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The Need for Implementation of NAM-Based Safety Assessments
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Context of use of a NAM- Systemic toolbox

« A NAM-based toolbox intended to be used as a Tier 1 within a NGRA/IATA framework for
systemic toxicity (i.e. quantitative risk assessment of ingredients in consumer goods

products).
« A systemic toolbox which provides protective thresholds (PoDs) for systemic toxicity.

« A systemic toolbox that provides better or equivalent levels of protection of human
health and useful for risk assessment which integrates bioactivity and exposure -> derive

protective decision thresholds (BER)
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Context of use: bioactivity based-assessment and protection of human
health

Current Toxicity Testing Paradigm NAM-Based Toxicity Testing Paradigm

Systemic In Vivo Mechanism/Specific Broad Coverage Target-Specific
Toxicity Tests Endpoint Tests Technologies/Models Technologies/Models

Integrated Combination of In Vivo Integrated Combination of Technologies
Tests and Models (i.e., IATA)

Non-Specific Specific Non-Specific Specific

Systemic Endpoint- MOA/Specific Hazard- Bioactivity-Based AOP/MOA-Based
Based Assessment Based Assessment Assessment Assessment

Protective Predictive Protective Predictive
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Context of Use: Tier 1 within NGRA framework

Tier O: Tier 1: Tier 2:
Problem Formulation Systemic-safety toolbox Refine Assessment
Characterise the 1& N
[ chemical } Use of PBK models to estimate Bespo.kfe assaysito.cover
internal exposure levels (C,,.,) remaining uncertainties
Characterise the identified a Tier 0 or Tier 1
‘ consumer exposure 1 g Plasma C,,,
scenario =
S
Collate all available §
information (literature ’ g {
Wil | S Time Further exposure
Decision Y J Decision refinement, e.g.
cannot £ cannot consideration of
Exit p—— Generation of bioactivity data: be made transporters,
if safety * Cell Stress Panel metabolism.
decision can be ‘ * HTTr (MCF7, HepaRG, HepG2) ‘
made } * IPP (63 targets)
X

Point of departure Jr

Use of in silico tools i Exit B
o~ Safety decision
Exposure-based . :
: waiving (TTC) : S o (] A
[ Read Across ] AN Concentration (uM) ¥
Exit ( N
if safety decision Calculate BER and compare to BER
can be made L thresholds )

:

Weight of evidence assessment with
Tier 0 and Tier 1 information

A l J
Dy Exit
% @;ﬁ if safety decision . .
%&%’9 can be made Cable S et al., (2024). https://doi.org/10.1093/toxsci/kfae159;
Unilower

BER= bioactivity: exposure ratio Middleton et al., 2022. https://doi.org/10.1093/toxsci/kfac068
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Evaluation strategy for the context of use of protection of human health

Define prototype
decision model for
determining the

Select test
chemicals

Define the toolbox Set performance

components criteria
BER threshold

$

Data-driven

¥ $ ¥

Maximise coverage

Choose a set of NAMs 1) The performance of the

covering exposure NAM toolbox is

of different

derivation of

modelling and assessed against chemistries and protective
bioactivity which historical safety biological bioactivity:
provide wide decisions effects/toxicity exposure ratio
biological coverage 2) How do in vitro PoDs (BER) thresholds

compare to in vivo PoD?

]
. G Cable S et al., (2024). https://doi.org/10.1093/toxsci/kfae159;
Unilener

Middleton et al., 2022. https://doi.org/10.1093/toxsci/kfac068
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A set of NAMs covering exposure modelling and bioactivity which provide wide
biological coverage

Point of Departure (PoD) determination from Bioactivity assays

Non-specific effects Specific effects

Cell stress panel (CSP)

High-Throughput transcriptomics (HTTr)

« TempO-seq technology - full gene
panel + 36 biomarkers covering

10 cell stress pathways
* HepG2

« 24hrexposure
« 7 concentrations

+ Various cell models (e.g. HepG2,
MCF7, HepaRG)

