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A B S T R A C T

An adapted in vitro pharmacology pro�ling panel (APPP) was developed that included targets used in the 
pharmaceutical industry alongside additional targets whose cellular functions have been linked to systemic 
toxicities. This panel of 83 target assays was used to pro�le the activities of 129 cosmetic relevant chemicals with 
diverse chemical structures, physiochemical properties and cosmetic use types. Internal data consistency was 
proved robust, as evidenced by the reproducibility between single concentration and concentration-response 
data and showed good concordance with data reported in the ToxCast and drug excipient datasets. We discuss 
how the data can be analyzed and multiple potential contexts of use illustrated by case studies, alongside other 
new approach methodologies, to support cosmetic chemical risk assessments that do not require data from new 
animal studies.

1. Introduction

Chemicals included in cosmetic products undergo rigorous risk 
assessment to ensure that they are safe when used, which historically has 
included analysis of animal safety test data. However, animal testing of 
cosmetic ingredients presents ethical and legal concerns and currently is 
prohibited in the European Union and many other countries (EU, 2013). 
The Cosmetics Europe Long Range Science Strategy Program (Cosmetics 
Europe LRSS, 2024) funded and led several projects involving the 
development of a New Approach Methodology (NAM) toolbox that will 
enable effective cosmetic chemical risk assessment without a need for 
animal tests. This work is continuing with the recently formed Inter
national Collaboration on Cosmetics Safety (ICCS) (ICCS, 2024). The 

NAM toolbox currently includes a broad range of in silico and in vitro 
methods that evaluate exposure and mode of action (MoA)/bioactivity 
of test chemicals and can form the basis of integrated testing and 
assessment strategies designed to protect human health (Desprez et al., 
2018; Hewitt et al., 2022).

It has been reported that off-target interactions of pharmaceutical 
drugs with some tissue macromolecules (enzymes, receptors, ion chan
nels and transporters), which can be evaluated using in vitro human- 
relevant methods, can cause numerous clinically important human 
adverse drug reactions (ADRs) (Brennan et al., 2024; Bowes et al., 2012; 
Ietswaart et al., 2020; Lynch 3rd et al., 2017; Sutherland et al., 2023; 
Whitebread et al., 2005; Whitebread et al., 2016; Deaton et al., 2019). 
This “in vitro secondary pharmacological pro�ling” approach is now 
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used routinely within the pharmaceutical industry to help predict, avoid 
and manage human ADRs (Brennan et al., 2024; Bowes et al., 2012; 
Ietswaart et al., 2020; Lynch 3rd et al., 2017; Sutherland et al., 2023; 
Whitebread et al., 2005; Whitebread et al., 2016; Deaton et al., 2019). It 
has also been proposed that the methods may aid risk assessment of 
inactive ingredients (excipients) present in medicines (Pottel et al., 
2020).

The purpose of the present study was to develop an adapted in vitro 
pharmacology pro�ling panel (APPP) that is suitable for testing of 
cosmetic chemicals and to evaluate the activities in the APPP of a broad 
range of cosmetic relevant chemicals with diverse structures, functional 
uses, and safety pro�les. We also consider how these data can be used to 
support a weight-of-evidence approach for cosmetic chemical safety 
assessment.

2. Materials and methods

2.1. Study design and work9ow

Fig. 1 outlines the general approach used in this investigation. The 
�rst step was selection of an appropriate set of 83 target assays, which 
comprised the APPP. A “benchmark chemical dataset” of 96 cosmetic 
relevant chemicals was then selected, 48 of which have known target 
organ toxicities in various species used in chemical safety studies (rat, 
mouse, dog and monkey). In addition, 33 case study chemicals from the 
Cosmetics Europe LRSS program were evaluated, resulting in a total of 
129 chemicals. Initially, all chemicals were tested in each of the 83 APPP 
assays at a single nominal concentration of 10 μM (apart from 3 chem
icals, which were tested at 5 μM due to solubility limitations – see 
below). Subsequently, concentration-response curves were generated to 
quantify the potency of the chemicals for which target activity had been 
observed in the initial single concentration testing.

2.2. Target selection

Details of the target assays are listed in Supplementary Table S1, 
which includes assay ligands, sources, reference control chemicals and 
their concentrations, incubation durations and assay temperature. The 
APPP comprised 83 target assays, summarized in Fig. 2. Eighty were 
non-cellular and included 52 radioligand binding assays, 5 functional 
protein-protein interaction assays and 23 enzyme assays. The 23 enzyme 
assays included 11 kinase assays, one intermediary metabolism assay 
(aromatase, CYP19A1) and 11 other enzyme assays (e.g., ATPases, 

proteases, carbonic anhydrase, oxidoreductases, phosphodiesterases, 
cyclooxygenases and acetylcholinesterase). The 5 protein-protein 
interaction assays measured agonist and antagonist activity for CAR 
and PPARδ, and antagonist activity for TRα. Extensive use of non- 
cellular assays enabled a large amount of data to be generated at a 
reasonable cost and a short timeframe. The 3 functional cell-based as
says in the APPP measured AhR activation, TP agonism and TP 
antagonism.

