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Nitisinone or 2-(2-nitro-4-trifluoromethylbenzoyl)cyclohexane-1,3-dione, is a reversible inhibitor of 4-
hydroxyphenylpyruvate dioxygenase (HPPD), an enzyme important in tyrosine catabolism. Today, nitisi-
none is successfully used to treat Hereditary Tyrosinaemia type 1, although its original expected role was
as a herbicide. In laboratory animals, treatment with nitisinone leads to the elevation of plasma tyrosine
(tyrosinaemia). In rats and Beagle dogs, repeat low-dose exposure to nitisinone leads to corneal opacities
whilst similar studies in the mouse and Rhesus monkey showed no comparable toxicities or other treat-
ment related findings. The differences in toxicological sensitivities have been related to the upper limit
of the concentration of tyrosine that accumulates in plasma, which is driven by the amount/activity of
tyrosine aminotransferase.

A physiologically based, pharmacodynamics ordinary differential equation model of HPPD inhibition to
bolus exposure of nitisinone in vivo is presented. Going beyond traditional approaches, asymptotic anal-
ysis is used to separate the different timescales of events involved in HPPD inhibition and tyrosinaemia.
This analysis elucidates, in terms of the model parameters, a critical inhibitor concentration (at which
tyrosine concentration starts to rise) and highlights the contribution of in vitro measured parameters to
events in an in vivo system. Furthermore, using parameter-fitting methods, a systematically derived re-
duced model is shown to fit well to rat data, making explicit how the parameters are informed by such
data. This model in combination with in vitro descriptors has potential as a surrogate for animal exper-
imentation to predict tyrosinaemia, and further development can extend its application to other related
medical scenarios.

Keywords: nitisinone, 4-hydroxyphenylpyruvate dioxygenase, tyrosinaemia, rat, mathematical model,
PBPK/PD, asymptotic analysis.

1. Introduction

Nitisinone or 2-(2-nitro-4-trifluoromethylbenzoyl)cyclohexane-1,3-dione was originally discovered as a
member of the triketone class of herbicides (Lock et al., 1998). These herbicides are potent inhibitors of
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FIG. 1. Tyrosine catabolism pathway indicating fumarylacetatoacetase activity (*), the enzyme deficient in type I tyrosinaemia
patients. The schematic also indicates the inhibition of 4-hydroxyphenylpyruvate dioxygenase (HPPD) by nitisinone, thus pre-
venting the generation of maleyacetoacetate and fumarylacetoacetate and their metabolites.

plant 4-hydroxyphenylpyruvate dioxygenase (HPPD), an enzyme important in the synthesis of plasto-
quinones and a-tocopherol (Prisbylla et al., 1993; Schulz et al., 1993; Ellis et al., 1995). In mammals,
HPPD is mainly present in the liver and is involved in the catabolism of tyrosine, an amino acid found in
proteins from the diet. Today, nitisinone is used in the clinic to treat a rare hereditary metabolic disorder
(Hereditary Tyrosinaemia type 1), where patients present with symptoms caused by a deficiency of the
enzyme fumarylacetoacetase, an enzyme in tyrosine catabolism (Figure 1) (Lock et al., 1992; Holme
& Lindstedt S., 1998). Such a deficiency leads to the accumulation of fumarylacetoacetate, maleyace-
toacetoacetate and their associated derivatives. These electrophilic metabolites contribute to progressive
liver and kidney dysfunction as well as porphyria in patients. Treatment of patients with nitisinone pre-
vents the formation of these harmful metabolites (such as succinylacetone) by blocking an earlier step
in the tyrosine catabolism pathway. This form of treatment coupled with a tyrosine and phenylalanine-
restricted diet provides a favourable outcome, particularly in patients when diagnosed early (McKier-
nan, 2006); liver failure is controlled in 90% of cases and other disease-related manifestations are well
managed. Overall, nitisinone is well-tolerated in patients and has changed the clinical management of
Heredatary Tyrosinaemia type I by dramatically reducing the need for liver transplantation.

In laboratory animals, treatment with HPPD inhibitors leads to the inhibition of tyrosine catabolism
and consequently the elevation plasma tyrosine (tyrosinaemia). In rats and Beagle dogs, the main toxi-
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cological endpoints observed following short-term repeat dose exposure with nitisinone include corneal
opacities at low doses. Similar studies in the mouse and Rhesus monkey showed no comparable toxici-
ties or other treatment related findings (Lock ef al., 1998). Interestingly, the differences in toxicological
sensitivities between these species cannot be readily explained by molecular structural or sequence dif-
ferences in the HPPD enzyme as these features are highly conserved (Lock et al., 2006). However, the
upper limit of the concentration of tyrosine that accumulates in plasma does vary between mammalian
species, and studies have described these differences to be driven by the amount/activity of tyrosine
aminotransferase (TAT, see Figure 1), an enzyme important in the conversion of tyrosine to hydrox-
yphenyl pyruvic acid (HPPA) (Lock et al., 1996, 1998, 2000; Lewis R.W. & Botham J.W., 2013). Inter-
estingly, humans deficient in TAT, referred to as Richner-Hanhart syndrome, also present with corneal
opacities if dietary phenylalanine and tyrosine is not restricted (Goldsmith, 1983; Sammartino et al.,
1987). In the clinic, plasma tyrosine concentrations in patients with type I tyrosinaemia are maintained
at less than 500 mole/L. (McKiernan, 2006; Mitchell et al., 2001). Since we are primarily interested
in understanding the intrinsic dynamics of the tyrosine catabolism pathway, we will assume that the
concentrations of the TAT enzyme will remain constant in the chosen animal system during HPPD inhi-
bition. However external influences on TAT (e.g., circadian rhythms, diet, etc.) can be readily included
and will be discussed in the last Section.

Animal studies are often used to understand the potency of new HPPD inhibitors via the extent of ex-
posure in circulating blood and the resulting tyrosinaemia. In addition, standard physiologically-based
pharmacokinetic-pharmacodynamic (PBPK-PD) approaches can offer information on the kinetics of the
inhibitor concentration and tyrosine dynamics across organs which are represented as compartments. In
this paper we extend the classical PBPK-PD approach by modelling the most relevant enzymatic reac-
tions in the liver in greater detail than is usually done (see Section 2) and utilizing asymptotic analysis
to determine the critical events that take place at each of the time scales of the full inhibition-recovery
process (see Section 3). This kind of analysis allows us to understand qualitatively the phenomena un-
der study without precise measurements on the parameter values. In Section 2, by making some generic
assumptions based on nitisinone experimental data, we are able to derive a number of interesting con-
sequences from the model. The asymptotic analysis carried out in Section 3 then provides key insights
such as a prediction of the critical inhibitor concentration at which tyrosine concentration starts to rise,
Equation (3.35), or a simple description of the inhibitor profile, Equation (4.1). Then in Section 4 we
fit the model to nitisinone experimental data, in order to estimate actual parameter values. The results
indicate that only certain parameter combinations are identifiable from the available experimental data.
Finally, in Section 5, we explain how to use our model as a virtual test bed for the development of new
HPPD inhibitors by utilizing information already available together with in vitro measurements. As
such, the key utility of this work is to serve as a surrogate for animal experimentation for new HPPD
inhibitors in early research, as well as a base model to adapt for repeat dose exposure scenarios and to
support human risk assessment activities.

2. Model Formulation

In this section we construct a kinetic model of the tyrosine degradation pathway and the effects of
a HPPD inhibitor. The model consists of a system of ordinary differential equations which describe
the changes in concentration of the various molecules involved in the reactions. A schematic of these
reactions is shown in Figure 2 and the variables and parameters are listed in Tables 1 and 2 respectively.
The appendix lists some parameter values from the literature.

The model is subdivided into three compartments representing blood (volume V), tissue (volume
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Variable Description Unit
Ty Tyrosine in blood M
1 Tyrosine in liver M
Tr Tyrosine in tissue M
H, Hydroxyphenyl pyruvic acid (HPPA) M
H, 4-Hydroxyphenylpyruvate acid (HPPD) | M
I HPPD inhibitor in blood M
I HPPD inhibitor in liver M
Ir HPPD inhibitor in tissue M
A Tyrosine aminotransferase (TAT) M
R Homogentistic acid M
C Complex formed from H, and H), M

Table 1. Definitions and units of the variables. In the units column, M stands for molar (moles per liter.

Vr) and the liver (volume V}).

* Tyrosine, an amino acid that forms part of all proteins and is a precursor of neurotransmitters,
is produced by muscle tissue (rate 77) and obtained from diet (rate 7y). It is present in blood
(concentration Tg) and tissue (77), but mainly in the liver (77) where it is broken down, (note that
this implies that the total measure of tyrosine in the blood is given by VgTp and similar measures
apply for tyrosine in the tissue and liver). We assume tyrosine decays in the tissue, blood and liver
at rates STT, STB, 5TL respectively. In our model tyrosine can be transferred between the tissue and
blood compartments (rate oy, partition coefficient 1) and between the blood and the liver (rate
a, partition coefficient ;).

* Once within the liver, tyrosine conversion to hydroxyphenyl pyruvic acid (HPPA, H,) is thought
to be controlled by the enzyme tyrosine aminotransferase (TAT, A) at rate k_;; and is reversible at
rate k that is independent of TAT. The turnover of the enzyme TAT is assumed to be independent
of the other components of the model, being produced, for simplicity, at a constant rate (7).
HPPA and TAT are assumed to decay naturally at rates 0, and 04 respectively.

* 4-hydroxyphenylpyruvate dioxygenase (HPPD, Hy) is produced in the liver (at a background rate
of By) where it catalyzes, but is not depleted by, the conversion of HPPA (rate dy) to the down-
stream by-product homogentistic acid (R). HPPD and Homogenestic Acid decay at rates &, and
Jg respectively.

e The HPPD inhibitor is administered directly into the blood (Ip, for the purpose of this paper
we will not consider explicitly inhibitor plasma binding) and can transfer (at rate o, partition
coefficient u3) to the tissue (I7) and (at rate oy, partition coefficient ) to the liver (/). Once
within the liver the HPPD inhibitor forms a complex (C) with HPPD preventing it metabolyzing
HPPA to homogentistic acid. The complex is formed at rate k, (that is reversible (rate k_,)) and
is assumed to decay at rate 8¢.

Thus the equations representing the eleven variables are:
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FIG. 2. A schematic depicting the degradation pathway of tyrosine and its inhibition via a HPPD inhibitor. Once tyrosine is within
the liver it is aided in its break down to HPPA by the enzyme TAT. HPPD then catalyzes its further breakdown to homogentistic
acid. HPPD inhibitors form a complex with HPPD within the liver inhibiting HPPD’s ability to catalyze the breakdown of tyrosine
into its downstream products.

dTy

VTW = To— 04 (Tr — pusTg) — Vo7, Tr, (2.1a)
dT,

de_tB = oy (Tp — i Tg) + 04 (Tr — paTp) — Vdy, Tp, (2.1b)
dT,

VLd_tL = Ty — oy (T, — i Tp) + VikiHp = Vik—1 AT, = V.61, T1, (2.1¢0)
dH,

de—tP = —VikiHp + Vi k_AT; — V; 6pHp — V. 0y HoHp, (2.1d)
dH,

Vi— = = Bo=VikeHoly +Vik-2C =V 8oHo, (2.1e)
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dR

Vi = ViduHoHp — VL 6iR, (2.1
dA

Vigr = Ao VidsA, 2.1g)
dc

VLI = VikoHol, — Vik_2C =V 6cC, (2.1h)
dl .

VTd_Z =03 (.u3IB - IT) - VT617"IT' (2.17)
dl |

Vogr = U= tals) = 0 (sl = Ir) = Vady s @.1j)
dI

VLd—tL = — oy (I — Wolp) = VikaHoly + Vik_,C = Vi.8;, 11, (2.1k)

To close this system a set of initial conditions are needed. We assume that the inhibitor is adminis-
tered as a single bolus dose, concentration I, into the blood at # = 0, so that the non-inhibitor variables
will be at homeostatic levels. We note that [ is the initial value of available inhibitor, based on the
assumption that inhibitor binding with plasma is rapid in comparison to transfer to the liver and tissue.
Due to feeding pattern influencing the source term 7 the initial conditions are to some extent arbitrary.
However, in the simulations and analysis to follow we assume, as a first approximation, that 7} is con-
stant (e.g. its mean concentration), and that initially the non-inhibitor related variables are in a state of
equilibrium. In the absence of the inhibitor, the steady-state for HPPD can be independently determined
(Hop = Byo/V160), which means that equations (2.1a)-(2.1d) form a linear system for the steady-state
concentrations of tyrosine and HPPA; due to their somewhat unwieldy form we denote them here using
a superscript SS and omit details of Tg S and H}gs for brevity; leading order dimensionless expressions
for TBS S and H}s)s for the biologically relevant case of Vz/Vy << 1 are presented in Section 3. The initial
conditions are thus

_ ol +Ty Hp’ (BoSy +Vi.80(8p + k1))

ss ss
Tr = T =T, T = Hp = H,
"= Vpbp vy 0 BT VL ASS Sk, ’ P
ss
ss _ Bo OnBoHp ss _ Ag
Hp=H) = —— = — A=A"" = — 2.11
o o VL 507 50 6R B 6A VL) ( )
C=0, I,=0, Ig=1I, Ir=0, (2.1m)

att = 0. We note that from (2.1g) these initial conditions imply A = A for all time and we henceforth
omit the differential equation of A (which corresponds to TAT concentration) in future discussions.

