w 2
-

Perfusion
hepatic artery Qna (5%) ;

p——

@
k2 Qpv

p
Oral application
Q@ oo
Vuomasetnzo0g .
Polonsky1986 1
Mitrakou1992

Advancing Liver Function Assessment: Personalized and Stratified
Approaches with Standardized Computational Models and Data

Matthias Konig ﬁ DFG

Workshop Computation Models in Biology and Medicine, Stuttgart, 2023-06-15
Humboldt-University Berlin, Systems Medicine of the Liver Lab L“ndeF'Lj‘rgggung

https://livermetabolism.com
% koni
o ‘\M deNBI

BMBF, ATLAS (Al and Simulation for Tumor Liver ASessment), grant number 031L0304B. DFG, Research Unit Programme FOR 5151
"QualLiPerF (Quantifying Liver Perfusion-Function Relationship in Complex Resection - A Systems Medicine Approach)" grant number
436883643 and by Priority Programme SPP 2311, Subproject SimLivA - Simulation supported liver assessment for donor organs-
grant number 465194077.

Bundesmmlstenum


https://livermetabolism.com
https://twitter.com/konigmatt




Liver function

e Diagnostics

e Monitoring disease progression &
interventions

e Functional capacity
o hepatectomy
o transplantation




How to measure liver function?

Liver biopsy
“gold standard”

histology not function
highly invasive

e sampling & interobserver
variability

Static liver function tests

single point biochemical
parameter

AST, ALT, prothrombin,
albumin

no reliable marker to
quantify liver function

plasma
concentration
QU P

\ A=

&8 tme

Dynamic liver function tests



Dynamic liver function tests

Liver specific elimination of test
substance in vivo

Rate of disappearance as proxy for
liver function

Metabolic phenotyping of

pathways/enzymes
o caffeine (CYP1A2)
o indocyanine green (OATP1B3, excretion)
o dextromethorphan (CYP2D6)
o  chlorzoxazone (CYP2E1)
o ..
Challenge

o large interindividual variability

plasma

concentration







Pharmacokinetic models

e Elimination of drugs can be
studied via compartmental
models

e Main processes

O O O

O

absorption
distribution
metabolization
elimination

e Ordinary differential equations
(ODE)

Absorption Excretion
Drug at .
Absorption ) — Dé‘;%\',“ — Exl;:rrjted
Site 9

l Metabolism

Eliminated

Metabolite —
Metabolite

in Body

Metabolite
Elimination

FIGURE 2-5. A drug is simultaneously absorbed into the body and eliminated from it, by excretion and
metabolism. The processes of absorption, excretion, and metabolism are indicated with arrows and the
compartments with ovals. The compartments represent different locations and different chemical
species (color = metabolite). Metabolite elimination may occur by further metabolism or excretion.



Pharmacokinetic models

e Elimination of drugs can be
studied via compartmental
models

e Main processes (ADME)
o absorption
o distribution
o metabolization
o elimination
e Ordinary differential equations
(ODE)

Absorption

Drug at

Absorption | —

Site

Metabolite \
in Body

Excretion
Drug in Excreted
Body Drug
l Metabolism

Eliminated
Metabolite

Metabolite
Elimination

FIGURE 2-5. Adrug is simultaneously absorbed into the body and eliminated from it, by excretion and
metabolism. The processes of absorption, excretion, and metabolism are indicated with arrows and the
compartments with ovals. The compartments represent different locations and different chemical
species (color = metabolite). Metabolite elimination may occur by further metabolism or excretion.

FIGURE 2-6. Time course of drug and
metabolite in each of the compartments
shown in Fig. 2-5. The amount in each com-
partment is expressed as a percentage of
the dose administered. In this example, all
the dose is absorbed. At any time, the sum
of the molar amounts in the five compart-
ments equals the dose.
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Drug metabolism in a nutshell

e metabolism of xenobiotics is often divided into 3 Electrophiles
phases: modification, conjugation, and excretion. Lipophilic R—R R=0 > R-SG
B Glutathione
e Cytochrome P450 (CYP) main players in phase | aEaEy 0 conjugation
(modification) CYP Hydrophilic
e UDP-glucuronosyltransferases (UGT) main players R Phase | Phasell
phase Il (conjugation)
Hydrolysis /—P R-SO,H
e ATP-binding cassette (ABC) and Reduction =lfetion o
transporters are main drug transporters R-OH R-SH R-NH, orration ¢
. , Nucleophiles @~ ——» R-Gl
e Multiple isoforms of CYP, UGT, ABC and SLC with Glucuronidation UGT

different substrate specificity

e Multiple organs
o Intestine: often metabolization during
absorption
o Liver: main organ of drug metabolism
o  Kidneys: minor metabolism & excretion of
(modified) compounds in the urine

>~ ¢

https://en.wikipedia.org/wiki/Drug_metabolism
Created with Biorender.com.
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Physiologically based pharmacokinetics (PBPK) models

Arterial blood

e Human p.h).'smlog.y in Y e I
silico - Digital Twin o —
e% \ % Rest {4 (3%
o Multi-scale = =
-------- > J
Body-Organs-Cells 3 e N
= ol x
i i 2  Tract (&
e High pharmacological : =&
& clinical relevance =
o Individualization & N |
Stratification Kidney

o Pathophysiology | - g




Physiologically based pharmacokinetics (PBPK) models

Magnusson2008 (100 [mg] oral)

e Metabolite time @ — smeat
P i —SiM PX
courses &2 B a0
. . -8B px=SD (n=7)
blood, urine, tissues = 20-
—
€ 1.51
« N .‘E
T 1.0-
3 9
. 5
8 Y o5
= axanthine
0.0
— 0 2 4 6 8
time [h]
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Plasma Phenytoin

