as the test methods endorsed by the Organisation
for Economic Co-operation and Development (OECD), must be fol-
lowed (Klimisch et al., 1997). These TGs require acute inhalation tox-
icity to be assessed in experimental animals and focus on frank toxicity
as the endpoint of concern (i.e. evident clinical signs and death).
Specifically, the available OECD TGs aim to determine a point or range
estimate of the LCs(, the lethal air concentration of the test chemical
leading to the death of 50% of the exposed animals during the obser-

* Corresponding author.
E-mail address: jbs@nfa.dk (J.B. Serli).

https://doi.org/10.1016/j.crtox.2021.05.002

Received 14 December 2020; Revised 26 April 2021; Accepted 12 May 2021
Available online xxxx

2666-027X/© 2021 The Author(s). Published by Elsevier B.V.

vation period, to satisfy hazard classification and labelling require-
ments of chemicals and mixtures under the United Nations (UN)
Globally Harmonized System of Classification and Labelling of Chem-
icals (GHS) (European Commission, 2008).

According to the OECD TG 403 “Acute Inhalation Toxicity”, a
group of rodents is exposed via inhalation to the test substance for
up to 4 h and death is the endpoint (OECD, 2009). This guideline
was adopted for regulatory use in 1981 but was revised in 2009 to
increase flexibility and reduce the number of animals used. The OECD
TG 436 “Acute Toxic Class Method”, adopted in 2009, is a sequential
procedure, where three animals of each sex are exposed at any of the
defined concentration steps to rank substance toxicity (OECD, 2009).
It requires fewer animals than the TG 403 but also uses death as the
endpoint. The newest OECD TG 433 “Fixed Concentration Procedure”
was adopted in 2017 (OECD, 2018). It uses evident clinical signs of
toxicity as the endpoint instead of death (OECD, 2018, 2002). Based
on the analysis of a large number of acute inhalation toxicity studies,
it was shown that when at least one animal displays evident clinical

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.crtox.2021.05.002&domain=pdf
https://doi.org/10.1016/j.crtox.2021.05.002
http://creativecommons.org/licenses/by/4.0/
mailto:jbs@nfa.dk
https://doi.org/10.1016/j.crtox.2021.05.002
https://doi.org/10.1016/j.crtox.2021.05.002
http://www.sciencedirect.com/science/journal/2666027X
http://www.elsevier.com/locate/crtox

E. Da Silva et al.

signs of toxicity (tremors, hypoactivity, irregular respiration, or body-
weight loss), either severe pain and enduring signs of severe distress,
moribund condition or mortality would be observed in the majority
of the animals at the next highest fixed concentration (Sewell et al.,
2015). It is however, questionable whether these OECD TGs and the
determination of lethal concentrations are the most human relevant,
cost-effective, and ethically sound approaches to discern adverse lung
effects following inhalation exposure to chemicals (Da Silva and Sgrli,
2018).

REACH regulation states that “animal testing is only acceptable as a
last resort, if no other method can be used to provide the necessary
information” (European Commission, 2006) and, the Directive
2010/63/EU promotes the development and use of alternative
approaches to animal testing with the aim of fully replacing the use
of animals in scientific procedures and for educational purposes
(European Commission, 2010). In the United States (US), similar
efforts to encourage the shift towards non-animal testing have been
established in the Frank R. Lautenberg Chemical Safety for the 21st
Century Act (Senate and House of Representatives of the United
States of America in Congress, 2016) and in the Directive to Prioritize
Efforts to Reduce Animal Testing of the US Environmental Protection
Agency (EPA, 2019). These acts and directives prompted research
within this field, and a growing body of literature describes the effi-
ciency and predictivity of in silico and in vitro methods to study the tox-
icity of inhaled chemicals. Recently, a new approach methodology was
proposed to the US Environmental Protection Agency by Syngenta
Crop Protection for the assessment of inhalation toxicology of chlor-
othalonil, a respiratory irritant. The assessment combined human rel-
evant simulations and in vitro models to derive a point of departure
and to calculate human equivalent concentrations (EPA, 2018). Still,
there are no validated alternative approaches for hazard identification
of inhaled chemicals: the OECD TGs described above remain the basis
for regulatory decision-making.

