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Physiologically-based toxicokinetic (PBTK) models
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Ti'ansporters & Permea!.;;'lg;y{Cacn-Z) Time (h)
Small intestine  Large intestine (gut LogP, Log D, pK, . .
(bioactives, nutrients, microbiome-derived Why are tissue concentrations
formulations) bioactives) In vitro-to-in vivo important? Site of action, efficacy/safety
Physiology data adjusted to extrapolation (IVIVE) and dose-response
recapitulate other populations (e.g. skin, heart, brain, joint, muscle)
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Chan et al. ALTEX. 2019;36(4):597-612; Tan et al. ALTEX. 2021,;38(2):253-268



PFAS: The “forever” chemicals



PFAS are highly persistent biologically and in the environment
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» Superfamily of fluorinated chemicals (>14,000)

» Oil-resistant, excellent heat and chemical stability with
industrial and consumer applications

« Found ubiquitously in the environment, wildlife and
humans

« Highly resistant to biological degradation

» Exposure routes: consumer products, food packaging,
contaminated food and water, inhaled air

OH

« Some have an unusually long half-life (t,,) of up to 7 FFEFFFFE F
years in humans - bioaccumulation PEOA

» Safety concerns: thyroid, liver, kidney, immune,
neurodevelopment, fertility etc.
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Published studies disagree on the half-lives of PFOA

19y United States Centers for Disease _
:m Patent Application Publication o Pub, No.: US 2013/0029928 Al Cc’""d and Prevention
Elcombe et al, (43) Pub, Date: Jan. 31, 2013
g
(54)  COMPOSITIONS COMPRISING Publication Classification
PLRH'LUTM M'\m‘{ o _ U ks @os01) Biomonitoring Summary
(76)  Invemors: Clifford Roy Eleombe. Dundee (GI3): AGIK 31704 {2006,01)
Charles Rnlun.f Walf, I!und\'\-‘ u‘:|:1.;I ! ;:;: ::;‘gﬁﬂ 1 3:::‘:1{ ; .
Amns Lontss Weatwood, [undes (GB) AGIP 3502 (2006.01) Perfluorochemlc alS
* PFOA hahc"'f? e PFOA administered to cancer patients e Consensus
- hours/c.JlayS'ln rats at extremely high doses (50 mg single estimates place
- weeks in mice dose, 50 mg weekly dose) PFOA half-life at
- mor)ths In mo.nkeys » Half-life estimated at 116 days (3.8 ~1.3-3.9 years
e Poor inter-species months)
correlation
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Biological half-life appears related to the carbon chain length

FF O

Perfluorobutanoic acid (PFBA) oS on 4 (Short) 2 - 3 days
FFFF
R FR F
Perfluorobutane sulfonic acid (PFBS) FM{’?OH 4 (Short) 28 days
IL:FFFFF';OF o
Perfluorooctanoic acid (PFOA) F OH 8 (Long) 1.3 -3.9 years
FFFFFEFF F
RFRFRFRSF o
Perfluorooctane sulfonic acid (PFOS) F J 8 (Long) 3.3-5.4years

FYFrdEded ©H
F RFRFQ

()
Perfluorohexane sulfonic acid (PFHxS) FjM4‘0H 6 (Long) 7 years

FF FFFF

Why do biomonitoring and clinical studies disagree on PFOA half-life?
How do we identify PFAS with long half-lives? (risk prioritization)
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Transporters are essential for the disposition of PFAS
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Approach to model the toxicokinetics of PFOA and other PFAS

Transporter kinetics Chemical data: Systems data:
In vitro ADME assays Human physiology

Hepatocytes
-~ Passive Permeability et \"a ?is

PFOA uptake
(nmol/min/mg protein)

~e— OATP2B1 Fraction et
+- Difference unbound Blood/plasma ‘ & ﬁ‘q ‘
ratio
o L) L) T L] 1
0 200 400 600 800 1000 Transporters

Concentration (pM)

