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PBK modeling for beginners: Modelling Toxicokinetics & Toxicodynamics
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TOXICOKINETIC

Toxicokinetics (TK) is essentially the study of "how a
substance gets into the body and what happens to it in the
body". Four processes are involved in toxicokinetics:

Absorption: is the process of a substance entering the body.

Distribution: is the dispersion of substances throughout the
fluids and tissues of the body.

Metabolism: is the irreversible transformation of substances
and its daughter metabolism.

Excretion: is the elimination of substances from the body.
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TOXICODYNAMICS

Toxicodynamics (TD): The actions and interactions of an
exogenous compound within an organism, including the

compound's affects on processes at the organ, cellular, and
molecular levels
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In order to use in vitro and in vivo kinetic &

dynamic data and reduce uncertainties
related to interspecies, intraspecies, high
to low dose, route to route, and exposure

scenarios
PBK models can be used
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PBK models, in general, are developed to:

Disclaimer.

: The contents of this presentati

1. Integrate diverse sets of kinetics data on a particular chemical;

2. Investigate the kinetics basis of toxicity of a chemical that
appears complex at the administered dose;

3. Predict tissue dosimetry for situations other than what has been
or could be tested experimentally

11 June 2014 Joint 7
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PBK/D : physiologically based kinetic/dynamic

PBTK/D : physiologically based
toxicokinetic/toxicodynamic

PBBK/D : physiologically based
biokinetic/biodynamic

PBPK/D : physiologically based
pharmacokinetic/pharmacodynamic

11 June 2014
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DEFINITION OF PBK model

A physiologically based kinetic (PBK) model is represented
as a set of mathematical equations that together describe
the absorption, distribution, metabolism and excretion of a
compound of interest within an organism.

Under the SEURAT 1 - Project
- within the COSMOS cluster -
we are developing
mathematical models:

11 June 2014
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Steps to build a PBK model

1
2
3
4
5
6

. definition of the conceptual model,

. translation into a mathematical model,
. defining parameter values,

. solving the equations,

. evaluation of model performance, and
. making predictions.

As Reported in Rietjens et al (2011)

11 June 2014
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1. definition of the conceptual model

Example Input: Dermal dose

PBK model
calculates

Example Output: Concentration at
which the toxic metabolite is formed

In relevant tissue

11 June 2014
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1. Definition of the conceptual model,

examples
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Estragole 1’-hydroxyestragole
4-allylphenol 1’-hydroxyestragole
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2. Translation into a mathematical model

Absorption (is the process of a substance entering the body)

Oral

ORAL UPTAKE IS DESCRIBED AS A FIRST ORDER PROCESS:
% = Ko * A(stom)

Dermal

DERMAL UPTAKE 1S DESCRIBED BY A MASS BALANCE DIFFERENTIAL

. . Cskin

dcskin  (Qskin (Ca—CvSkin)+Kp*A [Cwater—(5————]]

EQUATION: ——= o (Ficerc)
SKin

Inhalation
INHALATION UPTAKE: C, =

Q
'
Qc+ Py
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2. Translation into a mathematical model

Distribution (is the dispersion of substances throughout
the fluids and tissues of the body)

QusCa | Cellular Matrix Ctis Qttis Cvtis
Pt
Blood Cvtis
is Qtis = (C;— C,)

11 June 2014 14
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2. Translation into a mathematical model

Metabolism: (is the irreversible biotransformation of substances and its
daughter metabolism in the biota)

This process can occur in three different ways, as:

First order: d“l"ﬂﬂf = R’ C,V,

tis Kf = first order metabolism constant (h-1);
Ccf = is the concentration of the cofactor in tissue, tis;
Second order ‘I“lm_st = K,C,VyisCooy Vtis = is the volume in of the tissue;
Ks = is the second order metabolism constant (L/mg/h);
Vmax = is the maximum velocity of enzymatic reaction (mg/h);
or Saturable: Z4met _ Ymax Cpr and Km is the Michaelis — Menten affinity constant (mg/L)

dt Ko +Cpp

11 June 2014 Joint 15
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2. Translation into a mathematical model

Excretion: is the elimination of substances from the body

Disclaimer.

Urinary excretion is modelled as function of the rates of filtration, reabsorption, and
secretion.

