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Pharmacokinetic Parameter
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maximum concentration

time of maximum concentration

area under the curve

clearance (=Dose/AUC, =Dose/C(0)extrapolated)

volume of distribution (= CL/k), dilution space

elimination rate, fitting linear part of
terminal phase (log)

half-life (= In2/kel) time for concentration to fall
to half



AD M E Introduction

(2) Dissolution Q@ ol
(v) Absorption @ intravenous
Absorption Distribution = Metabolism  Excretion (® Doistribution () minor
are the pharmacokinetic processes. (@ Metabolism
(o) Excretion

intestine liver

kidneys urine

feces bile blood (artery) \—— blood (venous)



. . . Introduction
Intestine, Liver & Kidneys

The role of the three central organs which are involved in the ADME (2 oissolution (D oral
process and a schematic representation of their “functional units”. (t) Absorption (v) intravenous
@ Distribution @ minor
@ Metabolism
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Introduction

Liver Function & Health Diagnostics

Liver biopsy
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Liver Function & Health Diagnostics
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Introduction

Liver Function & Health Diagnostics

Liver biopsy Liver elastography Static liver function
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Liver Function & Health Diagnostics

focus of the talk
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Liver stiffness and fatty
changes in your liver
Simple and non-invasive

Static liver function
testing

Static biochemical
parameters

Albumin, AST, ALT, ...
Not reliable marker to
quantify liver function

Dynamic liver function
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Cytochromes P450 (CYPs)

Introduction

o  CYPslocated in the liver metabolize 70-80 percent of prescribed drugs

e Highinterindividual variation

e Highlyinvolved in drug-drug interactions

e Important in personalized drug dosing

Enzymes involved in the metabolism of most drugs

Glucuronosyltransferase (UGT)

Cytochromes P450 (CYPs)

Williams, J. A. (2004). DRUG-DRUG INTERACTIONS FOR UDP-GLUCURONOSYLTRANSFERASE SUBSTRATES: A PHARMACOKINETIC
EXPLANATION FOR TYPICALLY OBSERVED LOW EXPOSURE (AUCI/AUC) RATIOS. Drug Metabolism and Disposition, 32(11),
1201-1208. doi:10.1124/dmd.104.000794



Introduction

Phenotyping of CYPs

CYP1A2 CYP3A4 CYP2C19 CYP2Dé6 CYP2E1

Test substance caffeine midazolam omeprazol dextromethorphan chlorzoxazone
Metabolic ratio caffeine / 1-hydroxymidazolam / omeprazol / dextromethorphan / 6-hydroxychlorzoxazone /
paraxanthine midazolam 5-hydroxyomeprazole dextrorphan chlorzoxazone
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Basic pharmacokinetics model

e 2 substances (A, B)

e 3 compartments (tablet, central, urine)

e  Transport and reaction kinetics - irreversible mass-action

Model
tablet ("central \ ( urine )
Vm

\ 4

®

System of ordinary differential equations

dAtablet
dt

dt
dB central

dt

dt
dB urine
dt

dAcentral o

dAurine _

= — Uy

= Vu,B

— Um — Uy A

Um — Vu,B

Vg = ka N Atablet
U = ki Acentral
N Acentral

Vu,A = ke

Vu,B = ke . Bcentral

Rate of absorption

Rate of metabolism (A — B)

Rate of excretion of A

Rate of excretion of B
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Introduction

Physiologically Based Pharmacokinetics (PBPK) Modeling
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Big Picture

Main goal

Establish reusable workflows for physiological based pharmacokinetic (PBPK) modeling of liver
function tests and CYP phenotyping.

Challenges

Standardized data Data integration Reusable models




Standardized Data w

Objectives

e Astandardized format for PK data as reported in literature.

e Establish alarge high-quality PK dataset on liver function testing and CYP
phenotyping.



2.1 PK-DB: A Pharmacokinetics Database for Individualized
and Stratified Computational Modeling (https://pk-db.com/)

PK_DB = DATA PUincation
Q o~ o . ® - Grzegorzewski J, Brandhorst J, Green K, Eleftheriadou D, Duport Y,
C STUDIES (B84)  GROUPS (1545)  INDIVIDUALS (16781)  INTERVENTIONS (2031)  OUTPUTS (137880) | Barthorscht F, Kéller A, Ke DYJ, De Angelis S, Konig M. o
PK-DB: pharmacokinetics database for individualized and stratified
(24 computational modelin

oam Studi Search tabl P 9.

oy Studies: 56> i Nucleic Acids Res. 2021 Jan 8;49(D1):D1358-D1364. doi:
Study Counts Reference Curators Substances 10.1093/nar/gkaa990. PMID: 33151297; PMCID: PMC7779054.
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nitrofurantoin.
= )

2% o

3\‘ paracetamol

a1
3\‘ paracetamol glucuronide
as pubmed|3220092
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Typical PK Publication
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Fig. 1. Comparison of caffeine plasma concentration/time profiles in 13 healthy male subjects (left
panel), nine healthy females taking no OCS (center panel), and nine healthy females on OCS (right
panel) (mean = S.E.).

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.

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

and females on OCS
Normal females Normal females =
Normal males | taking no OCS on OCS E
(n=13) (n=9) (n=9) g
£
thaqg) (hr) 55+26 6216 10.7 = 3.0t 4
v«;fz; (Likg) 054=018  0.69%0.16" 0.72 £ 024 £
Vd(extrap) (L/kE) 054£013  0.70=0.14" 0.75 = 0.28 H
Plasma clearance (ml/min/kg) 1.3 042 1.3+ 0.35 0.79 = 0.211 g
Plasma binding (%) 31419 315+ 4.5 29.35 +2.17 E
Plasma clearance of unbound drug 1.8 £0.6 1.97 £ 0.57 1.12 + 0.281 3
(ml/min/kg) 65 8
Values are mean * S.D. * 0.00 050 1.00 150 200 5i
*p < 0.05 for normal males vs females taking no OCS. Slébampocmariline rofii

1p < 0.001 for females taking no OCS vs. females on OCS.

RV Patwardhan, P V Desmond, R F Johnson, S Schenker, The Journal of laboratory and clinical medicine, 1980-05-30

Curated as: https:/.pk-db.com/data/PKDB00057
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Our subjects were 13 normal males (age range 18 to 71 years; mean weight + S.D. 80.0 + 12.18

Individuals Groups 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.

Intervention 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.
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Fig. 1. Comparison of caffeine plasma concentration/time profiles in 13 healthy male subjects (lcft Values are mean + S.D. . 0.00 0.50 1.00 1.50 2,00 2t
panel), nine healthy females taking no OCS (center panel), and nine healthy females on OCS (right *p < 0.05 for normal males vs females taking no OCS. Plasma pai ine (ug/ml)
panel) (mean = S.E.), fp < 0,001 for females taking no OCS vs. females on OCS. i

RV Patwardhan, P V Desmond, R F Johnson, S Schenker, The Journal of laboratory and clinical medicine, 1980-05-30
Curated as: https:/.pk-db.com/data/PKDB00057 Live demonstration
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PK-DB

[ ]
Overview
Publications Raw data
IR
101010100
011011001
111010100
001010100 PK_DB

+ extraction + integration
REST
upload { eee }
PK-DB CURATION API
011001 i
[ i;féfﬁ% (I (— REST API web interface
p_‘ j 011011001 </> validation
S ieieies programmatic human
access

figure data meta access
panels sets data D\ @ML
ax ) |Fio. AW
i . : data
Subjects Intervention  Dosing computational models Exploration
& meta-analyses & reuse

Content

e PK data from literature

e Enriched with metadata

Features

e Validation of curation quality

e Automatic PK parameter calculation

e FAIR, ontologies, REST AP], ...