2.1  Parameter sizes and non-dimensionalisation

Table 2 lists all of the parameters in the proposed model. Though estimates for certain parameters are
readily available (e.g. liver, blood and tissue volumes for various animals, see Brown et al. (1997)),
others can not be obtained directly from the current experimental literature. The time-course data for a
single oral dose scenario in the rat shown in Figure 7 indicates that tyrosine concentrations increase 20-
30 fold over a 24 hour period, returning to homeostatic concentrations after about 3 days. Though these
data reveal the approximate timescales of events, it is not clear how this informs the model parameters.
Amongst the outcomes of the timescale analysis in Section 3 is to establish precisely which parameters
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Parameter Description Unit
o Tyrosine mass exchange rate between liver and blood LS~
oy Inhibitor mass exchange rate conversion between liver and blood Ls™
o3 Inhibitor mass exchange rate conversion between tissue and blood Ls™
oy Tyrosine mass exchange rate conversion between tissue and blood Ls™
U Tyrosine partition coefficient between blood and liver none
U Inhibitor partition coefficient between blood and liver none
U3 Inhibitor partition coefficient between blood and tissue none
Uy Tyrosine partition coefficient between blood and tissue none
oc Decay rate constant of HPPD/inhibitor complex s™!
Oy, Decay rate constant of inhibitor in blood s
Oy, Decay rate constant of inhibitor in liver s
Or, Decay rate constant of inhibitor in tissue s
N Decay rate constant of TAT s
do Decay rate constant of HPPD s
op Decay rate constant of HPPA s
Sy Breakdown of HPPA to HG acid Mg
Or Decay rate constant of homogentistic acid s
Oz Decay rate constant of tyrosine in blood s
or, Decay rate constant of tyrosine in liver s™!
Or, Decay rate constant of tyrosine in tissue s™!
Ap Maximal rate of TAT production MLS ™
By Background production of HPPD MLS™!
Ty Production of tyrosine in tissue MLS ™
T Tyrosine intake rate in liver from diet MLS ™
Vg Volume of blood L
Vi Volume of liver L
Vr Volume of tissue L
ky Formation of tyrosine from HPPA s
k_y Breakdown of tyrosine to HPPA M !'s™!
ky “on rate” for HPPD/inhibitor binding MSs™!
k_» “off rate” for HPPD/inhibitor s
I Initial bolus inhibitor dose, Iz(0) M

Table 2. Parameters, definitions and units. In the units column, M stands for molar, L for liters and S for seconds.
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can be reliably estimated using this data for rats. In order to do this analysis we non-dimensionalise the
system of equations (2.1a)-(2.1m) in such a way that the magnitude of new dimensionless parameters
are all expressed in terms of a small parameter, &, defined as

Vp

= V_T’ (22)

which is the volume ratio of the blood and tissue compartments; for the rat € = V3 /Vy =~ 0.04, and
Vg /[Vr =2 = 0(1) (see Brown et al. (1997)). As many of the parameters are unknown, we will instead
make informed estimates on the order of magnitude of the dimensionless versions. These estimates are
broadly based on the fact that components of the model clearly operate on different timescales; i.e.,
we expect that the reactions are generally fast (equilibration over O(seconds-minutes)), circulation and
compartmental exchange of tyrosine and inhibitor are not so fast (O(10 minutes-hours)) and clearance
and recovery rates will be relatively slow (O(10hours-days), as suggested by the time-course data.
Further to this, the magnitude of parameters are chosen so that features in the data for the rat can
be reliably reproduced, namely that (1) blood tyrosine increases by an order of magnitude (a factor
of O(1/€)) due to the inhibitor, (2) the maximum tyrosine concentration is independent of inhibitor
dose (within the range used in the experiments) and (3) the sources of tyrosine from the diet and from
production in tissue are at about the same concentration. It turns out that imposing these constraints
narrows down significantly the possible magnitudes of the dimensionless parameters in the model.

The experimental time-course data available (Figure 7) suggests that the inhibitor and its effects
occur over a number of hours and we rescale time to this long-time scale, using

t

t = —
o,

where 7 is the dimensionless time variable. From the inhibitor clearance rate, estimated to be about
1.5 day_1 (see Figure 7), then 7 = 1 represents about 16 hours. At homeostasis, the tyrosine concentration
is expected to be of the same order of magnitude throughout the body (unfortunately measurements are
only available for the aqueous humor of the rat, see Lock et al. (1996)). We scale tyrosine, HPPD
and homogentistic acid with the scaling parameter 7% = T,/ Or, Vr, which is the steady tissue tyrosine
concentration in the absence of exchange in the blood. We scale HPPD and HPPD-drug complex with
the homeostatic HPPD concentration, namely H(S)S = By/ &V, In single dose oral exposure experiments
(see Figure 7), assuming rapid absorption, a typical quantity of inhibitor is about 1 mg/kg, thereby for
a 0.3kg rat, this represents an initial blood concentration of I(0) = Ig = 0.3/(M;Vg) M, where M;
is the mass per mole of inhibitor; this is in fact an upper bound of available inhibitor I, because, as
noted earlier, we are not accounting for inhibitor plasma binding. Though I, or Ig are natural scaling

parameters for inhibitor, we will instead scale I; with H(S)S so that the dimensionless quantity I;/Hy is
the molar ratio between available inhibitor and HPPD. The system is thus scaled using

T, =TT, Hp = T*Hp, R=T"R, Hyp = Hy Hyp, C=HoC, I =HyL, (2.3)
where the hatted quantities are the dimensionless variables and i € {T, B, L}.

We can infer from the experimental time-course data (again see Figure 7) that recovery from in-
hibitor intake takes about 2-3 days, which suggests that the inhibitor metabolism/decay and the turnover
of HPPD and tyrosine operate on an 7 = O(1) timescale. Blood circulation occurs on a timescale of
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O(minutes) and we assume that the blood-organ mass exchange parameters are of O(1/€) in size. Rel-
ative to these processes, chemical reactions are expected to occur much faster. Due to the assumed
rapidity of the two way tyrosine-HPPA reaction, tyrosine intake rate from the diet must be O(1/ 82) in
order for liver tyrosine concentration to be the same order as the blood and tissue. We assume that the
tyrosine-HPPA reaction equilibrates in a timescale of 0(82) (in a about a minute) and likewise assume
HPPA conversion to homogentisic acid occurs at about the same rate; hence the corresponding parame-
ters are assumed to be O(1/ 82). Due to the high affinities between the inhibitor and HPPD we assume
this is the most rapid reaction, occurring at an O(1/ 83) rate (i.e. reaction saturates in a timescale of
about a second); we note that the inhibitor-HPPD complex is relatively stable and the reverse reaction
is much slower. The greater volume of tissue means that it acts as a significant sink to the inhibitor; in
order to get sufficient inhibitor into the liver, so that the maximum tyrosine is insensitive to the dose, we
require the initial blood concentration to be O(1/¢€), this means on equilibration the inhibitor concentra-
tion is O(1) in the liver as required for it to be most effective. On this basis we define the dimensionless
parameters as follows,

L~ =~ = 2 1 ss sS
?{kh k-1, 6u, 5R} = 6—18{/(17 k-1A™, 8y Ho 5R}, (2.4)
1 ~ - ~ = 1
- = — 2.
g, o, 03, 4} Vi {ar, @, a3, o4} (2.5)
e e e a A a e - 1
{STT» Oz, 01,5 Op, O, 8y, 0o, k—z} = 5{5&, 81, 81, Op, 1, 81, S0, ko) (2.6)
B
= ss
ko kMo S L Vsl @7)
e o, = & &VLT® Vi’ HY '

We note that the only dimensionless parameter that has an explicit dependency on the concentration of
TAT (ASS) is z_l; increasing this parameter is the equivalent to raising TAT. It is thought that the HPPD-
inhibitor complex is stable so that the breakdown to its components is expected to occur very slowly;
the choice of scaling k_; is such that it is the largest order of magnitude to be visible in the analysis of
Section 3, but has no meaningful effects on the dynamics (i.e. setting k_» = 0 will make no difference
to the results).

Applying all these scalings on the variables and parameters leads to the system of dimensionless
equations (the hats have been dropped from now on)

dT.
d_tT = 6 (1 =Tr) + a(paTp — Tr), (2.82)
dTg
e = (T — mTg) + o (Tr — HaTp) — €67, Tp, (2.8b)
dT,
’ d_tL = Si—eav (T, - wTp) + ki Hp —k_y Ty — € 61, 11, (2.8¢)
dH,
Zd_tp = _leP"'k—lTL_6HH0HP_825PHP> (2.8d)
dH,
3 d_[o = 83 60(1 —HO) - kZHOIL + 83k_2C, (2.8¢)
dR
82— = SHHOHP - 5RR, (2.8f)

dt
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3dC

E = kZHOIL - €3k_2C - 83 5CC7 (28g)
dl
d_tT = —o3 (Iy —uslg) — Oy I, (2.8h)
dlg .
e—- = o(lL—hlg) + o5 (Ir = pis1p) — €1, (2.81)
dl
3 d_tL = —SZ(XZV(IL—IJZIB) —kyHopl; + 83k_2C - 83 61LIL- (2.8))

2.2 Initial conditions

The dimensionless form of the initial conditions (2.1) are

SS
oy Tp” + €0y,

_ HgS(SH +ky +825p)
r= (X4+85TT -

SS
Hp =H,
k—l ) P P>

. Ty=Ty, T,

1)
Hp =1, R=5—HH,§S, C=0, L,=0, Iz=0, I =0,
R

at t = 0, omitting the somewhat cumbersome form of Tg 5 and H}gs as before. Rats receive the inhibitor
via a food bolus (which must be absorbed from the gut into the bloodstream) or intravenously. Clearly
there will be some form of delay in the former, but in the latter this represents an instantaneous intro-
duction to Iz. The scalings imply that

Ir

Scaled total mass/mole of inhibitor = =7t Ip + —. 2.9

2.3 Simulations

In preparation for our time scale analysis, we consider a “typical” evolution first. Figure 3 shows the
evolution of each of the ten dimensionless variables; here all the parameters are set to one except € =
0.04. The system (2.8a)-(2.2) was solved using Rosenbrock’s method implemented in the mathematics
package Maple 17. The initial blood concentration of inhibitor is set at Iz(0) = 1/ € = 25, corresponding
to the “high” dose used in the experiments discussed in Section 4. For the remaining variables, we used
the pretreatment steady-state concentrations (numerically calculated), namely 77(0) = 1.30,73(0) =
1.60,7;(0) ~ 1.96,Hp(0) = 0.98, Hp(0) = 1 and R(0) =~ 0.98, and set I7(0) = I;(0) = C(0) = 0.

We observe that the inhibitor rapidly infiltrates the liver (bottom right) and drives down HPPD (top
right) from 1 to about 10_5; the events leading to this are not clearly seen in the plot, but are discussed
in detail in the first part of Section 3. With HPPD concentrations being negligible, tyrosine (top left)
builds up fairly rapidly in the liver, then in the blood and, over a longer timescale, in the tissue, all
peaking at around the same time at ¢t = 2 (about 32 hours after the initial dose). Despite the rise in
HPPA, homogentistic acid drops to very low concentrations. Following this initial phase, the inhibitor
spreads evenly throughout the body and decays allowing HPPD to slowly recover. This continues to
about ¢ = 2 when the inhibitor concentration in the liver collapses as HPPD has built up sufficiently to
exhaust supply; the latter eventually drives down HPPA and consequently tyrosine recovers to pretreated
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FIG. 3. Plots of the evolution of the dimensionless variables. For the tyrosine (top left) and inhibitor (bottom right), the concen-
trations in the blood (solid), tissue (dashed) and liver (dotted) are shown. Top right shows the evolution of HPPD (solid) and the
complex (dashed) and bottom left shows HPPA (solid) and homogentistic acid (dash). We note from the scalings in Section 2.1,
t = 1 represents about 16 hours. All dimensionless parameters are set to unity except € = 0.04.

concentrations around ¢ = 3 (about 2 days). Qualitatively speaking, the pattern of behaviour shown in
Figure 3 is as to be expected. It is noteworthy however, that the model predicts that homogentistic acid
(bottom left) has recovered to pretreated concentrations around ¢ = 2, reflecting a return to near normal
conditions in the liver, despite the animal still being in a high state of tyrosinaemia.

The effect of inhibitor dose on the maximum blood tyrosine (7, measurable) and minimum HPPD
(Hp) concentrations are shown in Figure 4. The figures appears to show that there is a threshold con-
centration, say 6 = 9*, between an effective and ineffective dose. When 0 < 8™ there is insufficient
inhibitor reaching the liver to drive down HPPD to negligible concentrations, consequently, there is a
very little rise in tyrosine. For 6 > 8, HPPD is exhausted in the liver allowing HPPA, and consequently
tyrosine, to rise significantly to a new equilibrium. As the dose increases, HPPD concentrations decrease
further (in fact the asymptotic analysis of Section 3 predicts Hp, . ~ 1/6), which means it takes longer
to recover and hence allowing more time for tyrosine to build in the blood and tissues. The estimated
quantities indicated by the dashed line are discussed in Section 3.2.
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FIG. 4. Figures showing the effect of inhibitor dose on maximum blood tyrosine concentration (left) and on minimum HPPD con-
centration (right). The 4 corresponds to 6 = 1/€ (or ® = 1 in Section 3.1) and the vertical dotted line corresponds to 6 = 0™ (here
6™ = 2) marking the switch between ineffective and effective inhibitor dose. The dashed lines are the analytical approximations
to these quantities derived in Section 3, and discussed in Section 3.2, specifically that on the left is equation (3.38) and on the right
(3.40); note that those for the minimum HPPD are almost superimposed on the numerical solution. All dimensionless parameters
are set to unity except for € = 0.04 and I3(0) = 1/¢ = 25.

3. Time-scale analysis

In this Section we exploit the fact the € << 1 to identify key timescales that the model operates over and
the processes that are predicted to occur within each timescale. Examination of the data, presented in
Section 4, reveals that the maximum tyrosine concentration appears to be about the same for each of
the inhibitor doses, which suggests that there is a saturation effect in which the inhibitor has effectively
taken out the HPPD, leading to tyrosine to equilibrate to a new, HPPD independent, concentration.
Hence we expect for this case that the initial inhibitor concentrations are large compared to the HPPD
concentrations and therefore assume Iz(0) = O(1/¢). With regards to the data, this case is of most
interest and hence is analysed in detail in Section 3.1. However, as is observed in Figure 4, the rapid
switch, in response to the inhibitor seems to occur when I3(0) = O(1); the analysis for this case is
summarised in Section 3.2, where in particular we determine this critical dose in terms of the model
parameters.

3.1 Large initial dose Ig(0) = O(1/¢)

As stated above, in this Section we analyse the case that the initial inhibitor concentrations are large
compared to the HPPD concentrations and hence set

]
Iz(0) = 6 = z 3.1)
where constant ® = O(1); the initial conditions are to leading order,
S0 o Oy +ki) + 6y Op k_y (o + ot
Tr(0) ~ 104 0y g (O +ky) H OT; 1 (o 4M4) _ TTSOS (3.2)
Opk_1 (apyoy + Op, (opy + 04 liy))
Syoy (8y +ki) (g + 07 ) + Oy O, k1 O
T3(0) ~ 100 (6 + ki) (Qy+ 7)) + 6 O, kg 04 _ TBS(;Q 3.3)
Opk_1(o oy + O, (0 iy + Qi y))
S1(0y +k S
7,(0) ~ SO th) _gss ) 2 SL 2 s (3.4)
SHk_l 8H
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Si
Sk
c(0) =0, I7(0) =0, Ip(0) =

=Ry (3.5)
0
€

Hp(0) =1 R(0) ~

1;(0) = 0. (3.6)

A concentration of Ig(0) = O(1/€) means that should the inhibitor instantaneously disperse around
the body then (2.9) implies that I; = O(1) throughout. In the course of the analysis we identify sixteen
timescales in total, a few describe the main dynamics of the system, whilst the rest are rapid transitional
timescales linking the important ones. In the interest of brevity, we summarise the main results within
these main timescales in Sections 3.1.1-3.1.6, whereby full details of the asymptotic analysis (for all
sixteen timescales) is given in Appendix A. A brief commentary of the sequence of events is presented
in Table 3, in which estimates to real time and molecular concentrations are given to help contextualise
the analysis.

In the forthcoming analysis, it is customary to indicate the rescaled variables for each of the timescales
with some form of notation that uniquely identifies a variable belonging to a particular timescale. In the
interest of brevity, this has not been done here. The solutions and discussion on the variables are for the
relevant timescale only, unless otherwise stated. The leading order terms for each timescale are indi-
cated with a subscript 0. The term “negligible” refers to variables being o(1) the size of the pretreated
state; this being particularly relevant for HPPD.