This amount of chemical filtered (dF/dt) equals the glomerular filtration rate (GFR)
and the blood concentration of unbound chemical (Cu):

dF/dt = GFR * Cu

The rate of change in the concentration of chemicals or its metabolite in the urine
(dU/dt) equals the following:
dU/dt=Uo * Cu

where Uo is the urinary output (mL/min) and Cu is the chemical concentration in

urine (mg/mL).
11 June 2014 Joint 16
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3. Defining parameter values
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Parameters needed for the model:

1. Physiological parameters (cardiac output, tissue blood flow
rate, tissue volumes)

2. Physicochemical parameters (partition coefficients)

3. Kinetic and Biochemical parameters (describing metabolic
processes, rates of absorption, biotransformation) - Metabolism
in a realistic biological environment

4. Data on fate of chemical (accumulation, binding, side
metabolism, subsequent reactions)

5. Effect of vehicle

These Parameters are obtained via literature, experimentally
(in vitro or in vivo), using other in silico tools QSARs

17
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4. Solving the equations

R: http://www.r-project.org/

Berkeley Madonna: http://www.berkeleymadonna.com/

MatLab: http://www.mathworks.com/

For the examples presented today we implemented the PBK and VCB Models as an open source
platform using Knime, MySQL and R programs (which are all freely available).

Knime (http://www.knime.org/);
MySQL (http://www.mysql.com/products/);
R (http://www.r-project.org/).

11 June 2014 Joint 18
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5. Evaluation of model performance

Model evaluation is done by comparing the model predictions against experimental in
vivo data (if possible).

A sensitivity analysis is important to perform and provides a quantitative evaluation of
how the input parameters of the model influence the model output.

One input parameter is changed (1 or 5 %) the other parameters are kept at initial value.

Example input parameter is changed (1%) and this generates a sensitivity coeff. of 0.8 =
0.8% change in the input parameter.

> 0.1 in absolute value = parameter that influences the model output.

6. Making predictions

11 June 2014 Joint 19
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Hydroquinone - oral to dermal extrapolation
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Conc. [mg/L]

Oral absorption BW=69kg

==== Dermal absorption (10x) BW=69kg

Drinking
rate
Water

Cream

16mg/mL

Yes

2*448cm?2

20 30

Time[h]

AUC liver
oral dermal
1.322 0.022

Cmax liver

oral
1.579

dermal
7e-04

AUC blood
oral dermal
1.004 0.463

Cmax blood

oral
0.769

dermal
0.0134
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Example & Exercises

] File Edit Flowchart Model Compute Graph Parameters Window Help

D|@E| |0 &2

[ |

:Biochemical parameters

;Linear uptake rate (hr-1)

' :Metabolism liver phase |

VmaxLHEc=1.48 imaximum 111ydroxy=stragole rate estragole in iver = nmol min-1 mg mic. protein-1
VmaxLAPc=0.85 O-d rate le in liver = nmol min-1 mg mic. protein-1
VmaxLEEc=2.16 i idation rate le in liver = nmol min-1 mg mic. protein-1
VmaxLHAc=1.05 Fhydroxyl rate le in liver = nmol min-1 mg mic. protein-1

VmaxLHE=VmaxLHEc/1000"60*MPL*L*BW
VmaxLAP=VmaxLAPc/1000*60*MPL*L"BW
VmaxLEE=VmaxLEEc/1000*60"MPL"L"BW
VmaxLHA=VmaxLHAc/1000*60"MPL"L"BW

KmLHE=116 :km Thydroxylation estragole (umol/L)

KmLAP=458 :km o-demethylation estragole (umol/L) leading to 4-allylphenol (AP)
KmLEE=154 :km epoxidation estragole (umol/L) leading to estragole 2-3-oxide (EE)
KmLHA=93 ;km Fhydroxylation estragole (umol/L) leading to 3-hydroxyestragole (HA)

:Metabolism liver phase Il
VmaxLHESc=0.019 . nmol min-1 mg s9
VmaxLHEGe=7 . nmol min-1 mg s9

VmaxLHES=VmaxLHESc/1000*60*S9PL*L*BW
VmaxLHEG=VmaxLHEGc/1000*60"S9PL"L"BW

KmHES=63 (umaliL)
KmHEG=137

" Metabolism Kidney phase |

VmaxKHEc=0.26 maxi Thydroxy gole rate gole in Kidney = nmol min-1 mg s9 kidney
VmaxKAPc=0.54 i o demethyati rate gole in Kidney = nmol min-1 mg s9 kidney

VmaxKHE=VmaxKHEc/1000*60*"MPK*K*BW
VmaxKAP=VmaxKAPc/1000*60*"MPK*K*BW

KmKHE=22 ;km Thydroxylation estragole (umol/L)
KmKAP=05 .km o-demethylation estragole (umol/L) leading to 4-allylphenol (AP)

" Metabolism Lung phase |
VmaxLuHEc= 0.44 i Thydroxy gole rate gole in Lung = nmel min-1 mg s9 Lung
VmaxLuAPc=0.67 i O-demethylation rate le in Lung = nmol min-1 mg s9 Lung