This paper aims to explore the view that alternative approaches
must compare to existing methods (OECD TGs) to become accepted
and implemented in a regulatory context for hazard identification of
chemicals. This is done via a case-study describing the attempts made
for the validation of the lung surfactant bioassay, an in vitro cell-free
method addressing the alveolar region, for hazard identification of air-
borne compounds and discussing the challenges faced. Twenty-six
chemicals were tested in vitro in the lung surfactant bioassay, and
the test results were compared to the chemicals’ GHS classification
for acute inhalation toxicity (based on TG animal studies), and the
clinical signs of respiratory toxicity reported within 2 h following
inhalation exposure of rats. Lastly, the implementation of the lung sur-
factant bioassay within an integrated testing strategy for hazard iden-
tification of inhaled chemicals is discussed.

Acceptation and implementation of alternative approaches in a
regulatory context

The concept of toxicity pathways was proposed in 2007 (Ankley
et al., 2010), and a few years later the OECD programme on develop-
ment of adverse outcome pathways (AOPs) was initiated (OECD,
2012). AOPs outline the series of steps linking a molecular initiating
event to an adverse outcome. It is recognized that understanding the
mechanisms underlying toxicity will facilitate the identification of
alternative methods targeting specific key events to accelerate the
transition away from hazard identification of chemicals based on tox-
icity testing in animals (Krewski et al., 2010; OECD, 2017).

The validation of alternative methods is currently coordinated by
the European Centre for the Validation of Alternative Methods
(ECVAM) in Europe and by the US Interagency Coordinating Commit-
tee on the Validation of Alternative Methods (ICCVAM) in the United
States. The validation process is an essential step of method
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acceptance. It addresses the purpose of the test method and its mech-
anistic basis, and assesses its relevance, reliability, and reproducibility
(within and among laboratories) (OECD, 2005). This validation is cru-
cial to demonstrate the legitimacy of and increase confidence in alter-
native approaches. However, the process requires significant
investment of time and funding, and the lack of standardisation and
harmonisation of data requirements and procedures for validation
worldwide hinder the regulatory acceptance and implementation of
alternative approaches. A number of barriers to overcome have been
discussed in meetings internationally, including the need to make
available high-quality reference data, to train on use and interpreta-
tion of alternative approaches, and to define a strategy to assess the
predictivity and reproducibility of testing strategies in a regulatory
context (Table 1 in Supplementary Information). Lastly, the outcomes
of the alternative approaches should be “at least as useful as, and
preferably better than, the existing method” (cf. OECD Guidance Doc-
ument 34) (OECD, 2005). It is in itself a challenge to estimate an LCso
in rodents (Sperling and McLaughlin, 1976; Zbinden and Flury-
Roversi, 1981), so comparison to the outcome of a mechanistically
anchored in vitro method, with the aim of a correlation, seems hardly
possible.

Predictability of the lung surfactant bioassay for GHS
classification of inhaled chemicals

The lung surfactant has a fundamental role in ensuring effortless
breathing by decreasing the surface tension at the air-liquid interface
in the alveolar regions of the lungs. Lung surfactant lines the inside of
the alveoli at the air-liquid interface, and it constitutes the first entity
that inhaled chemicals encounter in the alveolar region. Lung surfac-
tant is a complex biological liquid, made of 90% lipids and 10% pro-
teins (including the four surfactant proteins SP-A, SP-B, SP-C and SP-
D) (Goerke, 1998; Creuwels et al., 1997).