The target selection process followed the workIow summarized in 
Fig. 3. The information used to support target selection is summarized in 
Supplementary Table S2: Forty targets were included because they 
were reported by Bowes et al. (2012) to be linked to human ADRs. Not 
all 44 targets from Bowes et al. were included, instead representative 
targets of certain subtypes were tested: Mu opioid represented opioid 
receptors (delta and kappa were not included); 5-HT1A was included but 
not 5-HT1B; and M1 and M2 muscarinic receptors were included but not 
M3. Additional target assays were selected based on literature review of 
other published secondary pharmacology review articles (Ietswaart 
et al., 2020; Lynch 3rd et al., 2017a; Whitebread et al., 2005; White
bread et al., 2016; Deaton et al., 2019), which was complemented by 
consideration of: evidence from in vivo safety pharmacology studies; 
mechanistic information at the molecular/cellular level; reported 
human clinical adverse effects; mechanism-based connections to estab
lished systemic toxicities (extracted from AOP-Wiki, 2020–2024 AOP- 
Wiki (2024)); protein and mRNA tissue expression data (from 
https://www.proteinatlas.org/); and pharmacological promiscuity rates 
observed in historical datasets (Euro�ns, 2024; Sutherland et al., 2023). 
In addition, 9 kinase targets that were not previously selected by others 
(EGFR, ErbB2, FGFR3, GRK1, GSK3β, JAK2, PKBα, SAPK2a and 
TGFBR1) were included to broaden the biological coverage of the APPP. 
In addition to the 3 functional cell-based assays, 50 of the non-cellular 
selected targets are cell surface molecules and the remaining 30 tar
gets are expressed within cells (listed in column E of Supplementary 
Table S2).

2.3. Chemical selection and sourcing

Several criteria were considered when selecting benchmark chem
icals. These included reference chemicals known to have certain bio
activities (e.g., drugs such as rosiglitazone and ibuprofen) and chemicals 
relevant to cosmetics (with a broad range of functional uses e.g., pre
servatives, fragrances, hair dyes, UV �lters, masking agents, condi
tioners, buffers, antioxidants, etc.), physicochemical properties, 

Fig. 1. Overview of the workIow and methodologies.
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solubility, biokinetics, the availability of legacy repeated dose toxicity 
data (i.e. in vivo data generated before the testing ban in 2013), the 
critical effects observed, and the availability of in vitro data e.g., ToxCast 
Tox21 (ToxCast, 2024). This information is listed in Supplementary 
Table S3A: When taking account of toxicity �ndings, the “no observed 
(adverse) effect level” (NO(A)EL) was considered. In the absence of a NO 
(A)EL, the “lowest observed (adverse) effect level” (LO(A)EL) was 
divided by 3 (according to Yang et al. (2017). Pricing and availability 
were also considered. The resulting list was a balance of chemicals with 
no or unknown toxicity (48 chemicals) and chemicals with speci�c 
organ toxicity (48 chemicals).

In addition to the benchmark chemicals, we tested 33 case study 
chemicals (listed in Supplementary Table 3B) evaluated in the Cosmetics 
Europe LRSS program, e.g., homosalate (Grégoire et al., 2024) and 
benzyl salicylate (Ebmeyer et al., 2024). Twenty-four of these case study 
chemicals were associated with unknown toxicity whereas 9 showed a 
speci�c organ toxicity. Hence the �nal number of chemicals tested in the 
APPP was 129.

The majority of the chemicals were sourced from Sigma-Aldrich. 

Several chemicals were from other suppliers e.g., TCI, LGC Standard, 
Chemenu or Chemos, as described in Supplementary Table S3A and B. 
All chemicals were solubilized in dimethyl sulfoxide at 10 mM, yielding 
a �nal 1 % DMSO concentration when test compounds were diluted in 
assay buffer to a nominal concentration of 10 μM (or 5 μM when solu
bility was limited).

2.4. Pre-tests: solubility and chemical stability

The solubility and half-life of the chemicals in the assay buffer used 
in most assays were measured to con�rm the suitability of the test 
concentration and stability over the duration of the target assays. This 
assay buffer was considered to be representative of the aqueous buffers 
used in all assays.

The solubility in the assay buffer (Dulbecco’s PBS: 137 mM NaCl, 2.7 
mM KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) in 96-well plates 
was measured using laser-base nephelometric detection of light- 
scattering at 635 nm. Chemicals were tested at either a single concen
tration (10 μM) or multiple concentrations (2, 5, 10, 25, 50 and 100 μM). 

Fig. 2. Summary of APPP comprising 83 target assays.

Fig. 3. Target selection workIow.
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The reference was a solution of latex at the minimum concentration 
needed to give a mean value higher than that of a blank buffer sample. 
The mean nephelometric reading for the latex control, the blank and the 
test chemicals at each concentration was calculated. A con�dence in
terval, based on this mean and the coef�cient of variation of the readings 
is also calculated. Individual values which fall outside of this con�dence 
interval were excluded. The assay was valid when the mean reading of 
the latex control was above the upper limit of the con�dence interval of 
the blank buffer. Chemicals were classi�ed as soluble if the mean 
reading for the test concentration was less than that of the positive 
control. If the mean compound reading was greater than or equal to that 
of the control, the result was classi�ed as precipitated.