VmaxLuHE=VmaxLuHEc/1000"60"MPLu"Lu"BW
VmaxLuAP=VmaxLuAPc/1000"60"MPLu"Lu"BW

KmLuHE=25 ;km Thydroxylation estragole (umol/L)

Disclaimer: The contents of this presentation are the views of the author and do not necessarily represent an official position of the European Commission
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Example of human bioaccumulation
model in KNIME workflow

LAKNIME

11 June 2014 Joint 22
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Node 2

KNIME is a user-friendly graphical
workbench for analysis process
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Screening of chemicals for human bioaccumulative potential with a

physiologically based toxicokinetic model
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2. PBTK model

A generic model!
Hepatic metabolic clearnace,
protein binding and renal
excretion!

Repeated Exposures

Absorption
Compartment
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Portal Vein

T Qv
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Systemic

Compartment [+
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Liver
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dCIiv
liv dt
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Excretion

cL | Metabolic
Clearance

= QPV (Csys - CPV ) + D/T

Systemic Concentration

3. Bioaccumulation

Steady-state blood concentration of the
chemical in the systemic circulation!
The ratio Dose/Time mimics a constant
flow and may be seen as the result of a
constant exposure scenario!

N

!,’:-'f:(\; \f vV v

2 \/ /ﬁ

1. Background Information- Aim

To develop a predictive tool for human
bioaccumulation risk assessment that
incorporates not only the chemical
properties of the compounds, but also
metabolism.

4. Results

Simulations results
94 compounds selected for
simulation

Highest 10 reported!!!

1000
900 |
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hBCF
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VSyS —2r = QPV (Cliv - Csys) + QHA (Cliv - Csys) - CLRCsys

dt

*
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sys

Time
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800 |
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Human Bioaccumulation model /R

=2
We implement the developed PBK model by Tonnelier et al., (2012) Node?

as an open source in KNIME.

Repeated Exposures Database
Database Connector Database Row Filter Connection Reader
CAbsorptlon Ka I i P m
ompartment
v =23 ) )
. Chemical Selection
Portal Vein
7} . .
QPV 5 ! va XIS . Joiner R Snippet Table R-View
HA L
- 5 e — R D—Di
Systemic . @ L
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Q.+ R Model Scprit HBf output
Ly lRenal et Qun a1, | Metabolic )
Excretion Clearance
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In silico tools

Under the SEURAT 1 - Project - within the COSMOS cluster - we are
developing mathematical models:

Virtual Cell Based (VCB).

11 June 2014 26
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In vitro experiments
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Virtual Cell Based model
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The VCB model consists of ordinary differential equations representing:

A fate model

exchange

v Wells
i
eadspace

Plastic . M d“_l lil]_id ) d
binding Chemical 1] protein binding

A cell growth model

G —(s)—e—(m;

11 June 2014
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Methodology [1]
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Partitioning approach:

Total concentration in the medium

<« Wells
Media/headspace -1 exihange V dCTotaI As F _ K V C
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Media lipid
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binding binding

@@ ;3

— 3
1 C
= Total
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In vitro experiments
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Cell Partitioning Model

dC, MwyV?®

dt

Methodology [2]

Cell internal concentration:
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Methodology [3]
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\= Methodology [4]

NEC: No effect concentration
Toxicity model Kt: killing rate

— Zi + kt (Cb — NEC)

Z.
i = 7,

120 -
100 |
£ =0 |
s
£ 60 |
8
S a0
P. =EXP\—~Z [2]
| | 0 —_— ; —_—
& IS

dC, Mwy?# C,dw

dt — W (rda'Cdis — I 'Caq)_ Wt
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What type of data you need

> In vitro concentration profiles (with cells selected) - cell
viability and mmp

> In vitro cell dynamics and cell characterization (cell cycle)
> In vitro partition coefficients

> Information on Chemical: Cas #, Mw, LogKow, H, Mv, water
and air degradation

Can be used to predict
> Single and repeat in vitro exposure

> Real concentration of the parent compound
Limitation

> Does not predict full metabolism

Joint 33
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KNIME is a user-friendly graphical
workbench for analysis process
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Database Connector  Database Row Filter Database
ﬁ Connection Reader
ﬁ
E=9 ) )
Cell Type Cell Type Row Filter Missing Value XLS Writer
Joiner (deprecated) R Snippet (deprecated)
Database Connector Row Filter :="' P—> R = ﬁ
ﬁ—- B @ e
Output Table
.@ . . Joiner Table R-View
Organic Compound Chemical Row Filte
Database Connector Query -
ﬁ—. & rimental Parameters E=9 :Eii
=9 =9 Output Graphic
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XLS Reader
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Type of plates tcplates filter Simulation Data
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Cell-Based Integrated Model

Database Row Filter
Database Connector \
e "F
=9

Cell T Row Filter
Cell Type y cD:.Tm

nection Reader

Database Connector Data Row Filter

XLS Writer

=9
Output Table

f@—\:dnﬂ [}_/"> i)
() -~ i
Toxicological Data
Orgamc Compound Chemical Row Filt @
Database Connector D Que Joiner

@
Toxicological Tomcologlcal Q...