3.1.1 Timescalel: t = O (83) . Initially we look at the short timescale (r + e t) where we introduce
the scalings

Ir » Ty, Ty - Tp, T, » 1p, Hp — Hp, Hp ~ Ho, (3.72)
Ip

Re R CwoeC,  Irw el Ipw 2 I o el (3.7b)

Applying this to the nondimensional system of equations (2.8), we obtain the leading order solutions

SS SS SS SS
TTO = TTU ) TBO = TB()7 TLO = TLU ) HPO = HPOa (3.7¢)
Ho, =1, Ry=RY, Iz =0. (3.7d)

0 0

For the remaining variables we note that d(Cy +I1,)) /dt = a,v®, hence at leading order

Vo (C)] —k
I, = a3 113 O1, 1L0=2k—‘2‘2(1—e ), (3.7¢)
Vo e _
c0=va2u2®t—2k—”2(1—e by (3.76)
2

On this initial timescale the inhibitor infiltrates the liver and equilibrates to a level I; ~ €V, L0 [k,
which is a balance between inhibitor influx and inhibitor reaction with HPPD. Negligible, i.e. o(1),
concentrations of HPPD are lost and liver tyrosine produced. The inhibitor is infiltrating tissue at a low,
O(€), level and the linear accumulation of Iz, and C, leads to a change in balance at 1 = O(1/€).

3.1.2 Timescale 2: t = 0(82) . From the large time behaviour of the initial timescale we rescale

time such that 7 — &7 and the variables representing the complex formed from HPPA and HPPD and
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Timescale 1: ¢ =O(83), O(4) seconds

The inhibitor diffuses into the liver and tissue from the blood. Liver concentrations are small
though, i.e. it rises to O(€)= 0.01 umole/ml (tissue concentrations much smaller).

Timescale 2: ¢ =0(82), 0(90) seconds

During this timescale HPPD drops rapidly to negligible concentrations. The liver concentrations
of inhibitor are still O(g), but this is due to the rapid reaction with HPPD; the inhibitor level
eventually rises over a series of intermediate timescales.

Timescale 6: ¢ = 82773 + 0(82), 3+ minutes

Difficult to be precise on the time in real terms due to the parameters in 7113. However, the
inhibitor level in the liver has built up to O(1)= 0.2umole/ml. HPPD concentrations are O(ez)x
0.1% that of the untreated level and homogentistic acid also rockets down to about 0.1% at the
same time.

Timescale 9: 1 =O(¢), O(1) hour

HPPD is at a minimum level of 0(84)z 0.0001% of the healthy level and consequently HPPA is
about 20X its pretreated state. The consequential accumulation of tyrosine in the liver has driven
blood concentration to increase by an order of magnitude. However, it has yet to reach its peak
due to movement into tissue. The inhibitor is being soaked up by the tissue and its concentration
will eventually equilibrate throughout the rat’s body,

Timescale 11: r =0(1), O(1) day

The tyrosine in the tissue becomes saturated forcing blood concentration to rise further to reach
a peak. This continues whilst there is sufficient inhibitor in the liver to maintain negligible
HPPD, however, their equilibrated concentration is decaying exponentially. This continues on
through Timescale 12 (where inhibitor has dropped by an order of magnitude) and HPPD begins
to increase.

Timescale 15: 1 = 1y, + 113+ O(1), 3+ days

Following a rapid collapse in liver tyrosine to near normal concentrations over Timescales 13 and
14, this timescale represents a recovery period throughout the animal. Here, tyrosine concentra-
tions in blood and tissue are in decline (exponentially), being metabolised by HPPD following
absorption into the liver. Tyrosine concentration reach their pretreated value in Timescale 16.

Table 3. A list of the major timescales of events following a “large” bolus dose (i.e. 8 = O(1/¢)) of inhibitor. The estimated
dimensional values for the timescales and concentrations are included to ease contextualisation. The analytical results for each
of these timescales are summarised in Sections 3.1.1-3.1.6 and full details, including the intermediate timescales, are given in
Appendix A.

the inhibitor in tissue such that

C - C, Ir — elr. (3.8a)

When applied to equations (2.8), this leaves the leading order solutions for tyrosine and the inhibitor in
the tissue and blood unchanged

SS SS
TTO = TT07 TBO = TBU7 IBO = @7 ITO

= (X3[J3@l, (3.8b)



15 of 55

while the solutions for the complex, HPPD and its inhibitor in the liver are now

Voo &
Cy = vop Ot Hop, = 1 -vopu0t I, = —/————. 3.8
0 KO, 0o O, L = L= 0vem) (3.3¢c)
The remaining variables are the solutions of differential equations that seem not to be analytically solv-
able, namely

dT;,

dt" =S + kyHp, — k1 Ty, (3.8d)
dH,
S =k Hpy ko Ty = 8y (1 = Vaui01) H, (3.8¢)
dR

d_to = 6H(1 - V(lelz@l) Hp, - OrRy. (3.8f)

On this timescale we find that HPPD concentrations (Hp,) “collapse” and liver inhibitor concentrations
(Ir,) “explode” in finite time, specifically as ¢ — n3(&)~, where 13(0) = 1/v 0 up ®, whilst all other
variables maintain their order.

3.1.3 Timescale6: t = € n3(e) + O (82) . After several rapid transitional timescales, we now move

to Timescale 6 where time is rescaled such that t +~ &” n3(g) + €”t. Most variables retain the scalings
of timescale two except those for HPPA and the inhibitor in liver which are rescaled such that

Hy = & Hp, I » I. (3.92)

At leading order the following solutions remain as they were at timescale two

TTO = TTO, TB() TBoa IB() = @, (39b)
whilst
Cy = 1, (3.9¢)
and
o33 _ _ 0o +k_o _ 2] Rt
T = Gy TGO I, = voplp @1, Ho, = PR ATNCTA Ro (m)e ™, (3.9d)
—(ky +k-1)t
S (1—e ) 2 S
Hp, HPo](n3) 3 +1ki t+ Y (leL[o](Th) alo](m)— +1k1 )’ (3.9¢)
—(ky +k_1)t
ki S (l_e ) 2] k1S
TL() ( 3) kl +k_]t_ kl+k—l kl TL() (n3) k—lHPO (TB) - +k_ ) (39f)

where the superscript [2] refers to the solution in Timescale 2. The inhibitor is infiltrating into the
tissue, whilst the inhibitor in the liver (I;,,), HPPA (Hp) and liver tyrosine concentration (7z,) increases
and HPPD (Hy,) concentration decreases. Blood tyrosine is relatively unchanged (7p,), however, the
homogentisic acid (R) and downstream products (P) drop rapidly.
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3.1.4 Timescale 9: t = O(€). For this timescale we write  — £t and find that, since Timescale 6,
the following scalings have changed

Ty )3 Hp 4
Ty = & I, » &, Hp = —, Hp — € Hp, (3.10a)
1
Re &R Ip eI, I — L (3.10b)

The leading order solution for the complex remains as it was at Timescale 6
Co = 1. (3.10c)

The equations for tyrosine and HPPA decouple and are solutions to linear second order differential
equations, given by

S

Toy = yor; (14 EF () = E7 (), (3.10d)
Ty = T8 + S (1 = (EF(0)— (1)) + (E7 (0) — B (1)), (3.10¢)
S (ovclopctllaj ::4#4) N vaf&4ﬂ4 (0o BF (1) + 03 BT (1)), (3.10f)
Hy = MBI B (0B (0 + 0B (), G0

.
+ - ot + - + +
where E7 (1) = 0" 0 ¢” ' [0 (0" — ™) and ), = 0411y + Oyfis + ®, where

1/2
+ 1 ( kivoy kivoy

| 2
0" =-5 o + oy +064ﬂ4) * E((m + ol —054ﬂ4) + 40‘1#1“4#4) ; (3.10h)

noting that @ < ®" <0and hence E}‘r () = 0 ast — o0o. These results show that tyrosine concentration
is rising everywhere, however, the seepage into tissue means that an equilibrium is eventually reached
in the liver and blood, namely

N ) S1 (o g + o piy) [9]

0 T Ve T e T Y T vejagm - e

Ty (3.101)
We note, these equilibrium values are a temporary maximum level, which are superseded when tyrosine
saturates in the tissue (Timescale 11). This indicates that there is a two stage “jumping” of tyrosine
concentration; though not observable in the data, or in the simulations in Figure 3, they do become
apparent for smaller € (Figure 5, top right).

Similarly to the tyrosine equations, the equations for the inhibitor also decouple into a linear second
order differential equations, namely

I, = Ovao iy (Ef (1) —Ef (1)), Ip, = O (pauEr (1) = pauEr (1)) (3.10)
Ity = O (1 + Poy(Pay + VOR)ES (1) = Pay (Pagy + VO)E] (1)) (3.10k)

where Ef" (1) = ¢” "/(pT —p”) and poi:u = Wyl + 031053 + p, where

o + o +vVv 1 1/2
pt = it Ol * V) Lo v () - dvenaw)t o
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noting that p~ < pJr < 0 and hence Eli (r) = 0 ast — oo. For brevity, we express the leading solutions
of the remaining variables as follows

60 +k, 1 6H(50 + k_z) TLO

Hp, = ——— +—, Ry = —————. 3.10m

Oy k2 ILO 0 6R k2 IL() ( )

Inhibitor concentration in the blood (/,) and eventually in the liver (/) declines as it infiltrates into

tissue acting as a inhibitor sink, rising to a maximum level of Iy ~ ®. As liver inhibitor concentration

decline, HPPD and homogentisic acid start to rise.

3.1.5 Timescale 11: t = O(1). On this timescale the following new scalings have been introduced
since Timescale 9 to reflect that Iz = O(1) and is no longer large:

Tr

Tr » &, Hor~ &Hop, Rwv &R Iy Iy, I eI (3.11)

At leading order, the equations representing the inhibitor can be solved to give

- 0 _ ] -
Iy = @, Iy = e Wi, = %e s (3.12)
and those for the complex concentration leads and
50 50 8¢t
C==+|1-% ¢ 3.13
0 6C ( 6C ) e ; ( )
and for HPPD,
M3 k—a 00\ -oct\ &
Hp = —— I+ =—=|+(1-% T .14
R SYTHC (60< ¢ ) ( ¢ ) ¢ ¢ G19
The solutions for tyrosine and HPPA are
_ Sl —STTI
T = o (1 _e ) (3.15)
_ S S -y
T = Vet * vo n (1 e ) (3.16)

CSi(oqpy +ogpy) St Syt
Ty = Sean o (1=, (3.17)
Syk_y(onpy +0yy) | Sik_iiy —8ppt
Hp = 1—e o), 3.18
B kv 0ty Oty s kv s ( ¢ ) 19

Finally, we obtain for the homogentisic acid Ry = &y HoHp [ Og.

Reflecting on these results, we note that tissue tyrosine concentration is matching that of the blood
and liver and leads to further build up of tyrosine throughout; HPPA suitably adjusts to this build up.
Inhibitor has equilibrated and is decaying naturally (note the vast majority of the inhibitor is in tissue
and its kinetics dominate the overall decay rate). HPPD and homogentisic acid are increasing, but
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concentrations are still very small, and the complex adjusts to a new equilibrium as HPPD production
and the complex’s natural decay balance out. The large time solutions are

St _ gl Sy (M M) ]
TT() V6TT = TToo ) TLO Vilg (STT o + a; = TLco s (319)
Stkay (M Mg\ _ o [11) _ 8o
T kv (5TT Yo toe) =M G= 50 (320

and, of particular interest, is the leading order maximum blood tyrosine level, namely

S (1 LY ]
T3, Vi (oc4 + 5TT) =Tg, 7, (3.21)
as t — 0o, where we note in particular its independence to the initial inhibitor concentration ®. These
expansions become invalid when I, = O(1/€), i.e. whent = 51;1 In(1/€)+0(1).

Numerical simulations aimed at testing the accuracy of the approximations revealed that the large
time value for T, turns out not to predict well the peak of blood tyrosine level using € = 0.04 (about

40-50% error); see Figure 4, particularly for 8 > 6*. When 7 ~ 5,;1 In(1/€), we have to leading order
T ~ (TB[; Ty 0(8677/ O ))/€; since the parameters are set to one, the error is about —1 of the predicted

. 11 . . . .
maximum, TB[O ]/ €. However, analy51s of the correction term, using the expansions T ~ TBO + sTBl etc.,

[11]

reveals that Tz, — Tp . , where

sl Sy (o +87,) ((81 k1 +8pk_1) (0t 1 0ta+ 87, (0t 1 + Oy fly)) + ky 87, vy (s +687,.)) 1
Bioo ki V287 o o 1y Ha
(3.22)

11
ast — oo. Here, TB[l ]

1 o - . .
one, then TB[1 I~ 15 and makes a significant contribution to the estimated maximum value of 73 when

the modestly small € = 0.04 is used. However, in the limit € — O this issue is not a problem (see Figure
5, top right).

Much of the data of blood tyrosine and inhibitor concentrations correspond to this timescale. The
exponential decay of I, predicted in equation (3.12) will form the basis for fitting with the inhibitor
data, whilst a modified form of (3.16) will be used to fit part of the blood tyrosine data.

consists of several products of sums, so if, for example, all parameters are set to

3.1.6 Timescale 15: t = np(€) + Ni3(e) + O(1). Where nyp(€) = 51;11n(1/8) and n3(g) =
O(1) defined so that 17;5(0) = 51;] In[OVa a3, [ 8o (0t s+ 8, (0 + a3 u3)) | Timescale
12 sees the continuation of inhibitor decline and slow HPPD recovery for an O(1) time, until there
is a rather sudden collapse of inhibitor concentration in the liver, namely O(g) — 0(83), as HPPD
production rate finally overtakes inhibitor absorption from the blood reservoir and recovers to near its

pretreated level (Timescales 13 and 14). Furthermore, the rapid rise in HPPD leads to a rapid collapse
]

- . . . . . . 11 14

in liver tyrosine, causing a rapid drop in blood tyrosine from its peak (TB[OO ]) to a new level (TB[OO ,
defined below), though still much higher than the pretreated concentration due to the tyrosine in tissue
acting as the main reservoir. We note further, that since the initial inhibitor concentration 8 = @ /&, with
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® = O(1), is sufficient to eliminate HPPD, the only other significant effect it has is in delaying the onset
of Timescale 13 and consequently the current one.

Writing ¢ = 112(€) + 113(€) + ¢, the following rescalings have changed since Timescale 11,
TL - TL7 HP - I‘IP7 HO - Ho, IL = 83IL (323)

We find that blood and tissue tyrosine are dropping according to

S _ol15] _ol1s]
Tp = —e o =M (3.24)
V8TT e
[14]
where TBoo =5 (X4/V5TT((X1,111 + 064}14) and
[15]  Oafh 04+ Or (Q iy + apy)
Q7 = ATET R . (3.25)
Defining
[15] [15]
Po(t) = Qf ™ — 8,7 1 gc(t) = QF e — e (3.26)
where 91[15] = (o053 + O (0 iy + 03143) ) [ (i lp + 0313 ), noting that ¢;(r) — 0 as 1 — oo, then

HPPD, HPPA, liver tyrosine and homogentisic acid return to their pretreated concentrations according
to

Hp, = Hpp + $190(7) ;Hv(zloi(t(l);bo(gjg%ﬂ -’ ]t, (3.28)
o - 2 - 20 0 i!ié‘ot‘af’i(ij@i?