The chemical stability in buffer was assessed according to the half- 
life in assay buffer. Chemicals were incubated at 37 ◦C for 0, 1, 2, 3 
and 4 h and the samples analyzed by HPLC-MS/MS. At each time point, 
an equal volume of acetonitrile/methanol (50/50, v/v) was added to the 
incubation mixture. Samples were analyzed using a high-throughput 
HPLC-MS/MS described previously (Di et al., 2005) and corresponding 
peak areas were recorded for each analyte. The chemical stability was 
expressed as the percent of chemical remaining after each time point 
relative to the amount present at time 0. The half-life was estimated 
from the slope of the initial linear range of the logarithmic curve of 
compound remaining (%) versus time, assuming �rst order kinetics.

2.5. Single and multi-concentration target assay screening

For the single-concentration screening, unless stated otherwise, as
says were carried out at 10μM in duplicate, along with respective 
reference chemicals. Results showing an inhibition or stimulation higher 
than 50 % were considered to represent signi�cant effects (i.e., a “hit”) 
and were further investigated in multi-concentration assays. Inhibition 
(or stimulation) between 25 % and 50 % are indicative of weak to 
moderate effects and since this is a range where more inter-experimental 
variability can occur no follow up was undertaken. For the purposes of a 
case study on benzyl salicylate (described by Ebmeyer et al. (2024)), one 
chemical with values in this range (salicylic acid) was re-tested in 
several multi-concentration assays (COX1, COX2 and acetylcholines
terase) since this is a metabolite of acetylsalicylic acid, which is known 
to be a ligand for these targets (Bruno et al., 2023; Saberi-Hasanabadi 
et al., 2024). Results for chemicals showing an inhibition (or stimula
tion) lower than 25 % are not considered signi�cant and mostly attrib
utable to variability of the signal around the control level (these 
chemicals were not re-tested). High negative values (≥ 50 %) can 
sometimes be obtained with high concentrations of test compounds and 
would be generally attributable to non-speci�c effects of the test com
pounds in the assays.

2.6. Multiple concentration IC50/EC50 clustered heatmap

Multi-concentration screening was conducted using the same con
ditions as the single-concentration assays. The targets tested were 5-HT 
transporter (2 chemicals), 5-HT1A (2 chemicals), 5-HT2A (5 chemicals), 
5-HT2B (20 chemicals), A1 (4 chemicals), A2A (6 chemicals), ACE (2 
chemicals), acetylcholinesterase (1 chemical), alpha1A (3 chemicals), 
alpha2A (1 chemical), alpha2B (3 chemicals), AR (6 chemicals), aroma
tase (CYP19A1) (9 chemicals), ATPase (Na+/K+) (2 chemicals), Ca2+

channel (L, dihydropyridine site) (4 chemicals), Ca2+ channel (L, dilti
azem site) (2 chemicals), CAR agonist (4 chemicals), CAR antagonist (3 
chemicals), carbonic anhydrase II (1 chemical), CB1 (1 chemical), CB2 
(2 chemicals), CCK1 (CCKA) (5 chemicals), COX1 (16 chemicals), COX2 
(18 chemicals), D1 (4 chemicals), D2S (4 chemicals), dopamine trans
porter (12 chemicals), EGFR (1 chemical), Estrogen ERα (3 chemicals), 
Estrogen ERβ (5 chemicals), FGFR3 (2 chemicals), GR (3 chemicals), H1 
(3 chemicals), H2 (1 chemical), KV channel (1 chemical), M1 (2 chem
icals), M2 (2 chemicals), MAO-A (7 chemicals), MT2 (ML1B) (17 
chemicals), mu (MOP) (6 chemicals), N neuronal α4β2 (2 chemicals), 

Na+ channel (site 2) (3 chemicals), norepinephrine transporter (13 
chemicals), NTS1 (NT1) (1 chemical), PDE4D2 (2 chemicals), potassium 
channel hERG (3 chemicals), PPARδ (1 chemical), PPARγ (11 chem
icals), PR (10 chemicals), PXR (11 chemicals), RARα (2 chemicals), 
Steroid 5α-Reductase (2 chemicals), Thyroid Hormone β (2 chemicals), 
TP (TXA2/PGH2) agonist (1 chemical), TP (TXA2/PGH2) antagonist (3 
chemicals) and V1a (1 chemical). Eight test concentrations of “hit” 

chemicals were tested in duplicate in the relevant target assay. The 
concentration ranges were according to the maximum aqueous solubi
lity and the % inhibition/stimulation measured in the single concen
tration screen: 0.0003–10 μM, 0.001–30 μM, 0.003–100 μM, 0.01–300 
μM and, for salicylic acid only, 1 and 10,000 μM.

2.7. Data analysis

For the binding and functional assays, the results were expressed as a 
percent of control speci�c effect (either speci�c binding, response or 
activity) (Eq. 1) and as a percent inhibition of control speci�c effect 
obtained in the presence of the test chemicals. 

%control specific binding =
Measured specific effect
Control specific effect × 100 (1) 

%Inhibition of control binding = 100−

(Measured specific effect
Control specific effect ×100

)

(2) 
The IC50 or EC50 values (concentration causing a half-maximal in

hibition of control speci�c binding) and Hill coef�cients (nH) were 
determined by non-linear regression analysis of the competition curves 
generated with mean replicate values using Hill equation curve �tting 
(Eq. 3). 

