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Chapter 5

5B. All- in-One-Model for understanding ROS induced
hepatotoxicity: From organ-specific pharmacokinetics of
Flutamide to predicting its toxic-dynamics effects

Abstract:

Flutamide is a selective androgen receptor antagonist widely used for prostate cancer and
1s also an EDC (endocrine disrupting chemical). Flutamide treatment patients are at a risk
of developing liver toxicity due to its idiosyncratic adverse effect. The desired effects
are achieved when the concentration of the chemical is tuned well. So as, to
minimize adverse actions off-target, it is necessary to consider (epi-) genetic
heterogeneity of the population at both the levels of kinetics and dynamics models.
In vitro assays identified alterations of mitochondrial respiration and generation of
reactive oxygen species as potential mechanisms underlying flutamide hepatotoxicity.
This study details the application of integrative systems toxicology to determine whether
these mechanisms could account for the liver toxicity observed in in-vivo and in-vitro
assays. Integrative systems toxicology included physiologically based pharmacokinetics
simulation to estimate the internal exposure of the hepatic cell to flutamide and its
metabolites. Then coupling of estimated tissue dose of flutamide and consequent
perturbation in endogenous ROS was carried out using direct pharmacodynamics
response models. This perturbation (changes in the ROS level) was dynamically linked to
a systems biology model of ROS. This integrative approach allowed us to predict several
variables of ROS model such as antioxidant regulated genes, mitochondrial respiration
and ATP level as a function of flutamide dosing.

Keywords: PBPK, PD, Systems biology, ROS, Integrative systems toxicology
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Chapter 5

1. Introduction

Flutamide is a selective androgen receptor antagonist. It exerts its action by inhibiting
androgen binding to its receptor or by inhibiting its uptake in target tissue (prostrate). It
is used for the management of locally confined Stage B2-C and Stage D2 metastatic
carcinoma of the prostate either alone or in combination with luteinizing hormone-
releasing hormone agonists (LHRH). Flutamide produces liver toxicity at its therapeutic
dose and the rate of serious liver injury (patient death) is estimated to be 3 per 10,000
users (Wysowski and Fourcroy, 1996). It shows a high incidence of hepatic side effects
especially in women using the drug off-label for the treatment of polycystic ovarian
disorder and hirsutism (Generali and Cada, 2014). The development of hepatotoxicity
during flutamide treatment is presumed to be its idiosyncratic adverse reaction (Garcia
Cortés et al., 2001; Gomez et al., 1992; Wysowski and Fourcroy, 1996).

Idiosyncratic adverse effects are characterized by their delayed onset, occurrence in a
unique, small proportion of individuals depending on their genetic background and other
factors such as generation of reactive metabolites (Dieckhaus et al., 2002). Particularly in
the case of liver idiosyncratic adverse reaction, the role of variability between patients in
the activity of metabolic enzymes in the generation of oxidative stress and in the
consequent mitochondrial dysfunction needs to be better understood (Andrade et al.,
2009; Boelsterli and Lim, 2007). Hence, detailed pharmacokinetics of the responsible
chemical as well as of other factors affecting the generation of reactive metabolites and
their linking with a systems biology describing molecular and functional changes due to
perturbation and adaptation in biological pathways should be an useful approach towards
understanding the causes of chemical-induced idiosyncratic liver toxicity (Kaplowitz,
2005).

Flutamide undergoes oxidative metabolism by CYP450 generating reactive metabolite(s)
such as: flutamide hydroxide (Flu-OH), 4-nitro-3-(trifluoromethyl)-aniline (FLU-
1) and 2-methyl-N-(4'-amino-3' [trifluoromethyl]  phenyl) propanamide (FLU-6)
(Katchen and Buxbaum 1975 ; Shet et al. 1997; Kobayashi et al. 2012; Toyoda et al. 2000;
Wen et al. 2008). The reaction catalysed via CYP3A and CYP1A generates oxidative
metabolites responsible for covalent binding to microsomal protein (Berson et al., 1993).
Wen et al. (2008) reported that FLU-6 i.e. the product of nitro reduction of flutamide by
NADPH: cytochrome P450 reductase (CPR) enhanced the hepatocyte cytotoxicity. it has
been found that FLU induces the expression of CYPIA, CYP2B and CYP3A enzyme
(Coe et al., 2006).