The rising concentration of HPPD accelerates absorption and degradation of the inhibitor in the liver
from the blood and tissue, thus the inhibitor related variables decay

_ Oo(mpp + oauz) -l 6  -ol®l _ 60 0c(t)
Iy, = T vame ¢ ) I, = VooIi; ¢ , C = 5_c¢c(0)’ 3.31)
[15]
Soe ™ T4k, 8¢ 0c(0
I, = o€ + k_p 80 ¢c(1) [ 8¢ dc( ). (3.32)

ky (1=¢0(t)/90(0))

All that remains is for the blood and tissue tyrosine to return to their pretreated concentrations. This
occurs in Timescale 16, where t - N2(€) + Ni3(€) + Nig(€) + ¢ (here, Nig(€) = ln(l/s)/.Q;lS]) and
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both T and Tp are O(1) satisfying

S _olls] o151
61 ¢ Q; t, T, = TBO TZEH] Q; t; (3.33)
\% Tr

SS
TTO = TT() +
hence tyrosine concentration tend to the pretreated state to leading order as t — 0.

3.1.7 Comparison with numerical solutions Figure 5 shows a selection of comparisons between the
numerical solutions for the full-system and composites of the leading-order asymptotic terms. The
composite solutions are derived by adding successive timescale solutions and subtracting the common
term; although in the cases shown, most of contributions from the successive time-scales cancel each
other out. For the plots in Figure 5, the solution for blood tyrosine, TB P complex C°“"" and blood
nitisone I;"'" are, in their most reduced form,

" =H(t[14] )(TBO w1y T - TBM) (z [1“])( 1% - ng”]), (3.34)

By

Ccomsz([[Z]_t)<C[l]+Cg]_ ([X1>])+H(t [2])( [11 +H(t—t“4])(c([,‘5]—cg“]))7 (3.35)

1" = H (r[”] ) (11[9?)] T R ey e 11[;“]) + H(t _ t““])zg;ﬂ, (3.36)
[i] [

where ", with % = {Tp,C, Iz}, is the leading-order solution of * for timescale i, * ¢ is the correspond-
ing large time limit, A= £2n3 and 11" = Ni2(€) + n13(0), and H(z) is the Heaviside step function
such that H(z) = 0 for z < 0 and H(z) = 1 for z = 1. The step-functions are used as a convenient way of
eliminating the complexities in the intermediate timescales around ¢ = ) and t[14], whereby the solu-
tions in intermediate timescales provide jump conditions for the composite solutions either side of them

(although the only discontinuity here is Tp at t[M]); we note that the composite solutions (3.34)-(3.36)
are asymptotically valid as € — 0. For HPPD, Hyy, and liver drug concentration, /;, it is not possible to
construct a likely looking composite solution using leading order approximations, due to the tails of the
solutions for one timescale significantly encroaching on the solutions of the neighbouring ones when &
is modestly small; we hence show results for individual timescales (open shapes) and composites of a
short sequence of timescales (solid shapes).

Formally, the asymptotic analysis only applies in the limit € — 0, nevertheless the figures shows
that there is generally good agreement between the analytical and numerical solutions for € = 0.04. For
C,Ip and Iy (not shown), the composite solutions agree very well across the entire time interval, whilst
for Hp,I; and R (not shown) the approximations agree well within their own timescale. The solutions
for Ty, Tr,T;, and Hp have similar qualitative profiles, for which only Tp is shown for brevity. For the
parameter set used, there is a significant disparity around where T reaches its maximum (as seen in
Figure 4), the reasons for which being discussed in Section 3.1.5; we note there are similar disparities
for T7,T; and Hp as well. However, as expected, the agreement can be much improved by reducing &,
as can be seen for € = 0.01 case in the top right plot. We also note, that the two stage accumulation of
Tp during Timescales 9 and 11 is observable in this plot.

3.2 Moderate initial dose Iz(0) = O(1)

The analysis for the case Iz(0) = 8 = O(1) follows the same lines as that described in Section 3.1 and
we omit all the details for brevity. This analysis is motivated by the results shown in Figure 4 where
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FIG. 5. Figures comparing the numerical solutions of the full system (solid lines) with asymptotic solutions (dashed or dashed
with symbols). The top two figures compares the composite solution of 7, as given by (3.34), for the cases for € = 0.04 (top left)
and € = 0.01 (top right), respectively. Middle left compares the asymptotic and numerical solutions of Hy at various timescales:
timescales 2 (<), composite of timescales 3-8 (@), timescale 9 (A), 10-12 (A) and 15 (O). Middle right and bottom left show
full composite solutions of C and I, respectively. Bottom right shows the solutions for /; at timescales 1-2 (#), 3 (A), 9-12 (A)

and 15 (O0). All dimensionless parameters are set to unity with 6 = 1/¢ (or ® = 1) and € = 0.04.

there appears to be a critical inhibitor concentration, denoted 9*, beyond which the inhibitor is effec-
tive at substantially reducing HPPD concentration, with a consequential rise in tyrosine concentration.
Undertaking the time-scale analysis for this case reveals that the critical time point which results in the
divergence in inhibitor effectiveness is in the third timescale (r = O(¢€)) of this analysis, whereby the
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“critical concentration” is revealed, namely

* 1 o3 U3
0* = V(” 062,“2)' (3.37)

A remarkable feature of this critical concentration is that it is independent of the reaction kinetics at
leading order and is governed by the relative volumes of blood and liver (v) and the transport and parti-
tioning parameters of the inhibitor across the liver/blood/tissue phases. This is actually due, according
to the model, to the reactions being so rapid that the limiting factor in inhibitor effectiveness is delivery
to the liver.

Further to this, the analysis enables us to derive a formula for the maximum amount of tyrosine in
the blood. The details are technical and there are several cases depending on the relative sizes of various
parameter groupings; however, those that are relevant to the results shown in Figure 4 are

O‘4T£>S 4 1 S104(0%(8y+k) — 08y) 0<o*
Qi+ 0y~ (0% —0)  (oqpy + oty )k_ Oy ’
1 5 *
Buax =) Eva4“4 9 <0< eL’
1 S S =
1 | 8 A(11) (6-61) or
= + 1-(1- L 6, <6
€\ Voully * vy ( 5,,A(1,1)(e—eL)+_Q,[‘5]A(6L—e*,9L)) L=

(3.38)

where A(x,y) = Gl x + 03 L3 Y, _(21[15] is defined below equation (3.26), and

(00 2y
6, =6 (a—3+m s (3.39)

is a minor critical inhibitor concentration discussed below. We first note 7 is continuous at 6 = 6y,

though curiously non-smooth, and that 7 = B[Ol 2 (equation (3.21)) as 6 — 00, in agreement with the

analysis of 6 = 1/€. Secondly, we note that, if 6, < 8%, then only the first and third terms in (3.38) are
relevant. For the low dose case (i.e. 6 < 8), there is a constant contribution of blood tyrosine from the
tissue phase and a 0 dependant term from the liver, showing explicitly 7 increases with increasing dose.
Passing through the critical inhibitor dose, for an intermediate dose concentration of 8 < 8 < 6;, HPPD

is rapidly eliminated and blood tyrosine equilibrates to e’'s 1/vouuy = ngi] /€ (see Section 3.1.4), at
leading order; however, by O(1) time the drug is exhausted so that the slower process of HPPD recovery
occurs unhindered allowing no further build up of tyrosine (hence Tp,,_is approximately constant in the
intermediate range of 6). For 0 > 6, inhibitor concentrations in the liver remain high for long enough
to maintain a low level of HPPD over an O(1) time period, thereby allowing tyrosine to further build

. 9 . L . .
up in tissue beyond the TB[m:| /€ level, leading to a secondary rise in blood tyrosine concentration (as

observed in Timescale 11, Section 3.1.5).

We can also deduce the minimum HPPD level from the analysis and find that

0
1 - ﬁ 0 < 9*,
Ho,,;, ~ 5o +k (3.40)
2072 g*cg,
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where I; = (6 —0) 1/, with constant I| = vazuz(p+—p_)_1 maxt>0(ep+t —e? ") (the constants p*
being defined in (3.101)). For 6 < 8", only /6™ of inhibitor makes it into the liver and is insufficient to
totally deplete HPPD. However, for 8 > 6™, HPPD concentration drops by several orders of magnitude
and, as observed in Timescale 9 (Section 3.1.4), it is in a quasi-steady balance between production and
inhibition. We note, that the minimum HPPD concentration is highly dependent on the reaction kinetics,
unlike tyrosine, which is governed more by the mass transfer kinetics between phases.

The leading order estimates for T _and Hp, . (dashed lines) are compared with the full solutions
(solid lines) in Figure 4. Whilst, the predicted estimate of Tp is reasonable for 6 < 0", they are
fairly poor for @ > 8. The reason for this has already been highlighted in the discussion of Timescale
11 (Section 3.1.5) where the corrections terms are unduly large in comparison to 1/& with € = 0.04.
Decreasing € improves agreement and the constant value in 8™ < 6 < 6; becomes more evident. How-
ever, with € = 0.04, the estimates for Hy . are already very good (the dashed lines are more-or-less
superimposed by the solid one).

min

4. Data fitting

The rat data used in the parameter fitting consists of time course measurements of the concentrations
of tyrosine and the inhibitor nitisinone in the blood, i.e. T and Iz in the model (see Appendix B for
animal experimentation details). In the experiments three different doses were investigated, namely at
0.5, 1 and 2 mg/kg; in each case, three rats (nine in total) were given the same dose and there were three
untreated rats used as control. The measurements were taken over seven days, with seven data points
taken on day 1 (r = 0,0.5,1,2,4,8,12 hours), two on day 2 (¢ = 24,36) and then once daily afterwards
(r =48,72,96,120,144,168). A key feature of the experimental results is that the peak blood tyrosine
concentration is roughly the same across the three doses, which motivated the consideration of the large
dose case Iz(0) = O(1/¢€) in the analysis of Section 3.1.

It is possible to attempt parameter estimation by fitting the full model solutions to the available data
using various software packages, and though they often provide detailed statistical analysis of the relia-
bility of fit it is difficult to obtain insights into why some parameters are fitted more reliably than others.
Here, we will fit the data to the simpler versions of the model, motivated by the analysis of 3.1, which
helps to identify which parameters the data is able to reliably inform. The “fit” command in the gnuplot
package was used to fit to the inhibitor data and for the tyrosine data the “FME” package was im-
plemented within the programming language R; in both cases, the Levenberg-Marquardt minimisation
algorithm was used.

The asymptotic analysis of Section 3.1 showed that following an initial transient the blood inhibitor
profile in dimensional terms settles to

IO VB e—BITI
Uz Vr

in a r = O(1) timescale (see Section 3.1.5). The predicted exponential decay agrees with the data
following a short time period after bolus ingestion. Equation (4.1) has one parameter group (6, =
IV /us3Vr) and one free parameter (dy,), which were fitted to raw data and to a logged version of
the raw data, from ¢ = 0.2 — 4 days (chopping off the initial transient and longer time points at which
the measurements are at the same level as noise). Figure 6 shows that the simple exponential decay
model fits very well the experimental data and the fitting procedure determined robust estimates for the
values of 6y and Of,. The estimates are shown in Table 4 and across all the initial doses we find that

Iz ~ A.1)

o = 1.5-1.75 day_l and the ratio between the initial doses are reasonably consistent with the ratios
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of Iy in 6y. Expression (4.1) suggests that the clearance of available inhibitor occurs predominantly in
tissues other than the liver, and not through binding with HPPD in the liver.

For fitting with the tyrosine data we simplified the composite solution (3.34) by removing the fast
timescale terms to a form that describes changes on an O(1) day timescale (consistent with the data),
namely

Ty = 01+ Qo (H(T =1)((1 - ") + H(t=T)Qye” @), 4.2)
where
_In(A) + Q¢
T= 43)

Here, A = Iy/1,, where I and I, are the initial available inhibitor concentrations, with the latter corre-
sponding to the blood concentration following a 1 mg/kg dose; this is the only data fitting parameter that
consists of the initial dose. The seven Q; constants are parameters to be fitted to the data and are defined
as follows in terms of the dimensional model parameters,

2 SS
Vi (87, T u (BoSy + Viki So) (Vs + V7 8p,) + ViV TyBoA™ 8y S, ey 0 )

= _ 4 L (44
Vi ToBoA™ 8y k1 (Vpou 0 + Vi Op (0 g + 0q g )
Ty (Vpoy + Vi )

_ 45
0 Vi To 0y Uy )
0; = 5TT7 4.6)

2
V
04 = ‘I’[14] _ ~ B Oy Hy 7 @7
(Ve oy +Vy 67, ) (o g + o)
[15] Oy 0y
_olsl_s, o Outhos 4.8)
Os =9 7 V(o + o)
= 2
1 Iy Vi aplr 036
Q6=5—1n 0VB 22l~L2 301y 4.9)
i\ Bo (Vs oatta 0 + V7 8y, (ontt + 0313))
Q7 =0y (4.10)

The constants O and Q, are the dimensional form of Tg(f (leading order pretreated blood tyrosine level)
and Tlgoll] (leading order maximum blood tyrosine level), respectively. The value t = T corresponds
to £ = M12(€) + M13(0) in the analysis, where the dose dependent term A has been separated from the
rest of the constants in Qg. The same seven parameters were simultaneously fitted to the data for the
three doses, which are distinguished in the fitting process by setting the values of A to be 0.5, 1 and 2 to
represent the 0.5, 1, 2 mg/kg doses, respectively. A set of fitted values are shown in Table 4(b) and Figure
7 shows that the solution curve matches reasonably well with data. As is usual when parameter fitting,
there exists numerous local minima and it was found that Q;, 0, and Q3 were generally insensitive to
initial data, whilst there was sensitivity in the other parameters. Nevertheless, a pleasing result is that
across a broad range of initial estimates, the values for Q; = ;. was found to be consistent with those
in Table 4(a) determined from independent data.
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dose 0.5 mg/kg 1 mg/kg 2 mg/kg
parameter units raw | logged | raw | logged | raw | logged
a
® Oy, day_l 1.56 | 150 | 1.72 | 174 | 150 | 1.74
6y umole/ml | 1.81 1.68 | 446 | 445 | 680 | 7.69
fitted parameter 0y 0> 03 Q4 Os Qs 07
(b) units umole/ml | pmole/ml day_1 none day_1 day_l day_1
value 0.097 2.15 1.14 | 0306 | 1.41 242 1.66

Table 4. Tables showing a set of estimated values from the parameter fitting procedures to data. Table (a) shows estimates of
O and 6y = IjV3 /w3 Vr from fitting equation (4.1) to blood inhibitor concentration data between 0.2 and 4 days; all values are
robust to different initial estimates. Table (b) shows estimates of the Q;s from fitting (4.2) to measured blood tyrosine data across
3 different doses; see text for discussion.
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FIG. 6. Parameter fitted solutions of blood inhibitor concentration to data for the 0.5 mg/kg (left), 1 mg/kg (middle) and 2 mg/kg
(right) cases. The fitted points are from ¢ = 0.2 days (i.e. not accounting for the initial phase of inhibitor absorption from the
digestive tract) to ¢ = 4 days (neglecting the outlier points that appear from ¢ > 4 which are presumably at the noise level of the
sampling).

Contained within these Q;’s are many parameters and this analysis suggests that it is not possible
to discern all of these given the data, the best we can do is get approximate values for the relationships
indicated. The only parameters that it does help to pin down are 0 and J7,, which highlights the
important role of the tissue volume in controlling the dynamics of tyrosine and inhibitor concentrations
in the rat. A further issue highlighted by the fitting procedure is the unfortunate absence of key data
points between days 2 and 3. We observe that the model predicts that the effect of increasing the dose
is to delay the collapse of tyrosine concentration to pretreated values and more data values would help
to (1) provide more data points to establish more robust values for parameters Q4,Qs,O0¢ and Q7 and
(2) verify whether or not this dose-delay relationship is true. It is worth noting from (4.3), that ;. = Q7
governs the length of the delay difference between doses.