Y = D+

⎡

⎢

⎢

⎢

⎣

A − D
1 +

(

C
C50

)nH

⎤

⎥

⎥

⎥

⎦

(3) 

where Y = speci�c binding/response/activity, A = left asymptote of the 
curve, D = right asymptote of the curve, C = compound concentration, 
C50 = IC50 or EC50, and nH = slope factor. This analysis was performed 
using software developed at Cerep (Hill software) and validated by 
comparison with data generated by the commercial software Sigma
Plot® 4.0 for Windows® (© 1997 by SPSS Inc.).

The inhibition constants (Ki) for receptor binding were calculated 
using the Cheng Prusoff equation (Eq. 4). 

Ki = IC50
(

1 + L
KD

) (4) 

where L = concentration of radioligand in the assay, and KD = af�nity of 
the radioligand for the receptor. A scatchard plot is used to determine 
the KD.

For the antagonists in cellular and nuclear receptor functional assays, 
the apparent dissociation constants (KB) were calculated using the 
Cheng Prusoff equation (Eq. 5). 

Ki = IC50
(

1 + A
EC50A

) (5) 

where A = concentration of reference agonist in the assay, and EC50A =
EC50 value of the reference agonist.

For nuclear receptor activation and inhibition (agonist and antago
nist), the percent of control agonist effect was calculated according to 
Eq. 7. 
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%Control agonist effect = 100×
Chemical − Background

Control agonist − Background (7) 

The validity of the data analyses was veri�ed by visual inspection of 
each �tted curve.

3. Results

3.1. Test compound solubility and stability

Three compounds (avobenzone, 2,5-diaminotoluene sulfate and 1,3- 
bis(p-methoxyphenyl)-1,3-propanedione) exhibited poor solubility in 
assay buffer at 10 μM, but acceptable solubility and stability at 5 μM. 
Therefore, these compounds were tested at a nominal concentration of 5 
μM. The other 126 compounds exhibited acceptable solubility and sta
bility in assay buffer at 10 μM.

3.2. In vitro APPP target activities of test chemicals

Our testing strategy was based on the approach taken during drug 
discovery (Brennan et al., 2024; Bowes et al., 2012; Dodson et al., 2021; 
Jenkinson et al., 2020; Scott et al., 2022; Valentin et al., 2018). Initially, 
target interactions were tested in duplicate at a 10 μM nominal added 
concentration for 126 compounds that exhibited good solubility and 
stability under the assay conditions and at 5 μM nominal concentration 
for the 3 compounds (avobenzone, 2,5-diaminotoluene sulfate and 1,3- 
bis(p-methoxyphenyl)-1,3-propanedione) that had more limited solu
bility. Effects ≥50 % vehicle control activity were considered active; 
effects between 30 % and 50 % control activities were considered weak 
to moderate active and effects <30 % control values were within ex
pected assay variability and considered inactive.

The results are tabulated in Supplementary Table S4, and a clus
tered heatmap data summary is shown in Fig. 4. Nearly half (63) of the 
129 chemicals did not interact signi�cantly with any of the targets (the 

inhibition or stimulation was <50 %). The remaining 66 interacted 
(≥50 % vehicle control activity) with one or more of the APPP targets, 
and 7 chemicals interacted with more than 10 targets. Phenylmercuric 
acetate (PMA), benzethonium chloride (BNZ), ethyl lauroyl arginate 
(ELA) and diethylstilbestrol (DES) exhibited the highest number of in
teractions (with 25, 24, 21 and 16 targets, respectively). The most 
impacted targets were the serotonin receptor, 5-HT2B, prostaglandin- 
endoperoxide synthase 1 and 2 (COX1, COX2), melatonin receptor type 
2 (MT2), norepinephrine transporter (NET), dopamine transporter 
(DAT), which interacted signi�cantly with 20, 15, 17, 17, 13 and 13 of 
the chemicals, respectively.

Follow up concentration-response testing was undertaken for 
chemicals and target assays where single concentration testing had 
identi�ed ≥50 % effect. A 10 μM data point used in the initial test 
compound screen was included in the concentration-response testing of 
212 assay-chemical pairs. These raw data and resulting outputs from the 
calculations are tabulated in Supplementary Table S5, and a clustered 
heatmap data summary is shown in Fig. 5. Visual inspection of each of 
the concentration-response curves con�rmed that the data analysis 
methodology was suitable for deriving potency values. Illustrative ex
amples are shown in Supplementary Fig. S1. The observed potencies 
ranged from 1 nM (IC50 for estrogen receptor-β (ERβ) binding by 
diethylstilbestrol (DES)) to 98 μM (IC50 for MT2 binding by γ-undeca
lactone). A total of 56 of the 265 assay-chemical pairs had an IC50 < 1 
μM and 170 had an IC50 in the range 1–10 μM and 24 had an IC50 > 10 
μM. Eight assay-chemical pairs had IC50 > maximum test concentration 
(COX1 inhibition and TP agonism by PMA; CYP19A1 inhibition by 2- 
hydroxyethylamino-5-nitroanisole; 5-HT2A and FGFR3 interaction with 
benzethonium chloride (BZN); CCK1 binding by butyloctylsalicylate; 
FGFR3 inhibition by ethyl lauroyl arginate; COX2 inhibition by salicylic 
acid). A high concordance was observed between these single concen
tration and concentration-response datasets: 191 assay-chemical pairs 
(90.1 %) had <2-fold difference between the two test results, while 16 
(7.5 %) had <3-fold difference and only 5 (2.4 %) had >3-fold 