PK-DB

e Largest openly available high quality dataset on in vivo pharmacokinetics ’ﬁ
) >10 substances for liver function and CYP phenotyping ’f
. . Iy ./
° 22 citations =
Studies in PK-DB Studies related to liver function and phenotyping
. Test Prima: PK-DB
700 1 MW Primary curator substance protei;); studies
ol L caffeine CYP1A2 (P05177) 147
600 1 chlorzoxazone CYP2E1 (P05181) 23
codeine / morphine CYP2D6 (P10635) 42/12
500 dextromethorphan CYP2D6 (P10635) 51
" CYP3A4/5 (P08684, P20815)
2 400 4 diazepam CYP3A4/5 (P08684, P20815) 28
3 galactose galactokinase (P51570) 3
i 300 4 indocyanine green (ICG) OATP1B3 (QINPD5) 51
metoprolol CYP2D6 (P10635) 13
200 - midazolam CYP3A4/5 (P08684, P20815) 65
omeprazole CYP2C19 (P33261) 16
pravastatin OATP1B1 (Q9Y6L6) 33
1001 simvastatin CYP3A4/5 (P08684, P20815) 48
OATP1B1 (Q9Y6L6)
- talinolol P-glycoprotein (P08183) 13
2019-04-14 2020-08-26 2022:01-08 s C{‘{;P’;Cg (P10632) 18
Date of curation CYP2C9 (P11712)




Data Integration w

Objectives

e Integrate PK-DB data on CYP phenotyping and liver function.

e Analyse reporting quality of CYP phenotyping and liver function.



2.2 Pharmacokinetics of Caffeine: A Systematic Analysis of Reported Data
for Application in Metabolic Phenotyping and Liver Function Testing

Publication

Grzegorzewski, J., Bartsch, F., Koller, A., & Konig, M. (2022).
Pharmacokinetics of Caffeine: A Systematic Analysis of Reported
Data for Application in Metabolic Phenotyping and Liver Function
Testing.

Frontiers in Pharmacology, 12, 752826., doi:

10.3389/fphar.2021.752826
Authors

ited
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https://doi.org/10.3389/fphar.2021.752826

Dataset & Reporting

° 141 studies

e  Main study designs:
a. Case-control (64 out of 141).
b. Crossover (33 out of 141).

c.  Screening Studies (42 out of 141).

e Low quality individual participant data (78 out of 141)
e  High quality individual participant data (6 out of 141)
e  Group level data (57 out of 141)
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Meta-Analysis

Smoking and oral contraceptives —— s o
m  PK FROM TIME COURSE ® Oral contraceptive I: 16 G: 6 TI: 68
. . 17.51 ¥ PK FROM BODY WEIGHT ® Smoking I: 40 G: 25 TI: 304
e  Range of caffeine half-lifes [2-15] hr ' Unknown I: 197 G: 51 TI: 722
e  Average caffeine half-lifes: "
15.01 g
smoking 4.1hr, —_ u . &
£125 & - ¢
ContrOI 5'7hr’ ig Patwardhan1980 GROUP SIZE
=. Patwardhan1980 e 1
© 10.0 .
oral contraceptives 9.3hr ': Eﬂffﬁ%%?’e”#ﬂ” ° 10
c
E @ =
5 7.5 °
o °
5.0 ﬁ
Carbo1989
g i
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Further Meta-Analyses on Caffeine PK

e Impact of quantification method




Further Meta-Analyses on Caffeine PK

e Impact of quantification method

Caffeine halfife (hr]

e  Drug-druginteractions:

> most substances

! enoxacin, fluvoxamine, Idrocilamide* norfloxacin, osilodrostat, a0
pipemidic acid
1 tipranavir*

*interaction missing in go.drugbank.com


https://de.wikipedia.org/wiki/%E2%86%94
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Further Meta-Analyses on Caffeine PK

e Impact of quantification method

Caffeine halfife (hr]

e  Drug-druginteractions:

> most substances

! enoxacin, fluvoxamine, ldrocilamide*, norfloxacin, osilodrostat, o
pipemidic acid
1 tipranavir* ,
*interaction missing in go.drugbank.com _2
e Drug-disease interactions:
! disease of liver Iy

e  Salivaassampling side



https://de.wikipedia.org/wiki/%E2%86%94

Bias in PK literature
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Bias in PK literature

] Caucasians overrepresented

o Males overrepresented
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Bias in PK literature
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Outcome

e Largest openly available PK dataset on in vivo caffeine

e Analysis of a wide set of PK related scientific questions

e 14citations %
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) Reusable models w

Objective

e Calibration & validation of PBPK models for phenotyping and liver function testing.



Physiologically Based Pharmacokinetic (PBPK) Modeling of the Role of

CYP2D6 Polymorphism for Metabolic Phenotyping with

Dextromethorphan

Subjects

e, |

Enzyme activities

Publication

Grzegorzewski, J., Brandhorst, J., & Kénig, M. (2022).

Physiologically based pharmacokinetic (PBPK) modeling of the role of
CYP2D6 polymorphism for metabolic phenotyping with
dextromethorphan.

Frontiers in Pharmacology, 13, 1029073. ; DOI: 10.3389/fphar.2022 ;
PMID: 1029073
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Literature Research

Metabolic pathway of dextromethorphan

O ()CHE:P O OCHG
“ CYP3A4 0
o) e

Dextomethomphan 3 Methosymorphinan
IlCYPZDG CYPZDGH
l OH ] OH
e
CYP3A4
e ) e
3
Dextrorphan SHycraxymorphinan
JlUGT UGT][

A}
A\

O—AGlc O—AGle
O O Strauch K, Lutz U, Bittner N, Lutz WK (August 2009).
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interaction of grapefruit juice with dextromethorphan
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H,C H™ Food and Chemical Toxicology. 47 (8): 1928-35.
] 90i:10,1016/1¢12009,05,004. PMID 19445995
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Metabolic pathway of dextromethorphan
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Physiological-based pharmacokinetics model of Dextromethorphan
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Model of CYP2Dé6 and CYP3A4 variability

Enzyme Data Model
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Simulations
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Simulations
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Effect of genotype on CYP2D6 phenotyping
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Further work

Local sensitivity analysis
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Further work

e Local sensitivity analysis

e Biogeographical population based on reported CYP2D6
genotype frequencies
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e Local sensitivity analysis

e Biogeographical population based on reported CYP2D6
genotype frequencies
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e Inhibition and induction of CYP3A4 and CYP2Dé6




Outcome

. o
e Largestopenly available PK dataset on dextromethorphan 7
e Openly available PBPK dextromethorphan model sz
(https://github.com/matthiaskoenig/dextromethorphan-model)
e Established workflow applied in Kbnig group v
Test Primary Reference PK-DB Primary
substance proteins publication studies PKPB modeler
caffeine CYP1A2 (P05177) [Grz+22] 147 M. Konig
chlorzoxazone CYP2E1 (P05181) 23 J. Kiittner
codeine / morphine CYP2D6 (P10635) 42/12 J. Grzegorzewski
dextromethorphan CYP2D6 (P10635) [GBK22] 51 J. Grzegorzewski
CYP3A4/5 (P08684, P20815)
diazepam CYP3A4/5 (P08684, P20815) 28 D. Ke
galactose galactokinase (P51570) 3 M. Koénig
indocyanine green (ICG) OATP1B3 (QINPD5) [K6121; KGK21; Kol+21] 51 A. Koller
metoprolol CYP2D6 (P10635) 13 P. Ogata
midazolam CYP3A4/5 (P08684, P20815) [Dup20] 65 Y. Duport
omeprazole CYP2C19 (P33261) [Bal21] 16 S. Balci
pravastatin OATP1B1 (Q9Y6L6) [LP22] 33 H. Leal Pujol
simvastatin CYP3A4/5 (P08684, P20815) [Bar20] 48 F. Bartsch
OATP1B1 (Q9Y6L6)
talinolol P-glycoprotein (P08183) 13 B. S. Mallol
torasemide CYP2C8 (P10632) 18 S. De Angelis

