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Applications of PBK modelling
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- Interpretation of human biomonitoring studies
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NGRA: an exposure-led and hypothesis-driven
approach for protective decision making
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Rotroff, et al. Toxicological Sciences 117.2 (2010): 348-358.

Distributions of Oral Equivalent Values and Predicted Chronic Exposures
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If there is no bioactivity observed at consumer-
relevant concentrations, there is unlikely to be
any adverse health effects.

If there is bioactivity observed at consumer-
relevant concentrations, follow up testing is
required to determine whether that could result
in an adverse effect
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NGRA toolbox for systemic toxicity at Unilever

Tier O: Tier 1: Tier 2:
Problem Formulation Systemic-safety toolbox Refine Assessment
PBK modelling key in Tier 1 to
Characterise the f \ 1 1 1
[ s ] S — Bespoke assays to cover understand internal exposure in relation
- internal exposure levels (C,,.,) remaining uncertainties . . . . .
Characteriss the identified a Tier 0 or Tier 1 to in vitro bioactivity data
consumer exposure E Plasma C,,.«
scenario %
kS
Collate all available £
information (literature g 3
mining) S Time Further exposure Lung
Decision . J Decision refinement, e.g.
t cannot consideration of X
Exit bce‘-’l::a:e i Generation of bioactivity data: be made transporters, Adipose
if safety * Cell Stress Panel rivetabolishi.
decision can be ¢ HTTr (MCF7, HepaRG, HepG2) Bone
made * IPP (63 targets)
: b4 . Point of departure v
S 9 Exit Brain
[ Use of in silico tools J < s Safety decision -§
3 =}
Exposure-based H . @ Heart
: waliing (TTE] ; - - o £ oo ]
: : > 1]
[ Read Across ] ] > Muscle
: H _ Concentration (uM)/
L l ] J Gl absorption Intake
Skin
Exit 8 B B model
if safety decision Calculate BER and compare to BER —
can be made L theesholds ) . Liver Spleen
P
v I 1
) .
Weight of evidence assessment with Clint Kidney
Tier 0 and Tier 1 information l
l GFR*fup
Exit
DY if safety decision
ﬁ i’g can be made
i

¢
u%%?f; Cable et al (2025), Toxicological Sciences 204 (1), 79-95
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PBK modelling in NGRA

Physiologically based kinetic (PBK) models are used to simulate the behaviour of a chemical in the body for a given
exposure scenario.
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PBK models are composed of multiple coupled ordinary

differential equations.

The model have various parameters that need to be

determined.

Example equation for determining the concentration of

chemical in the liver:

dCLiver

[Rate of change of
concentration in the
liver]

[Blood flow rate]

p Liver

CLiver . CLiver
VLiver dr QLiver (CArterial - — CLint p * Fup

Liver
\§

[Concentration of ‘
chemical in the

arterial blood]

[Clearance rate via
metabolism in the
liver]

[Concentration of
chemical in the
liver plasma]
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Parameterisation of PBK models within a tiered risk
assessment framework

Level 0 PBK parameterisation levels
Identify use Estimate consurper
case scenario habits and practices . . . .
Level 1: Chemical-specific parameters informed using
in silico predictions (e.g., using e.g., QSAR models)
— Level 1
Run PBK Generate in silico
model parameter estimates Level 2: Some chemical-specific parameters informed
( Compare Cmax to POD — is there enough Yes using in vitro data
confidence to make a safety decision?

Level 3: Some chemical-specific parameters are

Level 2 inferred by calibrating model against existing human

Run PBK Generate in vitro PK data for the same chemical (by a different exposure

model parameter estimates scenario

. Yes
‘( Compare Cmax to POD — is there enough
L confidence to make a safety decision? ** While further refinement of the PBK model may not be possible,
refinement of the bioactivity/POD estimates using higher tier tools (e.g.,
No Level 3 micro physiological systems) should be considered.
- Yes N
Refine PBK Is it feasible to generate ° Exit™ Figure adapted from Moxon et al., 2020. Application of physiologically

Confidence model clinical data? A based kinetic (PBK) modelling in the next generation risk assessment of

level dermally applied consumer products. Toxicology in Vitro, 63, p.104746.