Fig. 4. Single concentration (10 μM) clustered heatmap for 129 chemicals tested in APPP. Numbers are the % of the vehicle control values. Red ≥75 % effect; 
Orange = 50–75 % effect; Yellow = 30–50 % effect; No colour ≤30 % effect (the Excel format of this �gure is shown in Supplementary Table S5). (For interpretation 
of the references to colour in this �gure legend, the reader is referred to the web version of this article.)
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difference.

3.3. Comparison of APPP data with ToxCast NovaScreen data

The U.S. Environmental Protection Agency Toxicity Forecaster 
(ToxCast) program has made in vitro medium- and high-throughput 
screening assay data publicly available for thousands of chemicals via 
the CompTox Chemicals Dashboard (EPA CompTox Chemicals Dash
board, 2023). This database includes results from the ToxCast 
NovaScreen (NVS) assays described by Sipes et al. (2013), which are of a 
similar nature to those in the APPP.

Results from NVS target assays were available for 52 of the 129 
chemicals. For most of these, the AC50 values were above the top 

concentration tested (1 mM); however, there were IC50 values (or “AC50” 

values for NVS assays) derived for 9 chemicals (caffeine, 6-phenyl-1,3,5- 
triazine-2,4-diamine, DES, prochloraz, genistein, triclosan, BNZ, PMA 
and 7,4′-dihydroxyisoIavone) tested in up to 18 target assays common 
to both assay panels (A1, A2A, AR, D1, ERα, MOP, DAT, alpha1A, alpha2A, 
alpha2B, M2, D2S, H1, 5-HT1A, PXR, GR, PPARγ and NET). This resulted in 
a total of 36 target-chemical datapoints for chemicals with AC50 values 
below the top concentration of 1 mM tested in the NVS assays. Overall, 
there was good concordance between the IC50 values from the APPP 
screen and the AC50 values in the equivalent NVS assays (Fig. 6A), 
whereby the IC50 values were within ±1 log10-M of each other, and the 
root mean square deviation was only 0.6 log10-M. In addition, similar 
distributions of chemicals with assay activities (Fig. 6B) and assays with 

Fig. 5. Dose response clustered heatmap. Numbers are IC50 values. Red ≤0.1 μM; Yellow = 0.1–1 μM; Orange = 1–10 μM; Green ≥10 μM (the Excel format of this 
�gure is shown in Supplementary Table S6). (For interpretation of the references to colour in this �gure legend, the reader is referred to the web version of 
this article.)

Fig. 6. Comparison of APPP IC50 values with NovaScreen (NVS) AC50 values from ToxCast. (A) Correlation of values for the 52 overlapping chemicals in APPP and 
NVS assays (B) Active hit rates for the 36 overlapping chemical/target combinations (APPP and NVS screening assays) and (C) Assay hit rates for APPP and NVS 
screening assays.
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which the chemicals interacted (Fig. 6C) were observed for the 129 
chemicals tested in 83 APPP assays and the 428 chemicals tested in 331 
NVS assays. Of the overlapping chemicals, PMA, BZN, 1,4-benzenedi
amine, prochloraz, and 2,4-dihydroxybenzophene, represented the top 
5 chemicals in terms of hit rates in NVS assays (24, 18, 15, 13, and 12 % 
active across NVS screened assays). Hit rates for three of these chemicals 
in APPP assays were similar: PMA, 27 %; BZN, 27 %; prochloraz, 10 %. 
1,4-Benzenediamine (1,4-phenylenediamine) and 2,4-dihydroxybenzo
phene (benzophenone-1) had hit rates of only 4 % each in APPP as
says compared with 15 % and 12 % in NVS assays, respectively.

For chemicals tested in both APPP and NVS panels, the most pro
miscuous APPP targets (5-HT2B, COX2, MT2) were not represented in 
the ToxCast NVS dataset. The most promiscuous NVS assays were 
adrenergic alpha1A antagonism (42 actives of 65 chemicals screened); 
MOP (opioid Mu) antagonism (63 actives of 133 chemicals screened); 
Cyp3a1 inhibition (94 actives of 439 chemicals screened); CYP2C18 
inhibition (81 actives of 428 chemicals screened) and Cyp3a2 inhibition 
(73 actives of 415 chemicals screened). Adrenergic alpha1A, MOP and a 
representative cytochrome enzyme (CYP19A1) were also among the top 
15 most promiscuous targets in the APPP dataset, with hit rates of 5 %, 5 
% and 7 %, respectively.