Database Connector Database RO:V
=9
Experimental Parameters  XLS Reader

@
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=9
Simulation Data
INPUT ZONE
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A Dialog - 0:1 - CellBasedAssayModel7 ... lie= (=) .S

|| File

error= )"

RepeatDose I Flow Variables Memory Policy

Optimization Parameters

Experimental Conditions

Options | Initial Conditions | Partitioning |

Select Mode

Cell-Based Assays Integrated Model

(Viability .., —Viability ;. f

(") Cell Based Assay Model

(@) Farameter Optimizatiort

(") Check Optimization

(") Repeat Dose

CONC (pg/mL)

0.78
1.56
3.13
6.25
8.78
12.5
25

44 .44
50
66.67
100

VIABILITY (%)

104.15

106.40 11.24928
104.08 7.671877

108.16
100.31
81.37

58.70 9.369224

42.82
32.91
25.37
16.97
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Model Script

R Snippet (Local)

o

Model

CORE ZONE
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R Command | R Binary | Flow Variables | Memory Policy|

Commission

Column List

§ CelType

D durationgl
D durations

D durationg2
D durationm
D mortalitygl
D mortalitys
D mortalityg2
D mortalitym
D volumeg1
D volumes

D volumeg2
D volumem

D massgl

D masss

D massg2

D massm

D initiaiCelPopg1
D initaiCelPops

1S

"

§3%

R Snippet

#Differential ecuations

(t,sctate, ) {
with(as.list(c(state, parameters)), {
#x1 total concentration in the medium
x2 n in the
#x3 concentration inside the cells
rmax<-R$"rmax" (1]

Ksat<-R$"Ksat"[1]

Cdcomp<-xx1/ (1+Ks*STt+K1*Lt+Kp*SP/V) #(A4)

kaw<~ (kgeomp*KGLcomp*klcomp) / (klcomptkgeomp*KGLeonp)
$ kgcomp mass transfer coefficient on the air (m.s-1)
$ klcomp mass transfer coefficient on the water film (m.s-1)
$ KGlcomp dimensionless gas-liquid distribution coefficient.

Fawcomp<-kaw* (~Cdcomp+xx2/KGLcomp)
if(ncells>l) (
W<-mcells/ncells
Vcell<-Vcells*lE€/ncells

DeltaC<~ (Cdcomp-xx3/ (Micomp* (faq/rhoaq+fL*KL/rhol+£P*KP/zhoP)))
¢ Passive diffusion + mediated transport

if(DeltaC==0.0) {

$(A16) mass transfer coefficiend

gorganism weigth (g)

))/W gim 1 mol-1 s-1

rexchange<-0.0
} else {
omp* (Veell~ (2/3)
}
ght_change*xx3
cells_up- (
} else {
xdot3<=0
cells_up<--chexdead

}
Fdecomp<-kdeccomp*Cdcomp
xdotl<- (P*Fawcomp-Fdecomp-cells_up)
Fdecompa<-kdecacomp*xx2
Flosses<-Fexch*xx2

(=Ph
list(cixdotl, xdotZ, xdot3))
n
}

gend function

#end differential ecuations

coreModel<-function(ci, cii, cell i NEC kt) {

library(deSolve)

##Inicial Conditons

if(R$"Mode" [1]=="Repeat Dose™) {

TotalTime<-R$"IntervalDoses” (1] $hours

L} else {

Joint
Research

Centre

) *mcells*1E-3/Micomp/V
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IVIVE model

Currently we are developing a KNIME workflow to link the PBK model
(simulating organ internal concentration to the concentration inside the cell)
to link to the VCB model NEC and kt (cell viability).

This allows prediction of the chemical concentration starting from a known
exposure dose which could be linked to a toxicity endpoint, such as cell
viability; or to perform In Vitro to In Vivo Extrapolation, starting from an
experimental concentration we obtain the dose.
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mal _PBK/B
L RowlD
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=9 =9 A
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If you have Questions, Comments and/or Suggestions please email
to Alicia.Paini@ec.europa.eu
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