Interaction of airborne chemicals with lung surfactant in the alve-
olar region may signify the onset of clinical signs of respiratory toxic-
ity. An example of this is the observation of an extremely steep
concentration-response curve in a mouse inhalation model (dramatic
and rapid reduction in the tidal volume leaving animals in a moribund
state) after exposure to impregnation spray products (Ngrgaard et al.,
2010; Larsen et al., 2014). It was hypothesized that the effect was dri-
ven by a physical interaction of the compound with the lung surfactant
rather than the chemical activation of trigeminal or vagal nerve recep-
tors as previously observed for airway irritants (Larsen et al., 2016,
2009; Ngrgaard et al., 2014; Duch et al., 2014). A series of studies
in recent years have contributed to the understanding of the mecha-
nism of toxicity of inhaled chemicals and particles and have investi-
gated the predictivity of the lung surfactant bioassay for changes in
breathing patterns of mice following inhalation exposure as an indica-
tor of serious toxicity to the lungs. Inhalation exposure to impregna-
tion spray products (Ngrgaard et al., 2014; Duch et al., 2014; Seorli
et al., 2015, 2017), bile salts (Sorli et al., 2018), and zinc oxide
nanoparticles (Larsen et al., 2020) led to a sudden decrease in tidal
volume in vivo. This correlated well with inhibition of lung surfactant
function in vitro in the lung surfactant bioassay. At the molecular level,
investigations of chemically-induced inhibition of the lung surfactant
function identified that the test chemicals intercalated between the
surfactant phospholipids at the air-liquid interface, reduced the stabil-
ity of the lung surfactant films, and induced the loss of cohesivity of
the multi-layered surfactant structures as the main perturbations (Da
Silva et al., 2021b). At the organism level in humans, impregnation
spray products that caused adverse respiratory outcomes after inciden-
tal exposure were also inhibitory to the lung surfactant function in vitro
(Duch et al., 2014; Sgrli et al., 2017). In addition, inhibition of the
lung surfactant function is involved in several respiratory disorders
in humans, including acute respiratory distress syndrome (Touqui
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and Arbibe, 1999; Gunther et al., 2001; Autilio and Perez-Gil, 2019;
Echaide et al., 2017). Based on these findings, the AOP 302 was pro-
posed (Halappanavar et al., 2020; Da Silva et al., 2021a) and www.
aopwiki.org/aops/302). It describes the series of events starting from
the interaction of chemicals with the lung surfactant that lead to
decreased lung function (Fig. 1 in Supplementary Information). The
weight of evidence supporting this AOP and a description of the meth-
ods that can be used to asses each key event are described in an accom-
panying paper in this journal (Da Silva et al., 2021a).

These observations gave rise to the idea that the lung surfactant
bioassay could be used for hazard identification of airborne chemicals
and in early product development. It became a stated ambition that
this alternative approach could - in the context of an integrated
approach to testing and assessment — replace in vivo experiments for
regulatory testing of inhaled chemicals (Da Silva and Serli, 2018).
Therefore, it was our hypothesis that the lung surfactant bioassay
could predict the GHS classification of chemicals obtained according
to the OECD TGs 403 and 436 for acute inhalation toxicity.

Methods

Twenty-six chemicals were selected for investigation of their poten-
tial for inhibition of lung surfactant function, the CAS numbers and
chemical formulas of all chemicals can be found in Table 2 in Supple-
mentary Information. All chemicals had been tested previously accord-
ing to the OECD TGs 403 and 436 due to regulatory requirements the
LCsp (mg/L) and classification can be found in Table 2 in Supplemen-
tary Information. The first subgroup included nine fragrance materials
that were tested for acute inhalation toxicity as a regulatory require-
ment to enter the market (supplied by Firmenich Incorporated, United
States). The second subgroup contained 17 chemicals registered under
REACH and selected from the eChemPortal platform using the prop-
erty search function (Toxicological information > Acute Toxicity > Acute
toxicity: inhalation) (eChemPortal, 2017). Criteria for the selection of
chemicals were: study “reliable without restriction”, animals exposed
“nose only”, “head only” or “nose/head only”, and chemical classifica-
tion under category 3, category 4, or “conclusive but not sufficient for
classification”. Using these selection criteria, a total of 353 chemicals
were identified (search performed in December 2017). From these, 17
chemicals were selected based on: their relevance for workers' and
consumers' exposure (by reading the “Manufacture, use & exposure”
section in the registration dossier) and the presence of an apparent
dose-response relationship described in the registration dossier (based
on the number of deaths at each concentration level). Based on these
criteria, six chemicals without classification, and nine chemicals with a
classification were selected. These 17 chemicals were acquired at the
highest available purity from Sigma-Aldrich, Denmark. Three of the
chemicals were further studied to determine the mechanisms underly-
ing lung surfactant function inhibition, for further details see Da Silva
et al 2021 (Da Silva et al., 2021b). Information relating to the TGs out-
comes (both LCso and clinical observations) were provided by Fir-
menich or extracted from the available REACH registration dossiers.
The clinical signs of respiratory toxicity observed during and within
two hours post-exposure are indicated in Table 2 in Supplementary
Information.