Both in-vitro and in-vivo rat studies identified alterations of mitochondrial respiration and
generation of Reactive Oxygen Species (ROS) as potential mechanisms underlying
flutamide hepatotoxicity (Coe et al., 2007; Teppner et al., 2016). Moreover, an inhibitory
effect of flutamide hydroxide on mitochondrial respiration chain was reported (Teppner
et al., 2016). This might be a contributing factor to the idiosyncratic adverse effect of
flutamide due to metabolic variation among individuals. However, Flutamide dosing of
800 mg/kg/day to CYP1A2 knockout mice showed no sign of hepatic toxicity, except in
combination with glutathione depletion these mice developed hepatotoxicity (Matsuzaki
et al., 2006), emphasizing the importance of glutathione mediated antioxidant defence
mechanism. Flutamide treated Sod2*~ (mitochondrial superoxide dismutase) mice were
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more sensitive to hepatotoxicity than wild type (Kashimshetty et al., 2009). This may be
important for genotypic variation in SOD2 and glutathione peroxidase (GPX1) in the
human population. All these factors indicate that flutamide toxicity is multifactorial:
various factors such as generation of the reactive oxygen species, inhibitions of
mitochondrial respiration, and underlying mitochondrial abnormalities i.e. genotypic
variation in SOD2 etc. all together can lead to hepatic toxicity. The additional
mitochondrial effects of 2-hydroxyflutamide, compared with its parent drug, have been
related to idiosyncratic DILI in flutamide-treated patients (Ball et al. 2016).

Reactive oxygen species (ROS) are important intracellular signalling molecules produced
via various processes particularly in redox inside the cell, viz. reactions involving leakage,
such as from the mitochondrial electron transfer chain and from peroxisomal processes.,
ROS released from mitochondria and endoplasmic reticulum engages in regulation so as
to meet the energy demand through transcriptional changes allowing proliferation and
differentiation of cell (Kanda et al., 2011; Li et al., 2013; Murphy, 2009; Zamkova et al.,
2013). The generated ROS detoxifies through antioxidant defence mechanisms such as
the one involving Superoxide dismutase, catalase etc. (Espinosa-Diez et al., 2015). The
catabolism and metabolism of ROS run parallel to each other and imbalance of these
process can cause intracellular cell damage (Jaeschke et al., 2012).

Integrative systems toxicology comprising of PBPK, QIVIVE and Systems biology can
be used to evaluate how flutamide induces hepatotoxicity integrating in-vitro, in-vivo and
in-silico approaches. PBPK being mechanistic, it can be used to describe the time course
of drug concentration at the cellular level in different species like rat, mice and human.
QIVIVE is very useful in constructing in-vivo dose-response from the in-vitro data along
with PBPK. Systems biology model here in this case is the detailed ROS model that
includes several processes viz. antioxidant defence mechanisms, mitophagy, autophagy
and apoptosis etc. and their functional interactions across multiple levels of biological
organization. This integrative framework would allow to investigate how in
vivo exposure to drugs and their major metabolites induces ROS generation and
consequently to predict their effect on endogenous molecule that may then lead to
hepatocyte death. Hence, the objective of this study is to develop an integrative tool that
describes both the kinetic and dynamic effects of Flutamide via coupling physiologically
based pharmacokinetics of the drug (PBPK) to a systems biology model of ROS effects.
To achieve this objective, two levels of hierarchy were used: First both a PBPK model
describing the drug-concentration time-course inside the body and a systems biology
model describing ROS generation in liver, were made. Second, the two models were
coupled so as to predict Flutamide toxicity in liver at therapeutic doses.