CYP2C9 (P11712)

e Reused CYP2D6 model



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

e First open pharmacokinetics database

e Meta-analysis of caffeine pharmacokinetics

e PBPK model of dextromethorphan

e Infrastructure for data-driven PBPK modeling

Title Authors Type d
s - . . Grzegorzewski J, Brandhorst J,
PK-DB: pt for ir and stratified ¥ B e
computational modeling Green K, Eleftheriadou D, Duport Publication 2021 33151297
Y, Bartsch
Grzegorzewski J, Bartsch F,
Pharmacokmencs of Caffeme A Systematic Analysis of Reported Data for ; o A G g
s foh ia : yping and Liver Function Testihg Ksller A, Elefthir‘uadou D,Kénig  Publication 2022 35280254
Physiologically based pharmacokinetic (PBPK) modeling of the role of Grzegorzewski J, Brandhorst J, i
CYP2D6 polymorphism for metabolic phenotyping with dextromethorphan Konig M. Biblicaton . 36353384,
Physiologically Based Modeling of the Effect of Physiological and Koller A i 4. Koni
Anthropometric Variability on Indocyanine Green Based Liver Function L M » Konig ion 2021 34880776
Tests
Prediction of Survival After Partial Hi y Using a P! Kaller A, i 2021 34880771
Based Pharmacokinetic Model of Indocyanine Green leer Function Tests Tautenhahn H-M, Komg M o
Konig M., Grzegorzewski J.,
Golebiewski M., Hermjakob H.,
Ten Simple Rules for FAIR Sharing of Experimental and Clinical Data with Hucka M., Olivier Preprint 2021
the Modeling Community B.; Keating S., Nickerson D., P
Schreiber F., Sheriff R.,
Waltemath D.
A physiologi based pt ic model for CYP2E1 phenotyping ~ Kttner J, Grzegorzewski J, "
via chlorzoxazone Tautenhahn H-M, Kénig M Lrepring 2029
. " o . Bartsch F. , Grzegorzewski J.
Simvastatin therapy in different subtypes of hypercholesterolemia - a . 2 2 .
physiologically based modelling approach RUjolH; Tautenr’:/zlz\hn H-M, Kénig Preprint 2029
Computational Modelling of Simvastatin - Effects on HMG-CoA Reductase Florian Bartsch Bachelor Thesis 2020
Activity and Cholesterol
Computational Modelling of Omeprazole_ - Pharmacokinetics and Skt Balci Bachel(_)r's 2021
Pharmacodynamics Thesis
Computational ing of Cl : Effect of Inhibif and . Bachelor's
Trditicars Yannick Duport Thesis 2020
A Physiologically Based Model of Indocyanine Green Liver Function Tests - Bachelor's
Effects of Physiological Factors, Hepatic Disease and Hepatic Surgery Adrian Koller Thesis 2021
Bachelor Thesis
A Physiologically Based Model of Pravastatin - The Role of Genotypes and . Bachelor's
Hepatic or Renal Impairment on the Pharmacokinetics of Pravastatin Helsha L&al Pujol Thesis 2022



Outlook

e Experimental validation of the PBPK model of dextromethorphan:
o invitroreaction kinetics
o CYP2Dé6 genotyping
o pharmacokinetic measurements

e “Digital pharmacokinetic twin” based on CYP activities

e (Semi-) automatic data curation by LLMs (GPT4, LAMA) or multimodal models (SPAE)



Outlook

e Experimental validation of the PBPK model of dextromethorphan:
o invitroreaction kinetics
o CYP2Dé6 genotyping
o pharmacokinetic measurements

e “Digital pharmacokinetic twin” based on CYP activities

e (Semi-) automatic data curation by LLMs (GPT4, LAMA) or multimodal models (SPAE)

Thank you for your attention




Liver Function & Disease

. . . c . Healthy i Fi i irrhosi i
The liver is the heaviest solid internal organ, sattlylver  Fotcels , Clridsls, Garcifioa

accounting for about 2% of body weight and 18%
contribution to the total resting energy
consumption.

Function

e drug metabolism

e detoxification

e synthesis of plasma proteins and

biochemicals (e.g. albumin, bile)
Liver Cirrhosis and Liver cancer are the 11th

and 16th leading causes of death worldwide.
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Cytochrome P450 2D6 (CYP2D6) is
involved in the clearance of ~20%

Dextromethorphan is in vivo probe
o CYP2D6 metabolizes
Dextromethorphan (DMT) to
Dextrorphan (DXO)

Substance for CYP2Dé phenotyping.
o Urinary metabolic ratio
o DMT/(DXO + DXO-Glu)

CYP2Dé6-mediated drug response exhibits
alarge inter-individual variability due to
genetic polymorphism

Genetic polymorphism is related to
o risk of adverse effects
o non-response during treatment
o death by drug intoxication

Dextromethorphan: A probe drug for CYP2D6é activity

Metabolic pathway of dextromethorphan
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Strauch K, Lutz U, Bittner N, Lutz WK (August 2009). "Dose-response relationship for the
pharmacokinetic interaction of grapefruit juice with dextromethorphan investigated by human
urinary metabolite profiles". Food and Chemical Toxicology. 47 (8): 1928-35.
doi:10.1016/j.fct.2009.05.004. PMID 19445995.
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CYP2Dé6 Polymorphism
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Effect of polymorphism on dextromethorphan
metabolic ratios
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Effect of polymorphism on dextromethorphan

pharmacokinetics

Model can predict timecourse data

32 clinical studies
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Parameter Fitting

e 12 PBPK model parameter were fitted with time course data from the studies by weighted mean
square error.