The lung surfactant function was evaluated in vitro in the con-
strained drop surfactometer (BioSurface Instruments, United States,
(Valle et al., 2015) as previously described in detail (Sgrli et al.,
2017). Briefly, a drop of surfactant (10 pL) was placed on a knife-
edge pedestal and underwent cyclic compressions and expansions
imposed by a syringe pump to mimic human respiratory cycles (20
cycles/min). The effects of the fragrance materials on lung surfactant
function were assessed using Curosurf® (Chiesi, Italy, 2.5 mg/mL),
while the chemicals identified from eChemPortal were tested using
purified native porcine surfactant (1.0 mg/mL). The surface activity
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of the two surfactant models was comparable (Fig. 1 in Supplementary
Information). In both cases, the diluting buffer was made of 0.9%
NaCl, 1.5 mM CaCl,, and 2.5 mM HEPES, and adjusted to pH 7.0,
and the dilutions were made in the morning of each day of
experiments.

Liquid chemicals were used undiluted, and chemicals in powder
form were dissolved in deionized water near their limit for water sol-
ubility. The substances were blinded for the operator using an assigned
letter for identification. All tested chemicals were led from a glass syr-
inge into a Pitt no.1 jet nebulizer (Wong and Alarie, 1982) by means of
a syringe pump (Legato 100, Buch & Holm A/S, Denmark) to the expo-
sure chamber and deposited onto the drop of lung surfactant. Although
particle size distribution in the generated aerosols was not measured in
this study, there is empirical evidence that the particles generated with
the Pitt no. 1 jet nebulizer have an aerodynamic parameter below
5 um, i.e. in the respirable range (Serli et al., 2015, 2018; Larsen
et al., 2020; Da Silva et al., 2021b). To ensure continuous air flow
through the exposure chamber, the air was sucked out through the
ventilation holes in the hollow baseplate. The pressurized air and
exposure chamber were heated to 37 °C, and the temperature inside
the exposure chamber was monitored using the TinyTag Plus 2 data
logger (TGP-4017, Gemini Data Loggers Ltd, United Kingdom). The
drop of lung surfactant was exposed to the test chemical, and images
of the drop were captured throughout the experiment (10 frames per
second) and analysed using the axisymmetric drop shape analysis
(ADSA) (Yu et al., 2016) to yield surface tension values. Each experi-
ment was repeated three to five times.

For each compression-expansion cycle, the values of the minimum
surface tension (reached at the minimum surface area of the drop)
were extracted. The minimum surface tension of the baseline should
be below 5 mN/m with a compression (decrease in surface area) below
30% for acceptance of data. The inhibition of the lung surfactant func-
tion was defined as an increase in the minimum surface tension to val-
ues greater than or equal to 10 mN/m for three or more consecutive
minima. In vivo, an increase of the minimum surface tension beyond
10 mN/m will lead to alveolar collapse (Enhorning, 2001).

Identification of chemicals classified under GHS for acute inhalation
toxicity

Based on the criteria listed above, each of the tested chemicals
were defined as either inhibitory to the lung surfactant function or
not. Test chemicals falling under GHS categories 3 and 4 for acute
inhalation toxicity were identified as “classified”. A compound which
was found to inhibit the lung surfactant function and was classified as
an acute inhalation toxicant under GHS, was considered as a true pos-
itive. Based on the binary outcomes of these independent in vitro and
in vivo tests, the following predictive accuracy metrics were calculated:
(i) sensitivity (the ability to detect a true positive) and specificity (the
ability to detect a true negative), indicating the concordance between
the lung surfactant bioassay outcome and the GHS classification for
acute inhalation toxicity, (ii) positive and negative predictive values,
as indication of the likelihood that the bioassay can successfully iden-
tify the hazard classification, and (iii) accuracy (Table 3 in Supplemen-
tary Information) (Trevethan, 2017).