5. Discussion

In this paper we have developed a mechanistic systems pharmacology model that covers the kinetics
and dynamics of the exposure of nitisinone in rats and its effects on tyrosine level in the liver, blood and
a generic tissue compartment. The use of asymptotic analysis has allowed us to excise the process into a
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FIG. 7. Parameter fitted solutions of blood tyrosine concentration to data for 0.5 mg/kg (left), 1 mg/kg (middle) and 2 mg/kg
(right). Each data point, indicated by the circles, is the mean of three data points, the error bars showing the minimum and
maximum data values. The solid line shows the graph of equation (4.2) using the fitted data listed in Table 4(b).

number of steps and isolate their corresponding dominant events. As a practical application, the results
of the time-scale analysis has helped us to determine which parameter combinations are identifiable from
an animal experiment that involves a single oral dose of nitisione at three doses and in which tyrosine
and inhibitor concentrations are measured only in the blood. In this scenario, we have learned that most
of the model parameters are not identifiable from these time courses. This situation could be improved if
tyrosine and inhibitor concentrations are measured in a representative tissue; however this would require
terminal animal sampling. Alternatively, parameter values may be either directly measured (in vitro or in
vivo) or predicted through the use of quantitative structure-activity relationship (QSAR) models. Finally,
we achieved a good fitting of the model to the available data at all three doses nitisinone administered,
and we were able to estimate the value of the identifiable parameter combinations for those cases.
Of particular relevance are two formulae from the asymptotic analysis:

e Formula (3.35) provides an explicit prediction of the critical concentration of the inhibitor at
which tyrosine concentration starts to build up. For a particular HPPD inhibitor, this critical con-
centration is governed by the transport and partitioning of the inhibitor across the liver/blood/tissue
phases and not by the specific values of the HPPD reaction parameters (this assumes a fast-acting
inhibitor). Since it is usually possible to predict these parameters using simple QSAR approaches,
this result is potentially very useful for finding appropriate dosing regimes.

* Formula (4.1) provides a simple description of the inhibitor decay in blood based on the partition
coefficient between blood and tissue and the inhibitor decay in tissue. It emphasises that the
critical missing measurement in many animal studies of HPPD inhibition is the decay rate of the
inhibitor in tissue.

We note that asymptotic analysis is widely applied to dynamical systems, but seems to be rarely used
for pharmacological models. This is likely due to the system sizes of these models being typically large,
making computational approaches seemingly the only option. However, though the complexity of the
analysis generally increases with system size, the underlying methodology is always the same and can,
in principle, be applied to a system of any size. The mathematics package Maple was used to under-
take some of the analysis in this paper (namely generating equations for each timescale, perform series
expansions, solving differential and algebraic equations), but the technical details of matching and es-
tablishing timescale breakdown was done by hand; as yet there does not appear to be any software that
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automates this process. The application of asymptotic analysis has its challenges, but it can provide
substantial rewards through drawing out fundamental characteristics of a model’s dynamics (hence in-
sights into the application), often in terms of relatively simple, understandable expressions that would
be difficult or impossible to obtain using other tools (e.g. in obtaining the critical concentration 8" in
Section 3.2). Consequently, this analytical approach should be considered part of the standard “tool kit”
used in the study of small to medium sized pharmacological models.

This model can be extended to support novel HPPD inhibitors development, either for agro-chemical
or clinical use. The model can support both single or repeat dose exposure scenarios for any HPPD
inhibitor, variable concentrations of tyrosine in blood and tissue due to different dietary patterns and
also allows for differences in TAT activation across species. Ideally, the model should rely on QSAR
predictions and/or in vitro measurements in order to minimise or eliminate animal experiments in early
research. In order to estimate the viability of this goal, we need to classify the original model parameters
into a number of groups:

* Values of the compartment volumes (Vy, Vg and V;) are readily available in the literature for
all three species of interest (see Brown et al. (1997)). External variable inputs like 7 (tyrosine
produced in tissue) and 7; (tyrosine introduced in the liver from the gut) are dependent on the diet.
There have been many studies in rats and humans in this area (see references below) from which to
extract appropriate estimates, although we have the added complication that Ty is tissue-specific.
Fortunately, we have direct control over another variable input, the inhibitor dose. Finally, we have
an unknown internal input which is the generation of HPPD in the liver, but we have measurements
of HPPD in the liver in both rats and mice.

* Normal tyrosine concentration measurements in the blood are available for mice, rats and humans
(Hall et al. (2001) and references below). For rats, tyrosine concentrations in the liver have also
been measured; in this species in fact, the circadian behaviour of TAT concentration has received
quite a bit of attention (Wurtman and Axelrod, 1967; Kato & Saito, 1980; Reynolds et al., 1971;
Ross et al., 1973; Cahill et al., 1981). In rats and mice, tyrosine concentration has been measured
in certain compartments like ocular fluid; in addition, TAT activity levels are also available in the
liver (Lock et al., 1996, 2000).

¢ Time courses in mice and rats available in the literature (Ellis et al., 1995, 1996; Lock et al.,
1996, 2000) may be enough to parametrise both the tyrosine transformation into HPPA (see also
Rosenberg & Litwack (1970)), mediated by TAT, as well as the subsequent transformation of
HPPA into homogentisic acid (mediated by homogentisic acid oxidase). Otherwise, appropriate
in vitro measurements could be made; this would be especially relevant for humans. Normal
concentrations of TAT and HPPA in the liver, tyrosine in blood and homogentisic acid, and various
phenolics in urine has been measured for rats and humans (see references above).

* For a novel inhibitor, it is possible to use QSAR models to predict transfer rates between blood and
liver and blood and tissue (parameters @, and ;3 respectively in our model), as well as partition
coefficient and plasma binding fractions. On the other hand, the binding of the inhibitor to HPPD,
can be measured in vitro to produce the appropriate values for k, and k_.

* As aresult of the above considerations, the only parameters not available, at least theoretically,
by either QSAR modelling or irn vitro measurements are the degradation constants, represented
by &s in our model. The ones corresponding to an inhibitor (dy,, &, 0f); corresponding to
blood, liver and tissue) may not play a big role for a strong binding inhibitor. The corresponding
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ones for tyrosine (87, 0r, , 07, ), HPPA (8p) and homogentisic acid (8g) could be computed from
the model presented in this paper, once the appropriate reaction constants (ky, k_, and 8y) are
available. The existent of time course for concentrations of various inhibitors should provide
enough data to identify most if not all of these parameters. In fact, a predicted value for &7, (as
well as for d, in the case of nitisinone) is already forthcoming from the computations carried out
in this paper. In any case, once these values are established, they can be used for any inhibitor of
interest without the need for re-computing them.

Consequently, it should be possible to run this model to predict tyrosine concentration in the various
compartments considered after the administration of novel HPPD inhibitors across species. Being a
mechanistic model, it does not require an array of such novel inhibitors for training purposes although
the accuracy of the model will depend on the validity of the QSAR predictors or additional in vitro and
in vivo inputs.

As well as a virtual test-bed for the development of new HPPD inhibitors, this model can be used
to illuminate the possible source of the intriguing differences in toxicity between rats and other species.
The results of the simulation seem to indicate that tyrosine measurements in the blood do not convey the
full picture; for that we need to know the concentration of tyrosine in the tissue of interest as well as in
the liver. It is possible that in rats, given the circadian nature of TAT activity, the effect of the inhibitor
is to elevate the concentration of tyrosine in the liver to the point that tyrosine is transferred in great
quantity into various tissues, causing there the observed toxicities. Perhaps, in mice and humans, HPPA
does not convert back to tyrosine but instead either accumulate harmlessly in some form in the liver or it
is simply excreted as phenolics in the urine. The model can be used to evaluate the plausibility of these
hypothesis.

The model presented in this paper looks at the effects of HPPD inhibition by nitisinone in the tyro-
sine catabolism pathway; however the model lends itself to be readily adapted to other diseases involving
this pathway. For example, alkaptonuria is a rare, painful and degenerative disease caused by a mutation
of the homogentisic acid oxidase enzyme (see Figure 1). The lack of this enzyme causes a build-up of
homogentisic acid which in turn produces the debilitating phenotype in this disease (Fernidndez-Caién
et al., 1996). Similar to type I tyrosinaemia, targeting HPPD with nitisinone shows some promise
(Suwannarat et al., 2005). This mathematical model could provide the basis to help predict the potential
effects of nitisinone dosing and the resultant reduction in urinary homogentisic acid over the time period
of treatment. In addition, the model can support chronic exposure scenarios and the influences of ageing
or sex differences that may introduce altered behaviour in dietary absorption of tyrosine into the liver
(input parameter 77 in the model) or in the production of the enzymes included in the model such as
HPPD (through the input parameter By) and TAT.

Overall, the model has the scope to contribute to the reduction, replacement and refinement of animal
experimentation in research and development.
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A. Asymptotic analysis

Here we give details of the asymptotic analysis that we summarised in the Section 3. The rescalings,
equations, solutions and reasons for solution breakdown are presented for each timescale. In most cases
the matching is straightforward and details of this are generally omitted for brevity. As in Section 3,
the relevant variable rescalings for each timescale are presented first using the — notation, which on
substitution into (2.8a)-(2.8j) yields the corresponding system of equations. Against formality, when
writing the timescales in the subsection headings, we treated the logarithmically large (O(In(1/¢€)))
terms the same as O(1) quantities, since they are not that large for biologically relevant values of €;
however, in the analysis 1 << In(1/€) is formally applied. For each timescale, a very rough indication
of the “real-world” time frame is given; these are approximations based on € = 0.04 and 7 = 1 = 16 hours
and all other parameters set to unity. Finally, it should be noted that most of the tedious algebra was
undertaken using the mathematics package Maple (version 17).

Timescale 1: ¢ = 0(83)
Corresponds to t = O(4)s. We introduce the scalings
It » T, Tp = T, I, » 1o, Hp +— Hp, Hp = Ho,

R— R, Cw eC, Ipw &y, Iz %B I o €l (A.1)

and apply these to the nondimensional system (2.8) resulting in the equations
ddif =& (87, (1-T7) - au(Ty — pTy)), (A.2a)
ddlf =& (ou(Tr — WTp) + oa(Ty — i Tp)) — € 87, T, (A.2b)
ddlf =e(S) +kHp—k_1T;) — € vou (T, — i Tg) — € 83, Ty, (A.2¢)
d% =gk Ty, — ki Hp — Sy HoHp) — € 8p Hp, (A.2d)
d% = —ekyHolp + € 8o (1 —Hp) + € k_,C, (A.2¢)
% = &(8y HoHp — SgR), (A.2f)
”;—f =k Holy — € (8¢ +k_)C, (A2g)
‘%T = osuslp — € (o3 +8,) I, (A.2h)
% =—¢ (opuy + o3z) Iy — 8313 +e ol + e oy, (A.21)
%L =vopip Iy — kHolp — € vap + € (k_,C — 8,11). (A.2))

At leading order we have

Tp =T, Ts=Ta, T, =T, Hg =H, (A3)
Hp,=1, Ro=Ry, I =0. (A.4)
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For the remaining variables we note that d(Cy + I1,)) /dt = a1, v, and hence

Voy i, © -
ITO=(X3‘IJ,3®Z‘, IL0=2k—I:2(1—€ kzt)’
(0] _
C():V(XQ.LLQ@I‘—M(I—E kzt).
ky

The linear accumulation of Iz, and Cy leads to a change in balance at r = O(1/¢).

Timescale 2: ¢ = 0(82)

Corresponds to ¢ = O(90)s. We rescale time such that ¢ — €” and obtain the scalings

Iy » Tr, Tz — T, T; » Tp, Hp — Hp, Hop — Hp,

I
RoR CwC  Ipwel, Ipe 2, I e el
applying these to the equations (2.8) results with
dT 2
d_tT =& (87, (1-Tr) — oy(Tr — usTp)),
dTB 2
= & (oulTr = paTp) + an(Ty = i Tp)) — € 81, T,
dT; 2
d_tL =Sy +kHp =k 1Ty — evoy(Ty — 1) — € 67, Ty,
dH
d_l‘P = k—l TL — lep - SHHOHP — 82 5101‘1137
dH,
d_zo = ~kyHoly, + € (80 (1~ Ho) + k_,C),
dR
E = 6HHOHP - SRR,
ac
E =kyHpl; — 83(6c+k_2)c,
dr 2
d_tT =oi3lp — € (03 +0,)Ir,
dlp 2 3
=5 = —e(mm+oasps)lp — e Ip + € (I, + azlr),
di
gd—l{“ = Vaz,UQIB - kZHOIL - 82 (V(XQIL - k_2C) - 83 61LIL-

At leading order we obtain the explicit leading order solutions

= TB()7 Ig, = @, Cy = V(Xz[,tz@l,
_ Voo b ©
¢ k(1 - Ovoapu,t)’

HOO =1- V(Xz,uz@l. Iy

y = 3301,
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(AS)

(A.6)

(A7)

(A.8a)
(A.8b)
(A.8¢)
(A.8d)
(A.8e)
(A.8f)
(A.82)
(A.8h)
(A.8i)

(A.8))

(A9)

(A.10)
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two coupled ordinary differential equations

dTy,
7=S| +k]Hp0 —k_y TLO’ (A.11)
dHp,
7 = -k HPO + k_ TLO - SH(I - V(Xz[.l,z@t) HPO’ (A.12)
and the decoupled
dR
dto 81 (1 = vapi,01) Hp, — 8gRy. (A.13)

Here, Hp, = 0and I;,, = 00 ast — 13(€) < 0o, where 13(0) = 1/v o, u» O, leading to a new timescale.