3.4. Comparison of APPP data with published pharmaceutical excipient 
data

Twelve of the benchmark chemicals are known drug excipients, 
whose in vitro target activities have been previously tested in assays that 
included 24 of the APPP target assays (Pottel et al., 2020). There was 
good overall agreement between the APPP and drug excipient datasets, 
with both identifying BZN and PMA as the most promiscuous chemicals 
in both studies (see Supplementary Table S4). However, a notable 
exception was the 5-HT2B interaction data. The APPP screen identi�ed 5- 
HT2B IC50 values between 1 and 20 μM for 5 chemicals (PMA, BZN, 
butylated hydroxyanisole, diethyl phthalate, propyl gallate, and 
thymol), whereas in the excipient study an EC50 of less than 30 μM was 
not detected for any of these chemicals.

4. Discussion

4.1. APPP and benchmark chemical selection

The APPP comprised 40 pharmacology targets reported by Bowes 
et al. (2012) to be linked to human ADRs, an additional 31 targets that 
were selected because their biological activities are relevant for systemic 
adverse effects and a further 9 kinase targets that were not included in 
literature panels but were included to broaden biological coverage (see 
Supplementary Table S2). In a recent paper by Brennan et al. (2024), 
more than two-thirds of pharmaceutical companies surveyed tested 35 
of the 44 targets published by Bowes et al., and 40 were screened by at 
least half of respondents, highlighting that 12 years after its publication, 
the original panel has not been universally adopted but adapted to in
dividual company requirements. The target selection workIow is sum
marized in Fig. 3 and was based initially on practices used in the 
pharmaceutical industry, which considers evidence from in vivo safety 
pharmacology studies, mechanistic information at molecular/cellular 
level, plus reported human clinical adverse effects (Bowes et al., 2012; 
Lynch 3rd et al., 2017; Whitebread et al., 2005;Whitebread et al., 2016; 
Deaton et al., 2019). In addition, we considered mechanism-based 
connections to established systemic toxicities (extracted from AOP- 
Wiki, 2020–2024 (AOP-Wiki, 2024)), protein and mRNA tissue expres
sion data (from https://www.proteinatlas.org/) and pharmacology 
target promiscuity rates observed in historical datasets (Euro�ns, 2024; 
Sutherland et al., 2023). The resulting APPP, which includes 80 phar
macology targets, provided a broad biological coverage of enzymes, cell 
membrane receptors, ion channels, kinases, nuclear hormone receptors 
and transporters that are relevant to systemic toxicities. The APPP 

includes 83 target assays, 23 of these were enzyme assays; 52 were 
ligand binding assays; and 8 were functional assays (comprising 5 
protein-protein interaction assays and 3 cell-based).

The 129 test chemicals represent chemicals with known bioactivities 
(e.g. drugs) and a broad spectrum of cosmetic relevant chemicals with 
varying functionalities (preservatives, ultraviolet �lters, fragrance, etc.), 
with diverse physicochemical properties, plus varying extents of known 
systemic toxicities or absence thereof. Forty-eight of the benchmark 
chemicals have known target organ toxicities in various species used in 
safety studies (rat, mouse, dog and monkey). Therefore, the 129 chem
icals represent a balance of different cosmetic-relevant chemicals with 
diverse properties and varied in vivo toxicities.

4.2. APPP assay performance

The chemical solubility and stability assessment that was undertaken 
prior to APPP testing is especially important for non-pharmaceutical 
chemicals, many of which have high lipophilicity and so may exhibit 
poor apparent solubility or stability due to signi�cant non-speci�c 
binding to the assay matrices. This analysis revealed that 126 of our 
test chemicals could be tested in the APPP screen at 10 μM nominal 
concentration, while the test concentrations of avobenzone, 2,5-diami
notoluene sulfate and 1,3-bis(p-methoxyphenyl)-1,3-propanedione had 
to be reduced to 5 μM for solubility issues.

The methods used for analyzing concentration-response data are 
widely used within the pharmaceutical industry for pharmacology 
interaction studies and provide good �tting of the results. The high 
observed concordance between the test data obtained at a single con
centration of 10 μM in the initial analysis and at the same concentration 
in follow-on concentration-response testing demonstrates that the 
methods have acceptable repeatability when used to test cosmetic 
relevant chemicals. This conclusion is reinforced by the good overall 
concordance between our APPP data, NVS data in the EPA database 
(EPA CompTox Chemicals Dashboard, 2023) and published excipient 
data (Pottel et al., 2020). There was a good concordance between the 
IC50 and AC50 values from the APPP and NVS datasets. The observed 
differences in hit rates are likely to be due to the different approaches 
and criteria used to select the targets and chemicals.

A notable difference between the APPP and the excipient data re
ported by Pottel et al. (2020) was that interactions with 5-HT2B which 
were observed for 5 chemicals in the former panel were not hits in the 
excipient study. This is likely to be because the APPP includes a 5-HT2B 
radioligand binding assay, which assesses agonist and antagonist ac
tivity, whereas Pottel et al. (2020) evaluated agonism only. The safety 
concern arising from 5-HT2B receptor activity is human cardiac valv
opathy, which is a consequence of agonism and not antagonism 
(Papoian et al., 2017). This highlights the importance of pharmacolog
ical MoA when interpreting in vitro pharmacology assay data, as has 
been discussed elsewhere (Valentin et al., 2018). Two targets in the 
APPP screen among the top �ve targets with the highest frequency of 
interactions with the test chemicals (>10 %) were 5-HT2B and DAT, also 
have high promiscuity of interactions with pharmaceuticals (Bowes 
et al., 2012; Dodson et al., 2021; Scott et al., 2022).