Large interind
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FIGURE 1-7. Although the average
plasma concentration of phenytoin on
chronic dosing tends to increase with
the dosing rate, there is large variation in
the individual values. (From: Lund, L.
Effects of phenytoin in patients with
epilepsy in relation to its concentration
in plasma. In Davies DS, Prichard BNC,
eds. Biological Effects of Drugs in
Relation to Their Plasma Concentration.
London and Basingstoke: Macmillan,
1973:227-238.)

idual variability

Percent of Patients

1

2 3 45 6 7 8 910 111213

Unbound Plasma S-Warfarin
Concentration (pg/L)

FIGURE 1-8. There is considerable
interindividual ~ pharmacodynamic
variability in response to the oral an-
ticoagulant warfarin as demon-
strated by the substantial spread in
the unbound concentration of the
active S-isomer associated with a
similar degree of anticoagulation in
a group of 97 patients on mainte-
nance therapy. (From: Scordo MG,
Pengo V, Spina E, et al. Influence of
CYP2C9 and CYP2C19 genetic poly-
morphisms of warfarin maintenance
dose and metabolic clearance. Clin
Pharmacol Ther 2002;72:702-710.)
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Variability in physiology

large differences in body
weight, organ volumes,
perfusion

age & sex dependencies
changes in disease
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Variability in protein amounts

C crpans CYRie2 Fig. 1. Bar graph (A and B) and pie chart (C) of weighted mean AmiOdarone Naproxen Caﬁeine CthrZOXaZOne
CYP3AL - CYP1A2 Sacadibegs o Cyio et foole  ASY Giryiias o Tivess e oalt Taxol S-Warfarin Theophylline Ethanol
P Caucasians. Error bars represent weighted standard deviation Phen Oin Halothane
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' v v
P 1A2 2E1 %
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CYP2D6 cYP2c19 v v
A C FIGURE 5-3. Graphic representation of the different forms of human cytochrome-P450 enzyme
(circles) with different but often overlapping substrate specificities. The arrows indicate the single
T 300 3 600 metabolic pathways. Representative substrates are listed above each enzyme.
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© 1501 . 300 . < Fig. 2. A scatter plot of the measured abundance values of P450 (A
'E ‘ o* o * e and B) and UGT (C) enzymes. The number of samples is 24 for
B 100{*. « - 1 :: 200 o . each enzyme except CYP2C9, CYP3AS5, CYP3A7, CYP3A43,
< . :' . :: . . 2 . : . UGTI1A3, UGT1A4, and UGTIA6 (n = 23). Lines indicate
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Pharmacogenomics

—e— No Functional CYP2D6 gene

16 - —e— 1 Functional CYP2D6 gene
—a— 2 Functional CYP2D6 genes
3 Functional CYP2D6 genes
—e— 13 Functional CYP2D6 genes

-
N

Plasma Nortriptyline
Concentration (pg/L)

0 T T d

0 24 48 72
Hours

FIGURE 13-2. Strong genetic influence in the pharmacokinetics of nortriptyline is clearly demon-
strated by the high correlation b the plasma concentration-time profile and the number of
functional CYP2D6 genes possessed by an individual; the larger the number of functional genes, the
higher is the clearance and the lower is the exposure profile following a single 25-mg dose of nortripty-
line. (From: Dalén P, Dahl ML, Bernal Ruiz ML, et al. 10-Hydroxylation of nortriptyline in white persons
with 0, 1, 2, 3, and 13 functional CYP2D6 genes. Clin Pharmacol Ther 1998;63:444-452.)

Slow metabolizers

300 -

Extensive
metabolizers

Plasma Metoprolol
Concentration (pg/L)

Hours

FIGURE 13-3.  Plasma metoprolol concentrations after a single oral dose of 200-mg metoprolol tartrate
were much higher in poor (colored line) than in extensive (black line) CYP2D6 metabolizers. Because
metoprolol is a drug of high hepatic clearance, the difference between poor and extensive metabolizers
is expressed in the large difference in oral bioavailability, because of differences in first-pass hepatic
loss. (From: Lennard MS, Silas JH, Freestone S, et al. Oxidative phenotype—a major determinant of
metoprolol metabolism and response. Reprinted by permission of New Eng J Med 1982;307:1558-1560.)

800 r 40

600 r 30

: 20

200 I l l - 10
0 I- 0

FIGURE 13-4. Genetics plays a significant role in the maintenance dose requirement of warfarin
used in the treatment of various cardiovascular diseases. Shown are the unbound clearance of
S-warfarin (black) in groups of patients with different CYP2C9 genotypes, all titrated and stabilized
to a narrow target INR (International Normalization Ratio) range, a measure of anticoagulation, of
between 2 and 3, and the mean weekly maintenance dose (obtained by summing the daily dose
over 1 week, in color). Warfarin is administered as the racemate, with most of the therapeutic ef-
fect associated with the more active S-isomer, which is primarily eliminated by CYP2C9-catalyzed
metabolism. Homozygous patients with two wild-type alleles (denoted by CYP2C9*1/*1) have the
highest S-warfarin clearance and require the highest maintenance dose, and those with two of the
most deficient alleles (CYP2C9*3/*3) have the lowest clearance and need the smallest mainte-
nance dose. Heterozygous patients have intermediate clearance. However, as noted in Fig. 12-4
(Chapter 12, Variability), in addition to pharmacokinetic variability, there is also considerable in-
terindividual variability in pharmacodynamics of this compound. (From: Scordo MG, Pengo V, Spina
E, et al. Influence of CYP2C9 and CYP2C19 genetic polymorphisms of warfarin maintenance dose
and metabolic clearance. Clin Pharmacol Ther 2002;72:702-710.)