The analysis shows that across all metrics tested, the lung surfac-
tant bioassay results correlated poorly with the GHS classifications
for acute inhalation toxicity: the assessments were accurate for only
50% of the chemicals (Table 1).

Predicting clinical signs of respiratory toxicity in rats

The lung surfactant bioassay addresses a local (alveolar region) and
immediate effect, occurring within a few minutes from the start of the
exposure. For this reason, the in vitro results were compared to the clin-
ical signs of respiratory toxicity observed in rats during exposure (HO)
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Table 1
Predictivity metrics for the lung surfactant bioassay for the two scenarios.

GHS classification Clinical signs of

respiratory toxicity

Sensitivity 0.67 (10/15) 0.81 (17/21)
Specificity 0.27 (3/11) 0.80 (4/5)
Positive predictive value 0.56 (10/18) 0.94 (17/18)
Negative predictive value 0.38 (3/8) 0.50 (4/8)

Accuracy 0.50 (13/26) 0.81 (21/26)

and up to 2 h (H1 and H2) post-exposure, to represent decreased lung
function in the rat. The clinical observations reported in the dossiers
were assigned a standard clinical sign (irregular-, shallow-, noisy-,
slow-, rapid/fast-respiration, and gasping) based on the lexicon
developed by Sewell and co-authors (Sewell et al., 2015) (Table 4 in
Supplementary Information). The predictive accuracy metrics were
re-defined as follows: (i) the sensitivity and the specificity indicated
concordance of the lung surfactant bioassay to the clinical signs of res-
piratory toxicity in vivo, (ii) the positive and negative predictive values
indicated the likelihood that the lung surfactant bioassay successfully
identifies the chemicals that caused clinical signs of respiratory toxic-
ity in vivo up to 2 h post-exposure.

This analysis shows that the lung surfactant bioassay correctly iden-
tified 81% of the chemicals that caused clinical signs of respiratory
toxicity in rats (sensitivity) and 80% of the chemicals that did not
(specificity). The positive and negative predictive values were 94%
and 50%, respectively (Table 1).

Discussion

From a precautionary perspective, the ratio of false negative out-
comes must be low (for the protection of human health), whereas a
higher ratio of false positives will be more acceptable although it
may generate unnecessary risk management measures (Griesinger,
2016). With an overall accuracy of 81%, the performance of the lung
surfactant assay to predict clinical signs of respiratory toxicity was far
superior to that of the prediction of the GHS classification for acute
inhalation toxicity.

Several reasons can be identified for the lack of correlation
between the outcomes of the lung surfactant bioassay and the GHS
classification of the chemicals. First and foremost, the compared end-
points are fundamentally different. While the current OECD TGs assess
systemic toxicity by estimating the LCso value after inhalation in
rodents, the lung surfactant bioassay is anchored in the biological
pathway leading to decreased lung function due to local effects in
the alveoli. There could be numerous causes of death of the rodents,
which may, or may not, be related to adverse effects in the lungs.
Other reasons for the poor predictivity metrics include the use of the
LCs value as basis for classification and the differences in the chronol-
ogy of the endpoints investigated in vitro and in vivo. Low prediction
accuracy of in vitro models for acute toxicity is not new: the ACUTox
Project investigated a number of in vitro methods alone and in combi-
nation and studied their predictive capacity for the GHS classes of
acute oral toxicity. The results led the researchers “to question the sci-
entific motivation for the currently applied classification systems that
are based on arbitrary cut-off values for rat oral LDs, values used to
estimate human acute oral toxicity and to further advise a revision
of the current classification system” (Prieto et al., 2013; Hoffmann
et al., 2010). The findings of the present study support the recently
outlined challenge of the use of arbitrary LCs, ranges, which are not
related to specific mechanisms, for classification of acute toxicity into
hazard categories (Prieto, 2019). Interestingly, the OECD TGs for acute
inhalation toxicity state that “when possible, any differentiation
between local and systemic effects should be noted.” However, in prac-
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tice, this information is rarely available in the REACH registration dos-
siers and, if present, it does not address the type and severity of the
lesions, their persistence or reversibility, nor the mechanism of toxicity
of the inhaled test chemicals.