Timescale 3: ¢ = 82773(8) + 0(85/2)

Corresponds toz = 90s. Here, n3(¢) is defined such that 113(0) = 1/vop 1, ®, and we obtain the scal-
ings:r - € n3(8) + &%,

Ir » Ty, Ty — Tp, 1, - 1, Hp — Hp, Hp — 81/21‘10,

R—>R CwC Ivel, Izo %B L e e, (A.14)
and apply these to the system (2.8) resulting in
ddif =& (8,(1-T7) - au(Ty — uTy)), (A.152)
AT _ 32 5/2
€ (4(Tr — uaTp) + oy (T — Tp)) — €' 6, T, (A.15b)
dde e (S +kiHp -k 1) - P vay (T, - Tp) - €78, 71, (A.15¢)
dZ” e (k_, T, — kyHp) — €8y HoHp — €°* 8 Hp, (A.15d)
dﬂ% = —kyHoly + € (8p + k_,C) — 28, Ho, (A.15¢)
‘;—f= > 52 R + £ 8, HoHp, (A.15f)
‘;—f = ey Hol, — % (8¢ +k_,)C, (A.15g)
‘%T=s”2a3u313—es/z(a3+5,T)1T, (A.15h)
‘i,if = - (o + a3 Iy — P 1y + E ol + o1, (A.150)
‘%L = vy Iy — kyHolp — €2 oy vip + €2k, C — €15, 1;. (A.15)
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All variables except HPPD, Hy,, and liver inhibitor concentration, Iy, are, at leading order, locked at
the ¢ = 13 values on the previous timescale. namely

SS Ss a3 U3
CO = 17 TT() = TTO ) TB() = TBO ) IB() = Qa IT() = A (A16)
2 2 2
Ty = T20(03), Hp, = Hyd(m3), Ry = Ry (m3), (A17)
where the superscript “[2]” represents the Timescale 2 solution.
Between the ODEs for Hp,, and I;,, we deduce
IL() = V(Xzﬂz@t-f-Hom (A.18)
leading to a Riccati equation
dHop,
di = —szOO(voczuz@t+H00), (A.19)

which solves to give

2
- 2
Avar,@e kOva ]

Hy, = (A.20)

0 9
\/ﬂkz(l +erf<\/k2@‘/#t)>

2
where erf(x) = %ﬁ I())C e © dz; this expression for Hp, can be shown to be universally valid to leading

order for the first three timescales as € — 0. Of particular note

2
Wg—kg@vazuzt /2
0 21k,

On this timescale the HPPD concentration descends further with a balance shift when I; Hp, = 0(&)
and the reversible reaction between HPPD, inhibitor and complex begins to equilibrate. The balance

I Ho, = 0(82) occurs when

Ho

ast — 00. (A.21)

(voor0)*°

\2 ko

which on taking logs of both sides and ordering terms for large ¢, we obtain

2
fekOvar2 2 (A.22)

(v 0‘2142@)3/2

\/2 7'Ek2

whereupon we write f =ty + | +1, +13 + ..., so that f; < #;_1, and solve by balancing terms until we get
to a 1; that effects an O(1) change; here 7y and 7; form the components of 74(€) below and 1, balances
with the O(1) terms in (A.23).

kyvoplh® -

51" = In(t) - ln( ) = 21In(1/e), (A.23)
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Timescale 4: ¢ = 821‘]3(8) + 85/21‘[4(8) + 0(85/2/ln(1/8)1/2)

Corresponds to ¢ = 120s. Here,

21n(1/€)"? 2In(1/e)"/? In(In(1/€))
e Sl = : A24
ma(e) Vioveo 11,0 + i (e) Viovoo 11,6 ’ 4/kovoo 0 In(1/)!/? (A2

where 741 (€) is equal to the second term in 7),. We obtain the scalings ¢ +— & n3(e) + 85/2114(8) +
et/In(1/e)'?,

5/2
Ir » Tr, Tp » Iy, 1, » 1, Hp » Hp, Hp v 8—1/21‘10, R R, (A25)
n(1/¢)
I _
CoC Irmel, Ipo 2, Lol =€ VOOt S / 72 )
and apply these to the system (2.8) leads to
5/2
dT, £
d_tT =W (87, (1-Tr) — au(Tr — paTyp)), (A.262)
3/2
dT; £
d_tB =W(a4(TT — 1sTp) + o (T — iy Tp) — €87, Tg), (A.26b)
a1y, 81/2 2
7 =W (Sl +kiHp — k_1T;, — Sval(TL - [J.]TB) - & 6TL TL)7 (A.26¢)
1/2 5/2
dHp €
7 —W(k_l T, — kiHp — € SPHP n (1/8)1/2 SHHoHp), (A.26d)

dH, kyvop i, ® k
=9 = —2\/k2V(X2H2@HO + 50 + k_2C -2 2H2 2 T4t Hy — 2 Hol;,

dt In(1/€)'/? In(1/¢)
&S
) (A.26e)
In(1/e)'2 %0 Ho
R /2 &2
e = | -8R+ ————— Sy HpHp |, A26
dt " 1n(1/e)' ( T m(1e)i2 O (A.26D
dc el kavoplip © Mgy k>
— Vkovoou, ® Hy — (8¢ +k_»)C + Hp + Hol; |,
a1 1n(1/£)1/2 ( 2Vl @ Hp — (O¢ 2) 1n(1/8)1/2 0 In(1/¢) olL
(A.262)

dlr _ 81/2 2
ar —W(O%MIB—S (a3+617)IT)7 (A.26h)
dlg _ e’ 32— 2 .
E—W(—(a2u2+a3u3)lg—elg+s ol +¢ (X3IT)7 (A.26i1)
di _ _ _ _
L =vooi Iy - ePvarl; - € (ki Ho — k2 C) - €78, T (A.26])
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As with the previous timescale:

S SS o513
CO = 1’ TTO = TTQ, TBO = TBov IBO = ®a ITO = KUV’ (A27)
2 2 2
Tiy = T2)(n3), Hp, = Hy'(m3), Ro = Ry (ms), (A.28)
and solving the ODEs for Hp,, and Iz, gives
0o + k- Vo, @ 2 /lvonin®
Hp, = 0 2 212 2 kzvazl.lz@t ILO = Vo [.Lz@t +cq, (A.29)

o 2\/k2V(X2ﬂ2@ 21ky

where c; is a constant of integration that requires further terms in the expansion of Timescale 3 to
determine by matching.

All variables to leading order are constant other than Hp,, which tends to a constant, and /Iy, that
grows linearly. This continues until liver inhibitor concentration accumulate to I;, = O(In(1/¢)/ el 2)
leading to a small balance shift in the next timescale.

Timescale 5: ¢ = &’ n:(e) + 0(85/2111(1/8)1/2)

Corresponds to about # = O(2 — 3) mins. We introduce the scalings: ¢ — & n3(e) + 85/2111(1/8)1/2 t,

5/2
&/

- H,,
In(1/e)'?°

I
RoR  CwC  Lweel, w2 L ee’n/e)’n, xs30

Ir » Tr, Tz — T, Tp » Tp, Hp — Hp, Hp +—

and apply these to the system (2.8) gives

dT;
= ln(l/e)”z(éTT(l ~Tr) = ou(Tr — puTy)), (A31a)
dT;
dtB Pn(1/e) /2(054(TT — WTg) + oy (T — wTp) — €67, Tg), (A.31b)
dT;
d_tL = 1/8)1/2 (Sl + k] Hp - k_] TL - SV(XI(TL - ,Ll]TB) - 62 57‘L TL) (A3IC)
2
dHp 1 1/2 ’ 2
— =€ '"In(1/e k1T, —kyHp — ———— dy HpHp — € 6pHp |, (A.31d)
I (/)(1L VHp = ey O Hottr p Hp
1 dH, 52

——— ——~ =—kHpl; + 6o + k.,C — ———— 6o Hp, A3le

in(1/e) dr 2Holp + 0o 2 n(1/e) 2 o Ho ( )
R _ 12 10(1/e) | =5 R+i5 HyH (A311)
a " RE T n(1/e) HOTP ) '
dC _ sp 1/2
E =& ln(l/e) (kZHOIL_ (5c+k_2)C), (A31g)
dl
oL - ' in(1/e)'"* (apslp — € (o3 +8,)1r), (A31h)
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dl
d—f =g ln(l/e)l/z(—(a2y2 +osu3)Ip — €lg + 83/2111(1/8)1/2 ol + & ocng),
(A.311)
1,
=L = Vazl.lle - 83/21[1(1/8)1/2V(X2]L - 82 (kZHOIL - k_2C) - 85/21[1(1/8)1/251 IL-
dt L
(A.31))
To leading order
SS SS ol
Co=1, Ty = Ty Toy, = Ty Ipy = ©, Iy = goppys (A.32)
2 2 2
Ty, = TL(Ms), He, = Hy (M), Ry = Ry (13), (A33)
and, by matching as t — 0+,
Voo U, O 0o + k_»
I, = v, Ot + 2 , Hp, = . (A.34)
Lo 242 ko % kvoo i Ot + 2 /kovap U, O

The inhibitor continues to accumulate in the liver and HPPD continues to decline. There is a shift in
balance in the equations when ¢ = 0(8_1/2 ln(l/e)_l/z).

Timescale 6: ¢ = £715(¢) + 0(82)
Corresponds to about # = O(3 — 5) mins. We introduce the scalings t +— & ns(e) + e’t,

Tr o Tp, Tz Ts, T, T, Hpe Hp, Hpw € Hp,

Re»R CwC Ipeel, Ipwo %B I~ I, (A35)
and apply to the equations (2.8) resulting in

T & (85, (1= 1) = os(Tr = paT). (A.362)
dTg 2

€ (au(Tr = paTp) + o (T, — i Tp)) — € 01, T, (A.36b)

ddltL =S| + ki Hp —k_y Ty — evoy (T, — i Tg) — € 87, Ty, (A.36¢)

d% =—kHp+k_ T, — € pHp — € 8 HoHp, (A.36d)

sd% = —kyHpl; + 8p + k_,C — & 8o Hp, (A.36¢)

‘;—If = —8xR + & 8y HoHp, (A.36f)

9 < & (ko Holl, ~ (3 +k2)C), (A36g)

ddi; = aspislp — € (0 + 8, ) I, (A.36h)
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dl
d_f = —e (ot + 0a3) I + € (0u 1y — Ip) + € o3I, (A.36i1)
1L 2 .
Z =voplhlg — €0 VI, — € (kZHOIL —k,C+ 6ILIL)- (A36])
At leading order we have
Co=1, Tp=Tp, Ty =Tp, I =0, (A.37)
and
o33 0o +k_» [2]
TOZW"'O@“S@ty I, = Voo, ©1, Hp, = RNTNCIR Ry = Ry (m)e % (A38)
—(ky +k-1)t
[2] k-1 8, (1 —¢ ) 2] koS
H HP() (TIS) + kl +k_1 r+ kl +k_] kl TL() (TB) k—lHPO (713) k—l ) (A39)
= (k1 +k-1)t
_ 2] ki Sy (1-e )(, k 151
TLO - TL() (TIS) + kl +k_1 r— kl +k_1 kl TLO (773) IHPO ( 3) +k_ . (A40)

Here, the homogentisic acid and downstream products drop rapidly, and since in large time HpoHp =
O(1), there is a shift in balance in the R equation at ¢t = (3/8y)In(1/€) + O(1) when R = 0(83).

Timescale 7: = 82(1‘[3(8) +m7(e)) + 0(82)
Corresponds to about t = O(5 — 8) mins. Here, n7(€) = (3/8y)In(1/€) we obtain the scalings t
82(n3(e)+n7(e)) +€’tand

Iy - Tr, Tp — Tp, T, = Tp = mTf + 11,

ko T

Hp = Hp = 1y 3

In(1/¢g)?

— c Ip - c
CrC,  Irwelr =e(mlp+Ir), Ipr 5, Lo L =ml+1, (A.41)

C
_ H H
+Hp, Hpw €Hp= £3<n—0 + —0), R~ &R,

where T = kiSy/(ki +ko1). Hy = (8p+ko2)[(kavooin®), It = o510 and I} = vopu0.
Applying these to (2.8) we obtain

dr,
=€ (8 (1-T7) — au(Ty — wTp)), (A42a)
dT, — 2
=Ty — ) + (T — i Tp)) — € 87, Ty, (A.42b)
7 =S, +kHp —k_1 T — SV(XI(TL - [JITB) — & 6TL 1, (A.42c¢)
dH, _ o
d—t” =k Hp +k_ T, — € 8pHp — € 6HH0HP, (A.42d)
dH, k _

£ O - oHSIC + 80 + kyC — -2 HSI, — Hol, — € 60Hy,  (A42¢)

In(1/e)? dr m In (1/ In(1/¢)?
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dR 6[.1/(_1 C..C 6H C

E = kl TL HO — 5RR + WHOHP + — n (1/ )2 I‘Iolfp7 (A42f)
dc —_

- = & (keHol — (8¢ +k-)C), (A.42g)
dr 2 —

d—; = 063[1313 e ((X3 +51T)IT, (A.42h)
dl — —

d—f = —g(ops+oap3)Ip + € (0pl, — I) + € I, (A.42i)
dIL — 2 —_— - .
E =voplhlg—eap vl — € (kZHOIL —k,C+ (SILIL). (A.42)

All variables except Hp,, Tr,, and Ry have the same leading order expansions as those of Timescale 6.
The exponential decay terms in Hp, and T}, in the previous timescale have become negligible, hence,

[2] k_1S; 1 [2] 2] _ k_18;
~H )+ e e (R ) - i) - ) @y
k]S] 1 2] k_ 1S1
TL0 ( 3) + Py sy (’q T, (n3) — 1HP0 (713) +k—1>' (A.44)
Finally,
Ry = —S10kei Botkoa)  plody -t _ pl1] o g2,y e (A45)

Or (ki +k_1)ky vt ©

On this timescale homogentisic acid reaches its minimum level, while HPPA and liver tyrosine continues
to rise. The linear growth of I7,1;,Hp and T} and decay of Hp, means that a new balance in equations

will occur when ¢ = 0(8_1/2).

Timescale 8: 1 = 0(83/2)

3/2

Corresponds to about 7 = O(8) mins. We introduce the scalings ¢t — €/t and

Ir » Tr, Tz — Tp, T, +— %7 b %7 Hy — 87/2HO,
R &R CwC  hweln e % I~ # (A46)
applying them to the system (2.8) resulting in
ddi,T =& (87,1 = Tr) = Ty — wiT3)), (A.47a)
ddlf = oy T, — &' (o Ty — au(Ty — paTy)) - €% 87, T3, (A47b)
el ddY;L =k Hp—k_ Ty +€7%8, — evoy Ty + 83/2V(X|[.L| Ty — € 81, Tr, (A47c)
e’ dir =-kiHp+k T - e opHp — gl 0y HoHp, (A.47d)

dt
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dH
2d_t0 = —kyHol; + 89 + k_,C — e’ 0o Ho,
1/2 dR
/ E = 5HH0HP - 8RR7
dc 3/2
I =& / (szolL - (5C+k—2)c)7
dr 3/2
dl
d_f = _81/2(062#2+053M3)13 teml - I+ oy,
dl 1/2 3/2 2
TE=vooly—ePvorl, -8, 1 - € (ko Holp - k).

The following are constant to leading order

T = Tpy Co=1, Ig=0,

0
and the inhibitor variables decouple and solve to give

80 +k_»

I, = Voo O1, Iy kyvoni, ©1

v = 3u3®r,  Hp, =
Adding the 3rd and 4th ODE with € vX the 2nd leads to

d(Hp +T1,)
dt = 91,

so Hp, + T;, = St by matching as t — 0". Since Hp, = k_Ty, [k, then

T, = Stk t Hp = Sk t
Lo = ky+k_y’ R = ky+k_q’
and hence
sS Sikiog 2 [7]
Tp, = T, 30k Tk 1)t , Ry =R,
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(A47¢)
(A47f)
(A47g)
(A.47h)
(A.47i)

(A.47))

(A.48)

(A.49)

(A.50)

(A51)

(A.52)

The inhibitor continues to increase in the liver (and tissue) and consequently HPPA increases and HPPD
continues to decrease. The increasing HPPA leads to liver tyrosine accumulating sufficiently in the liver

to affect the blood concentration. The solutions are valid until Tz = O(T;) att = O(e

Timescale 9: 7 = O (¢)

Corresponds to about ¢ = O(40 — 60) mins. On this timescale we rescale time such that ¢t — &t and

introduce the scalings

Ty T Hp
It » Tp, Tgw= 5w, Tow 5, Hpeo —,
3 Ip

R - ¢ R, C e (j7 IT g IT) IB g R IL = =

4
HO = £ Ho,

(A.53)
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which are applied to the equations (2.8) leads to

dT.
d_tT = oy Ty + € (67, (1 - T7) — o Ty),
dTg
7 =Ty — (allul + (X4.LL4)TB + 8(a4TT - 6TB TB)a
dT;
gd_tL =k Hp —k_ T, + e (S —vouTy + voyu Tp) - 825TLTL7
dH,
Sd_tp =—kiHp +k_ T — 825PHP - 846HH0HP’
dH
83 d_to = _kZHOIL + 50 + k_2C - 8460H07
dR
E— = 6HH0HP - (SRR,
dt
dcC
= = € (lnHoly = (8c +k-2)C),
dr
d_tT = oauslp — €(az + &) Iy,
dlg
E = —((X2‘LL2+O[3[J3)IB + ol + 8(“311" - IB)>
dl 2
d_tL =vop(ply — 1) — €6, I — € (kyHolp — k—»C).