In this study, putative mechanisms of flutamide toxicity identified in several in-vivo and
in vitro assays were evaluated for biological plausibility as the underlying drivers of
observed liver injury using our new integrative systems toxicology approach. Further,
PBPK and systems biology models were used independently to test the hypothesis that
both variations in drug metabolism and variations in capability of antioxidant defence
with consequent variations mitochondrial dysfunction and ATP depletion, constitute
mechanisms of flutamide toxicity. The developed integrative systems toxicology model
was used to explore how inter-patient variability impacted flutamide-induced liver
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toxicity. This was done by creating virtual populations with variation in anthropometrics
and biochemistry.

2. Material and Methods

2.1. Integrative systems toxicology overview

Integrative systems toxicology is a multi-scale approach that includes study of chemicals'
kinetics 1.e. ADME (absorption, distribution, Metabolism and Elimination), and, their
interactions (target dose) with a biological target. Then it arrives at a quantitative analysis
of molecular and functional changes that occurs across multiple levels of biological
organization. Here, integrative systems toxicology model has several interacting sub-
models: physiologically based pharmacokinetics (PBPK), pharmacodynamics (PD) and
systems biology. Coupling of a target tissue dose quantified through PBPK with a
biological target of ROS network (Systems biology model) is done by using
pharmacodynamics model.

Simulations for the current study were conducted in both rat and human model. First in-
vitro rat hepatocyte data were used to simulate the ROS SB model and results were
compared with experimental data. The previously developed rat flutamide PBPK model
was used to simulate the flutamide concentrations in plasma and liver using experimental
dose. Then the integrative model was used to simulate the several components of the ROS
network and the results were compared with in-vivo rat data to check the performance of
the model. Then the model is used to investigate the susceptibility of flutamide- induced
hepatotoxicity in humans by testing our underlying hypothesis. Models are developed in
both R and COPASI.

2.2. Model hypotheses and assumptions

Four alternative hypotheses representing four putative mechanisms of actions were
formulated in six different models. These hypotheses are as follows: 1) exposure to
flutamide increases ROS levels in target organ. 2) Not only flutamide but also its
metabolite flutamide hydroxide increases the ROS. 3) Metabolic activation of CYP1A2
by flutamide leads to more ROS generation due to higher affinity for flutamide
metabolites than for flutamide itself. 4) Functional variation in superoxide dismutase 2
(SOD2) activities could greatly affect flutamide toxicity. Three models were created
based on the first three hypotheses and rest three model were created by combining
superoxide dismutase 2 variations factor (4" hypothesis) with each of the rest three
hypotheses.

The PK/PD link is made based on the assumption that flutamide levels in situ determine
the increase in ROS synthesis.