A further notable observation was that relatively few of our test 
chemicals interacted with hERG, which for pharmaceuticals is a highly 
promiscuous target (Bowes et al., 2012; Dodson et al., 2021; Scott et al., 
2022). This highlights an apparent difference in the pharmacological 
�ngerprint between pharmaceuticals and cosmetic ingredients whereby 
for this representative group of cosmetic-relevant chemicals, the hit rate 
for hERG was, in comparison with pharmaceuticals, quite low.

4.3. Proposed use of the APPP in cosmetic chemical safety assessment

Although the APPP includes targets with proven links to systemic 
toxicities, it is acknowledged that the current panel is not exhaustive and 
does not cover all possible biological interactions that may cause 
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systemic toxicity. Therefore, the APPP should not be used in isolation to 
assess the safety of cosmetic chemicals. Nonetheless, the APPP is ex
pected to provide useful data that complement the information provided 
by other in silico and in vitro NAM tools.

We anticipate that APPP data will support multiple use scenarios. 
These include: (1) MoA hypothesis exploration, when other NAM data or 
read-across considerations from safety data available for chemically 
similar compounds have suggested mechanisms that can be assessed 
further by APPP screening (Alexander-White et al., 2022). For example, 
based on single concentration data at 10 μM, similar pharmacologic 
pro�les were observed for homosalate and its two analogues, ethylhexyl 
salicylate and cyclohexyl salicylate, which inhibited DAT activity by 78 
%, 87 % and 90 %, respectively (manuscript in preparation). Other ex
pected use scenarios are: (2) hypothesis generation, when potential 
mechanisms of toxicity are unknown; (3) broadening the biological 
coverage of NAMs by adding additional targets with proven links to 
systemic toxicity; (4) ensuring that no off-target interactions occur at the 
exposure scenario of interest and hence increase con�dence in the NGRA 
decision-making framework (Baltazar et al., 2020; Ouedraogo et al., 
2022; Patlewicz et al., 2021).

A key issue that must be addressed when interpreting data provided 
by the APPP, and by other in vitro NAMs, is the need to undertake ac
curate in vivo to in vitro extrapolation. When interpreting the in vivo 
human relevance of secondary pharmacology data obtained for phar
maceuticals, the ratio between the compound concentration which 
elicits a 50 % maximal effect (IC50/EC50/Ki) and the bioavailable sys
temic compound concentration in humans in vivo (unbound Cmax in 
blood plasma) is used to derive the safety margin. This same approach 
could be used when interpreting APPP data. However, it is important 
also to bear in mind that only 3 of the 83 APPP target assays are cell- 
based and that 50 of the target molecules are expressed on the cell 
surface (receptors and ion channels), while the remaining 30 targets are 
expressed within cells. The APPP data can be expected to overestimate 
the potency of effects mediated via intracellular targets for test chem
icals that exhibit poor cell penetration – for example, chemicals which 
are strongly ionized at physiological pH (strong acids, or strong bases) 
and which are not substrates of organic anion or cation cell uptake 
transporters. For such chemicals, further testing will be needed to gain 
more accurate insight into the functional signi�cance of the APPP data. 
This could include use of more physiologically relevant in vitro methods 
to assess the potency of pharmacological interactions observed in the 
APPP, such as functional pharmacological assays and/or micro
physiological systems, or assays that align within potential toxicity 
Adverse Outcome Pathways (AOPs).

To verify safety, it is necessary to establish that in vitro assay po
tencies of chemicals are markedly higher than systemic exposure (un
bound blood plasma Cmax) in humans exposed to the relevant cosmetic 
product (Middleton et al., 2022). This is exempli�ed by the data we 
obtained with the UV �lter 4-methylbenzylidene camphor (4-MBC), 
which in the APPP interacted with progesterone receptor (IC50 = 0.12 
μM), PXR (IC50 = 1.2 μM), dopamine transporter (AC50 = 2.8 μM), and 
noradrenaline transporter (IC50 = 6.2 μM). The determined IC50 values 
are lower than the unbound Cmax value predicted by PBK modeling 
(based on clinical exposure data, following a single dermal application 
of a typical sunscreen formulation containing 4 % 4-MBC to 90 % of 
body surface), in agreement with a recently published traditional risk 
assessment (SCCS, 2022). For these compounds, further testing will be 
necessary to enhance the understanding of the functional signi�cance of 
the APPP data (Baltazar et al., 2020). Another relevant example is 
avobenzone, which is a commonly used sunscreen ingredient in 
cosmetic and consumer products. Avobenzone did not exhibit activity in 
any of the 83 APPP assays. ToxCast data have pointed to mitochondrial 
depolarization as a potential toxicity MoA for avobenzone, which would 
eventually lead to cytotoxicity but not involve any of the target activities 
evaluated by the APPP. Connectivity Map (Lamb et al., 2006) analysis of 
gene expression data from transcriptional pro�ling studies with 

avobenzone have also revealed similarity to other mitochondrial per
turbagens (manuscript in preparation). This case study scenario empha
sizes the need to integrate APPP data with other NAM data types when 
undertaking NGRA (Rogiers et al., 2020).