Parameter Description References Value  Unit F Parameter Description References Value  Unit F
BW Body weight ICRP (2002) (male) 7 kg FQgu Gt fractional tissue blood flow Jones and Rowland-Yeo (2013) o6 -
HEIGHT Height ICRP (2002) (male) 170 m FQki Kidney fractional tissue blood flow Jones and Rowland-Yeo (2013) 019 -
HR Heart rate 70 min FQh Hepatic (venous side) fractional tissue blood flow Jones and Rowland-Yeo (2013) 0215 -
HRrest Heart rate (resting) 70 Vi FQlu Lung fractional tissue blood flow Jones and Rowland-Yeo (2013) 1 "
coBW Cardiac output per bodyweight ICRP (2002); de Simone et al. (1997) 1548 mlfsfkg FQsp Spleen fractional tissue blood flow Jones and Rowland-Yeo (2013) 0017 ®
HCT Hematocrit Vander (2001); Herman (2016) (upper 051 - FQfo Fore arm fractional tissue blood flow RNAO (2022) 00146 -
range male) FQpa Pancreas fractional tissue blood flow ICRP (2002) 0017 -
Kp_fo_dwn Tissue/plasma partition coefficient DXM forearm 10 . v fissue_dxm Vmax tissue distribution DXM 1000 Umin v
{_shunting_forearm Shunting in forearm 02795 - v Kp_dxm Tisuefplasma parttion coefficient DXM 876 - v
FVgu Gut fractional tissue volume Jones and Rowland-Yeo (2013 ICRP 00171 kg Ka_dis_dxm DXM rate of dissolution and stomach passage 00217 U v
FVki Kidney fractional tissue volume ::’ )J:\J Rowland-Yeo (2013, ICRP 00044 kg b eyl S sl
(2002) fiissue_dxo Vmax tissue distribution DXO 100 Vmin
FVli Liver fractional tissue volume Jones and Rowland-Yeo (2013); ICRP 0021  Ukg Kp_dxo Tiseue/plastae; partiticn: coeficlent, DXO) 4 T LY
(2002) Mr_dxo_glu Molecular weight DXO_glu CHEBI32645 4334948 gmole
FVlu Lung fractional tissue volume Jones and Rowland-Yeo (2013); ICRP 00076  Ukg frissue_dxo_glu Vmax tissue distribution DXO_glu 3 Vmin v
) Kp_dxo_gln Tissuefplasma parttion coefficient DXO_glu 008 L e
FVsp Spleen fractional tissue volume :‘:;‘; :ml Rowland-Yeo (2013); ICRP 00026  Ukg KI_DXMEX_k DXM urinary excretion rate 0017 1min v
FVpa Pancreas fractional tissue volume Jones and Rowland-Yeo (2013); ICRP  0.01 kg XL_DXDELE D20 peinery excoution mie . Y Y
(2002) KI_DXOGLUEX_k DXO glucuronide urinary excretion rate 10 Umin v
FVio Fore arm fractional tisse volume 00048 g v LI_DXMCYP2D6_Vmax  DXM CYP2D6 Vmax 0003 mmol/ v
FVve Venous fractional tissue volume Jones and Rowland-Yeo (2013); ICRP  0.0514 kg LI_DXMCYP2D6_Km DXM CYP2D6 Km Storelli et al. (2019a); Yang et al. (2012)  0.0079 mM
) . LI_cyp2dé_ac CYP2D6 activity score 00-30 -
A Akl Sl e T :'U‘;:"' Tl I DR MY, LI_lambda_t Slope of K by principal component regression of (Km,  Storelli et al. (20192); Yang etal (2012) 0.4 - v
Vmax) in log space
FVpo Portal fractional tissue volume :s::;).m;l Rowland-Yeo (2013); ICRP  0.001 kg LI_DXMCYP3A4_Vmax Vimax of DXO formation by CYP3A4 0.0004 mmol/ v
2002 min/l
LI_DXMCYP3A4_Km Km of DXO formation by CYP3A4 Yu and Haining (2001) 0.157 mM
LI_DXOUGT_Vmax DXO UGT Vmax (glucuronidation) 08953 mmol/ v
min/l
LI_DXOUGT_Km DXO UGT Km (glucuronidation) Lutz and Isoherranen (2012) 069 mM
GU_F_dxm Fraction absorbed DXM Schadel et al. (19 055 -
GU__Ka_abs_dxm Ka_abs absorption DXM 34285 Uhr .
GU_DXMCYP3A4_Vmax DXM CYP3A4 Vmax 00002 mmol/ v
min/l
GU_DXMCYP3A4_Km  DXM CYP3A4 Km Kerry et al. (1994); Yu and Haining 0.7 mM

(2001)

PODOSE DXM oral dose mg



Biases in Literature
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Tools for reproducible model implementation

BN

Systems Biology Markup
Language (SBML)

Sbmlutils: Python Utilities
for SBML

SBML4Humans

CySBML: SBML for
Cytoscape 2
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http://sbml.org/

Preferred Reporting ltems for Systematic reviews and
Meta-Analysis for Scoping Reviews (PRISMA-ScR)

Identified

Screened

Eligibile

Included

PKDB
(n=148)

PKPDAI
(n=679)

I

v

Search results combined and duplicates removed

(n=745)

2

Full text accessible studies
(n=599)

v

Articles screened on full text basis

Studies excluded (n=313) based on eligibility criteria. Studies can be

excluded due to multiple reasons:

Incorrect publication type (n=40)
Caffeine was not applied (n=136)
Insufficient outcome measures (n=145)

Incorrect species (n=116)
Incorrect population (n=36)

Not in vivo (n=8)

Incorrect application route (n=5)

Eligible studies
(n=286)

>

Studies excluded due to priority (n=145)

Included studies
(n=141)

Eligibility Criteria

° Original studies (no reviews, no computational studies)

° Homo Sapiens

e Age>=18years

e Invivo

e  Application of caffeine

e  Application route (oral, intravenous)

e  Reported pharmacokinetics data for caffeine of its
metabolites (time courses or pharmacokinetic

parameters)



Meta-analysis: Methods

e  Probably noinfluence of quantificat
method on caffeine clearance
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Meta-analysis: Caffeine-Drug Interactions

e  Drug-druginteractions by AUC of Caffeine:

— most substances

l enoxacin, fluvoxamine, ldrocilamide® norfloxacin, osilodrostat,
pipemidic acid
T tipranavir*

*interaction missing in go.drugbank.com
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https://de.wikipedia.org/wiki/%E2%86%94

Meta-analysis: Caffeine-Disease Interactions

e  Cirrhotic liver disease had moderate to strong effects on

the caffeine clearance Hypotheses:
. . ° i i
e None of the reported diseases increased the clearance rate Iowfer .Ilver f;ncr:uorg'due toworse
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Meta-analysis: Plasma vs. Saliva

12

-
o

=]

Saliva caffeine [mg/I]

Concentrations of caffeine and paraxanthine are 21% and 32%,
respectively, lower in saliva in comparison to plasma.

Strong correlation (R*=0.88) between clearance in saliva and

plasma.
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Meta-analysis: Metabolic ratio in plasma over time

e  Sampling timing of the metabolic ratio (MR)
(paraxanthine / caffeine) in plasma matters.
MR increases over time.

10!

10°

Paraxanthine / caffeine ratio [-]
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Effect size analysis of caffeine clearance for various diseases

Study Disease
Rennerl984 pbc | oy |
Wahllaender1990 pbc , i
Rennerl984 pbc —_——

Renner1984 miscellancous Iver diseasse | | e |

g = (x1-x2) /V((n1-1)*s12 +
(n2-1)*s22) / (n1+n2-2)

Rule of thumb:

Hedges g < 0.2 small effect
Hedges g = 0.5 medium effect

Hedges g > 0.8 large effect

-10 -8 -6 -4 -2 0
Hedges g effect size and 95% confidence interval



PRISMA flow diagram for Dextromethorphan

Overview of the data selection for
the pharmacokinetics dataset

used in this work. PuBMed, PKDB,
and PKPDAI were utilized for the
literature search on DXM
pharmacokinetics. Applied eligibility
criteria resulted in 227 studies of
which 46 were curated for this
work.

Identified

Screened

Eligibile

Included

PuBMed PKDB DXM PKPDAI
(n=169) (n=47) (n=262)
L |
Y

Search results combined and duplicates removed

(n=404)

2

Full text accessible studies
(n=350)

v

Articles screened on full text basis

A

Additional studies from references (n=69)

Y

Studies excluded (n=192) based on eligibility criteria.

Eligible studies
(n=227)

Y

Studies excluded due to:
priority (n=180)
duplicates(n=1)

Included studies
(n=46)




Effect of genotype on
CYP2Dé6 phenotyping

mmmm AS: 0.0 wmsm AS:0.25 wmsm AS: 0.5 AS: 1.0
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Biogeographical
Population
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Dextrorphan Plasma Concentration Simulation
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Parameter Scans

mmmm AS: 0.0 =mssm AS: 0.25 =ssm AS: 0.5 AS: 1.0 AS: 1.25 AS: 1.5 AS: 2.0 =mmm AS: 3.0

. Dependency of UCMR (urinary
cumulative ratio of DXM/(DXO-Glu) after
8 hr and 30 mg oral DXM) on selected
physiological parameters and the DXM
dose. Parameter scans were performed
for all activity scores.