Unbound Clearance of S-Warfarin
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Pharmacokinetics Database (https://pk-db.com)

e Database of pharmacokinetic
time courses and parameters

e liver function tests

o icg, caffeine, LIMAX, galactose,

Gd-EOB-DTPA
e metabolic phenotyping
o dextrometorphan,
chlorzoxazone, talinolol
e important drugs
o paracetamol, omeprazol,
pravastatin, simvastatin,
metoprolol, midazolam,
diazepam, sorafenib, ramipril,

Publications

Raw data

+ extraction + integration
REST

PK-DBCURATION R i}

PK-DB

il

ooifnoo l_ e REST API
i ;0 011012001 /> validation
Gotcioinn + programmatic

ﬁgure data meta access

panels sets data 0 \BML
A % 8Naw  [fiOm

Subjects Intervention Dosing .
L” Computational models
& meta-analyses

Grzegorzewski J, Brandhorst J, Green K, Eleftheriadou D, Duport Y, Barthorscht F, Koller A, Ke DYJ, De

Angelis S,

PK-DB: pharmacokinetics database for

Konig M.

individualized and stratified computational modeling

Nucleic Acids Res. 2020 Nov 5:gkaa990. doi: 10.1093/nar/gkaa990.

web interface
human
access

Exploration
& reuse
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Individuals

Intervention

Qo

MALES

Our subjects were 13 normal males (age range 18 to 71 years; mean weight = S.D. 80.0 + 12.18
kg), nine normal females not taking OCS (age range 22 to 33 years; mean weight = S.D. 58.0 = 5.9
kg), and nine healthy females (age range 22 to 33 years; mean weight + S.D. 58.4 = 9.6 kg) who had
been on OCS for more than 6 months. Five of the 9 normal women not taking OCS were studied
during the second half of their menstrual cycle and 4 during the first half. All subjects studied had a
normal clinical history, physical examination, and sequential multiple analyzer of 12 vital determina-
tions (SMA,,) profiles and, apart from oral contraceptives as indicated above, had taken no drugs or
alcohol for at least 2 weeks prior to the study. Smokers were not included in this study.

After an overnight fast the subjects
received 250 mg of caffeine (approximately equivalent to 3 cups of coffee) in a capsule with 150 ml of
water.

Time courses

FEMALES -NO 0CS

Table 1. Pharmacokinetic parameters of caffeine (250 mg) in males, females,

[ 0

g 8-

é é and females on OCS
£] : Normal females Normal females
o ' Normal males | taking no OCS on OCS
£ : (n =13) (n=9) (n=09)
. ‘ : 10.7 = 3.0t
& o) (hr) 55+26 62+ 16 .7 £ 3,
2] i X v/éﬁ,‘ii (L/kg) 0.54 £0.18  0.69 = 0.16" 0.72 + 0.24
£ i i Vel(extrapy (L/K8) 054013 070 +014" 0.75 + 0.28
£ 4 3 Plasma clearance (ml/min/kg) 1.3 £ 0.42 13035 0.79 + 0.211
84 2 2 Plasma binding (%) 314+19 31.5%45 29.35 + 2.17
: Plasma clearance of unbound drug 1.8 = 0.6 1.97 = 0.57 1.12 £ 0.28%

S0 5 @ 0 5 6 B @ s % B 5 b 5 % B % (ml/min/kg)
TIME, hours TIME, hours TIME, hours
Values are mean * S.D.

Fig. 1. Comparison of caffeine plasma concentration/time profiles in 13 healthy male subjects (left *p < 0.05 for normal males vs females taking no OCS.
panel), nine healthy females taking no OCS (center panel), and nine healthy females on OCS (right tp < 0.001 for females taking no OCS vs. females on OCS.

panel) (mean * S.E.).



PK-DB content

| 758

38 2439

S 17050

R 2163

|l 136330

[~ 6662

les£ 150

Studies

Groups

Individuals

Interventions

Outputs

Timecourses

Scatters

£ DATA

Clinical or experimental study measuring data in
groups and/or individuals.

Group of individuals for which data was reported,
e.g., the control group and the group which
received an intervention. A group is described by
certain characteristica, e.g., bodyweight, health
status, smoking status or medication.

A single subject in the study. A subject is
characterized by the group it belongs to as well as
individual characteristica like age, body weight or
sex. Individuals are only created if outputs or
timecourses have been reported on the subject
level (not group level).

Intervention which was performed in the study.
Often interventions consist of application of a
substance, e.g. caffeine or codeine. Other
examples are changes in lifestyle like smoking
cessation.

Clinical or experimental output. These can be
single parameters or variables, e.g.
pharmacokinetic parameters like AUC, clearance
or half-life of the applied substances. An output is
always linked to the respective intervention and
group or individual.

Clinical or experimental time course
measurements. Often timecourses are
concentration measurements. A timecourse is
always linked to the respective intervention and
group or individual.

Correlations between outputs are often provided as
scatter plots (e.g. age ~ clearance).
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Table 1: Overview of curated clinical studies