We have the quasi-steady solutions

k-
G =1, Hp, = k_lTL(); Hp

_ 50+k_2
T kI,

(A.54a)
(A.54b)
(A.54¢)
(A.54d)
(A.54¢)
(A.54)
(A.54g)
(A.54h)
(A.54i)

(A.54j)

(A.55)

where T;, and I, are derived below. At leading order Hp, = k_;T;, /k;. Adding the equations for 7},

and Hp leads to the system

dry, dTy,
- Oala Ty, a7 - W Tr, — (o py + oypy) Tp,,

(1+H)d—to =8 — oy (Tp, — i Tp,),

the latter two ODEs reduce to

2
d"Tg, kyvoy dTg,  kivoyoypy Siki oy
2 (k1+k_1 +O‘1“‘+°‘4“4) @ TRk, BT Gtk

(A.56)

(A.57)

(A.58)
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subject to, by matching, Ty, = dTg,/dt = 0 at = 0. This solves to give

s o eaf't R
T, TV ( ot-0- o -0 | (A.59)
. -
ss | S ® (l—e“’ t) w+(1—e“’ t)
T =T + |1~ orer—a) t oo —a) | (A.60)
Sy (o py + oy pyg) S
T, = A.61
to VOt vegouus (0 —o) (Aob
. -
(w_(alul +toups+ o )e” T+ o  (aip o+ o )e” ’>, (A.62)

1/2
1 kiva 1 kiva 2
0 = _E(kll+—k_11 + oy +064l~l4) * E((k11+k_11 + o —064ﬂ4) + 4061#1064114) , (A.63)

and it can be shown that ®~ < @ < 0.

The equations for the inhibitor are decoupled and combine to give

2

d IBO dIBo
> (ot + ey +v)) —= + veaas iz I, = 0, (A.64)
dt t
which solves to
Ovo ( ot p_t)
I, =———|e" " —e ) (A.65)
b= pr-p
® - _ +
Ig, = o —p- ((P+ + 0oty + oztz)e” = (p7 + ooty + ou3) e’ t)7 (A.66)
Lo=0|1+ (p + 052H2+063IJ3)(P++062(Mz+V)+053N3)ep+z A6T)
0 nv(pt-p7) '
+ - —
_(p +052M2+053H3)(P+ +0€2_(H2+V)+063H3)6p f (A.68)
wv(pt-p7)
where
o + o +v 1 1/2
pt = - (2 1 22(“2 ) t5 (053H3 + oo (t+v))? —4V0620€3I~l3) ;

and that p~ < p+ < 0. The remaining variable is

_ SuHoHp _ Suki (80 + k) T1y

R .
0 6R 5R k2 ILO
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Of particular note is behaviour as t — 00 namely,

St 9] S| Si(onp +oupa) _ [9]
Too ~ Vo = Toer T ~ v T ~ —vagagmy - e
@VO(Z‘LLZ p+[ @ — p+1‘
Lo pt—p 0 pt—p ( ) 0
Sik + 8o+ k) (pT—-p7) ot
Hy ~ S (o +oully) HY Hy ~ (8o +k-2)(P"=p ) - 3
0 k_yvoy oy o 0 kyvaop i, ©®

_ Si8uki (o +oups) (8o + ko)(p" =p7) e
Spk_1kyV oy Qupis 01> ©

Ry

Blood tyrosine has reached a (temporary) maximum and tissue concentrations are rising. Inhibitor
concentration in the blood and eventually in the liver declines as it infiltrates into tissue acting as an
inhibitor sink. As the liver inhibitor concentration declines, HPPD and homogentisic acid starts to rise.
There is a shift in balance when Iz, = O(€) and I, = O(€), i.e. t = In( 1/e)/(=pT)+0(1).

Timescale 10: t = £no(e) + O(g)

Corresponds to about 7 = O(5) hours. Here, m19(g) = In(1/€)/(—p ") we scale time such that ¢
€M10(€) + €t and introduce

= _ S1 T )3 Hp 3
I » Tr = Mo~ +1r, Ty = & I+, Hpw -, How &H,
R — 82R7 C e C7 IT nd IT; [B [ IB, IL g IL- (A70)
Applying these to the equations of the previous timescale we obtain
dT. — _
d_tha4.u4TB+8(8TT (1—TT>—(X4TT), (A.71a)
dTp —
o STl (i + oupy) T + €(ayTr — 07, T), (A.71b)
dTL 2
87=k1Hp—k_1TL+8(Sl —-vo Ty + voyu TB) — € 6TLTL7 (A.71¢)
dH,
Sd—tP =—kiHp +k_1 1 — 82 SPHP - 83 SHHOHPa (A.71d)
dH,
e d—t‘) = —koHoly + 8p + k_»C — € 8o Hp, (A.71e)
dR
€ E = 6HHOHP - 5RR, (A.711)
dc
7 = € (keHolp = (6c +k-2)C), (A71g)
dl
— =€y = mls) = 8, Ir), (A.71h)
dlp .
T o (I, — Mo 1p) + o (Ir — w3 lp) — €1, (A.71i)
dl, .
— = v (I, ~ i lp) — € (kaHoll, = k-2C + &, I1). (A1)
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Through matching as t - —o0 we obtain

9 9 9
CO = 1’ TBO = TlL:w]’ TL() = TL[OQ]’ HP() = Hl[)oo]’ ITO = @,

and we can deduce

Constant Iy, leads to

4’1,
dr?

dlg
+ (oaus + ap(r +Vv)) d_to +Voposslg, = Voro30,
which on solution and matching yields
2} (p™ + ooy + a313)
0= @ F_ - ¢
3 pT-p

_ O Ovopu, ot
Ly — 3 +p+_p_e )

Ip

)

and 8p + k_»Cy — kyHp I, = O gives

13 (p" = p )80 + k)

HO = )
' Ok (P+—P_ + Vopls €p+’)
and
)
Ry = _HHIEQJHOO
Op '
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(A.72)

(A.73)

(A.74)

(A.75)

(A.76)

(A.77)

(A.78)

The inhibitor concentration is equilibrating throughout as with all variables, except tissue tyrosine which
is increasing. The HPPD concentration is still very low as is homogentisic acid. The continued increase

of Tr, leads to a balance shift when Ty, = O(1/¢€),i.e. t = O(1/¢).

Timescale 11: 1 = O(1)

Corresponds to about 7 = O(16 —24) hours. On this timescale time is O(1) and we introduce the scalings

Ty T Hp
R

I

It » &, Tzr

R &R CoC  Ipo Iy, Ize Iy I - I

which are applied to the equations for the previous timescale

dT
_dIT = —(STT Tr — (X4(TT _“4TB) + 867‘7)
ATy
e =0 (Te — i Tg) + oy (Tr — usTp) — €67, Tp,

T, » £, Hpw -~ Hpw €H,

(A.79)

(A.80a)

(A.80b)
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2dT, 2
—F=hiHp — ko T+ e (S~ oqv(TL— i Tp)) — € 8Ty, (A.80c)
dH,
82 d_l‘P =—kiHp+ k_ T — 82 SPHP - 83 81-1[{0[‘11::7 (A.80d)
dH,
3 d—to =80 + koC — kyHpl; — € 80 Hp, (A.80¢)
dR
82 E = 61.1 HoHp — 6RR7 (A.80f)
dcC
E = kZHOIL - (k_2 + 5c)C, (ASOg)
dly
=% (Ir = usIg) — o, Ir, (A.80h)
dlp .
e = (IL— 2 Ig) + o3 (Ir — U Ip) — €1, (A.801)
dl, .
Sd—tL = —az\/(IL—[JzIB) - & (kZHOIL —k,C+ 6[LIL). (A.807)

At leading order the equations representing the inhibitor solve to give

=&t O _s5,1 Ol _ 1
ITO = B¢ T 5 IBO = me g s ILO = We g . (AS])
Adding the leading order equations for C and Hy leads to
dCy _ %o %0\ s
7 = 50 - 5cC0 = Cy = 6_C +|1- 6_C e . (A.82)
where matching implies Cy(0) = 1, which gives
H3 k_o do —8ct\ &t
Hop, = —— 6|1+ = |+|1-= . A.83
% kzﬂz@( 0( oc ) ( 56)6 ¢ (A5
Adding ev X the Tr and T equations with those of 7; and Hp leads to, at leading order,
dTry, S
dt = 7 - 6TT TTO’ (A84)
hence
_ S ~ppt _ 5 S ~Sppt
TTO—ngT(I ¢ ) TBO'Va4u4+v6TTu4(1 e ) (A.85)
_ Sy (o + agpy) Ny ~Sppt
o= Vaam -t v (1 ¢ ) (A.86)
Syk_y (o + o) Sik_juy —Sppt
Hp = + 1- . A.87
R kyvoy oy kyv o, g ( ¢ ) (A87)

Finally, at leading order, Ry = &y HoHp/ dg.
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As stated in the main text, the maximum value for Tz in the numerical solution is rather poorly
predicted by the leading order approximation of the maximum corresponding to T, as ¢ — 00, namely

M 1 1 ]
T3, V[J4(OC4 + 6TT) =T, ", (A.88)

where for € = 0.04 the error is about 40-50%. This cannot be explained from the leading order expan-
sion, and examination of the correction terms is needed to see why such an error can arise. Continuing
on to the first correction term for T, we find that,

dTg,

11 11] -6
= =6 Ty, — &y, Tyl 7ot (A.89)

(1] _ _ Si(0u+87, ) ((8p,ki+8pk_1 ) (ot thy O+ S, (0 g + 0 lty)) + k1 S vy (0 +37, ) N 1

ki V287 oo iy s’
(A.90)
S1(vki (67, —67,.) + Uy (k1 (67, — 67,) +k_1(6p— &
ABHJ: 1( 1 Tz TT) i ( 12( " . TT) 1(0p TT)))7 (A91)
kyv2ér, 1,
for which we obtain the solution
Ty, = To !+ (A e+ af) o, (A.92)

1] . . . . . . .
where AE Tis a constant of integration that could be determined by matching with the correction terms

. . 11
of the previous timescale (not undertaken). Here, T, — TB[.] ]
large part of the error in the prediction of the maximum of 7.

The other variables tends to the following at leading order,

as t — 0o, which turns out to make up a

St _ g St (B M)

Ty ~ v Oz, =T T~ VU, (577 Qay + a ) =T, (A.93)
Sthoy (W W Mg 1] 8o
HPO kl VU4 (STT + Oy + (0] - HPoo ’ CO 5C . (A94)

as t — 00. The blood tyrosine solution will be part of that used to fit with data. The decay rate of
inhibitor will also be matched with data.

The inhibitor, HPPD and homogentisic acid either decays or grows exponentially and there is shift
in balance when ¢ = In(1/¢€) /8, + O(1).

Timescale 12: 1 = nx(€) + O(1)
Corresponds to about 7 = O(2) days. Here, n12(€) = (1/0;,)In(1/€) we rescale time such thatr — 1,,(€) +
t and introduce

Iy Tp T Hp 2
= > < Hp v &, How & Hy,

R — &R, C - C, Ir » el Ig — €lp, I, » €1, (A.952)

TTH TBH TL'_’
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which when applied to system (2.8) result in the following

dT;
d_tT = =07, Tr = 0 (T = taTp) + €Sy, (A.95b)
dT,
8d_tB = oy (T, — i Tg) + oy (Tr — Uy Tp) — €07, Tp, (A.95¢)
dT,
? d_fL = kl HP - k—] TL + & (S] - 0 V(TL—[JlTB)) — 82 5TLTLa (A95d)
dH,
& dtp = —kiHp + k. T, — & (8p Hp — 8y HoHp), (A.95¢)
dH,
g _dto =8¢ + k_oC — kpHol; — e doHo, (A.95f)
dR
2 E = 6HH0HP - 5RR, (A95g)
dc
77 =keHolL - (ko +8¢)C, (A.95h)
dI
T =~ —palp) = Sy Iy, (A.95i)
dl |
gd_f = o (I~ padp) + 05 (Ir — 12 Ip) — €1, (A.95))
dl
€ d—f =-oV(L—lp) — kyHol, + k-2C — €8, 1. (A.95k)

By matching, at leading order the following are constant

11 1 11 11 13}
=T T o= T T =1 Hy = H Go= 2 (A96)
Adding the ODEs for Iy, 1,1 /v and C/V leads to
dly S
d_to - 0 51T]T07 (A97)
which provides on solution
O, oot 6o (M2
T Vit IT , (A.98)
_O s 0o _ ILo do 1 [12]
T VU3 5T S tvem T m T (A.99)
—o Ot _ S0 H3 So (0ppr + a3 143) _ M [12]
I, =0Oe Vo = Tl + i Dl + 1, (A.100)
S0 (0¢c + k_
Ho, = on 50( < - 2“) — (A.101)
D - % (K2 , B2 B3
k20c ( w € " V3 (51T+063+062>)
S1k_1 060 (0c + k_
Ro= el 2 f (elielt) o
8R6Ck1vu4k2( 282 o=t _ L0 (ﬁ+&+&)) L

vus \ &y o



REFERENCES 49 of 55

The inhibitor is continuing to drop and HPPD levels are rising, but still low so that tyrosine levels
remains at their peak. Breakdown of the current balance occurs when, as it turns out,

Ol 5,1 6o (Mo P M3\ _ 2/3
e Vit |5t @t @) o), (A.103)
ie.
1 OV U, 03 6, ) 2/3
t = ——1n O(e . (A.104)
Oy ( 00 (03 + O (Qp iy + Q3 3)) (™)

Timescale 13: ¢ = ny2(€) + n3(e) + 0(82/3)

Corresponds to about ¢ = 3 days. Here, 1;3(€) is such that

Mm3(0) = (1/8,)In[@V oy iy a3 8y, [ 80 (0 112 05 + 8, (0 ftn + a3113)) .