4.4. Additional APPP limitations and future opportunities

Our current dataset only begins to explore the possible associations 
between APPP interactions and cosmetic chemicals, where approxi
mately half the tested chemicals exhibited relatively few effects. This is 
an important issue which needs to be assessed following continued 
testing of cosmetic chemicals using the APPP. It is notable that a greater 
proportion of withdrawn pharmaceuticals have higher in vitro secondary 
pharmacology promiscuity than successfully marketed drugs (Bowes 
et al., 2012; Jenkinson et al., 2020).

Comparing in vitro potency (using the APPP) with in vivo unbound 
blood plasma cosmetic chemical concentrations is highly desirable when 
undertaking in vitro to in vivo extrapolation. However, in vivo human 
exposure data generally are not available for cosmetic chemicals, which 
typically are used topically (Louisse et al., 2017). Reverse dosimetry 
could be used to derive unbound Cmax values and gain further insight 
into potential safety margins (Hu et al., 2023) but would bring sub
stantial uncertainties. An alternative approach, which we are exploring 
but is resource intensive, is to predict systemic unbound Cmax in blood by 
PBK modeling of data that consider concentrations in cosmetic products, 
plus kinetics of dermal penetration, distribution, biotransformation and 
excretion (Gleeson et al., 2011).

Probing the links between in vitro potency, ADMET and physico
chemical parameters is expected to help re�ne the interpretation of the 
APPP data (Wilk-Zasadna et al., 2015). As discussed above, this could be 
especially important for chemicals that are strongly ionized under 
physiological conditions and so, in absence of transporter aided uptake 
would have poor cell permeation.

Notably, the APPP target assays lack biotransformation competency. 
Therefore, they are unsuitable for assessing target interactions of po
tential metabolites, which may differ markedly from those of parent 
chemicals (Deisenroth et al., 2020). This limitation is exempli�ed in this 
study, which included multiple parent-metabolite pairs. Benzophenone- 
3 (BP3) is metabolized to benzophenone-1 (BP1), while homosalate is 
metabolized to salicylic acid. Both BP3 and homosalate inhibited DAT 
activity (IC50 = 11.8 μM and 12.2 μM, respectively), but neither BP1 nor 
salicylic acid affected DAT activity. Currently we are attempting to 
address this issue by incorporating biotransformation enzyme capability 
into the APPP by use of alginate-encapsulated human liver S9 
(Deisenroth et al., 2020).

Inclusion of additional targets in the APPP may also be needed to 
expand its biological coverage. One suitable candidate is the vitamin D 
receptor, which was Iagged in the cosmetic ingredient database as an 
important target for several substances banned from use in cosmetics 
(Haussler et al., 1997). The representation of additional targets else
where in the NAM toolbox is, however, an important consideration that 
we will aim to address.

Finally, follow up functional assays will be needed to provide insight 
into the risk posed by interactions with a given receptor target in the 
current APPP. The need to determine whether chemicals that interact 
with 5-HT2B exert agonism or antagonism when evaluating cardiac 
valvopathy risk has been highlighted above. In addition, receptor 
binding potencies (which are evaluated in the majority of the APPP 
assays) may not translate into corresponding biological potency. For 
example, we observed that the af�nities of interaction of genistein and 
daidzein to ERβ were higher than to ERα; however, these two com
pounds were equipotent in activating both ER sub-types when assayed in 
the HEK293 transactivation assay (Kuiper et al., 1998).
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5. Conclusions

The APPP, which comprises 83 assays of pharmacological in
teractions with 80 target proteins that are relevant to systemic toxicity 
effects, was used to pro�le the activities of 129 cosmetic relevant 
chemicals and reference benchmark chemicals with and without known 
organ toxicities. The two targets in the APPP with the highest fre
quencies of interactions with chemicals (>10 %) were 5-HT2B and DAT, 
which also have high promiscuity of interactions with pharmaceuticals. 
By contrast, relatively few chemicals interacted with hERG, which is a 
highly promiscuous target of pharmaceuticals. A comparison between 
the in vitro potency of APPP interactions and the in vivo systemic expo
sure of the chemical is a useful �rst step when considering the potential 
in vivo relevance of the data. However, it is important to bear in mind 
that all but 3 of the APPP assays are not cell-based, and so may over
estimate effects on targets expressed within cells caused by chemicals 
that have poor cell penetration. Also, the APPP assays lack metabolic 
capacity and assess only some of the numerous molecular interactions 
that may associate with systemic toxicity risk. Therefore, the APPP 
should be used in conjunction with other in silico and in vitro NAM tools 
to aid in the NGRA of cometic chemicals, and not be used as a standalone 
method. We propose that the APPP can provide quantitative in vitro 
potency data which, when integrated with results from other NAM ap
proaches as part of a NGRA, may help to identify a systemic toxicity 
relevant MoA in a comprehensive manner that is consistent with current 
scienti�c knowledge, or demonstrate a lack of concerning biological 
effects.
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