2.3. In-vivo and in-vitro information input to the model
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Coe et al. (2006) through rat experimental study reported that flutamide induced a 10 fold
change in CYP1A2 and a 7 fold change in NAD(P)H dehydrogenase, quinone 1(NQOI1).
The increase in CYP1A2 level was mediated through the flutamide —induced Ahr
activation (Coe et al. 2006). NQOI is a cytoprotective gene which generally detoxifies
ROS and thus protects cells against oxidative stress. The induction of NQO1 following
an increase in oxidative stress was mediated through the KEAP1(Kelch Like ECH
Associated Protein 1)/ Nrf2 (nuclear factor- erythroid-derived 2) like 2/ARE signalling
pathway (Dinkova-Kostova et al., 2002). This observation was further supported by the
two experiments; one involves experiment on HepG2 cell line which shows that both the
flutamide and its metabolite flutamide hydroxide have capability to increase the
superoxide (ROS) to a very high level (Ball et al., 2016); and the other, flutamide
increases the Nrf2 regulated antioxidant genes (Coe et al. 2007). In another experiment
of the in-vitro rat hepatocyte and the in-vivo rat, induction of Nrf2-regulated mRNA
expression such as glutathione s transferase I1 1 (GSH II 1), heme oxygenase 1 (HMOX1)
and NAD(P)H:quinone oxidoreductase 1 (NQO1) was reported upon the exposure of
flutamide (Teppner et al., 2016). Teppner et al. (2016) experiment involves estimation of
both the flutamide plasma concentration and the Nrf2-regulated mRNA expression level
in rats plasma for two different time points (3 hr and 24 hr) upon dosing of 500 mg/kg
BW of flutamide. Simutanously he also measured the ATP level and Nrf2-regulated
mRNA expression in two different time points following exposure of the flutamide to the
rat in-vitro hepatocyte cell line. Ball et al. (2016) carried out the experiment on HepaG2
cell line and observed that 2-Hydroxyfltuamide, metabolite of flutamide, significantly
reduced the respiratory complex I in addition to its parent compound flutamide and thus
increasing the probability of mitochondrial damage. Recently, Zhang et al. (2018)
reported flutamide-induced hepatotoxicity by inhibiting the Nrf2/HO-1 pathway, in that
they estimated the ATP content, flutamide-induced ROS generation and Nrf2 expression
in human hepatocyte cell line for a dose ranging from 12.5 to 100uM. Majorly, Flutamide
induced liver toxicity is manifested by loss of ATP and mitochondrial dysfunction, which
1s accompanied by several proposed mechanisms among them increase in oxidative stress
was found to be critical.

2.4. ROS SB model

The SB ROS model represents the generation of reactive oxygen species in response to
normal physiological stress. It is fundamentally based on several design principles
namely; ROS-induced mitochondrial aging, protection of mitochondria by providing
stability; the Keapl-Nrf2 module, providing homeostasis by regulating antioxidant
response elements (ARE); the NFkB component as a survivability factor, helping in
recovering damaged mitochondria; and DJ-1, a ROS sensor that coordinates Nrf2 and
NFxB. The model that has been developed and validated with experimental data
previously (Kolodkin et al., 2018), will be used in this study.

2.5. Flutamide PBPK model

The previously developed and validated PBPK model was taken from Chapter 2.B
(Sharma et al., 2018). This PBPK model comprises nine compartments, i.e. gut, liver,
plasma, lungs, kidney, fat, gonads, prostate and a compartment representing the rest of
the body. The exchange of the flutamide between blood and tissue in each organ is
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described by flow limited processes under the assumption that at steady state the total
chemical concentration in the tissue and in the plasma are in equilibrium with each other.
Our previously developed rat model was used to simulate the (Teppner et al., 2016) rat
experimental kinetic data obtained by Teppner et al. (2016). This experiment had involved
administering the flutamide orally at 0.5 g/kg to six male F344 rats and estimating
flutamide plasma concentration at 3 hr and 24 hr. The PBPK model will here be used to
predict the intracellular concentrations (target concentrations) for both flutamide and its
metabolite as a function of time after oral administration of the drug. This target/biophase
concentration is the dose available to interact(s)/perturb the biological target(s)/systems.
The computations were carried out for 15000 individual model instantiations.
Instantiations differed in the value of one parameter at a time from the set of kinetic
parameters marked in chapter 2B Table 1. Parameter values were drawn at random from
log normal distributions about the mean with standard deviations of £1.5.

3. Results
3.1. Pharmacokinetics of flutamide in rat (PBPK model)

The flutamide PBPK model reported in chapter 2B was used to simulate the time course
of plasma and liver flutamide concentrations (Fig. 1& 2) for 24 hr. The model input of
the rats’ body weight ranged from 250 to 300 g and a flutamide oral dosing of 500 mg/kg
body weight was considered, as reported in Teppner et al. (2016).
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Fig.1: Simulation of flutamide plasma concentrations in the rat after an oral dosing of
0.50 g/kg BW. Blue lines: 2.5 and 97.5 percentiles of flutamide concentration distribution
function estimated throught 15,000 iterations taking random values from the distribution
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functions of the parameters. Gray lines: 20 simulations chosen at random from the 15,000
iterations. Red line: median prediction. The green dots indicate the experimental
observed mean concentrations in the rat after an oral dosing of 0.5 mg/kg BW. Black
lines indicate the +/- sd reported in Teppner et al. (2016).