2/3

We rescale time such thatt — no(€) + 1y3(€) + €77 ¢, and obtain the scalings

T T
?B; T, - =, Hpw

87
Cw—C, It — elr—eI; 2]

H
22 Hy o ePH,, R - e'PR,

€
/IT, Iy — EIB—EIl[; 2]

Ir
It » &, Ig =

EPL, 1 - &P (A105)

applying these to equations (2.8) to get

dT,
==& (O Ty + o (T — ) + € 8, (A.1062)
dT,
e'l’ —7 = o (T~ Tp) + oy (T — taTp) — €87, Tp, (A.106b)
dT,
'l d_tL =k Hp —k_ 1T + € (S) — oy v (T — 1)) - s o, Tr, (A.106c)
dH
e’ d_tp =~k Hp + k- T, — € (8pHp — 8 HoHp), (A.106d)
H
e’ ddto =80 + k2C = kyHol, — € 8o Ho, (A.106¢)
dR
' 52 = 8, HoHp — 5 R, (A.106f)
dC
= =& (ko Holl, = (k-2 +8¢) O), (A.106g)
dr 12 12] 12
= - ) = 8, 11 = &P (o6 (1 — 1) + 8,17), (A.106h)
dl, [12 12
el =y (I -y 1)) - ooy 1}; Vb & (o (I - paIp) + 06 (I~ pa 1)) — €T3,
(A.106i)
L
df = V(leylglg 2] — kyHol; + k_,C — 82/3\/(12 (IL_‘U.ZIB) - 85/3 SILIL- (A106_])
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To leading order, the following are constant,

[11] [11] [11]

TT() = TToo 5 TB() = TBOQ y TL() = TLOQ 5 HPO = HPoo 5 CO = 6_C (A107)
Integrating the tissue inhibitor equation gives, on matching,
50 [13]

IT() = - WY} t, (A.108)
where Y}[13] = o053 + O, (0 [y + o3 u3). Once again the liver inhibitor and HPPD are in quasi-
steady state so that

0o +k_200/0¢c o3Iy, + o1y,
L, = — —<=2'= Ip = ——————. Al
to kaHop, = 57 b+ ol (A.109)

Adding the ODEs for Hy and —1 leads to, at 0(84/ 3 ),

dHo,
7l —vaoyp (Ul — In,), (A.110)
which eventually yields
13
dHo, 501" Voo Us(8p +k-200/8c) 1 A1)
dt — Ol + 0313 ky (Ot + O3 p13) Hp, '

This has solutions in terms of Airy functions and matching with Timescale 12 solutions means that
Hop, ~ (1) 'vonosus(1 +k_2/3c)/k21}[13] as t — —o0. Given the solution Hy, then

13
I = 8o +k280/8c I = (80 +k—280/8c) 501}[ : . (A112)
0 ky Ho, ’ O k(o +o3uz)Ho,  VOoos(0ois +o3p3)
and R(] = SHHOOHI[J(}I]/sR.
In large time we have
[13]
60 1; 2 + +k_ 1
Ho, ~ o 1y I, ~ 0 (0npr + 03143) (80 +k-280/8¢c) 1 (A113)

— L 7 .
2(mp + 0343) ky S 1 1?

and Iy = O(1/t) and Iz, = O(1/t).
Inhibitor concentrations fall rapidly in the liver as HPPD recovers over this fast timescale. Tyrosine
and HPPA concentrations are static and homogenistic acid increases to near pretreated state. It turns out

there is a shift in balance when ¢ = 0(8_1/6) when Hy,, = 0(8_1/3) and Iy, = 0(8_1/3).

Timescale 14: 7 = 1n,(¢) + n13(€) + 0(e'?)
Corresponds to about ¢ = 3 days. We introduce the scalings: 1 +— n2(€) + 113(€) + 81/2t,
Ty Ty T Hp
It» &, Tgv» 5w, TIt» 5, Hpw &, How €Hp, R©wR,

CoC Irmelr=elf1ell, Iy o elp=el) )+, 1o 1, (Al14



REFERENCES 51 of 55

and apply them to equations (2.8) resulting in the system

dT;
== —&'?(8p, Tr + oy (Ty — paTy)) + 77 67, (A.1152)
1/2 dT;
e =8 = o (T =i Ty) + o (Tr = paTy) - €8y, Ty, (A.115b)
3/2dT; 2
e’ L =kiHp kT + & ($1 = o v(To— uTy)) — €85, Ty, (A.115¢)
dH
e? b = —kiHp + ko Ty + £ 3 HoHp - ¢’ 8y Hp, (A.115d)
dH,
81/2d_t0 = 8p + ko C — kyHpl; — €8y Hp, (A.115¢)
dR
e? = SuHoHp = ¢ R, (A.115f)
dc 2
= =& (kaHoll = (8¢ +k2)0), (A.115g)
dl 12 12 12 1/2
CL = — o (- ) - 8,157 = € (o (1 = s ) + 8, 1), (A.115h)
dl 12 12 12 1/2 7
Sd—f =03 (I;C ]—,U3Iz[;c hy- 0‘2.“2[1[;C V€' (o5 (I = s ) + 00 (I~ 2 15)) — €T,
(A.1150)
dl,
83/2d_tL = V(ZQ[.lzI}[;iZ] — kyHolp + k_,C + SI/ZV(ZQ[.LQIB —evopl; — 82 8ILIL' (A.115j))
To leading order, the following are constant
1)
=Y G = 2. (A.116)
C
By matching
[13] [13]
I = _ bl ¢ I = — %0 1] t (A.117)
0T voplpos T v (oot + aais)
and, in particular,
5ot 2 (0t + aapiz)k_y 1
Hoy = —01 2, = 220 [3]’3‘]3 22 (A.118)
2(onp, + 033) ky 8¢ 1, t

i.e. the large time solutions of the previous timescale continue on. With tissue tyrosine being constant,
the blood/liver tyrosine and HPPA satisfy the simultaneous equation

Sia
(o py +oupy) Tgy — o Ty, = vl6T4’ kyHp, — k_1Tg, = 0, (A.119)

T

Vol TBO — Vo TLO - 5HHOOHP0 = -9, (A.120)
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where Hy, is given above, which, expressing the solutions in terms of the matched initial conditions,
solves to give

[14] 2

L+w¥ " 1 (1] 1 [11]
= "0 T, = ———T Hp = ——H (A.121)
B, By Ly Lo P Py
! 1+ ‘P(Em],tz 1+ ‘I’(Em]tz g qf(E“”ﬂ
where
: S0 8k T (o oy + g )
II/[M] _ Oy Uy [14] _ Qo9%uk-11 14 4 Ug (A.122)
(oy +87;) (o g +og pg)’ 0 2k v oy oy g (0p o + 03 3)
noting that 1//[14] < 1. Finally for homogentisic acid
13] . [11
Soou Yy Ny
Ry = Y- (A.123)
26r (0ppn + a3pi3) (1 + ¥i?)
In large time we have
[11] [11]
T, H
[14] -[11] [14] Loo Poo
Ty, ~ Ty * =Ts . T A.124
B ~ VB Boo Lo ,P(gm] 12 P q,(gm] t? ( )
[13] ,[11]
oooyY; H
Ry ~ —eo M1 Tho _ pll4] (A.125)

285 (o + o3u3)

As HPPD is increasing the liver tyrosine and HPPA start to decline. The approximations breakdown in
this timescale at ¢ = 0(8_1/2), when T; and Hp are reduced by O(¢€) and Hy increase by O(1/¢).

Timescale 15: t = n2(€) + Miz(€) + O(1)

Corresponds to about ¢t = 3 — 4 days. We rescale time such that¢t — 15(€) + ny3(€) + ¢ and introduce
the scalings

T B
T = % =

ReR CwC Ireel, Iz el I - &l (A.126)

Tz Tp » Tp, Hp — Hp, Hop — Hp,

Applying these to the equations (2.8) we obtain

dditT = =0r, Tr = 0 (Tr = aTi) + €7, (A.127a)
8ddltB =—ay Uy Tp + a4 (Tr — paTp) + € (o Ty — 07, Tp), (A.127b)
? ddlf = S1 + ki Hp =k y Ty — oy v (T, — iy Ty) — € 8, Ty, (A.127¢)
e Hp vk \ Ty + 8y HoHp — € 8p Hp, (A.127d)

dt
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dH
d_lo = 50 +k_,C—kyHpl — 501‘107 (A.127¢)
dR
e = = SuHoHp — iR, (A.127f)
dc
— =keHolp — (k-2 +8¢)C, (A.127g)
dIr
DT (Ir — psIp) — O I, (A.127h)
dl
Sd—tB =03 (17-[1313) —[.LQIB—SIB+82(12]L, (A.1271)
dl
e d—tL = Voo ylp — kyHol, + ko C— € vapl, — € 8, 1. (A.127j)
Combining the first two equations leads to
[15] [15]
Ty = T e = e (A.128)
where .Q;IS] = (o g0t + O, (0 g + Ctaply)) /(04 py + 0411y ) and recalling that TT[:] =S,/vdr, and
Si(oy +
TB[14] _ II’[M] 1 (o 5TT) _ S0y . (A.129)
0 Orp V 0y Uy O, v (00 1y + 0y 1iy)
Combining equations for I and Iy gives
[15]
by = BT gy = e (A.130)
[15] _ s 21_s [21_ s
where Q; " = (003 + 8y, (0 + 03 143) ) [ (00 iy + a3.143), Iy =~ = o/Von i, and Iy~ = o (0 +
03113) [ Voo L 0. Adding the ODEs for Hy and —1I; yields
dHo ¢(t)
dr 0 = 60(1 _HO()) + V(Xz.uleo = HO() =1- m, (A.131)
2]
using Iy ~* = 8o/ vap iy and where
[15]
o(t) = 91[15]6—601 _ 606—!21 z’ (A132)
noting that ¢ () — 0 as 7 — oo. Likewise adding C and I; gives
dCy o 9.(1)
— = Iz, — 6cC Cy = — A.133
7 v ihlgy —ocCy = (G 5 6.(0)’ ( )

[15]
using the matching condition Cy(0) = 8o /8¢ and where ¢.(t) = .(21[15] e %! oc e noting that
¢.(t) > 0 ast — oo. Between the equations for Hp and T; we have

5]
o S100) + voyp 0(0)TH

iy = Hr + 5 (6(0) (1)) | 139
s s1k1¢<r>+valmr£‘” 0 (0(0) (8 + ki) - 81 9(1)).
Tio = Tho * (600 - 90) (139
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For homogentisic acid,

[14] —ol,
S1o(t) +va 0)Tg “e T
Ry = &35 _ O ¢(’)H,§f+(1—¢(”) 19(1) 1 11 9(0) T, (A136)
5 | 9(0) ¢(0) 8 (9(0) —9(1))
To leading order [ satisfies
_ol1s]
o voamlp e+ ks 8000)/3c9:(0) s
o k2 (1-9(1)/9(0)) '
In large time we have
T, ~ Tp, Hp ~ Hp, Ho, ~ 1, Ry ~ Ry, (A.138)

i.e. at their pretreated concentrations. Inhibitor and complex concentrations are such that they have
negligible effects at leading order. Blood and tissue tyrosine concentrations are in decline, but still high.
The blood and tissue tyrosine decay exponentially and eventually reaches the order of magnitude of the

pretreated state in 7 = In(1 /8)/.(27[}5] +0(1).

Timescale 16: ¢ = 1n1,(€) + n13(€) + Me(e) + O(1)

Corresponds to aboutt = O(4) days. Here, nj¢(€) = ln(l/e)/st] = (o +oyuuy)In(l/e) /(o oy +
O, (0 g + 0uplg)), we rescale time such that 1 = 112(€) + M13(€) + M(€) + 1 and introduce the
scalings

. [15] [15]
Ty & Tp, Ty = T, T, = Ty, Hp = Hp, Hy = Hp, R+~ R, C > g™t %}

[15], 5L15] [15], 5[15]
I |—>gl+'Q’ 1927 Ir, IBI—>81+'Q’ 12 Is, I = ¢

C,

3+min{!2,[15],5c}/9515] I (A.139)

the scalings on the complex and inhibitor variables mean they make negligible contribution at leading
order.
The following are at their pretreated concentrations

SS SS SS
T., = Tiy, Hp = Hy, Ho, =1, Ry =Ry, (A.140)

0
and the equations for the leading order blood and tissue tyrosine are
dTy

T Or, (1=T7) — 0y (Ty — usTp), (A.141a)

AT,
€ = o (T, — i Tp) + a4 (Tr — s Tp) — €87, T3, (A.141b)

whereby solving and matching gives
S _olis]
Ty, =Ty + ﬁe Qr (A.142)
T
S o _ [15]

Ty, = T + L P (A.143)

O, v (0 py + 0y 1ig)

recalling that .Q;ls] = (o oy + Op, (o py + oupty)) /(00 g + Oapig) and hence T, — TTiS and Tp, —

Téifast—»oo.
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B. Animal Experimentation

Male Han Wistar Crl:WI rats (Charles River UK Ltd., Kent) were acclimatised for a period of 7 days
prior to dosing and the non-GLP experimental design was based on OECD guidelines No. 417 for
Toxicokinetics. Throughout the studies, the rats had access to domestic water and diet —PMI Nutrition
International Certified Rodent Diet No. SCR4 (14% protein)— ad libitum. Husbandry practices and
environmental enrichment were as Test Facility SOPs (Charles River UK Ltd., Edinburgh). All animals
were checked each day for viability, received detailed clinical examination prior to dosing and were
monitored for reaction to treatment.

Three rats, approximately 9 to 10 weeks old and weighing between 297 and 337 g, were dosed with
either vehicle only or 0.5 mg/kg, 1 mg/kg or 2 mg/kg nitisinone (S02F832242K Syngenta Ltd., Switzer-
land). The vehicle consisted of 0.5% concentration (w/v) carboxymethylcellulose (CMC), medium
viscosity (Sigma, UK) with 0.5% (v/v) Tween 80 (Sigma, Switzerland) in water, and the nitisinone
(S02F832242K, Syngenta Ltd., Switzerland) formulations were prepared from a stock solution at 0.2
mg/mL, both prepared on the day of administration. Each dosing formulation was administered to the
rats by a single oral gavage dose using a graduated syringe with a plastic cannula attached in a volume
of 10 mL/kg.

Blood samples (approximately 100 uL) were collected from the lateral tail vein from each rat using
a hypodermic needle into dry-coated potassium-EDTA vessels at the following time points after dosing:
0,0.5,1,2,4,8, 12, 24, 36, 48, 72, 96, 120, 144 and 168 h. Immediately following collection, 50 uL.
of whole blood from each sample, was accurately measured into a plain plastic tube holding 50 uL of
Milli Q water. Tubes were placed on a roller mixer for approximately 1 minute and then frozen on dry
ice pending storage at -80 degrees Celsius.

Samples were analysed under the test conditions set out by the laboratory (Bioanalytical Laboratory
at Charles River, Edinburgh) for concentration of nitisinone and tyrosine after protein precipitation in
either acetonitrile or acetone, respectively. Samples were analysed on a API4000, AB Sciex mass spec-
trometer with a micro HPLC pump and vacuum degasser (Series 200, Perkin Elmer), an autosampler
(HTS Pal, CTC Analytics) and Analyst Version 1.4.2, AB Sciex data handling system. The samples
were separated on a Kinetex PFP, 50 x 2.1 mm, 2.6 um Phenomenex column with a Prefit 0.5 um
Anachan guard column using the following mobile phases: for nitisinone mobile phase A- acetonitrile
/ formic acid (100/0.1, v/v) and mobile phase B- 10 mM ammonium acetate / formic acid (100/0.1,
v/v), and for tyrosine mobile phase A- acetonitrile and mobile phase B- 10 mM ammonium acetate
/ formic acid (100/0.1, v/v). Nifedipine was used as the internal standard for the nitisinone samples,
whilst the tyrosine measurements were conducted in the absence of an internal standard. Sample con-
centrations of nitisinone and tyrosine were calculated from respective calibration curves in accordance
to the acceptance criteria outline by the Bioanalytical Laboratory.