Towards an integrated approach to testing and assessment of inhaled
chemicals

The inhibition of lung surfactant function by chemicals, that is eval-
uated by the lung surfactant bioassay, represents only one key event in
the pathway leading to decreased lung function. The lung surfactant
bioassay cannot predict the adverse effects of airborne chemicals that
occur via lung surfactant-independent mechanisms. For that reason,
the lung surfactant bioassay is not sufficient as a stand-alone method
to conclude on the potential for decreased lung function and it should
be combined with other methods within an integrated approach to
testing and assessment of airborne chemicals.

To start with, it is of primary importance to consider the physico-
chemical properties of the test chemicals because this governs: the
exposure, the target region in the lungs, the choice of a suitable test
methods (according to the applicability domain), and the waiving of
specific endpoints (OECD, 2016). Among other parameters, the biosol-
ubility of a test chemical is important to understand its dissolution
behaviour in the lungs. This parameter was recently used by the US
Environmental Protection Agency to revoke the significant new use
rule (SNUR) in 2020 under the Toxic Substances Control Act (TSCA):
based on the solubility of alpha 1,3-polysaccharide in simulated
epithelial lung fluid. It was concluded that the compound could not
be considered poorly soluble and that the associated hazard concern
for lung overload was low (EPA, 2020). We refer to (Clippinger
et al., 2018) for a review of the physico-chemical parameters of inter-
est in the context of inhalation toxicity testing (Clippinger et al.,
2018). Thereafter, relevant complementary assays for the identifica-
tion of the potential for adverse lung effects can be considered. These
include non-testing methods (in silico, read-across from chemical ana-
logues), and in vitro methods exploring: inflammatory response (re-
lease of pro-inflammatory cytokines and chemokines at gene,
protein, and inflammasome level); generation of reactive oxygen spe-
cies; disruption of the membrane integrity; cytotoxicity; ciliary beating
frequency; mucus production; and genotoxicity (DNA strand breaks;
mutation frequencies; genome instability; chromosome aberration).
Combining several alternative approaches also has the advantage of
covering a larger range of chemicals, because the applicability domain
of each method may not overlap.

In the broader context of validation and regulatory acceptance of
alternative approaches, assessment of skin sensitization is ahead of
other health effects. Here, the steps of the adverse outcome pathway
are well understood (the AOP for skin sensitization was published by
the OECD in 2012, (OECD, The Adverse Outcome Pathway for Skin
Sensitisation Initiated by Covalent Binding to Proteins. OECD Series
on Testing and Assessment, No. 168, 2014), and alternative
approaches are available to investigate the specific key events. Since
2016, REACH regulation requires the use of in vitro and in silico meth-
ods as a first choice for this endpoint. On these grounds, the lessons
learned for the transition from the local lymph node assay (LLNA)
in vivo to the current integrated approach of testing and assessment
provide valuable directions for the future of replacement in the context
of inhalation toxicity testing.

One of the available assays for skin sensitization is the Direct Pep-
tide Reactivity Assay (DPRA). During the validation study against the
LLNA assay, the accuracy was 80% (n = 157), the sensitivity was 80%
(88/109), and the specificity was 77% (37/48) (OECD, 2020). Simi-
larly, to the DPRA addressing the covalent binding of test chemicals
to proteins in chemico, the lung surfactant bioassay relies on the iden-
tification of a physical interaction, of the chemical with the lung sur-
factant in the alveolar region. It is encouraging that the predictivity
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of the lung surfactant bioassay for clinical signs of respiratory toxicity
in vivo compares well with the predictivity of this regulatory accepted
and implemented test method.