The model of Sharma et al. (2018) over-predicted flutamide plasma concentrations at
higher dose (Fig.1), possibly due to dose dependent CYP enzymes’ induction by the
flutamide via Ahr activation (Coe et al., 2006). Coe et al reported a "’log[CYP1A2]
increase in the range of 0.6 to 1.1 (i.e. a 4 to 13 fold change) for dosing in a range of 16
to 500 mg/kg/day. The current study involves simulation of flutamide concentration for
500 mg/kg BW oral dosing to the rats, which is 100 times higher than the dosing of 5
mg/kg on the basis of which the previous model (Sharma et al., 2018) was developed. The
extrapolation of the model from a low dose to this much higher dose may lead to changes
in dose dependent kinetics particularly in absorption and metabolism rates. For this
reason, we here taken a high uncertainty (+2SD) for the parameter value of the fraction
absorbed by the gut, assuming high dosing might cause chemicals to be left unabsorbed.
We also consider high uncertainty (£2SD) for metabolic parameters assuming there might
be a dose dependent metabolic effect. Although there might be additional experimental
uncertainties associated with the limited number of animals that could be sued per
experimental time point, as well as gender and species variations and plain experimental
error, with these minor modifications, the experimentally observed concentrations fell
within the model’s output range. The model prediction could be improved taking into
account the enzyme induction in IVIVE (scaling of metabolism data from in-vitro to in-
Vivo).

Then this model was used to simulate the flutamide concentrations inside the liver which
is the target organ of interest in this study. Fig 2 represents the resulting flutamide liver
concentrations in rats as a function of time after oral dosing. The flutamide concentration
inside the liver was modelled to be higher than its plasma concentration, which is obvious
as the chemical absorbed by the gut has to pass the liver through the portal vein before
reaching the plasma. A similar trend was observed in the previous study (Sharma et al.,
2018; Chapter 2B).
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Fig. 2: Simulation of flutamide liver concentrations in the rat after an oral dosing of 0.5
mg/kg BW. Blue lines: 2.5 and 97.5 percentiles; Gray lines: 20 simulations chosen at
random from the 15,000 iterations. Red line: median prediction.

3.2. Pharmacokinetics of flutamide in human (PBPK model)

The model built previously by Sharma et al. (2018) (Chapter2B) was used to predict the
transport and distribution of flutamide in the human body. This should also allow
simulating flutamide dynamics in the particular target cells, e.g. hepatocytes. This model
was used to simulate a multiple dose scenario, which involved 1% day single dose of 0.25
g and then a dose of 0.25 g three times a day from the 2" to the 8" day. The results are
presented for plasma both for flutamide and its metabolite flutamide hydroxide and liver
in figures 3(A & B) and 4, respectively. The concentration in the liver was again
approximately 10 to 15 times higher than the plasma flutamide concentrations. However,
flutamide was rapidly cleared from the liver, as compared to the plasma. The output of
this PBPK model, i.e. the flutamide concentration in the liver as a function of time, was
used as an input to the integrative systems toxicology model.
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Figure 3: PBPK model predictions of flutamide (A) and flutamide hydroxide (B) plasma
concentration in human following a 0.25 g oral dose of flutamide on a first day and then
0.25 g three times a day from the 2nd to 8th day. Red lines: median predictions; blue lines:
2.5 and 97.5 percentiles; gray lines: 20 random simulations. The green dots and black
lines indicate the mean +/- sd concentrations reported in Radwanski et al., (1989).