« Dose-response analysis using
BMDExpress2 and BIFROST model

\ Reynolds et al 2020. Comp Tox 16: 1001

38
Baltazar et al 2020. Toxicol Sci 176(1): 236-252

+ 24hrexposure

* 8 concentrations

Bioactivity Exposure Ratio (BER)
Distribution

+ Dose-response analysis
using BIFROST model

Image kindly provided by Paul Walker
(Cyprotex)

Hatherell et al. 2020. Toxicol Sci 176(1): 11-33
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Bioactivity Exposure Ratio (log 1( 0)

- Plasma Conax Error
@) [ EEEEXE] C max

Face Cream

Distribution
model (CMED)

max
estimate

Clearance

10 == in silico 98.57 L/h (Bayesian model)

in vitro 929 L/h

0.002 0.004 0.006
Cmax (ug/mL)

Toxicology in Vitro (2020), 63, 104746
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The performance criteria assumes that current risk assessments are
protective for human health

What we are trying to test: Are the decisions made
with a Tier 1 toolbox equivalent or better than the
decisions we have been making with animal data?

What we are not trying to test: is the toolbox
predictive of all possible adverse effects for a given
chemical?

=
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Set performance criteria for evaluating the protectiveness and utility of
the toolbox

Benchmarking using chemical-exposure scenarios

« Chemicals with well-defined human exposures
- Traditional safety assessment available (e.g. regulatory opinions)

» Risk benchmarked to acceptability in a consumer product context

Protectiveness [ Utility ]

How many of the low risk scenarios
are identified as low risk at this
early tier stage in a risk assessment

framework
(i.e. BER > threshold)

5
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PBK level: L2
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ADI 0.0

g/kg/day

Warfarin Ltmtherapeutlc 3mglday
Warfarin High therapeutic, 10mg/day
C Red 3 3%
Glybenclamide Low therapeutic, 2.5mgl/day
@ luazinam 32% ADI 0.01 mg/kg bw/day
lutaraldehyde 0.10%
-Methyl-1,3-benzenediol 1.80%
Glybenclamide High therapeutic, 15mg/day

I
I
I
I
I
I
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I
I
1
I
I
|@-valine Dietary 4000 mg/day
thylzingerone 0.70%
Valine 26 mg/kg mean requirements
50 4 luazinam ADI 0.01 maltkg bw/day
Métformin Low therapeutic, 1000ma/day
Benzdcaine 22mglkg is the safety dose
@Butylated Hydroxyanisole ADI Ima/kg bw/day
Metformis Max therapeutic, 3g/day
Digoxin Therapeutic, 1.5 ma/day, 0.25mg/day maintanance
@Ketoconazole Therapeutic, 2% twice weekly
Verapamil jydrochloride Low therapeutic, 240mg/day
Verapamil hydrochloride High therapeutic. 480mg/day
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40 Oxytetracycline hydrochloride Low therapeutic, 1000mg/day
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@Cyclamate ADI 7 mglkg bw/day
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Dexamethasone Therapeutic, 0.5mg/day
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Ibuprofen Low therapeutic, 200mg/day
Verapamil hydrochloride Therapeutic-acute, 5-10 mg
10 1 Furosemide High therapeutic, 600mg/day
Ibuprofen High therapeutic, 1200mg/day
Dexamethasone Therapeutic, 10mg/day
Ketoconazole 200 mg/day for fungal infection
Cyclophosphamide Therapeutic , 3mg/kg bw/day
Ketoconazole Therapeutic, 1200mg/day
Furosemide Max therapeutic, 1500mg/day
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Rank

Azathioprine Low therapeutic, 50mg/day

NAM Systemic toolbox provides similar level of protection

Fﬁf_me_mmenal limit, 0.04mg/m3
@enbuconazole ADI 0.006 mg/kg bw/day

king the EFSA PRIMo Model for french population

« Toolbox not protective for 3/46 of
the high-risk exposure scenarios

« Chemical- Exposure scenarios not
protective for:
o Warfarin therapeutic oral dose
o Trimellitic anhydride inhalation
exposure