In vitro and in silico methods to parameterize PBK models
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Caco-2 model for intestinal absorption

Apical side

Cell monolayer
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Filter

Basolateral side

e.g. Hubatsch et al (2007), Nature Protocols 2, 2111-2119

Skin absorption (Franz cell)
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=e- Infinite Dose

~=- Finite Dose

Cumulative permeation (AU)

e.g. Lane (2024), European Journal of
Pharmaceutical Sciences 201, 106873

Plasma protein binding

e.g.Hannetal. (2022) Chapter Three - The importance

of plasma protein and tissue binding in a drug discovery

program to successfully deliver a preclinical candidate.
Book: Progress in Medicinal Chemistry, pp. 163 - 214

Partition coefficients (in silico based on
logP and pKa)

-faw—I- Gif,f;w) |
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e.g. Rodgers and Rowland (2006), Journal of
Pharmaceutical Sciences 95, 1238-1257

Metabolic clearance (hepatocytes, S9 or

microsomes)
Tissue
Liver Homogenize
1,000g 20min
.
-
Crude Fraction
MNuelei, Debris
Amu
10,000g 20min
Cell Cult
e M|tuchondr|a Lysozomes
Hepatocytes
Hemngemze
- 105,000g 120min
= =

\ Soluble Fraction
Microsomes

FIGURE 3.6 Preparation of microsomal, 59, and soluble fractions
commonly used in drug metabolism studies.

e.g. Vrbanac and Slauter (2016), ADME in Drug
Discovery. Book: A Comprehensive Guide to
Toxicology in Nonclinical Drug Development, pp. 39-
67
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Example exposure scenarios

AN
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Coumarin (flavouring and fragrance,
naturally present in e.g. cinnamon)

Compound Use Scenario Exposure route Risk classification
Dietary intake, 4.1|Oral Low risk
Coumarin
mg/day
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o
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Example: exposure to coumarin through oral dietary intake

Molecular weight
(g/mol)

147.1

a
u

Compound I Gut Physiology-Hum
Selected Compound

File Edit Database Simulation Setup Controlled Release

1 GastroPlus{TM): Coumarin PBPK.mdb (C:\Users\Ans.Punt\OneDr.\PBK m.\Hequn.\PBK F.\skinpen\2018 \Coumarin W - [m] x

Tooks Modules (Optional) Help
1 Fhamacgknetics | Simudalion )| Graoh

W] 4 [Coumarn demal Ford »[m|=] s
DK

o

[Cuneri=5; Toual -8

Mas Abs Dose (S+)= 2 B95E +4 mg

ver. 9.8 3002
Trans Time [h] = 3.3 Mean Abs Time (h] = 0.26
ngest Diss. Time (hlis @ pH 6.8 = 0.1

42E03mg

Coumarin dermal Ford opd

e Support Files -

Log P

1.89

ADMET predictor

L1

Molecular Formula: CIHED2
Molecular Weight [g/mol]: 146.15

logP [neutral} 189 @pH K]
pKa Table |

Enzyme Table |

age [m i_?) Effective Permeability

0.
= =
| 0o
= P Form

Initisl Dose [mgk [ 1.6
Subsequent Dosesmgl [ 0
Dasing Inteval (b} [ 0
Dase Vokume (i) 1

Souce. |EIEET =]
Peif [cm/s %1074} 63
Sim Pedf 10”4 [Human) 639

pH fos Ret. Solubility: [ 7l More
Sohibilty (mo/mL @oHeT)] T o

Biorelevant Solubilities: J

Mean Precitation Time (sech | 300 |

Dif. Coeff. (em"2/s x 1075} 12

Dose No. = NJA

Drug Particle Density [g/nL} 12 |

Absorption No. = NfA

Transporter Table | Particle Siza (foem 1} R=25.00, D=50.00 I | Dissolution No. = N/A

ADMET predictor L1 e

Tendency Supersaturate=SupSat. Likelhood of BBE Penetration=High. Pap-Inhibitor=No [34%); Pgp-Substrate=No [79%): DATP181-inhbitor=No (37%].