289



(A)

1x10°
1><102 — ':"._I \ ':".I -‘-_I \ ,' \‘ 1 " ke B 1 Al ":I A 3 B 3 k )
!

1x10"

1x107

Flutamide liver concentration [lgiL]

1%10™*

T T T T T T T
0 50 100 150 200 250 300

Time (h)

Figure.4: PBPK model predictions of flutamide liver concentration in human
following a 0.25 g oral dose of flutamide on a first day and then 0.25 g doses three
times a day from the 2" to the 8" day. Red line: median prediction; blue lines: 2.5
and 97.5 percentiles; gray lines: 20 random simulations.

3.3. In-vitro experiments simulation (ROS SB model)

In this section, our integration of the Flutamide PK model with the dynamic intracellular
model of oxidative stress effect is documented. The rate constant for the induction of
endogenous ROS was optimized against the observed in-vitro experimental data and was
found to be close i.e. 1.2 X 10 hr! to the value reported by Leclerc et al. (2014). The
PK-ROS (in-vitro) systems biology (SB) model was then used to simulate several
components of ROS for various in-vitro concentrations of flutamide at different time
points. Results are presented in figures (5-8). Superoxide (O27) is considered to be the
proximal mitochondrial ROS (Murphy, 2009). The experimentally observed
mitochondrial superoxide (mitoSoX) and hydrogen peroxide (H»0,) levels were used to
simulate the flutamide induced oxidative stress and to check the performance of the model
(Fig 5). Flutamide concentrations ranging from 0.05 to 500 uM were used as an input for
the model to simulate and the respective responses at 2, 6 and 24 hr were plotted with
their means and standard deviations. The mean and standard deviation were calculated
for the ensemble of 15000 instantiations of the same model, which were created based on
a lognormal statistical distribution of two parameters, i.e. the flutamide-induced ROS
synthesis rate constant, and the internal degradation rate constant of flutamide. The model
suggested that at 500 uM concentration, ROS levels between 2h and 24 h should vary
greatly (Fig. SA & C; blue bar). This might be due to the fact that increase in ROS level
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activates the Nrf2-KEAP1 which in turn regulates the ROS by increasing the synthesis of
ARE (Kolodkin et al., 2018; Chapter 4).

The model showed a good prediction of the experimental data. The simulated results of
several doses at different time points showed increasing ATP depletion with the
increasing concentration for initial time points. The simulated and observed ATP
concentrations for the 300 uM dose were much lower that these concentrations for the
lower doses ranging from 0.05 to 100 uM. At the dose of 300uM, the model predicted a
high amount of ROS, which caused a massive depletion in ATP at initial time points.
Comparing ATP level between figure 6.A and 6.C at 24hr one could see, the ATP started
to recover. Eventually, after stopping the dosing, the ATP able to recovered back to its
initial steady state magnitude after a 3 to 4 days approximately (data has not shown).

Figure 7 shows the simulated vs experiment data on NQO1 and HOMOXI1 leves at three
different time points (2, 6 and 24hr) at 50 uM and 100 uM in-vitro concentrations. The
time dependent increase in the level of the Nrf2-regulated Antioxidant Response Element
(ARE) (NQOI) can be observed. In figure 7B, initially there is increase in Nrf2-regulated
HOMOXI1 which then slowly decreased. Figure 7, the time dependent increase in
concentration of of Nrf2 regulated NQO1 (Antioxidant response element) was observed.
The synthesis of antioxidant elements involves the activation of the downstream
signalling cascade loop (Nrf2-KEAP1-ARE) (Chapter 4). The time lag between the ROS
induced Nrf2 activation and antioxidant response elements (ARE) activation peak
concentration should be the time required for the system to find a new balance. In other
words, this may be the time required to back regulate the ROS to a new steady state where
the cells can maintain enough ATP and healthy mitochondria for their survival.