References PK-DB PMID Dosing protocol Healthstatus  Data Fit __ Validation
: PKDBO00621| 26680654 250 mg. oral. single dose, tablet healthy plasma time-course (CZX. 6-OH-CZX*) v *
INeerati| 2016)
PKDB00622 27670974 250 mg, oral, single dose, tablet healthy plasma time-course (CZX, 6-OH-CZX*) v *
[@E PKDB00623 28983678 250 mg, oral, single dose, tablet healthy plasma time-course (CZX, 6-OH-CZX*) v *
2018)
Benowitz et all PKDB00623 |14586387] 250 mg. oral, single dose, tablet healthy plasma time-course (CZX), urinary v
recovery
Chalasani et a PKDB00623 [12601351] 500 mg. oral, single dose, tablet healthy plasma time-course (CZX), urinary v
(2003) recovery
Burckar PKDB00624 9542473 250 mg, oral, single dose, tablet healthy plasma time-course (CZX. 6-OH-CZX), v
g% urinary recovery
PKDB00626 7849234 250 mg, oral, single dose, tablet healthy plasma time-course (CZX), urinary v
(1994) recovery
Drcishach PKDB00627 12534643 500 mg. oral, single dose, tablet healthy plasma time-course (CZX, 6-OH-CZX), v/
urine time-course (6-OH-CZX)
Emstgard et al PKDB00699 (15255802 250,500, 750 mg, oral, multiple healthy metabolic ratios, urinary recovery v
(2004) dose, tablet
Frycetal] (1998)  PKDB00G29| (9597564 250,750 mg, oral, multiple dose,  healthy plasma time-course (CZX, 6-OH-CZX), v
tablet urine time-course (6-OH-CZX)
PKDB00G31 (7910460 500 mag, oral, single dose, tablet  healthy, plasma time-course (CZX,6-0H-CZX), v v/
alcoholics urine time-course (6-OH-CZX)
PKDB00632 31363741 400 mg. oral, single dose, tablet healthy plasma time-course (CZX) v
PKDB00633 31222796  0.005.0.01,0.05,0.5,5, 50 mgas  healthy plasma time-course (CZX, 6-OH-CZX*) v
solution, 250, 500 mg as tablet,
oral, multiple dose
PKDB00G9S 20233178 250 mg, oral, single dose, tablet healthy urinary recovery v
PKDB00623 8513656 750 mg, oral, single dose, tablet healthy plasma time-course (CZX), urinary v
recovery
PKDB00634, |10832901| 750 mg. oral, single dose, tablet healthy plasma time-course (CZX) v
PKDB00636 (15841467 500 mg, single dose, tablet healthy plasma time-course (CZX) v
PKDB00637 8120116 500 mg oral, single dose, tablet healthy, plasma time-course (CZX, 6-OH-CZX), v v
alcoholics urine time course (6-OH-CZX)
PKDB006SS 7625570 500 mg oral, single dose, tablet alcoholics metabolic ratios v
Mishin PKDB00638 9820389 750 mg, oral, single dose, tablet alcoholics plasma time-course (CZX. 6-OH-CZX) v
(1998)
©Oneta et al PKDB00689 7955797 500 mg, 250 mg, oral, multiple alcoholics metabolic ratios. Z
dose, tablet
gg} 3; cta 16321567 500 mg, oral, single dose, tablet healthy, metabolic ratios v
{2006) steatosis,
steatohepatitis
[0°Shea et all PKDBO0697 11804663 250 mg, oral, single dose, tablet healthy plasma time-course (CZX, 6-OH-CZX), v/
urinary recovery
PKDB006411 (16397290 400 mg. oral, single dose, tablet healthy plasma time-course (CZX, 6-OH-CZX) v/
PKDB00643 (19326774 250 mg. oral, single dose, tablet healthy plasma time-course (CZX) v
(2008)
Vesell et al! PKDB00644| (7773304 250 mg, oral, single dose, tablet healthy plasma time-course (CZX), urine v
time-course (6-OH-CZX)
&anzeial. PKDB00639 12534643 500 mg, oral, single dose, tablet healthy plasma time-course (CZX), urinary
recovery
Witt et al PKDB00640] 27300008 5,2.5,0.5,0.25,0.05,0.025,0.005,  healthy plasma time-course (CZX. 6-OH-CZX*)
0.0025mg, oral, single dose,
solution
[Wilkinson et al PKDB00700 881642 ethanol: 11.2,22.5,33.7,450 g, healthy plasma time-course (ethanol) 7

oral, single dose, solution

*6-OH-CZX was measured without the chlorzoxazone-O-glucuronide.
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Caffeine meta-analysis
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J.Grzegorzewski, F.Bartsch, A.Koller, and M.Konig
Pharmacokinetics of caffeine: A systematic analysis of reported
data for application in metabolic phenotyping and liver function
testing

Frontiers in Pharmacology

10.3389/fphar.2021.752826

2022, Vol12; doi:

Grzegorzewski J, Brandhorst J, Green K, Eleftheriadou D, Duport
Y, Barthorscht F, Koller A, Ke DYJ, De Angelis S, Konig M.
PK-DB: pharmacokinetics database for individualized and

stratified computational modeling
Nucleic  Acids Res. 2020 Nov  5:gkaa990. doi:
10.1093/nar/gkaa990. 21
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METDETOX - METabolization and DETOXification protein database

CYP2E1

e Protein distributions (interindividual variability)
are key to understand variability in drug oogmen o
metabolism and hepatic function :

e Cytochrome P450 (CYP, n=35)

UDP-glucuronosyltransferases (UGT, n=16) e
ATP-binding cassette transporter (ABC, n=24) memes e e
Solute carrier organic anion transport (SLC, ° pii.einz,iﬁg;";[,:;z.,mg]
n=102) Aeitons

e Objective: Determine distributions and %
correlations in protein abundance of CYP, UGT, =

3 Wegler2022

Density

ABC and SLC isoforms

0.010

0.005

0.000

50 100 150 200
Protein abundance [pmol/mg]
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Protein

CYP2c9
CYP3a4
CYP2E1
CYP3A5
CYPaa1l
CYP2A6
CYPAF12
CYP1A2
cpacs
CYP2D6
CYpar2
CYP20A1
CYP8Bl
CYP4F3
CYP2B6
CYP27A1
cYpac19
CYPS1A1
CYPAF11
CYP39A1
CYP2s1
cypav2

CYP3AT7

CYP2A13
crp7B1
crpacis
CYP3A43
CrPan22
crPj2
CrPIAL
CYP7AL
crP2a7
CYPaFs
crpul
CYPaF22

Large variability & multitude of isoforms (Human Liver)

Cytochrome P450 (CYP)

cyp (m=35)

‘"

107! 10° 10! 107
Protein abundance [pmol/mg]

A. Hossain, S. Silberhorn, M. Konig. Protein distributions of drug metabol
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1. dextromethorphan
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CYP2D6 Polymorphism

poor
metabolizer
(PM)

e genetic variants have
different activity values =~ Trenslationofas

into phenotype
groups

e subjectscarry
combinations of these

. Activity Score (AS)
variants

e sum of individual
activity values is the
.« . % activity (Percent
activity score (AS) Activity System)

Activity Score (AS):  AS = _ ActivityValue

[4] K. E. Caudle et al., “Standardizing CYP 2D6 Genotype to [5] M. Whirl- Carrillo’, R. Huddart1 L. Gong K. Sangkuhl, C.F. Thom, R.