8 transporters in

wn
w
=
]
Y]
=
O
=
<
L
Z
w
X
[
3
(@)
14
U)
V)
4
=
<
L
14
(O]

triplicates were screened Permeability (Caco2) | og P, Log D, pk,

for each PFAS Samples  Discovery  Validatin
7 Quantitative
4 ST SimBiology
0 (R2025a)

Quantitaive Targeted
P prot: i

4\ MathWorks:



Clinical PFOA toxicokinetics were recapitulated

asy United States
a2 Patent Application Publication o) Pub. No.: US 2013/0029928 Al

&
&

Elcombe et al, (43) Pub, Date: Jan, 31, 2013
159 , .
(54)  COMPOSITIONS COMPRISING Publication Classitication
PERFLUOROOCTANOIC ACID (51 Int.CL

o AGIK 3120 (2006.01)
10+ (76)  Inventors: Clifford Roy Elcombe. Dundee (GB): AGIK 31704 (2006.01)
Charles Roland Wolf, Dundee (GR); "g:: :;ﬁgﬁs !EUIR_’.U: ]
T O ABIK 3173 (2006.01)
Anna Louise Westwood, Dundee (GH) Pt Goos.on

i
==

PFOA 50 mg single dose

Plasma concentration (mg/L)

0 Q 15 0 -
> g, . i3 b &0 80 » Clinical data
; = Time (h) __ Predicted .
0 5 .. Mean e Predicted/
O S Lo Observed Predicted Observed
2 £ - ratio
= = Q e
z c [ s 7 > d
o 54 Gt
i g S Ll AUC,. 4470.80 5268.57 1.18
= s (mg/L-h)
E 0 200 400 600 800 T .(h) 3.00 316 1.05
O Time (h
Z (h) CL (L/h) 0.0112 0.0095 0.85
[
é t,,, (days) 116 124 1.07
(s}
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Long half-life in low exposure settings was recapitulated

» Low exposure (70 ng/day) of PFOA similar to biomonitoring studies

» Recapitulated years-long t;,, (1.3 years) observed in biomonitoring studies (1.3-3.9
years)
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Why are clinical and biomonitoring estimates of PFOA half-
life so different?
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A missing kidney transporter provides a unified explanation for
the divergent half-life estimates

Accepted model Proposed model
Blood Urine Blood Urine
Proximal tubule cell Proximal tubule cell
, @ . OAT1
~ OAT1
e — > @ o W) @
; & OAT4 -6A1'3 ] OAT4
. oATS < OAT3 e
e —< ) o — W)
L Vi URAT1 ® & E URAT1
@ &

Basolateral Apical Basolateral Apical

Saturable, renal basolateral efflux transporter

11
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Plasma concentration (ng/mL)})

How does our model compare with other estimates of PFOA
exposure?

Forward dosimetry Reverse dosimetry
Dosing: 70 ng/day for 11 years

18
10

i Simulated plasma

N concentration: 7.83 ng/mL
4_
CHMS measured plasma

concentration: 2.52 ng/mL

16

14

12

10

Serum level (ng/mL)

0 T T T T
0 20000 40000 60000 80000

Time (h)

o N & o o

o 10 20 30 40 50

Age (year)

Canadian total diet study: 70 ng/day « EFSA estimates for steady state serum
Canadian Health Measures Survey level of 2 ng/mL of PFOA, a daily
(CHMS) (2.52 ng/mL) intake of 0.187 ng/kg is needed
e Our estimates to achieve 2 ng/mL
PFOA are 0.28 ng/kg

12
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A new PFOA transporter suggests extensive systemic

distribution

 MCT1 transports short and medium
chain fatty acids e.g. octanoic acid

/\/\/\)]\OH

Octanoic acid

F

FFRFRF O

FFFFFFFF
PFOA

OH

e PFOA distribution not confined to liver

and kidney

» May explain effects on other organs
(thyroid, reproductive tissues),
appearance in cord blood

e Greater volume of distribution than
expected — implication on half-life?