« Using BER >11, only 27% of the low-
risk chemical-scenarios would be
correctly identified as such

o Forthe other 73%, refinement is
needed (i.e. Approaches to
distinguish bioactivity from
adversity; refine exposure

0 4_@Azathioprine High therapeutic, 300mg-225malday
T

10-6 1074 10-2 10° 102 104
BER

Cable S et al.,, (2024). https://doi.org/10.1093/toxsci/kfae159
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Other studies also shown that in vitroPoDs are more conservative
(i.e. lower) than the minimum /n vivoPoD

Paul-Friedman (2020) - 448 chemicals
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Reardon et al., (2023) - 54 chemicals
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Example of selecting NAMs and
application of the tiered
framework
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Example 1: Higher Tier Tools for input into bioactivity assessment

Renal exposure & Effects

W
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Benzophenone-4 (BP4) case study safety assessment

@ English Search

Newsroom

Growth | Topics W | Archives

OVERVIEW » NEWS
O/CH3

Call for data on ingredients with potential endocrine-disrupting
properties used in cosmetic products 0=~
o)

Is a tiered NGRA approach sufficiently protective and useful to answer a
real-life question?

COSMETICS
l EUROPE

RSS
il

L
Unillover Baltazar MT et al., 2025 https://www.altex.org/index.php/altex/article/view/2934/version/2996 L
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BP4 risk assessment framework

Identified use
scenario

Identified

Module 0 — Existing information molecular
structure

Collected » Assumed no animal or human.data avail.able
existing data Assumed no read-across candidates available

Generated in vitro ADME data and Performed PBK modelling to derive

Module 1- Exposure estimation e @ e B Sece Punt et al., submitted

Generic hypothesis: Biological activity measured using a broad suite of human-relevant test systems is sufficiently protective. If bioactivity is not observed at
concentrations experienced systemically in consumers, then there are no adverse effects. PBK model indicated that concentrations of BP-4 are limited to liver
and kidney, therefore a relevant kidney cell model was included in the testing strategyin addition to the already liver cell line. In silico tools predicted binding to
estrogen receptor.

Systemic NAM-toolbox2
Broad suite of assays and analysis used as part of the

Module 2- systemic toolbox as outlined in Middleton et al: EAT? activity: : Investigated BP-4 toxicity Tools to
estrogenic, androgenic,

thvroidogenic and in the primary human address specific
Ll proximal tubule model risk assessment
steroidogenesis using X .
(aProximate™) questions
CALUX assays

Bioactivity Cell stress panel (CSP) in HepG2 cells

characterisation In vitro pharmacological profiling (IPP)3
High-Throughput transcriptomics (HTTr) in HepG2,
HepaRG, MCEF-7 cells

Calculation of Bioactivity-Exposure ratio (BER). Assessment
Module 3- Risk characterisation based on lowest of PODy,,, together with weight of evidence

Risk evaluation and

risk assessment
documentation

Baltazar MT et al., 2025 https://www.altex.org/index.php/altex/article/view/2934/version/2996
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Exposure first: ADME results indicated limited organ distribution
with exception of liver & kidney

In vitro ADME
package

>

B
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-
o
1
N
(@) ]

° ° . — . D t . . t d |
Skin absorpﬂon eterministic mode

—
o
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Hepatic clearance

—
o
1

Plasma protein
binding

o
a
1

o
a
1
1
1

Blood: plasma

Plasma concentration (uM)

Maximum concentration (uM)

|

Membrane 0.0- T
permeability 0 100 200 300 0.0
Transporter Time (h) Plasma Kidney Liver

kinetics

¥
& o
E&éﬁ
Unillover Baltazar MT et al., 2025 https://www.altex.org/index.php/altex/article/view/2934/version/2996
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In addition to the core NAM-systemic toolbox, higher tier tools were
required to cover for potential renal exposure and effects

Renal Toxicity

In vitro pharmacological profiling 4\ /
o . Renal biomarkers (3 donors, duplicate per donor),