Figure 8 represents the observed vs predicted relative expression of P62mRNA. The
model predicts the minor time-dependent and flutamide dose-dependent increases in
expression of P62mRNA observed experimentally.
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292



Chapter 5

A.Relative ATP at 2hr

1.51
o
:; 1.01 Group
g . Ball et al. (2016)
g 0.5 . Simulated
m H

0.01

0.05 014 0.41 2 111 125 25 333 100 300
Flutamlde Concentration [uM]
B.Relative ATP at 6hr

1.51
o
E 1.01 Group
.g . Teppner et al. (2016)
% 0.51 . Simulated
) T

0.01 ) )

005 014 041 . 37 111 125 25 333 50 100 300
Flutamlde Concentration [pM]
c.Relative ATP at 24hr

1.5
& 1.0 Group
=1
] . Teppner et al. (2016)
=
:E | . Zhang et al. (2018)
g 0.5 i B st

0.01 )

005 014 041 111 125 ' 100 300
Flutamlde Concentratlon [uM]

Fig 6. Flutamide in-vitro concentrations-response relationship for intra-hepatocyte ATP
concentration at various time points after incubation from time zero in a medium
containing flutamide at the concentration indicated A) corresponds to 2 hr, B) corresponds
to 6 hr and C) corresponds to 24 hr. The PK-SB model was simulated for the various
concentrations provided on the abscissa of the figure. The calculated ATP concentrations
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experimentally observed data reported in Ball et al. (2016) (relative to the ATP
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Gradient red color bars are experimentally observed data reported in (Teppner et al,,
2016).
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Fig 8. Flutamide in vitro concentration-Response Bar-plot for relative P62mRNA level at
different time points after cells’ incubation with flutamide. The PK-SB model was
simulated for different flutamide concentrations (as indicated below the abscissa) and the
results were compared against transcriptomic data (http://toxygates.nibiohn.go.jp/toxyga
tes/). Thin black lines indicate =SD, which was calculated from the ensemble of 15,000
model instantiations. The gradient red color bars present the experimentally derived
expression data.

3.4. Integrative systems toxicology

Then, the validated PBPK model and ROS SB model were coupled with the aim of
obtaining an integrative systems toxicology model. In the previous section, the ROS SB
model was made flutamide-specific by introducing the rate constant for flutamide-
induced ROS synthesis externally and by comparing the output of the model against the
experimental data (section 3.3). In the present section the output of the PBPK models of
sections 3.1 and 3.2, i.e. the cellular concentration of flutamide (in liver) was used as an
input to the ROS model. In this section we examine whether this indeed allows us to
predict dynamically the response variables of the ROS model as a function of flutamide
dose. We used both rat- and human- specific PBPK model for this coupling to the SB
model (the SB model was kept the same for both species), presuming that
pharmacokinetic differences alone would already lead to the disparate response. Three
main components of ROS SB, i.e. ATP, Nrf2 and Cytc were simulated in response to
flutamide liver concentrations. ATP and Cytc levels were taken to represent to
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mitochondrial function and cell survivability, respectively, whilst Nrf2 should
corresponds to the antioxidant functionality.

3.4.1. Integrative systems toxicology for rat

Three main components of ROS SB, i.e. ATP, Nrf2 and Cytc in rat liver were simulated
in response to oral dosing of rat with flutamide. The results are presented in Figure 9.
Upon dosing of the flutamide at 0.5 g/kg BW, the Nrf2 protein level increased to its
maximum level responding to an increase in ROS as a function of flutamide-induced ROS
(Fig 9.A). As the flutamide concentration declined in the liver, the Nrf2 level also
decreased until it reached its steady state level. However, in some model instantiations,
flutamide-induced ROS caused an initially rather strong drop in the ATP level (lower blue
line) which did not recover back to its basal steady state level in 24 hr, whilst the model
simulation at median and 97.5th percentile recovered very fast (Fig 9.B). The ATP levels
in the former case were low enough to be lethal. Fig 9C represents the cytochrome C
level. Initially it went up, but very soon thereafter its level decreased. Cytochrome C
generally indicates the cell apoptosis process, apoptosis being promoted by high levels.
The level of Cytc predicted by the model showed no sign of apoptosis. The strong
decrease in the cytochrome c level in some cells might block the electron transfer chain,
cause an increased reduction of its bcl complex and an increased ROS production by
NADH dehydrogenase (Complex I).  Similar results were obtained by Teppner et al.
(2016) in a rat experimental study These authors also measured the Nrf2 regulated genes
where they observed a 94+40 fold change for NQO1. A highly expressed Nrf2 regulated
gene suggests that there is a significant increase in the expression of the antioxidant genes
that it regulates. Our model results (Fig 9D) showed a 10 to 100 fold increase in Nrf2
expression (2.5-97.5 percentile).