Brain
MCT1, MCT2,
MCT4, MCT8

Heart
MCT1, MCT2,
MCT4

Stomach
MCT1, MCT2,
MCT4

Liver
MCT1, MCT2,
MCT4, MCT6

Kidney
MCT1, MCT2,
MCT4, MCT6, MCT9

QU000

Pancreas
MCT2
B-cells: no MCTs

&

Eye
MCT1, MCT2,
MCT3, MCT4

Thyroid
MCT8

Lung
MCT1, MCT2,
MCT4

Large Intestine
MCT1, MCT2,
MCT5, MCT6

Small Intestine
MCT1, MCT2,
MCT4, MCT5, MCT6

Muscle
MCT1, MCT2,
MCT4

00~080000

Blood

erythrocytes: MCT1

leukocytes: MCT1, MCT2, MCT4
platelets: MCT2, MCT4

=
w



® % O

wn
w
=
]
Y]
=
O
=
<
L
Z
w
X
[
3
(@)
14
U)
V)
4
=
<
L
14
(O]

Biological half-life appears related to the carbon chain length

FF O

Perfluorobutanoic acid (PFBA) P om
IEF FFFFFF o
Perfluorobutane sulfonic acid (PFBS) FM&;OH
FFF FO
) ) F FFRFFRF O
Perfluorooctanoic acid (PFOA) 7 OH
FEFEFFFEFFEE
RFRFRSFRS o
Perfluorooctane sulfonic acid (PFOS) F J

FrFFeFFEJ OH

F EFEF o\\ 0
Perfluorohexane sulfonic acid (PFHxS) <OH

FF FFFF

4 (Short)
4 (Short)
8 (Long)
8 (Long)

6 (Long)

2 - 3 days
28 days
1.3 -3.9 years
3.3 -5.4years

7 years

New toxicokinetic data available — how do these models compare?

14
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Validating short-chain PFAS models against  FBRASIN ENGcseio™

human PK data by Abraham et al. PFBA 4.01
PFBS 18.42
1 male individual, 67 y.0., bodyweight: 82 kg, PFOA 3.96

height: 1.84 m, GFR: 6.822 L/h PFOS 378
PFHXS 3.76

PFBA PFBS

10 o Clinical data

— Predicted

o Clinical data

o °Q)o — Predicted
0.1 %0 Py

v
1: 00000000
3 o o

0.01 0.14

Plasma concentration (ng/L)
o
o
o
o
Plasma concentration (ng/L)

I 0.01 I I I I 1
0 5 10 15 20 0 20 40 60 80 100

Time (day) Time (day)

Clinical data: Abraham et al. Environ. Int. 2024. doi: 10.1016/j.envint.2024.109047 15



wn
w
=
]
Y]
=
O
=
<
L
Z
w
X
[
3
(@)
14
O
V)
4
=
<
L
14
O

Validating long-chain PFAS models against
human PK data by Abraham et al.

Plasma concentration (ng/L)

| | | |
0 100 200 300 400
Time (day)
Clinical data: Abraham et al. Environ. Int. 2024. doi: 10.1016/j.envint.2024.109047

PFBA 4.01

PFBS 18.42
PFOA 3.96
PFOS 3.78
PFHxXS 3.76

PFOA-Clinical data
PFOA-Predicted
PFOS-Clinical data
PFOS-Predicted
PFHxS-Clinical data
PFHxS-Predicted
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Reverse dosimetry simulations to estimate aggregate exterm‘ Q

dose

« S-PRESTO: Preconception, longitudinal cohort study investigating pre-pregnancy influences..,
on maternal and child health

* Recruited Singaporean women without fertility issues and intending to get pregnant

* Human biomonitoring data on preconception plasma PFAS concentrations

= PFOA PFOS PFHxS

1]

> .