8 concentrations, 24h and 72h timepoints in

Erimarz Eroximal tubule cell:

<% eurofins )
Bowes et al. 2012. Nat Rev Drug Discov 11(12):909-22 ° KI M _1
High-Throughput transcriptomics (HTTr) Cell stress panel (CSP)
L]

« TempO-Seq technology - full = N GAL

gene panel 36 biomar kers coverin g = o :
« 24hrexposure 10 cell stress pathways ;){ %? _“( @\ L] CI.U Ste rln
+ 7 concentrations * HepG2 =T A :'{{1’@

{ s . ( )

» Various cell models (e.g. * 24hrexposure ! o ° - "“"‘b TEER Day 0 and Day 3 .

HepG2, MCF?, HepaRG) R oL~ = « ATP Newcells aProximate™ platform

* Dose-response analysis using
BMDExpress2 and BIFROST

-

using BIFROST model = :]‘I:~—® SRE L] LD H

* Dose-response analysis

oo zom comprerie oy « Toxicogenomics (3 donors, 2 duplicates per
. . donor), 8 concentrations, 24h and 72h
+ Cell modelsin the Tier 1 toolbox have timepoints
limited expression of the relevant
transporters « Omeprazole and cisplatin added as

benchmarks/positive controls

« Toolbox does not include kidney cells , . ,
PiyushBajajetal.2020.Toxicology.442,152535

Unilever

Baltazar MT et al., 2025 https://www.altex.org/index.php/altex/article/view/2934/version/2996
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Benzophenone-4: PoDs vs predicted plasma Cmax
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NAM-based risk assessment more conservative than the current
regulatory risk assessment

NAM-based
assessment for 5%
inclusion of BP-4

Traditional animal
assessment for5%
inclusion of BP-4

PoD Value [/ Exposure (uM)

e

BIOACTIVITY EXPOSURE RATIO =

Lowest BER=3.4

BERrange= 3.4-508

Margin of Safety
(MoS)=8986

BIOACTIVITY
EXPOSURE

Conclusion

Low risk considering
weight of evidence
and model/PoD
relevance

Conclusion

Low risk - MoS >>
100

(SCCS opinion)
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Example 2: Expanding the Tier One Toolbox to cover more aspects
of Developmental and Reproductive Toxicology (DART)

W
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Beyond AOPs: A Mechanistic
Evaluation of NAMs in DART Testing

Ramya Rajagopal *, Maria T. Baltazar, Paul L. Carmichael, Matthew P. Dent, Julia Head,
Hequn Li, Iris Muller, Joe Reynolds, Kritika Sadh, Wendy Simpson, Sandrine Spriggs,
Andrew White and Predrag Kukic

Unilever Safaty and Environmental Assurance Centre, Colworth Sciance Park, Shambrook, United Kingdom

New Approach Methodologies (NAMs) promise to offer a unique opportunity to enable
human-relevant safety decisions to be made without the need for animal testing in the
context of exposure-driven Next Generation Risk Assessment (NGRA). Protecting human
health against the potential effects a chemical may have on embryo-foetal development
and/or aspects of reproductive biology using NGRA is particularly challenging. These are
not single endpoint or health effects and nsk assessments have traditionally relied on data
from Developmental and Reproductive Toxicity (DART) tests in animals. There are
numerous Adverse Outcome Pathways (AOPs) that can lead to DART, which means
defining and developing strict testing strategies for every AOP, to predict apical outcomes,
is neither a tenable goal nor a necessity to ensure NAM-based safety assessments are fit-
for-purpose. Instead, a pragmatic approach is needed that uses the available knowledge
and data to ensure NAM-based exposure-led safety assessments are sufficiently
protective. To this end, the mechanistic and biological coverage of existing NAMs for
DART were assessed and gaps to be addressed were identified, allowing the development
of an approach that relies on generating data relevant to the overall mechanisms involved in
human reproduction and embryo-foetal development. Using the knowledge of cellular
proc and signalling pathways underlying the key stages in reproduction and

“C "

Ramya Rejagopaf
ramya.rajagopal@uniever.com

Specialty section:
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in Vitro Toxicology,

a saction of the journal
Frontiers in Toxicology

Recelved: 17 December 2021
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development, we have developed a broad outline of endpoints informative of DART.
When the existing NAMs were compared against this outline to determine whether they
provide comprehensive coverage when integrated in a framework, we found them to
generally cover the reproductive and developmental processes underlying the traditionally
evaluated apical endpoint studies. The application of this safety assessment framework is
ilustrated using an exposure-led case study.