Phenotype Translation: Consensus Recommendations from  Vhaley and TE. Klein. -

the Clinical Pharmacogenetics Implementation Consortium WWWMZW Clinical
and Dutch Pharmacogenetics Working Group,” Clin Trans| Scif’harmacology & Therapeutics (2021) online ahead of print.

vol. 13, no. 1, pp. 116-124, Jan. 2020, doi: 10.1111/cts.12692.

-:ontinuum of CYP2D6 activity due to genetic

rpcees [N O] (2000

intermediate extensive ultrarapid
metabolizer metabolizer metabolizer
(M) (EM) um)

M

(4]

740 ] s0 |["eo |70"] NG NSO NN N - I -

Activity Value  Allele

B 0 *3,%4, *5, %6, *7, *8,11,*12,*13,*15,*42,*44, ...
0.25 *10
0.5 *9,*10x2,*14,*17,*29,*41,*49,*50,*54,*55,*59
B 1 *1,*2,*0x2, *17x2, *33,*34,*35,*45,*46,*53,
. >1 *1x2, *1x>2, *2x2, *1x>3, ...

(5]


http://www.ncbi.nlm.nih.gov/pubmed/34216021
http://www.ncbi.nlm.nih.gov/pubmed/34216021

Dextromethorphan - Genetic polymorphisms CYP2D6

Whole-body model

Tissue models

Qfo_shunt (0.4%)

Hepatic vein

C

<
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Intestine
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< Qki
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Intestine .. < Intestinal
" 6\/ lumen
( Dissolution |3 ~ Absorption )
e por
\ ¢ blood
.
Liver Kidney

Kidney

Urine @ PO administration

A

——<mm—| |V administration

=

OCH, OH O—AGlc
'S 0

Dextromethorphan Dextrorphan

Dextrorphan-O-glucuronide
J.Grzegorzewski, J.Brandhorst, M.Konig
Physiologically based pharmacokinetic (PBPK) modeling of the role of CYP2D6 polymorphism for
metabolic phenotyping with dextromethorphan

https://doi.org/10.1101/2022.08.23.504981 [in print, Frontiers in Pharmacology] 26
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Model of CYP2D6 polymorphism and variability

|
Activity Value | Allele
Enzyme Data Model
. 0 *3,*4, *5, *6, *7, *8,*11,*12,*13,%15,*42,*44, ...
0.25 *10
10 (1.0, 1.0)
0.5 *9,*10x2,14,%17,*29,*41,*49,*50,*54,*55,*59
* * * * * * * * * * Z
| 1,42,%0x2, *17x2, *33,%34,"35,45,*46,"53, evpang i
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Effect of polymorphism on pharmacokinetics
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Metabolic phenotyping

e Model predicts effect of
CYP2D6 activity and genetic
polymorphisms

e Urinary cumulative metabolic
ratio (UCMR) for metabolic
phenotyping

J.Grzegorzewski, J.Brandhorst, M.Konig
Physiologically based pharmacokinetic (PBPK) modeling
of the role of CYP2D6 polymorphism for metabolic
phenotyping with dextromethorphan
https://doi.org/10.1101/2022.08.23.504981

In print, Frontiers in Pharmacology
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https://doi.org/10.1101/2022.08.23.504981

Dextromethorphan - CYP2D6 populations

mm— AS: 0.0 mmmm AS:0.25 mmsm AS: 0.5 AS: 1.0 AS: 1.25 AS: 1.5 AS: 2.0 wmmm AS: 3.0
A

J.Grzegorzewski,

J.Brandhorst, M.Konig

Physiologically based

pharmacokinetic (PBPK)

= modeling of the role of

- CYP2D6 polymorphism for
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pravastatin
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Pravastatin - Hepatorenal impairment

( ]::;? Lung ::.m—
ﬁ Rest < é;—:
N e

8 Liver @ 40045{%
= circulation ] HL Pujol, J Grzegorzewski, F Bartsch, HM
% - - é Tautenh.ahn, . M.Ifﬁni-g
g roren A physiologically based pharmacokinetic
> (PBPK) model of pravastatin: Impact of
PR P hepatorenal impairment and genetic
polymorphisms of OATP1B1, OATP2B1 and
Kidney MRP2 [submitted]
L Jrine | https:/www.youtube.com/watch?v=ddQYx4

B : fGgRE
& Bie) st .&j

v

;Dissélution: . .

pvi e s

Normal livel Mild cirrhosis Moderate cirrhosis Severe cirrhosis Normal kidney Mild renal . Moderate renal . Severe renal
INEr function impairment impairment impairment
function (CTPA) (CTPB) TP O) P ¢ p
(points)
510 6 7109 10t0 15 >90 90 to 50 4910 30 <30


https://www.youtube.com/watch?v=ddQYx4fGqRE
https://www.youtube.com/watch?v=ddQYx4fGqRE

Pravastatin - Renal impairment

Normal kidney Mild renal Moderate renal Severe renal
function impairment . impairment - impairment
>90 90 to 50 4910 30 <30

0.7

N w L

AUCInf [pumole/liter*hr]
=

Control
e Mild renal impairment
mmm Moderate renal impairment
mmm Severe renal impairment
D Halstenson1992
Simulation
‘M Halstenson1992+SD (n=4)

—e— Control

—&— Mild renal impairment

1 —e— Moderate renal impairment
—&— Severe renal impairment

HL Pujol, J Grzegorzewski, F Bartsch, HM
Tautenhahn, M.Konig
A physiologically based pharmacokinetic
(PBPK) model of pravastatin: Impact of

o
o

©
wn

0.4 hepatorenal impairment and genetic
polymorphisms of OATP1B1, OATP2B1 and
0.3 MRP2 [submitted]
https./www.youtube.com/watch?v=ddQYx4
0.2 fGgRE