Urinary cumulative metabolic ratio
DXM/(DXO + DXO-Glu) [-]

0.02 0.04 100 200
Liver volume per bodyweight Cardiac output per bodyweight DXM tissue/plasma Oral DXM dose
FVIi [I/kg] COBW [ml/s/kg] partition coefficient PODOSE_dex [mg]

Kp_dex [-]1



Local Sensitivity Analysis

° Sensitivity analysis of model parameters.
To systematically study the effect of
parameter changes the local sensitivity of
UCMR were calculated for all activity
scores. Parameters were varied 10% in
both direction around the reference
parameter value and the relative change
of UCMR was calculated (insensitive
parameters with relative change of UCMR
smaller than 1% were omitted).

0N NOESH WosoW 100 125 150 200 [WSEM activity score (AS)

-0.02

0.03
0.02

-0.02

0.03
0.01
0.01
0.01

volume liver

heart rate (resting)

Vmax DXM to DXO conversion via CYP2D6 (liver)
CYP2D6 activity score

Km DXM to DXO conversion via CYP2D6 (liver)
cardiac output (CO) per bodyweight

volume kidney

heart rate

Kgex DXM elimination (kidney)

K, DXM to DXO conversion via CYP3A4 (liver)
Vmax DXM to DXO conversion via CYP3A4 (liver)
Kdorgiu DXO-Glu elimination (kidney)

-0.02 -0.02 -0.02 -0.02 -0.02 -0.02  tissue distribution (DXO-Glu)

Kp tissue/plasma partition coefficient (DXM)

Kp tissue/plasma partition coefficient (DXO)
0.03 0.03 0.03 0.03 0.03 0.03 | blood flow fore arm

0.01 0.01 0.01 0.01 0.02 0.02  bodyweight

0.01 fraction absorbed (DXM)

0.01 DXM oral dose



model: dextromethorphan_body

Autogenerated ODE System from SBML file with sbmlutils. time:
[1] area: [m*2] length: [m]

[min] substance: [mmol] extent: [mmol] volume:

Parameters p

LI cyp2d6 al5 = 1.0 # [- LT s
— - __cyp2d6_a76 = 6.6 # (-]
B = 75.0 # (kq) L; ‘V"ggg ‘“7" = °~g ¥l LT cyp2d6 a77 = 6.8 # [-] Cki_plasma dxn = 6.0 # [nmol/1] Vki_plasma
COBW = 1.548 # [ml/s/kg) LI cyp: al7 = 0.8 # [- LI cyp2d6 a78 = 6.8 # [-] Cki plasma dxo = 0.0 # [mmol/l] Vki plasma
2 LI cyp2d6 al8 = 2.6 # [- LT cyp2d6 a79 = 6.6 # [- Cki plas-a o g\u s 0.8 c (mmouu Vki_plasna
COHRI = 150.0 # [ml] LT cyp2d6 219 = 3.0 # [- yP: - Ckiv d # (mmol/
FQfo = 0.0146153846153846 # (-] T cyp2do a2 = 6.6 # (-] 3 :nggg el Cilvia = 6'6 5 [mmat/] vidy
FQgu = 8.146 # [-] LT cyp2d6 a20 = 4.0 # [- e ag: s b0 s Ckiv_dxo_glu = 0.0 # [msol/l) Vkiv
FQh = 0.215 # [-] LI cyp2d6 a2l = 5.0 # [- ::x :ypzas :82 = bgrat H Cli dxm = 0.0 # [mmol/L) VL tissue
FOki = 8.19 # [-] LT cyp2d6 a22 = 6.8 # [- yP: N % Clidxo = 0.0 # [mmol/1] V1i tissue
LI cyp2d6 a83 = 0.0 # [-] Cli dxo glu = 0.0 # [mmol/1) Vi tissue
FQlu = 1.8 # [-] LL_cyn2d6 a23:m 1.0 #:[- LI cyp2d6 a84 = 1.0 # [-] Cliplasma dxn = 0.6 # [mmol/l] V11 plasma
FQpa = 8.617 # [-] LI cyp2d6 a24 = 0.6 # [- LI cyp2d6 a9 = 0.0 # (-] Cli plasma dxo = 0.8 # [mmol/l] Vli plasma
FQsp = 8.017 # (-] LI cyp2d6 a25 = 6.0 # LI cyp2d6 ac = 1.0 # [-] Cli plasma dxo glu = 8.0 # [mmol/l] VLi plasma
Fvar = 8.8257 # [Ll/kg) t:,cypggg,ag - ;‘g : = LI cyp2d6_allelel = 8.8 # (-] 3"’:“ = g g : :mom} w :tme
__cyp. A = 0. - LI st llele2 = 0.0 # (- u_dxo = mmo| u Ssue
FVfo = 0.00482857142857143 # [l/kg) LT cyp2ds a28 = 1.0 # (-] b :ysmv«;zog :m =ty “ Cludxo_glu'= 0.0 # [smol/L) Via tissue
Fvfov = 0.001 # [Ll/kg) I 2d6 229 = 2.0 # [-] 2 Clu_plasma dxm = 8.0 # (mmol/l] Vlu_plasma
FVgu = 0.8171 # [l/kg) —Cypace a 3 LI f DXMCYP3A4 K = 1.0 # [-] Clu plassa dxo = 0.0 # [nmol/1] Vlu plasma
LI cyp2d6 a3 = 0.0 # [-] LI lambda 1 = -0.4 # (-] H
Fvhv = 8.801 # [l/kg) L1 2d6 230 = 3.0 # (-] Clu_plasma_dxo glu = 6.8 # [mmol/1) Vlu_plasma
FVki = 0.8044 # [l/kg) . [CYp2CD: & . Mr_dxm = 271.404 # [g/mol) Cpa dxm = 0.0 # [mmol/1] Vpa tissue
FVKiv = 6.001 # [L/kg] LI cyp2d6 a3l = 4.6 # (- Mr_dxo = 257.37066 # [g/mol) Cpa_dxo = 8.0 # [mmol/1] Vpa tissue
. g LI cyp2d6 a32 = 5.0 # Mr_dxo glu = 433.49478 # [g/mol] Cpa dxo glu = 0.0 # [mmol/1) Vpa tissue
FVli = 8.821 # (l/kg] LI cyp2d6 a33 = 6.0 # [- Ri dxm = 8.0 # [mg/min] [pa ‘plasma_dxm = 0.0 # [mmol/1) Vpa_plasma
FVlu = 0.0076 # [Ll/kg] LI cyp2d6 a34 = 6.0 # [- Vfeces = 1.0 # (1] dxo = 0.8 # [mmol/l] Vpa plasma
Fupa = 8.81 # [L/kg) LT cyp2d6 a35 = 0.0 # [- Vfo = 1.6 # (U] Cpaiplaslaidxaiglu 2.2:8 &/ [akal/1] Vpa_ plasna
FVpo = 0.0601 # (L/kg) LI cyp2d6 a36 = 1.0 # [- Viov = 1.0 # (1] g:: 2 it mz{;l} ol
Furev = 8.001 # [L/kg] LI _cipado aniow do0 & Voulumen = 1.6 # [1] Cpo_dxo_glu = 0.0 # (smol/1] Vpo
FVsp = 0.0026 # [U/kg) - zypggg P i Yatomact S 108 % 1 Cre du = 0.0 # [mmol/1] Vre tissue
Five = 8.0514 # [Ll/kg] — Wzm5 AT A urine = 1. Cre_dxo = 0.0 # [mmol/1] Vre tissue
Fblood = 0.02 # [-] LI cyp: a4 = (-] conversion mtn per day = 1440.0 # [min/day) Cre_dxo_glu = 0.0 # [mmol/1) Vre tissue
LI cyp2d6 a40 = 0.6 # [- f _shunting forearm = 8.279517545617716 # (-] Cre_plasma dxm = 8.0 # [mmol/l] Vre plasm
GU__DXMCYP3A4 Km = 0.7 # [mmol/l] LI cyp2d6 adl = 0.0 # [- ftissue_dxm = 1000.0 # [L/min] Cre plasma dxo = 0.0 # [mmol/l] Vre plas
GU_ DXMCYP3A4 Vmax = 0.8002 # [mmol/min/1]) LI cyp2d6 ad2 = 0.0 # [- ftissue dxo = 100.6 # [l/min] Cre_plasma_dxo glu = 0.0 # [mmol/l] Vre nlasma
GU_ DXMCYP3A4 activity = 1.0 # [-] LI cyp2d6 a43 = 1.6 # ftissue dxo glu = 3.0 # [Ll/min] Crev_dxm .0 # [mmol/l) Vrev
GU_F dxm = 0.5 # [-] LI cyp2d6 add = 6.0 # [- tidxm = 10.0 # [s) E:ﬁ:,g:g Hh o T Ve
GU_Ka abs dxm = 3.42854395495006 # [1/hr] LI cyp2d6 a45 = 8.6 # [- Csp dxm = 0.6 # [mmol/l] Vsp tissue
GU_Vmem = nan # [m~2) LI cyp2d6 a46 = 6.0 # [- Csp_dxo = 0.0 # [mmol/1] Vsp tissue
HCT = 8.51 # [-] LI cyp2d6_ad7 = 0.5 # [- Csp_dxo_glu = 0.6 # [mmol/1] Vsp_tissue
HEIGHT = 170.0 # [cm) t;fﬁypggg,::g : }g : - Initial conditions x0 é:: ::::: :f.," . g g : {mw: z:: :\asma
HR = 70.0 # [1/min] T eom2d6a5 560 4 [] Afeces_dxn = 0.0 # [mmol] Vfeces Cspplassa dxo_glu'= 6.0 # [mnol/1) Vsp plasma
HRrest = 70.0 # [1/min) LT cyp2d6 a50 = 6.6 # (- Astomach dxm = 0.0 # [mmol] Vstomach Cve dxm = 0.0 # [mmol/l) Vve
KI DXMEX k = 0.017 # [1/min] i Y ki co8 sl Aurine dxm = 0.0 # [mmol] Vurine Cve dxo = 8.0 # [mmol/1] Vve
S S cyp2d6_a R Aurine dxo = 6.9 # [mmol] Vurine Cve dxo_glu = 0.0 # [amol/1] Vve
KI_DXOEX k = 0.3 # [1/min] LI cyp2d6 a52 = 1.8 # (- Aurine dxo glu'= 0.0 # [mmol] Vurine o gt e |_°m, Vgu. tissue
KI_DXOGLUEX k = 1.8 # [1/min] LI cyp2d6 a53 = 2.8 # [- Car_dxm = 6.0 # lmot/{l var IVDOSE dxm = 0.0 #
KI_ Vmem = nan # [m"2) LI cyp2d6 a54 = 1.0 # |- Car_dxo = 6.6 ¢ [mmol/l] Var LI qui =0.0 # Immol/l] Vi tissue
Ka dis dxm = 0.0217391304347826 # [1/hr] LI cyp2d6_as5 = 0.0 # [- i LA e e PODOSE_dxa = 0.0
Kp_dxm = 8.73461301162365 # (-] LI cyp2d6 as6 = 1.0 # [- Cfodxo = 0.0 # [amol/L] Vfo tissue Cmaose drn = 3.0 # T
Kp dxo = 4.0 # (-] 3 E;ségg :gg = gg : - ga:n:oiglud- a.eo . (;ﬂ[ﬂ/l{;\ll;nv:lss:e ODE System
= 0. S o plasma_dxm = 0. mno o plasna
Kpidko gLy =008, 4, {<) LI cyp2d6 a59 = 0.0 # [- Cfo_plassa dxo = 8.8 # [mol/1] Vfo plasma
Kp_fo dxm = 10.6 # [-] LT cyp2d6 26 = 0.0 # (-] Cfo_plasma dxo_glu = 8.0 # [mmol/l) Vfo plasma #
LI DXMCYP206 Ki qui = 1le-06 # [mmol/1l] < : Cfov_dxm = 0.0 # [mmol/l) Vfov N y
LI cyp2d6 a6 = 0.8 # (- 4 [ 1 i
LI DXMCYP206 Km = 0.8879 # [mmol/l) LT cyp2d6 a6l = 8.8 # [- Cfov dxo = 0.8 # [mmol/l] Vfov Afov_dxm = Cfov_dxm * Vfov # [mmol]
LI DXMCYP206 Vmax = 0.803 # [mmol/min/l] u*c;:zde’asz s Rl E;zvﬂ::n-géuu- 3'?.,...:&?}/;:':!;2& Afov_dxo = Cfov_dxo * Vfov # [mmol]
LI DXMCYP3A4 Km = 8.157 # [mmol/l) LI cyp2d6 a63 = 0.5 # [- Cou dxo = 0.0 # [mmol/L) Vgu tissue Afov_dxo_glu = Cfov_dxo glu * Vfov # [mmol]
ti gm?::)’msxs; 9;'9994 l‘l""’""l/“"/ll LI,CVFZSS,SN =0.0 # (- Coultan gli =00 8 («-i:u;;{l‘ﬁnvtlssmm Aurine dxo total = Aurine dxo + Aurine dxo glu # [mmol]
= g u xm = u
X w0 iasol/1) LL_cypadoiacs = d:0 12 el 1 G A BSA = 0.024265 * (BW / 1)%+0.5378 * (HEIGHT / 1)*+0.3964 # [m"2]
LI DXOUGT Vmax = 0.895285026249854 # [mmol/min/1) LI __cyp2d6_a66 = 0.5 # [- . K < b
T Vaem ="’ 2 [4~2] “Cyp2d6 a67 = 0.5 # [- ggn(p::il:igxo 31; ’slg‘o{/{rilmo\/\l Vgu_plasma CO = BW * COBW + (HR - HRrest) COHRI / 60 # [ml/s)
o ulunen_dxm = .
LI activity score = nan # [-] 'J __cyp2d6_a68 = 0.0 # [- Chv_dxa = 0.0 # [mmol/l] Vhv FQre = 1 - (FQki + FQh + FQfo) # (-]
LI cyp2d6 ad = 1.6 # (-] - g%:g 239_-9369 #“Li O die 5000 Tmol LIV, FVre = 1 - (FVgu + FVki + FVli + FVlu + FVsp + FVpa + FVve + FVar + FVfo) # [l/kg]
LI cyp2d6 al = 0.25 # [-] LT cyp2d6-a70 = 0.5 # [~ et el S L Ki dxm = (0.693 / ti_dxm) * 60 # [1/min]
LI cyp2d6 alo = 0.0 # (-] LT cyp2d6 a7l = 0.8 # [- Ckidxo = 0.0 # [mmol/l] VKi tissue LI cyp2d6é_activityl = piecewise(LI_ cyp2dé ac / 2, LI  cyp2d6_allelel -1, LI_ cyp2d6_ a0, LI_ cyp2d6
ti :;gggg:g - g'g : {} LI cyp2d6 a72 = 6.0 # [- Chi_dxo_glu = 0.0 # [mmol/L] Vki_tissue cyp2d6_activity2 = piecewise(LI cyp2d6 ac / 2, LI cyp2d6 allele2 -1, LI cyp2d6 a0, LI_ cyp2d6
5 . 2 LI cyp2d6 a73 = 0.0 # [- = * . Vv * BW * 7% - F s T - —
LT cyp2ds a13 = 0.6 # (-] LT yn2d6 74 = 0.0 # [ Var = BW * FVar - (FVar / (FVar + FVve)) BW * Fblood (1 - FVve - Fvar) # [1]
LI cyp2d6_ald = 0.5 # [-] LI cyp2d6 a75 = 6.0 # [-)



model: dextromethorphan_body

Autogenerated ODE System from SBML file with sbmlutils. time: [min] substance: [mmol] extent: [mmol] volume:
[1] area: [m*2] length: [m]