- " s concentration LT 2 e

U]

% S PRESTO women (ng/mL) (1.285, 2.279) (1.83, 3.35) (0.44, 0.79)

z

§ Simulated steady-state plasma 1.7581 2.4919 0.5789

& concentration (ng/mL) (1.2849, 2.285) (1.8319, 3.3487) (0.4395, 0.7894)

3

'g Estimated external exnnciire n17n n 218 n n?’n

% Ongoing work: Where is the source of these PFAS exposure 300
. . s

0 s In Singapore”

=

é For a 60.84-kg woman (average bodyweight for S-PRESTO women at preconception),

(3] this translates to a daily oral intake of 7.30 ng of PFOA, 13.08 ng of PFOS and

17

1.34 ng of PFHxXS over a period of 11 years.

Singapore PREconception Study of long-Term



Comparative analysis of 5 PFAS with differing half-lives identifies
mechanisms of retention

CLint . . PFAS Observed half-life Predicted half-life

(uL/min/

mg PFBA 44-152 h 106-284 h
protein) OAT1 OAT3 OAT4 NTCP OATP1B1 OATP1B3 OATP2B1 PFBS 25.8-44 days 238-241 days
. Non- Non- Non- a1 o6 Non- Non- Non- PFOA 1.3-3.9 years 2.1 years

substrate substrate substrate substrate substrate substrate PFOS 3.3-4.8 years 2.9-3.0 years

PFBS 6.62 5.63 5.33 3.41 28.83 1.58 278 3.38 PFHXS 5.3-7.3 years 7-7.2 years
PFOA 9.67 7.11 30.18 1.85 6.53 43.78 29.41 10.04

PFOS 44.40 9.41 17.10 23.37 15.46 65.99 48.28 31.90 Half—llfe increases Wlth
PFHXS 2.39 76.31 15.00 1.46 2.53 90.03 5257 77.18 1. Greater tra nspo rt by

reuptake transporters
CLg (L/h) CLg (L/h) CLg-CL,caps (L/N) % Reabsorbed 2 Greater plasma protein

PFBA 0.1172 0.9293 0.4874 -0.4419 47.55% binding

PFBS 0.0121 0.0959 1.50E-3 -0.0944 98.44% = greater rea bsorption
PFOA 0.0048 0.0381 3.56E-4 -0.0377 99.06% 3. Substrate of MCT1

PFOS 0.0048 0.0381 2.55E-4 -0.0378 99.33% (PFOA, PFOS, PFHXxS)

PFHxS 0.0013 0.0103 1.17E-4 -0.0102 98.86% = greater distribution

18



Translating these mechanisms to a risk prioritization strategy

® % O

% Protein binding Transporter liabilities (yes/no)
| |
| | | | | |

<90% 90-99% >99% OAT4 URAT1 MCT1
Z T T T T T s s T s s s s s s s e s === == 1
"Bl | Risk of extensive Low risk of long Moderate risk | High risk of broad
% I reabsorption half -life { | tissue distribution
§ Can be measured with 4 Measure transport rates l
o cell-based assays | ' | L
© - 10 10 High risk .
% Moderate rlgk ) uL/mL/mg AL/mL/mg of Io.ng.—.half—llfe
< of long-half-life protein protein (Prioritize for
x
Q
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Future work on PFAS in Singapore

» PFAS risk prioritization
strategy
1. PFAS high in
frequently
consumed food
3. PFAS & RS
‘I‘:)'rt]g [ high
- / hazard
half-life severity
2. PFAS high in
biomonitoring
samples

PFAS in sensitive populations

Maternal Model

i
s
5

A Cardiac output, tissue perfusion,
plasma protein concentrations, body
fat, enzyme/transporter abundances

15t trimester

Trans-Placental Movement

(1) Passive diffusion and
active transport

In vitro transport assays

Placental tissues
samples

(3) In silico placental model | ‘I .