Hepatic intrinsic 105

clearance (L/h)

Unbound fraction in
plasma (f,,;,)

0.24

ADMET predictor

L1

GastroPlus-

Blood: plasma ratio

1.08

ADMET predictor

L1

Dy

Unillever

pKa Table | logD: Emp-6.1 Diss Modet Johnson PaitSizeSot ON | BileSak-5of ON | Diff: ON | Con

Rad OFF Precip Time Ppaia Zhim | EHC OFF | ACAT: Conc

Population Simulation: Coumarin dermal Ford
3 P ——— Wean Cp-venous Retum-parest ¥ = I
& .

0.035:
0.034
0.032

0.03
= 0.028:
€
@ 0.026:
& 0.024
£ 0022
2 o2
& 0018:
@ 0.016:
g 0014
c
g 0012
T 00t

O 0.008
0.006:
0.004
0.002:

1 2 4 5

3
Time (h)

Hansch, C., Leo, A., & Hoekman, D. (1995) Exploring QSAR: Hydrophobic, electronic, and steric constants (Vol. 2).
American Chemical Society.
Moxon, T.E., et al (2020). Application of physiologically based kinetic (PBK) modelling in the next generation risk
assessment of dermally applied consumer products. Toxicol In Vitro, 63, 104746
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Example: exposure to coumarin through oral dietary
intake (BER>1)

ey
Unillever

Food, 4.1 mg day

Log,, concentration (LM)

105} PBK-model predicted concentration
f of coumarin in venous blood plasma
over time
10-10 L
0 50 100 150 200
Time (hrs)
PODs: In vitro pharmacological profiling (MAO-A)

mm==  High throughput transcriptomics (HepG2)

Points of Departure from in vitro

cell assays, measured in uM

E PBK-model predicted maximum

concentration (C_.,)

100

—-20
103

0 10 10?
coumarin concentration (M)

® ®® Hijgh throughput transcriptomics (MCF-7)
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Example: exposure to coumarin through oral dietary intake

12 GastroPlus(TM): Coumarin PBPK.mdb (C:\UsersyAns,Punt\QneDr.\PBK m.\Hequn.\PBK F.\skinpen\2018 .\Coumarin\) - o x
File Edit Database Simulation Setup Controlled Release Toolks Modules (Optional) Help
Compound | GuPrsidegrtun | Fhamacgknetis | Sinuiation ) Grch
Selected Compound

ver. 9.8 3002
4| 4 |Coumarin dermal Ford » M) =] 5 Tians Tme = 23 Mean Abs Time [h] = 0.26

i Longest Diss. Tine [ it @ pH 6.8 = 0.104 houss
ec u a r e Ig [Cunent=5: Tolal =8 Max Abs Dose (S+)= 2685€+4mg.  Max Abs Dose (i) = 4 2€+3 mg
. e SUDPOF FlS e N

Coumarin dermal Ford opd

o —
(g/mol) NS
S ‘ s E;s:w [m i_?,) Effective Permeability

5 B

Inil Dose (mg) ] ouce: |ANIED =

Log P Subsequent Doses mg) 0 Peff [cm/s 11074} 639
Dosing Inksrva (1t i Sim P ¥10°4 [Human] ]

Molecular Formula: [~ CaHe02 Dose Vohime [mL) 1 |

1 . 3 9 M e a S u red 1 L2 Molecular Weight (g/mol]: 14615 pH for Rel. Solubilty | 7 s:l;‘ldaw J

logP [neutral) 189 GpH El Sohubity [mg/ml @pH=7}] 037 Biorelevant Solubilities

Mean Precgitalon T 300
pKa Table | bl 2 | Dose No. = NJA
Dif. Coeff. (em"2/s x10°8L[ 121
Enzyme Table | Diug Particle Densty (g/mL} 12 | Absorption No. = NfA
Transporter Table | Particle Siza (foem 1} R=25.00, D=50.00 I | Dissolution No. = N/A

H e p a t i c i n t ri n S i c ?:A'Tm‘?;:3:.:&:%22"%’33&1’3&’313; ;;D:Emm-w« Pap-rhibitor=No [34%); Pap-Substrate=No [79%): OATP1814nhibitor=No (37%);
clearance (L/h) 929 Measured L2

pKa Table | logD: Emp-6.1 Diss Modet Johnson PatSizeSot ON | BileSak-Sot ON |Diff: ON | ConstRad OFF Preciy Time Ppasa Zhim | EHC OFF | ACAT: Conc