Vfo_plasna = Vfo * Fblood * (1 - HCT) # [1] oo dro glu = Coo xoglu * Yo ¢ lovol)
Vfo_tissue = Vfo * (1 - Fblood) # (U] hrev dm = cre # [anol] Yoo_den = (hpo_tom / Vpa * Mr_dum # Leg/L)
jqu = W * Fugu # (1] Arev-iut = Cone i + rev 8 [naat] Yoo exo = (Apo_dua / Vpo) * Wr dxo # [ng/LL
hy = (1 HCT) * (B0 * FUhv - (FVhv / (FVar + Five + Fipo + FVhv + FUkiv + FUrey + Ffo)) * Bil * Fbloc Arev-dno gl = cm dxo_glu * Vrev # (wnol] Yoo_oxo g = (hpa duo gl ( Vpa) * M i st # (w11 . o stons gn ¢ ot
Vki = B * FVki # (1) Ave dxm = Cve_dxn * Wwe # [mol] ixn = {Arev dun / Vrev) * e dun o [ng/1] o g po dom = Gou + Cou slasns dun ¢ [mncl/nin
VKiv = B0+ FVkiv - (FVKiv / (FVar + Five)) * BW * Fblood * (1 - Five - Fvar) # (1] e ihe = Coczdus + oe. & lmok) {hrev-ara 7 Veew) + e ¢ ing/i]
VU= B R # (1) Ave txo_glu = Cve_dxo_glu * e 1 Yrev) b dio glu ¢ lag/1)
20U L1 cyp2d6 activity = LI cyp2o6 activityl + LI cyp2d6 activityz # [-]
w Hioy dun = (Aov dun / Viow) * Nr dun o [ng/1] [ Vel Weodro i
3B Flpo - (Fipo / (Plar  Fie s Pl + Uy o FUkiy + Firev 1 FVfou)) * 81 * Foloc Hiov dxa = {Mov duo / Viou) * Mr duo ¢ [mg/1] ve) * Mr_dxo gl # (sa/L]
- (Furev / (FVar + Fwve)) * B4 * Fblood * (1 - Fvve - Fvar) # (1] oy dia sl = (Ao dro gl / Vfou] * M dro_glu ¢ lag/1)
+ 0C = (€0 / 1000) Jnin
- (FVve / (Fvar + Fuve)) * B4 * Fblood * (1 - Five - Fuar) # (1] (- KTy e U
Xfeces dxm = Afeces dun * Hr_dn # [ag] blocd) ¢ [1]
Xurine dxm = Aurine dun * Hr dxm # (9] (- ueT) e U e - Fatw # frmind
rine dxo * Mr_dxo # [ng) Fulecd) ¢ (U oo = 0C * FOms ¢ {1/nin]
hurine g0 glu " Hir Gro gty 4 (s3] VUi - Fblood + (1 - HCT) @ U Qre = o€ * Fore # {1/nin]
dxn / 60) 7 PODOSE dxn / Mr_dxn # (smol/min] + {1 Fulacd) @ [U 0sp = 0 * FQsp # {L/nin]
o fove thov 8 7 Choe o 8 111 it = Vlu * Fbload * (1 - KCT) @ [U] re_plasna = Vre * Fbload * (1 - KCT) @ [L]
ve dxo # [-] {1 “Falacd) ¢ 1L od) @ [
dim / Crev dno # [ 0w e
 dxm 7 (Cfov_dxo + Cfov dxo glu) # [-] Falacd) @ [
Cie o / (Cue dro - Cue drogty) 7 1] e s stu # (oa)
gxn / (Crev dxo + Crev dxo_glu) # [-] Vep_plasna = Vap * Fbload * (1 - KCT) @ [] £ fea)
dxn dxo_total urine = Aurine dm / (Aurine dxo + Aurine dxo glu) # (-] Vsp tissue = Vap * (1 - Folood) @ [U] o pletna-de = Ao plamms-ous = M éra. & log
Aurine_dxo Xfov_dun = Afay dxn * M dun & (ng] Kfo_plasna dro glu = Afo plasne dro_glu * Hr_ e gl teg)
a0 glu 7 (mol/Y) Xfov_dxa = Afav dxo * M dxa 4 ol
fotal plasna = Cue dro + Cve dxo gl # lamol(1) Mo ita gl Mo gl e in 5t o Lig]
ix0 glu # (mmol/1) * TVDOSE dn / Hr_dwn & [nvol/min] .
S otaume gun < Kp_fo dun - Cfo_dum) # (mmol/min] # [no) mv m = Akiv_dxn * Mr_d
transport fo a0 = ftissue dwo * (Cfo plasma dxo * Kp dxo - Cfo dxo) # [nmol/min] Wt 8 (ol
tramsport_fo_dxn gly - ftissue dro glu + (Clo plasna o olu ~ Kp dro_gly - Clo dro glu) ¥ (mol/min} Thiv-iue_ gl Tithe o 3hu > M -too glu # fmo)
ransport gu-dn = ftissue don 7 (Cu plasma - Ko 0 - Cou Gan) % lemol/nin] & The ¢ fo3]
transport gu m 3 felemue oo © (cqu platan exo « Kp o Couira) # {mol/min] 0 6r0 =
G = frissue oo gta * (Ca o glu * Kp dxo_glu - Cgu @0 glu) # (meol/nin] oo PR .,, ,.., gl # (sg]
in] “Hr d

X # lematl - * oot}
transport ki do gly = ftissue dro gl ¢ (CK Loz dro oo+ Kp dro gty - Chi dro glu) # (msol/min] - Vi plasma # (emot] ©_glu * Mr_dxo glu ¥ (g
transport_Li_dxn = ftissue dxm * (Cli plasna dxm * Kp_dxm - CLi dxn) # [nmol/min] ve_dn Wi o o)
Hransport Ui tho = ftissue dro * (CUi_plasna dxd + L Qe # {mol/min] Xve dxo = Ave dxo * r dxa & (gl # lng/)
transport Li_de  glu = ftissue dxo glo * (CLL | p\.w m o_glu * Ko.dro_glu - cu dxo_glu) # [nmol/min] Hve-dxn_ gl = hve,dxo, i * Mir %0 gl ¢ g
nsport Lu_ b+ (Clu_plasna_dm * xm) ¢ [maol/min] Are_plasna_dun = Cre plasn dxn * Vre_plasna x [amol] * g1
transport_ e dxo * (Clu g n\am s - e o)+ temol/min] Are Phases-dm = Crepiatas s + Vre.piasis #
transport lu_ uxu s fussue dxo glo * (Cl  dxo. p_dxo_glu - Clu dxo_glu) # [mmol/min] Cre_plasna_do glu * Vre plasna # [wmol]
Rensport pardure ftlasue ik unu\nw in fo o com)" ¢ [emol/ata] Sicardm ¥ ate (1 oo g focsar) . fusiiyaln) # tng/)
Transport pa dx = fiissue the + ((pa-plasma_toe ix0) # [mmol/min] s a foduo = Caridra + Qfa * (1 (shunting forears) # mal/min]
FE et o g+ iisiua ouc LD+ [Cae phsen o aih o Fo dbo ghu - Cha.sws gluy 8 (mobmtn] hop ploans dro dxo.gTa - i o anol] Floe arfo duo gl = Cor duo glu * Qfo + (1 -  shunting. forasmey 8 bmcl/ain]
ranspart e dha < ftissue doa + (Cre plasna Bun - Ko oxn - Cre gim 8 {pmol/nin) DXAYPIAA G DUNCTPIAL Vaak * G OXYPIAA .mmy Vau_tissue * Cou dxn / (Cou dun + U_ow 2 g < Corr i temst/min) # (a1
transport re_dxo = ftissue dxo * (Cre plasna dxo * Kp_dxo - Cre_dxo) # [mol/min] Gl Diverption =750 tissoe 7 GO KoLt 1 683" Coutimen b 5 Temolsoin) ow ar_gu_dxo = gu * Cor dxo # (wmol/min]
transport_re g0 gly = ftissue dx0 glu ¢ (Cre plasna dio glu ! Ke dro glu o - 6r0.9L) # [mol/min] IO’ K Dok i tisnue ® Chi dim £ (...,u.,,.; et gu_dxo_glu = Qg glu # (amol/nin] oL Sy W s ot
transport sp_ # [mol/min] £ tissue * Cxidxo ¥ (nmo ki * Car_dwn # [mol/nin] 3 @ e & T\min] H e
transport_sp_dxo # [mmol/min] —DMDGLUEX + RT OKOGLUEK K-+ Ykt tisoue Cxi dne olo. 5 [omot/mi # (mol/min] 090 = 05p + oo+ Dgu # Tumini
transport_sh-dxo_glu = ftissue dxo gt * (Cop.pLasea. Gxo gl » Kp axo_gLu - Cop.dxo_glu) # [mscU/min] VUi tissue LI opads activity o CLi g / (1 4 L qui / L1 D o4 < cor do gl # [emolmin] na’dun
dn # [nmol f_DXMCIPIAS Kn * LL_DINCYPIAG Kn + C1. on * Cor g3 o