Renal clearance [I/min]

0.1

T T T T 0.0+
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https://www.youtube.com/watch?v=ddQYx4fGqRE
https://www.youtube.com/watch?v=ddQYx4fGqRE

Other models/data

Omeprazol (CYP2C19)
Indocyanine green (OATP1B3)
Pravastatin (OATP1B1)
Metacetin (LIMAX, CYP1A2)
Talinolol (P-Glycoprotein)
Chlorzoxazone (CYP2E1)
Paracetamol

Caffeine (CYP1A2)
Metoprolol (CYP2D6)
Simvastatin (OATP1B1)
Midazolam (CYP3A4)
Galactose
Codeine/Morphine

Glucose

o Glucose, Insulin, C-Peptide, Glucagon,

FFA, GIP, GLP-1, ...
Ramipril

Digital Twins for liver function

dextromet I
pravastatin

? >

Liver function
evaluation
24 caffeine

@ icg

B metacethin
O dextromet
@ pravastatin
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You have bugs in your model & analysis

)]

-/
o,

On average 85% of bugs °
introduced in design and 50 Ilnes
development are caught before the
code is released

~ 1 bug per 50 lines of code

~ 25% will be severity 1 show
stoppers — real production
problems that cause something
significant to break

36



COMBINE Standards

SBML

o reproducible models
COMBINE archive

o packaging & distribution
SED-ML

o simulation experiments
OMEX metadata

o annotation
PETab

o parameter fitting

[l PEtab

2022
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Systems Biology Markup Language (SBML)

e Reproducible & exchangeable model
encoding (SBML)

e Hierarchical models/multi-scale
models (SBML comp)

e Annotations to modelling, biological
and medical ontologies (SBML core)

e Unit validation, unit checking, unit
conversion

e Distributions in models & uncertainty
in data and parameters (SBML
distrib)

e Mass- & charge balance (SBML fbc)

e Use wide range of tools
(visualization, parameter fitting,
simulation, ...)

Constraint-based
models

Genome-scale
Whole-cell

Reaction &
process models

=

core

Multi-scale &
modular models

Tissues & Whole-body comp

Communities
distrib
Distributions & groups layout
Uncertainty 5 =
rouping
Systems pharmacology Organisation Visualization
Populations =
Model annotation Data integration
Sub-systems

SM Keating, D Waltemath, M Konig, F Zhang, A Dréger, C Chaouiya, FT Bergmann, A Finney, CS Gillespie, T Helikar, S
Hoops, RS Malik-Sheriff, SL Moodie, II Moraru, CJ Myers, A Naldi, BG Olivier, S Sahle, JC Schaff, LP Smith, MJ Swat,
DT, L Watanabe, DJ Wilkinson, ML Blinov, K Begley, JR Faeder, HF Gémez, TM Hamm, Y Inagaki, W Liebermeister, AL
Lister, D Lucio, E Mjolsness, CJ Proctor, K Raman, N Rodriguez, CA Shaffer, BE Shapiro, J Stelling, N Swainston, N
Tanimura, J Wagner, M Meier-Schellersheim, HM Sauro, B Palsson, H Bolouri, H Kitano, Akira Funahashi, H Hermjakob,
JC Doyle M Hucka, and SBML Community members
SBML Level 3: an extensible format for the exchange and reuse of biological models
Mol Syst Biol. 2020;16(8):€9110. doi:10.15252/msb.20199110

M. Hucka, F. Bergmann, C. Chaouiya, A. Dréager, S. Hoops, S. Keating, M. Konig, N Le Novere, C. Myers, B. Olivier, S.
Sahle, J. Schaff, R. Sheriff, L. Smith, D. Waltemath, D. Wilkinson, F. Zhang

The Systems Biology Markup Language (SBML): Language Specification for Level 3 Version 2 Core

J Integr Bioinform. 2019 Jun 20;16(2); 10.1515/jib-2019-0021

L Smith, S Moodie, F Bergmann, C Gillespie, S Keating, M. Konig, C Myers, M Swat, D Wilkinson, M Hucka
The Distributions Package for SBML Level 3
J Integr Bioinform. 2020 Aug 4; doi: 10.1515/jib-2020-0018 38


https://doi.org/10.15252/msb.20199110
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SBML enabling model coupling & exchange & reuse

Venous blood

@ LDLR synthesis (FH class 1)
@ LDLR membrane transport (FH class 2 & 6)
(3 LOLRLOL binding (FH Class 3)

(® LoLRLOL intemalization (FH Class 4)

@ LDLR recycling (FH Class 5) ~u5
® LDLR degradation (PCSK9 mutation)

cw T

0 Dissol

y )
{SV —Absorpt
&

Intestinal
lumen

Hepatocytes

e coupling of submodels

o  scales: cells/organs/body

o  function: pharmacokinetics/pharmacodynamics
e coupling between frameworks

o  ODE/PDE (porous media)

o  ODE/FBA (dynamic FBA)

o  ODE/Bayes (uncertainty)
e model composition

o uncertainty models

Key challenges:

e interfaces
® units

e deletions/adaptations -
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https://github.com/matthiaskoenig/dextromethorphan-model

matthiaskoenig updated

J sBML4Humans

OMEX
(1) manifest.xml

3

SEARCH

COMPONENTS
@ sBMLDocument

© Model (1)

6 Compartment (38)

©) species (77)

© Parameter (325)

© AssignmentRule (200)

@ raterule (3)

@ Reaction (98)

& unitoefinition (74)

= Parameter (325)

id name constant
BW body weight [kg]
HEIGHT height [cm]
HR heart rate [1/min]
heart rate (resting)
HRrest [1/min]
- body surface area
cardiac output per
COBW  bodyweight
[ml/s/kg]
cardiac output
© sl
cardiac output
ac [L/hr]
increase of cardiac
output per
KOHRE: heartbeat
[ml/min*min]
Fblood blood fraction of
organ volume