Unbound fraction in

Gastroplus,. ::7::;:;'” weight 147.1
plasma (fup) e 1.39 Measured? L2

Hepatic intrinsic

0.31 Measured? L2
clearance (L/h) 929 Measured L2

BIOOd: plasma ratio Unbound fraction in
plasma (fy)

0.7 Measu red2 I_2 0.31 Measured? L2

Blood: plasma ratio

0.7 Measured? L2

oY 1. Hansch, C,, Leo, A., & Hoekman, D. (1995) Exploring QSAR: Hydrophobic, electronic, and steric constants (Vol. 2).
?.’Né ¥ American Chemical Society.

@%ga 2. Moxon, T.E., et al (2020). Application of physiologically based kinetic (PBK) modelling in the next generation risk
Uniovor assessment of dermally applied consumer products. Toxicol In Vitro, 63, 104746
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Example: exposure to coumarin through oral dietary intake

L1 —in silico Food, 4.1 mg/day (L1- in silico) Food, 4.1 mg/day (L2- in vitro)
L2 —in vitro | | | | | | | |

10°

107t ] 107°}

Log,, concentration (uM)

10710} | 1010}
0 50 100 150 200 0 50 100 150 200
Time (hrs) Time (hrs)
%:gés PODs: In vitro pharmacological profiling (MAO-A) = m ® High throughput transcriptomics (MCF-7)
<4

Unillovor- mm=  High throughput transcriptomics (HepG2)
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Risk Assessment Outcome

BIOACTIVITY EXPOSURE

/ In vitro pharmacological profiling N / \
. Face cream . Body lotion
10 10
=
s 000 jpem——————————— A
o S -k — = o
<¥eurofins =SSk por 10-2 10-2 - =
) Bowes et al. 2012, Nat Rev Drug Discov 11(12): 909-22 g g
High-Throughput transcriptomics (HTTr) Cell stress panel (CSP) © g
= -4 ‘
« TempO-seek technology - full = 5 10 10
gene panel « 36 biomarkers covering Q
* 24hr exposure 10 cell stress pathways g
- 7 concentrations * HepG2 O 10-° 10-°
+ Various cell models (e.g. « 24hr exposure 0.0 2.5 5.0 7.5 10.0 0 5 10 15 20
s e o » 8 concentrations Time (Days) Time (Days)
+ Dose-response analysis using - Dose-response analysis
BMDExpress2 and BIFROST using BIFROST model .
model Image kindly provided by Paul Walker

-
-

Reyiolds €t/al. 2020, Commp Tok 16100138 Hatherell et al. 2020, Toxicol Sci 176(1): 11-33 (Cxprote
Identify lowest (most sensitive) point of departure, Identify realistic worst-case plasma exposure (C,,,.,)

expressed in yM expressed as uM

BIOACTIVITY The bigger the BER, the greater the
5 é:% BIOACTIVITY EXPOSURE RATIO = confidence that bioactivity will not

=
EXPOSURE occur in exposed consumers

L

Unilever
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Uncertainty quantification and decision making

Point estimates
Why do we care about quantifying uncertainty? M (single value)
* In this example, using point estimates results in Cmax m
appearing below the POD (i.e., the BER>1).

* The true values of both metrics are subject to BER>1

uncertainty. “ >
* These uncertainties can be captured in terms of
distributions.
* The distributions show the range of plausible values \
for the Cmax and POD. >
* Quantifying uncertainty in quantities like Cmax and k V ) Concentration (uM)

the POD can be helpful to determine when a safety Cmax>POD? (i.e., BER<1?)
decision can be made with confidence, or when

more refinement is needed. ‘

W Prob(BER > 1)=?

L4

Unilever
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Strategies in addressing uncertainty and variability in
PBK model predictions

Point estimate values for
mput parameters
(]

Individual modelled (30 year-
old 60 kg female, European)

Predicted C,,, based on different approaches
characterising uncertainty

Parameter Uncertainty
(‘informed’ distribution for the
most sensitive parameters)

=)

Population

C

N\

Variability | X
Cmax
Parameter Model _
Probabilistic Uncertainty @ Uncertainty
~ population PBK+ LD

¢

Population
Variability
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Uncertainty in PBK model predictions, comparing

predicted and observed Cmax

L2: Cmax predicted within 5- to 11-fold of

observed Cmax values.