296



NRF2[nM]

CytC[nM]

(A)

1e+03
1e+01
1e-01
T T T T T
0 5 10 15 20
Time (h)
(C)
1e+01
1e-01
1e-03
T T T T T
0 5 10 15 20

ATP [nM]

Relative NRF2

1e+05

1e+03

1e+01

1e-01

100.0
50.0

10.0 7

=
o

0.1

(B)




NRF2[nM]

T4

72

70

68

(A)

3840000

3830000

3320000

3810000

ATP [nM]

3800000
3790000

3780000

(©)

(B)

Time (day)

4 6 8
Time (day)
135 1
Eé‘ 130 4
£
e
=
O gz
120 4

Time (day)







Relative Healthy Mito. Relative Healthy Mito.

Relative Healthy Mito.

1.000

0.985

0.950

0.985

0.980

0.8

08

0.4

0.2
0.0

E.Flu+Flu-OH+50D mutation

i\ el ! ' N 1
1 S
i Il,lllglll i _','|!|I | ||||| | ||'||-| '| '.I !||| I _'.Il!ll
T T T T T T T
0 2 4 5 8 10 12
Time (day)
C.Flu+Flu-OH+Metabolic activation
y -("«\,&‘M‘\/‘M’\Ax“ﬁ\/‘g\f\h.&‘m&/“
1" /
I[ { |I ,."
i /
WAARAAAPAAARASAANTRAN
T T T T T T T
0 2 4 5 8 10 12
Time (day)

Time (day)

Relative Healthy Mito. Relative Healthy Mito.

Relative Healthy Mito.

1.000

0.985

0.950

0.985

0.980

B.Flu + Flu-OH

! ¥

Time (day)

D.Flu+50D mutation

- ] [ {

ol |1||\ 1 1,|I |
I il |||||.||I

IR G
[|!| PR
|

Time (day)

F.Flu+Flu-OH+Metabolic activation+50D mutation

o, f.}ﬁa._av-,,wn\vﬁf-,f-ﬁn&!ﬁqrmw,@.N;?

n\”«ﬂ»“MMM’\J’\«M.A.&'\ AAT

T T T T T T T
0 s 4 1 8 10 12

Time (day)




Relative ATP Relative ATP

Relative ATP

1.000

0.985

0.950

0.985

0.980

0.8

0.6

0.4

0z
0.0

0.8
0.6
04
0z

0.0

A.Flu

B T T T T T T T
0 2 4 [ ] 10 12
Time (day)
Flu+Flu-OH+Metabolic activation
T T T T T T T
0 2 4 [ ] 10 12
Time (day)
E.Flu+Flu-OH+S0D mutation

\/ [

| ;LLVU\AAMI\I\AMMMMAJE

T T T T T T T
0 2 4 [ ] 10 12

Time (day)

Relative ATP Relative ATP

Relative ATP

1.000

0.985

0.950

0.985

0.980

B.Flu + Flu-OH

Time (day)

D.Flu+S0D mutation

..;II -|||\'
I N
_ SRR

T T T T T T T
0 s 4 1 ]

Time (day)

F.Flu+Flu-OH+Metabolic activation+50D mutation

Time (day)



