Keywords: DART, NAMs, non-animal NGRA,
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Systemic toolbox biological coverage identified - Hihthrovghout Tanscritomics (47T
heeds for additional DART-specific NAMS e ;.,

24 hrs exposure
7 concentrations
3 cell lines HepG2/ HepaRG/
MCF7

3D HepaRG spheroid

genes 1 httr g 1 ipsc genes

9067

/ devTOX quickPredict™ —\

¥ %
Accumaiive Numter of Pattay Showng Dose

~70%
gene level
» human iPSC cells o e i A BMDexpress 2 L overlap
+ metabolic perturbation of ; = o — Rojagopal etaL. 2022
. . b X s Sersepmentel Janowska-Sejda et al.2022
Lhnedlzl;srpig;ker s ornithine i 1 w-l-« i postnatal and
« predicts concentration at §§ - :/ \.‘\1 """ IR o
which a test article shows 33 (=4
developmental toxicity §§ i A,:,::hm fisEni Cell Stress Panel {CSP)
potential (dTP). T 13 chemicals, 36 Biomarkers; 3 Timepoints; 8 Concentrations; ~10
non- Stress Pathways
. TN | eIl o e pregnant
A Stemina — . pregnant
BIOMARKLE DI5COVERY / - embrvon“: fertilisation s AT adatiaY
development PBK Cell stressis a fundamental factorin many adverse

foxieclogyin it (2020) fer TTH(EF 1827208 outcome pathways (AOPs) relating to DART and has been

reported as a key characteristic of male and female
reproductive toxu:ants (Azuarga et al., 2019; Ludereret al., 2019)

/ ReproTracker®

implantation

* human iPSCcells

+ differentiated into cardio- 2 _
myocytes, hepatocytes [
and neuronal rosettes

+ Dose depended changes
of lineage-specific gene
biomarkers are measured
to identify potentially
teratogenic effects.

w*

Toxicol Sci (2020), 176, 11-33

- In vitro Pharmacological Profiling (IPP) ﬁ

PERSPECTIVES

Nuclear

H295Rsteroidogenesis assay 4\
» human adenocarcinoma

N p B © receptor GPCR panel
® toxys cell line NCI-H295R and ey BN i
N U2-05
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The DART framework is protective for most high-risk scenarios when
using a BER threshold of 1
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Opportunities to apply NAMs in the context of food safety

 Well established non-animal methods exist to support food safety (e.g. read across,
genotoxicity, history of safe use (HoSU), Protein safety (allergenicity and toxigenicity))

« 13 foodrelevant materials tested in the systemic toolbox (e.g. pesticides residues, food
additives, sweeteners, flavourings)
* Results show that NAMs are applicable to these compounds, albeit conservative.

« While novel NAMs have seen considerable uptake in cosmetic regulatory assessments,
their application in food safety remains significantly underutilized and holds
substantial potential for expansion

Extent of animal testing conducted by applicants for novel foods (2003-2023)

s

Regulatory Toxicology and Pharmacology
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Conclusions- our experience (cosmetics, detergents, biocides, foods,
REACH)

« Exposure science is critical in next generation risk assessment.
« Tiered approaches unlock the potential for decision-making.

« The conservatism associated with the bioactivity PODs can be
refined with higher tier in vitro models.

« Case studies and evaluations have helped build confidence

 Frameworks have been developed for systemic, DART, and
inhalation safety! and skin sensitisation?.

Fundamental change needs bold vision
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