Methodological considerations

The findings reported here might be somewhat limited by the fol-
lowing aspects: the sample size in the current study is small; the pre-
dictivity values were calculated for the lung surfactant bioassay as a
stand-alone method, whereas in an integrated approach to testing
and assessment of airborne chemicals it would be combined with other
assays; the aim of the TG studies was not to identify clinical signs of
respiratory toxicity but to estimate LCsp; and outcomes of the TG stud-
ies in rats may not reflect effects following exposure in humans. Also, a
note of caution is due regarding lack of precision in the reported res-
piratory outcomes in exposed rats: the description of changes in
breathing patterns relies on cage-side visual observations, and the
number of occurrences in the group of exposed animals varies (some
signs were experienced by one animal, others by the entire group).
Furthermore the reported clinical signs of respiratory toxicity could
be due to other mechanisms than those triggered by disruption of lung
surfactant function, e.g. by inducing reflexes by stimulating different
nerve endings in the lungs (Nielsen et al., 2005).

The physico-chemical properties of the test chemicals may affect
the measurement of the inhibitory dose in the lung surfactant bioassay.
In this in vitro system, a quartz crystal microbalance (QCM) placed
close to the drop of lung surfactant in the exposure chamber measures
the deposited mass of the test chemical in real time in ng/cm?. Know-
ing both the average area of the cycling lung surfactant drop, and the
time at inhibition, the inhibitory dose of the test chemical can be esti-
mated. These measurements are reliable for non- to low volatile com-
pounds and have been used to extrapolate in vitro inhibitory doses to
in vivo exposure scenarios previously (Serli et al., 2018, 2015; Larsen
et al., 2020). Nevertheless, certain physico-chemical characteristics
of the test chemicals may prevent such calculations. This is the case
for highly volatile compounds, such as the nine fragrance materials
included in this study, for which the measurement of deposited mass
in the exposure chamber (with its high temperature and high air flow
rate) over time was unreliable.

In addition to affecting the assessment of dosimetry in the lung sur-
factant bioassay, the high volatility of certain compounds, and their
fugacity capacity, can dictate their interaction with the lung surfac-
tant. Other characteristics such as water solubility, boiling point (if
very low) and hydrophobicity have been proposed to rule the molecu-
lar and biophysical disruption of lung surfactant function (Da Silva
et al.,, 2021b). These parameters were not collected in the current
study, but the chemical structure (Table 2 in Supplementary Informa-
tion) indicates that they vary across the 26 test chemicals. Understand-
ing the correlation between specific physico-chemical properties and
the disruption of lung surfactant function will be an important point
to investigate in the future.

The systematic definition of methods employed to record clinical
signs of toxicity, and the improvement of the precision of the results
reported in the REACH registration dossiers are necessary in order to
broaden their use by the scientific community (| /gerstrand et al.,
2018). The quantitative translation to human exposure scenarios is
not possible in the present study. As mentioned previously, it was
not possible to estimate the inhibitory dose for many of the chemicals
because of high volatility. This limitation will have to be overcome
before translation to human exposure can be done.

Conclusion

There are no validated alternative approaches for hazard identifica-
tion of inhaled chemicals. The OECD TGs, relying on severe systemic
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effects in experimental animals, remain the basis for regulatory
decision-making. This is in spite of the ongoing global effort to inves-
tigate and predict respiratory outcomes of inhaled substances in vitro
and in silico, and the recognized need to develop AOPs. Beyond the sci-
entific challenges, this paper discusses the current perception that out-
comes of alternative approaches must correlate to standardized
endpoints (like the LCso) of existing methods to become accepted in
the regulatory context and implemented for the hazard identification
of chemicals. This concept ignores the possibility that mechanistic
alternative approaches may be more relevant for assessment of hazards
to human health, such as in this case of inhalation toxicity testing. This
study found that the lung surfactant bioassay, anchored in a biological
pathway, could not predict the GHS classification for acute inhalation
toxicity of 26 chemicals; however, the assay did show good correlation
to reported clinical signs of respiratory toxicity in vivo. Combined with
other test methods in an integrated approach to testing and assess-
ment, the lung surfactant bioassay can provide invaluable information
to study clinical signs of respiratory toxicity which are not adequately
covered by current animal testing procedures and outcomes.
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