= AssignmentRule (200)
id name
dxm_dxo_plasma
dxo_total_plasma
dx_dxo_total_plasna
dxo_total_rev

dxm_dxo_rev
dxm_dxo_total_rev
dxm_dxo_total_fov
dxo_total_fov

dxm_dxo_fov

dxm_dxo_urine

P ——— . Y

value units derivedUnit

75 kg kg
170
70

70 4 s
4

1.548
10833 =

6499800 L 3

150 mi mi

variable math
dxm_dxo_plasma
dxo_total_plasma
dxm_dxo_total_plasma ¢
dxo_total_rev c
dxm_dxo_rev
dxm_dxo_total_rev
dxm_dxo_total_fov
dxo_total_fov
dxm_dxo_fov

dxm_dxo_urine

s

@

fome = Examples

assignment

BSA =

0.024265. ()", (4eLenr)

CO=BW-

QC = £5.-60

+ Cve_dzo_glu

o

w0 + Crev_dzo_glu

COBW +
0l

derivedUnits

£ Reportissue () Source

= Parameter

QC cardiac output [L/hr]

id ac

metalD meta_qC

name cardiac outp|
[L/he]

sho $B0:000000f

value 6499800

constant

units

derivedUnits

assignment

cvterms

$B0:0000002
quantitative systems description paramel
Anumerical value that defines certain
characteristics of systems or system
functions. It may be part of a calculation,
but its value s not determined by the for
of the equation itself, and may be arbitrar|
assigned

<PXML - {..} JSON

models
release-notes
.gitignore
.zenodo.json
README.md

RELEASE.md

README.md

DOl 10.5281/zeno0do.697610.

Dextromet

Konig* M, Grzegorzewski J, Golebiewski M.,
Hermjakob H, Hucka M, Olivier B, Keating SM,
Nickerson D, Schreiber F, Sheriff R, Waltemath D
Ten Simple Rules for FAIR Sharing of Experimental
and Clinical Data with the Modeling Community
Preprints 2021, 2021080303, doi:
10.20944/preprints202108.0303.v2

Ramachandran, K.*; Konig, M.*; Scharm, M ;
Nguyen, T.V.N.; Hermjakob, H.; Waltemath, D,;
Malik Sheriff, R.S. (* equal contribution)

FAIR Sharing of Reproducible Models of Epidemic
and Pandemic Forecast

Preprints 2022, 2022060137 (doi:
10.20944/preprints202206.0137.v1).

This repository provides the dextromethorphan physiologically based pharmacokinetics (PBPK)

model.

The model is distributed as SBML available from | dextromethorphan_body flat.xml with
corresponding SBML4humans model report at https://sbml4humans.de/model_url?url=https:

/Iraw.githubusercontent.com/matthiaskoenig/dextromethorphan-model/main/models

/dextromethorphan_body_flat.xml


https://github.com/matthiaskoenig/dextromethorphan-model




Digital twins

personalized digital twin
models based on patient
data
o improved
diagnostics
o improved decision
support
model & data integration

Body Diagnosis
Organs Prognosis
Tissue Therapy
Multicellular optimization
Subcellular
Laubenbacher R, Sluka JP Glazier JA.
Using digital twins in viral infection.

Science. 2021 Mar 12;371(6534):1105-1106. doi: 10.1126/science.abf3370. 42



Digital twins + artificial intelligence (Al)

Jol [ Structured Literatur Data ]
e Al and Simulation for ) m— —t i ¥ X %
Tumor Liver 8 [ x Histology A ]
ASsessment g N ( In Silico Data ]j
(ATLAS)
% E L "B o
e Combining ATLAS TN Ao/
computational models Mathematical Models
with Al D D N @ D
o feature generation 58 - ' T L A
o  capture expert & =L & 5 i V| W — -
domain knowledge b :
g First Patient Tumor and Tumor Board Structured Tumor and
. Contact Patient Oncological Patient
PY Open pOS|t|On (PhD) OPD Assessment % Follow-up Outcome
_$ , Decision
S ’/ = o=
o TN +

Operation Chemothéraby
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sbmlutils

Python utilities for working with

= Parameter

ICGIM ki_bil
import

Ki bilirubin of icg

id ICGIM_ki_bil
SBML models metalD meta_ICGIM KLbi
https://github.com/matthiaskoenig/ name Ki biliubin of g import
. sbo SB0:0000261
M Parameter( value LA
constant (V]

Packages units

e core, fbc, comp, distrib, layout Uk devectinie
Features =SB0. INHIBITORY_CONSTANT $B0:0000261

e model creation, manipulation & - ooy Constent

mel’glng notes

i unlt Support . bilirubin reference range:

e model annotation IR

° ﬁle converters (XPP) (10 [mg/l] /584.6623 [g/mole]l) ~ 0.0171 mn

e cy3sbmlintegration

setting Ki in reference range

€) c1-cD [passing M python 3.7 | 3.8 3.9 LGPL-3.( codecov  63%
DOl 10.5281/zenodo.5559603 | code style black | mypy checked 45



https://github.com/matthiaskoenig/sbmlutils
https://github.com/matthiaskoenig/sbmlutils

U SBML4Humans

https:/sbmi4humans.de

interactive SBML report with navigation
between SBML objects

web application (no setup)

search and filter functionality
resolve/render metadata
hierarchical models (SBML comp)
distributions and uncertainties
(SBML distrib)

flux balance (SBML fbc)

COMBINE archives (multiple models)
URL endpoint for integration in tools/
workflows/ webpages/ presentations

https://sbml4humans.de/model_url?url=https://ww
w.ebi.ac.uk/biomodels/model/download/BIOMDOOBBY

00001 .2?filename=BI0MDOOABOOBOAT _url.xml

= Parameter (1)
id name
HCT hematocrit @

= Parameter

constant

HCT hematocrit

= AssignmentRule (8)

id name variable

id HCT

Vve Vve
metalD meta_HCT
name hematocrit Jar Yr
sho SB0:0000002
value 0.51 Vpo Vpo
constant (]
units — Vhv Vhy
derivedUnits = Vre_plasma Vre_plasma
cvterms Vgi_plasma Vgi_plasma

Vli_plasma Vii_plasma

:lo: MBS SB0:0000002 Vlu_plasna Viu_plasma

quantitative systems description parameter

A numerical value that defines certain characteristics of systems or system
functions. It may be part of a calculation, but its value is not determined by the
form of the equation itself, and may be arbitrarily assigned.