L1: uncertainty is higher.

Note: human kinetic studies also vary
from each other.

*{R2:0.4262

Cmax predicted [pmol]

107 1o 10 1o 10° 10’ 10 10
Cmax observed [umol/l]

Geci et al (2022), Arch Tox, Volume 99.
(In silico, Level 1)

N

______________________________________________________________________

Log10 (PBK predicted Cmax/
observed Cmax)
Lok
N
o
-
iay
Ex
L1
1
’
&
i H:.
%
.
*
> S
g
A '
. :
b 5
,,,!r.,;
L
’ :

-2
-4
Y Y S
\\(go\ve\ ,(\‘0( AR S ’bQQO'b @
,\\Qi@(\oé‘%\y\ié?zf#’ S ‘@{o}be« Ny i\ ®
SR RS NS O A W e ©
YT ;\g@ FE OV SEEETN TR (PR T T
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Punt et al (2022), Altex, Volume 39, Issue 2
(In vitro, Level 2)

PBK L1 PBK L2 PBK L3
Sulforaphane Oral Food & Drink, 3.9 mg/day i x i X i
Salicylic acid Dermal Clinical 4 : X : X : x
Rosiglitazone Oral Medical, 8 mg i J:( >i
Nicotine Dermal Clinical - : : X b4 :
Niacinamide Oral Food & Drink, 12.5 mg/kg bw/day b i >:( >§
Diclofenac Dermal Clinical 4 : x : X : X
Coumarin Oral 0.1 mg/kg bw/day 4 i X i X i X
Coumarin Dermal Clinical 4 X : X : :
Caffeine Dermal Clinical 4 E :k ix
Caffeine Oral Overdose, 10g x : * X :
Caffeine Oral Food & Drink, 400 mg/day i i X x :
T T T T T T T T
-2 -1 0 1 2 -2 -1 0 1 2 =2 -1 0 1 2
log10(Cmax predicted / Cpnax measured)

Middleton et al (2022), Tox Sci, Volume 189, Issue 1
(Level 1, 2 and 3)
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Bayesian modelling of the PBK Cmax error

1. Model inference Training data Use Bayesian Posterior distributions of the Cmax at
inference to train for different PBK levels
model and learn the ="

REER e e statistical model ) =
Sulforaphane Oral Food & Drink, 3.9 mg/day : X : X : o
Salicylic acid Dermal Clinical 4 i X i X i X pa ra meters 51
Rosiglitazone Oral Medical, 8 mg : )|< ! >f
Nicotine Dermal Clinical - : : X 4 X : 41
Niacinamide Oral Food & Drink, 12.5 mg/kg bw/day x i >:! 4 >:t g
Diclofenac Dermal Clinical : b4 : X : X § 34
Coumarin Oral 0.1 mg/kg bw/day q i x i X i x
Coumarin Dermal Clinical q ® : b3 : b3 : 24
Caffeine Dermal Clinical 4 x i :K ix
Caffeine Oral Overdose, 10g X : * X : 1
Caffeine Oral Food & Drink, 400 mg/day i i X x i
-2 1 0 1 2 -2 1 0 1 2 -2 -1 0 1 2 oL . . i . . . . i
log10(Cmax predicted / Cpnax measured) 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Standard deviation of Cpay estimation error

2. Application for novel exposure scenarios or chemicals

PBK model point estimate

| I
Plasma Cnax Error I I The ‘bell-shaped
PBK model — Crnax Distribution . : ) P d
— e | | tothe posterior
. | ! |
/V T V\ (Bayesian model) I I distribution for the
In silico In vitro Human Get posterior distribution of I | Cmaxerror.
parameter parameter in vivo the Cmax error obtained | |
estimates estimates PK data . . _—
& using the Bayesian statistical o ] >
s, (L1) (L2) (L3) model — —— > C
o 95% credible interval max

(as0oason~
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Adding credible range to exposure estimates