s s | [
Transport kinetics il ]
Perfusion rates == |

+__

2nd trimester

Fetal Model

Fetsl Placents

Blood
e Oaj Gaflle

Placenta

Maternal Placests
Blood

A Tissue perfusion & volumes, placenta,
amniotic fluid volumes, umbilical cord,
plasma protein concentrations

3rd trimester

20



Key learning points from our PFAS study

» PBTK models provide deep mechanistic insights that cannot be discerned
from human clinical or biomonitoring studies

* One key organ that controls PFAS removal is the kidney

e Future PFAS should be designed to have minimal plasma protein
binding, low affinities to renal transporters and limited tissue uptake

OB

pubs.acs.org

Mechanistic Middle-Out Physiologically Based Toxicokinetic
Modeling of Transporter-Dependent Disposition of
Perfluorooctanoic Acid in Humans

Jieying Lin, Sheng Yuan Chin, Shawn Pei Feng Tan, Hor Cheng Koh, Eleanor Jing Yi Cheong,
Eric Chun Yong Chan, and James Chun Yip Chan*

Cite This: Environ. S¢i. Technol, 2023, 57, 6825-GE34 I: I Read Online
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How about biliary clearance for PFAS?

% Table 4
Clearance data: Urinary clearance (CLyy), total clearance (CLy), the fraction
@ Table 3 unbound in plasma (f,;) and the resulting clearance of glomerular filtration
Estimated urinary and fecal elimination rates, clearance and comparisons between the urinary and fecal (Clriy, as product of f,, and the GFR), as well as the fecal clearance (Clr..). For

. L. abbreviations of PFAS see Table 1.
in 147 study participants.

CLUri CLtot fup ’ C[ﬁlt’ ’ CLFec
PFOA L-PFOS (mL/min)  (mL/min) (mL/min) =~ (mL/min)
Mean Median (P10, P90)  Mean Median (P10, PFCA
Pa0) MPFBA 1.00 1.24 0.093 10.57 n.d.
Urinary elimination rate (ng/day) 36 26 (8, 78) 154 91 (12, 404) MPFPeA 5.89 8.45 0.044 5.00 ”'g'
Renal clearance (mL/day) 36 2.7 (1.2, 5.6) 15 0.9(0.2, 3.6) mi:"i ﬁ'ﬁ‘; 3'533 g'm‘mi 3'35 ne
per body weight (mL/day/kg) 0.047  0.034 (0.015, 0.020  0.011 (0.003, MPFOi n' e 0'0024 oloor OII X 0'0'004
P , 0.078) 0.052) MPFNA nd. *** 0.0038 0.0016 0.18 0.0022
Fecal elimination rate (ng/day) 17 15 (5, 30)° 451 364 (95, 886) MPFDA nd. 0.0084 0.0027 0.31 0.0051
Fecal Clearance (mL/day) 16" 1.2 (0.6, 3.0)° 42 36(1.9,6.9 MPFUdA  nd. 0.0163 0.0148 . g
per b(]dy weight (l'l'll./dﬂyfkg) 0.022;I 0.017 (0.008, 0.053 0.048 (0.“25, MPFDoA n.d. 0.0474 0.0286
0.041)° 0.084)
Ratio of elimination rates (fecal rate/ 0.7¢ 0.6 (0.2, 1.7)" 8.8 4.1 (0.9, 19.2)
urinary rate) PFSA
el (el e e (6] 36" 36 (14, 63)° 76 80 (48, 95) PFBS 0.067 0.107 0.0046 0.52 il
MPFHxS n.d. 0.0030 0.0009 0.10 n.d.
MPFOS n.d. 0.0050 0.0045 0.51 n.d.

Andersson et al. 2025. 10.1016/j.envres.2025.122487

“Alternative” PFAS

6:2FTS 0.97 1.13 0.0143 1.63 n.d.
HFPO-DA 1.43 2.45 n.d.
DONA 0.178 0.191 n.d.

Abraham et al. 2024. 10.1016/j.envint.2024.109047
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Local sensitivity analyses of biliary clearance

PFBA PFBS

® % &
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