GRS C64796

Hematocrit Measurement

A measure of the volume of red blood cells expressed as a percentage of the
total blood volume. Normal in males is 43-49%, in females 37-43%.
Synonyms

e HCT

Packed Cell Volume

Hematocrit

Erythrocyte Volume Fraction

PCV

Hematocrit Measurement

EVF

:[o]: MG 0007571
Hematocrit

GPERERE LN 0004348

hematocrit

The volume of packed RED BLOOD CELLS in a blood specimen. The volume is
measured by centrifugation in a tube with graduated markings, or with
automated blood cell counters. It is an indicator of erythrocyte status in disease

value units derivedUnits

0.51 - -

math
(1 - HCT)- (BW- FVve —
FVar- FV:‘\?VW Fvhe' BW- Fblood: (1
(FVar+ FVve+ FVpo + FVhv)))

T)- (BW- FVar
N— v BW- Fblood: (1 —
(FVar+ FVve + FVpo+ FVhv)))
(1— HCT)-(BW- FVpo —
v v e e BW- Phlood: (1~
(FVar+ FVve + FVpo + FVhv)))
(1 — HCT)- (BW- FVhy —
T FTe v BW- Fblood: (1 —
(FVar+ FVve + FVpo+ FVhv)))
Vre: Fblood- (1 — HCT)
Vgi- Fblood- (1 — HCT)
Vii- Fblood- (1 — HCT)
Viw Fblood- (1 — HCT)

assignment

derivedUnits

t
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https://sbml4humans.de
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml
https://sbml4humans.de/model_url?url=https://www.ebi.ac.uk/biomodels/model/download/BIOMD0000000001.2?filename=BIOMD0000000001_url.xml

cy3sbml

Cytoscape app for visualizing SBML models
https://qithub.com/matthiaskoenig/cy3sbml

File Edit View Select Layout Apps Tools Help

Session: /home/mkoenig/git/cy3sbml/src/main/resources/sessions/Koenig_demo_10.cys

B L fSfS QAQQQA 2 e o

Enter search term,

DLXELY

Features

New

kinetic & reaction-species view
subgraphs & filtering
annotation support

works for large scale networks
(genome-scale)

sbmlutils integration (py2cytoscape)

Control Panel ox
Network Nodes | Edges
7 ... Koenig_demo_10
Koenig_demo_10 0 esio)
Main: Koenig_demo_10 B0 1400
enig_demo 10
30 6s(0)
Main: Koenig_demo_10 130 1400

= Koenig_demo_10

Vmax bA

Vmax vi

e
gl

o &
o

KmB S

—_ ®
®

BOoY
]

ox

Model : Koenig_demo_10 (Koenig_demo_10)

[EE0) Main: Koenig_demo_10 S| | Resuts panel
° cy3sbmi
e
bA (A fmport)
Description
vinax v2

Vmax va

bB (B ¢xport)

Terms of use

Ginclaimer
bC (C gxport)

This model s distrib

WITHOUT ANY WARRAI
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.

Koenig Demo Metabolism

This is 2 demonstration model in SBML format
The cantent of this model has been carefully created in a manual

is file has been produced by Matthias Koenig,

| Copyright © 2016 Matthias Koenis.

Redistribution and use of any part of this model, with or without
modification, are permitted provided that the following conditions.

1. Redistributions of this SBML fle must retain the above
copyright notice, this it of conditions and the following

2. Redistributions in a different form must reproduce the
above copyright notice. this lst of conditions and the
following disclaimer in the documentation andjor other
materials provided with the distribution.

uted In the hope that it wil be useful, but
INTY. without even the implied warranty of

ox

P
o Meoco + @
SR

Vmax i parameter
Km_A parameter
Vmax e parameter

<

sbo
580:0000.
580:0000.
580:0000.
580:0000.

580:0000.
580:0000.
580:0000.
580:0000.
580:0000.
580:0000.
580:0000.
580:0000.

" metald
meta_224897.
meta_78b0e7.
meta_bedba7.
meta_c63css.

meta_871226.
meta_adagsf.
meta_35107.
meta_074616.
meta_Le2esb.
meta_78fe37
meta_ 95701,
meta_20/045.

@ biomodels.sbo
580:0000250
580:0000290
580:0000280
580:0000027

580:0000185
5800000185
580:0000186
580:0000186

580:0000185

& g0 |& fma abel | vale | units
GO0005.. FMAT0022  external co. 1066 m3
GO.0005.  FMAGS54S  cell compor. 1066 m3
GO0005..  FMA3041  plasma me. 10 m2
Km_C 50 mM
mefabolic s L0E6  dimensionl.
Vmax b8 20
Vmax bC 20
Vmax bA 50
Vmaxv2 05 mole_per s
Vmaxv3 05 mole_pers
Vmax 1 10 mole pers
vy 10 ™M
Vmax v 05 mole per_s

QEEEEERAER00

v

Node Table | Edge Table | Network Table

Konig M., Drager A. and Holzhiitter HG.
CySBML: a Cytoscape plugin for SBML
Bioinformatics. 2012 Jul 5.

@ Memory.
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https://github.com/matthiaskoenig/cy3sbml