Food, 4.1 mg/day (L1- in silico) Food, 4.1 mg/day (L2- in vitro)
S eV e
= 10° -
o ]
E >
g Cmax
O credible
S . . range
e 107 | 1071 (shaded
ke _ region)
o
o
S
10710} i 10710}
0 50 100 150 200 0 50 100 150 200
Time (hrs) Time (hrs)
%gi PODs: In vitro pharmacological profiling (MAO-A) = m ® High throughput transcriptomics (MCF-7)
<

Unillovor- mm=  High throughput transcriptomics (HepG2)
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Evaluating the systemic safety toolbox across a wide
range of chemicals and exposure scenarios

Selection of chemicals and exposure scenario

Dy

Unillever

PBK Level 2, Blue shaded region BER> 11

[ — 1 . . )
. . . iacimamide Hair Conditioner, 0.1%
« Chemicals with well-defined human exposures | affeine Shampop. 0 2%
I osumarin Food, 4(1 mg/day
- oumarin 0.1 rmg/kyg bw/day
« Traditional safety assessment available 20 : Qfcr 5 macnt 5 o
y exylresorcinol Food pesidues, 3.0033 mg/kg bw/day
! utylated hydroxytoluene Body Lation, 0.5%
! iacinamide Food & Drink. 22.2 mgiday
15 : @Coumarin Body Lotion, 0.3§%
- @Hexylresorcinal Face Semum,|0.5%
;i i Risk exylresorcinal Throat Lozengd, 2.4 m
Chemical Exposure scenario classification % iaci:lrl'namide Body Lofion, 3% g ]
s . wybenzone Body Lotion, 0.5%
Oxybenzone 2scenarios: 0.5%; 2% sunscreen ;% 10 - Ulforaphane Food & Drink, 3.9 mg/day
-Nial:inamide Food & Drink, 12.5 kg bwiday
Caffeine 2 scenarios: 0.2% shampoo & coffee oral consumption 50 mg @0xyHenzone Sunscreen, 2%
Caffeine 10g - fatal case reports ..é"#:ﬂipp;;;gag;h Egﬂ"n”i‘:‘;?gw
Coumarin 3scenarios: 4 mg/d oral consumption; 1.6% body lotion (dermal); TDI 0.1 mg/kg 5 - Rosiglitadons Madical, 1 r:ng.".lz o
oral Doxorubicih 4.5 mgin?fiday continuous infusion for four days
Hexylresorcinol | 3 scenarios: Food residues (3.3 ug/kg); 0.4% face cream; throat lozenge 2.4 mg E;:r:“gﬁ:;ﬁiﬁégﬁ% mofday
BHT Body lotion 0.5% Paraquat dichloriliz Pesticide poisoning, 35 mg/kgiday
Sulforaphane 2 scenarios: Tablet 60 mg/day; food 4.1-9.2 mg/day 0 Daseorubicin 75 mg."r'r'F:‘dayrf:r 10 mirJtes
T T T T

Niacinamide 4 scenarios: oral 12.5-22 mg/kg; dermal 3% body lotion and 0.1 % hair condition 10-5 10-3 10-1 101 103 105
Doxorubicin 75 mg/m2 IV bolus 10 min; 21 days cycles; 8 cycles High risk . P :
Rosiglitazone 8 mg oral tablet High risk B |ﬂactl\flty EKF}US ure ratl 0
Paraquat Accidental ingestion 35 mg/kg High risk

10 chemicals - 25 exposure scenarios

BER=lowest POD/Plasma Cmax
Blue: low risk chemical-exposure scenario

Middleton et al (2022), Tox Sci, Volume 189, Issue 1, Pages 124-147
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Extended evaluation (38 more chemicals)

Comparison of BERs and benchmark risk classifications
PBK jevel: {2 R — Empirical Empirical Utility
o ey Level threshold Protectiveness
L Sty

i
|
: Warfarin High therapeutic. 10mg/day
60 1 Warfarin Low therapeutic, 3mg/day
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assays to be combined with the toolbox.

i@f Cable et al (2025), Toxicological Sciences 204 (1), 79-95
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The NEW Gold Standard

Was: Is Now:

 Rodents « Human focused
 Pathology  Broad-based NAMs
 High-dose apical endpoints  Bespoke new NAMs
 No adverse effect level « Exposure led (PBK)
 Uncertainty factors - Bioactivity not pathology

* Protection not prediction
 Underpinned by
Computational modelling
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