issue * Clidwn / (L

# [mmol SV ume 8 o /(L1 DXOUGT R+ (1L iy o [amoLsmin] Fiorar e ik = 0o % Cartia § amsiiatnt # trsl
o dr0 glu < Var 7 o) "/ Var) + Wr_dua # [oa/l] 0 glu = Gpa * Car dxo glu # (zmol/min]
R ptaae o o Tra s dom vio plasne ¢ (mmcl) Mar_dxo = (Aar dxo / Var) * Hr dwo # [na/L] rre dn = Qre + Car dn # (snol/nin] ¥ tog)
Plasme e * Viopla (mmo Yar) < e G gta o ten/tl Floc_ar_re do = re + Car o 4 (smol/min]
A T T i e ) ;o ¢ oat) r dxo_glu # (smol/nin]
Vhv # [wmol] ) e & s + Cor_dn ¥ Tamol/min] * tog)
ixo * Vhy # {nmol] G- Ty r dxo # [wmol/min]
Ch dxo_glu * Vhy # [mmol] lu = Gep +Car dno.glu # amol/min] =
+ shun +fa * f shunting farearn * 0_glu = ALu_plasna_ dxo glu * Wr_dxo_glu # (sg]

ng_forea s7a_d) - d»
Fhmtinaforearm] + Clo-plassaciua + fa  {-shansing:farearm o Cor s
«

ol vm s famot1 - f_shunting forearn] * Cfo_plassa dxa_glu + fo * f_shunting forearn =

o1}
Moein e v £ fomet]

2 X n|
Flow fov ve dxo_glu = Ofo * Cfov dxo glu_# (nol/min]

2 plasme i - foa slasna.ton - br_dom 4 (eg)
na_deo = 4pa plasns dno * Wr_dno # leg]

i ixo_glu =

i g

CarBa/at T [Flow argu i / Yar - Flow ar ki g / Var - Floar_Ligm / Var) + Flow o or_¢mn
Vizduo 7 Var) + Flow w or_dro |

o ar M xe gt 7 Var = Flow 14 e glu-7 Vary o1

Cto_gaavet = transport_fo Bn / Vo tissue # (enol/Uain)

Clo-gro/dt = transport_fo éx0 7 Vio tisaue # (mol/t/min]

c transpart_fo_dxo_glu / Vf

Clo-plaso dma/dt = <toanspart.focien 7 Viorp

cfo ,\-m dxadt =

cho

c

c

transpart Ly dro g / Vi plasm + Floe ve Lo gla / Vi.slasna - Flow
n pa_dxn / Vpa_tissue # [wmol/l/ni
- orat = tnmpart pain 7 Vea_tissue » lamebsLsnind
siue % [mol/Umin]
e ara.dm / Youplans - Flow pn.po.dm /
7 Vra
r_pa_ du glu / VPI Nw
ow_gu_po_dn / Vpo - 3 «m/vw»uo.»nnew
g po ara / Vpo - Flow po Lt oo/ Vol © r\ou- o dko / Vpa + Flow s po- ok /
Tow po 1

nin)

ou_ar_fo_dun / Vfa plasns - Flow fo_fou dun / |

Flow fo_fov dxo / |

or_fo di0.glu / Vfo_plasaa - Floe_t
Unin)

Flow po 15 dxn / Vol +
! ov. l [nmlll/ o ot

F\w o u 0 = 0pa + Cpo_dra T Ereafov.ve 4xn_olo Vioe s [omal/L/nin]

ve (Flow 95.po. dx0 9l / Ups 7 peh  Floe_po.pe_tua.giay o +
Sus o sborption dxn / Vgu_tissue - GU_DINCYPIAL / Vg ti Cratn7it < Sranspare-veien 1 Voo, thavn ey " :
o = (A ¢ fmn spart_re_dxo / Vre_tissue # (smol/L/s

Hre-plasea-dhe = {Are Phasnadus 1 Vre-plasms) + He-cho &

/11 # [wmol//nin)
fis plasme o §1u = Ues s g Tac/ Tro _plasel + r o glu # ng/L1
o]

Cre din ot = tcsmspart.ru o _glu / Vre_tissue 4 [emal/L/min)

+ Flowar_gu_dis / Vou_plasme transport_re_d» ar_re dxn / Vre plasna - Flow re rev_dxn /

m pm... prir et o - Flow re_rev dwo /
na_dxo_glu/dt = -transp Flow r

..
‘
‘
¢
«
«
¢
“
¢
o
‘
¢
Flow g po.gmn / 4 e
¢
e “re
4 Cres un/dt = Fiow. re_rev.txn 1 Vrév
‘
“
¢
«
o
¢
“
¢
o
‘
¢
¢
¢
¢
“
H

Crev_dxo/dt = Flow re_rev_dxo / Vrey - Flow rev ve dxo / Vrev # [wmal/l/nin]
- dxo_glu / Yrev # [anol/U/min]

2 Norine e gturde =K1 DHOGLUBX ' el /min]

- Flow sp_po_den /
- Flow 5p_pa_d
Cop_plasn dno g Vsp_plas
= {iv.dm / Ve + Flow

{Flow kiv_ve dn ¥
Cve oo, ,\um = iz kiv ve dro gl / We + Flow
G dmet/dt = GU__DOKIPIAS / Vgu tissue # (mol/Unin]
NOGSE dun/dt = v+ W dn s B den # lngres
L qui/dt = @ # [anol/l/nin]
PUBOSE dxn/dt = “dissatution dum * Mr_den & [og/ain]
cun_dose_dun/dt = Ri_dxn # [ng/min]

e_dxo_glu / e - Flow ve lu dxo_glu / Wve) +

v
o / VUi plasna + Floe po-Li_tha / V
"1 a0 gta / VUi plasna  Flowp

. Lu_dun / Vlu_plasns - Flow lu_ar_den / V'
i + Flow_ve lu dxo / Viu plasna - Flow lu ar dxo / V.

u_plasna_dxo/dt = -transpart lu dxo / Vlu pla:




