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0.1 Introduction

4-hydroxyphenylpyruvate dioxygenase (HPPD) is an enzyme, mainly present in the liver,
involved in the breakdown (catabolism) of excess tyrosine, an amino acid, in the body of
mammals. The inhibition of HPPD can result in toxicities in some mammalian species, such
as rats. However, one inhibitor of HPPD is used successfully as a pharmaceutical to treat a
rare metabolic disorder, where it acts by blocking the tyrosine catabolism pathway.

In plants the same enzyme has a completely different role, it is essential for the synthesis
of components needed for photosynthesis. The inhibition of HPPD causes bleaching and
ultimately death of the plant and is therefore exploited as a target for a number of commer-
cialized herbicides. One of the challenges for Syngenta is discovering and developing new
HPPD inhibiting herbicides with a safe mammalian toxicity profile. In laboratory animals
HPPD inhibition leads to the elevation of plasma tyrosine (referred to as tyrosinaemia) and
the excretion of phenolic compounds in the urine. In rats these inhibitors are associated
with a variety of toxicological endpoints not observed in the mouse, despite the structure and
sequence of enzyme being highly conserved across both species. The upper limit for the con-
centration of tyrosine that accumulates in plasma does vary between mammalian species, and
this is believed to be due to differences in the amount of tyrosine aminotransferase (TAT),
an enzyme important in the conversion of tyrosine to hydroxyphenyl pyruvic acid (HPPA).
The difference in sensitivity between the effects in rats and mice is not well understood.
Currently Syngenta has a variety of in silico, in vitro and in vivo data related to exposure
and clearance of a number of inhibitors and their dynamic potential, such as tyrosinaemia
and enzyme binding properties. The challenge is to utilize these data to better understand
the relationship between exposure and dynamics, as well as potentially identify data gaps.
In addition, a key objective would be to generate a mathematical model as a surrogate for
animal approaches in early research and candidate selection. The impact of such a model
would be a positive contribution to the reduction, replacement and refinement of animal use.

0.2 Mathematical model

0.2.1 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 proteins involved in the reactions.
A schematic of these reactions is shown in Figure 1 and the variables and parameters are listed
in Tables 1 and 2 respectively. Appendix A lists some parameter values from the literature.

The model is subdivided into three compartments representing blood (volume VB), tissue
(volume VT ) and the liver (volume VL). Tyrosine, an amino acid that forms part of signal
transduction proteins and is a precursor of neurotransmitters is present in blood (TB) and
tissue (TT ) but mainly in the liver (TL) where it is broken down (VBTB = total measure
of Tyrosine in the blood). In our model Tyrosine can be transferred between the tissue
and blood compartments (rate α4) and between the blood and the liver (rate α1). Once
within the liver Tyrosine conversion to Hydroxyphenyl pyruvis acid (HPPA (Hp)) is thought
to be controlled by the enzyme Tyrosine Aminotransferase (A). TAT is itself inhibited by
the by-product HPPA which, in turn, can be excreted (rate δP ). HPPA is catalyzed by
HPPD (rate δR) to Homogentistic Acid (R) a downstream by-product. The HPPD inhibitor
is administrated directly into the blood (IB) and can transfer (rate α3) to the tissue (IL) and
to the liver (IT ). Once within the liver the HPPD inhibitor forms a complex (C) with HPPD

1



Variable Description Unit

TB Tyrosine in blood M

TL Tyrosine in liver M

TT Tyrosine in tissue M

Hp Hydroxyphenyl pyruvic acid (HPPA) M

Ho 4-Hydroxyphenylpyruvate Acid (HPPD) M

IB HPPD Inhibitor in blood M

IL HPPD Inhibitor in liver M

IT HPPD Inhibitor in tissue M

A Tyrosine Aminotransferase (TAT) M

P Excreted phenolics M

R Homogentistic acid M

C Complex formed from Ho and Hp

Table 1: Definitions and units of the variables.

preventing it catalyzing HPPA to Homogentistic Acid. Thus the equations representing the
twelve variables are:

VT
dTT

dt
= T0 − α4 (TT − TB)− δTT

VTTT , (0.2.1a)

VL
dTL

dt
= T1 − α1 (TL − TB) + k1HpVL − k−1ATLVL − δTL

VLTL, (0.2.1b)

VB
dTB

dt
= α1 (TL − TB) + α4 (TT − TB)− δTB

VBTB, (0.2.1c)

VL
dHp

dt
= −k1HpVL + k−1ATLVL − δpHPVL − δRHoHpVL, (0.2.1d)

VL
dA

dt
=

A0

1 +HP/HP0

− δAVLA, (0.2.1e)

dP

dt
= γδpHpVL − E, (0.2.1f)
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Figure 1: 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.
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VL
dR

dt
= δRHoHpVL − δsRVL, (0.2.1g)

VL
dHo

dt
= B0 − k2VLHoIL + k−2VLC − δ0VLHo, (0.2.1h)

VB
dIB
dt

= SI + α2 (IL − IB)− α3 (IB − IT )− δIBVBIB , (0.2.1i)

VL
dIL
dt

= −α2 (IL − IB)− k2VLHoIL + k−2CVL − δILVLIL, (0.2.1j)

VT
dIT
dt

= α3 (IB − IT )− δTVT IT , (0.2.1k)

VL
dC

dt
= K2VLHoIL − k−2VLC − δCVLC, (0.2.1l)

0.2.2 Non-dimensional variables, parameters and equations

The system consists of a number components that operate on different timescales, reactions
are very fast (seconds), circulation and compartment exchange of tyrosine and inhibitor are
quite fast (minutes) and clearance and recovery rates will be relatively slow (hours, days).
From the data presented, the inhibitor and its effects occur over a number of hours and we
rescale time to this long-time scale, using

t̂ = δIb t.

To non-dimensionalise the variables Ti, Hp and R, we use a scaling with T ∗, there are several
options for the choice of T ∗:� T ∗ = T0

δTB VB
, where T0 is the average value for the tissue tyrosine input flow T0.� T ∗ = Tb(0) is the average baseline (equilibrium) value for Tb.

We will use the first option. This gives the scaled variable

T̂i =
Ti

T ∗
; Ĥp =

Hp

T ∗
; R̂ =

R

T ∗
.

The HPPD concentration H0 and complex concentration C is scaled by the baseline value of
HPPD, namely B0

VL δo
:

Ĥo =
VL δo
B0

Ho; Ĉ =
VL δo
B0

C.

The TAT concentrations are scaled by A0

δAVL
:

Â =
AδA VL

A0

.

The excreted phenolics variable P will be scaled so that the dimensionless converted quantity
of Hp to P is identical, hence we write

P̂ = γVLT
∗ P.

It appears that the inhibitor is introduced into the animals at quantities that far exceed
the total amount of HPPD in the system. It is probable that only a fraction of the inhibitor
will be present in the liver, as a large proportion of it will be absorbed by the relatively large
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Parameter Description Unit

α1 Tyrosine, conversion between liver and blood LS−1

α2 Inhibitor, conversion between liver and blood LS−1

α3 Inhibitor, conversion between tissue and blood LS−1

α4 Tyrosine, conversion between tissue and blood LS−1

VB Volume of blood L

VL Volume of liver L

VT Volume of tissue L

δTB
Decay of Tyr in blood S−1

δTL
Decay of Tyr in liver S−1

δTT
Decay of Tyr in tissue S−1

T0 Production of Tyr in liver MLS−1

T1 Production of Tyr in tissue MLS−1

K1 Formation of Tyr from HPPA S−1

K−1 Breakdown of Tyr to HPPA M−1 S−1

δP Decay of HPPA S−1

δR Breakdown of HPPA to HG acid M−1 S−1

B0 Background production of HPPD MLS−1

δ0 Decay of HPPD S−1

K2 “on rate” for HPPD/inhibitor binding MS−1

K−2 “off rate” for HPPD/inhibitor S−1

δC Decay of HPPD/inhibitor complex S−1

γ fraction of HPPA in urine L−1

E Removal rate of P MS−1

SI Source of inhibitor in blood MLS−1

δIB Decay of inhibitor in blood S−1

δIL Decay of inhibitor in liver S−1

δIT Decay of inhibitor in tissue S−1

A0 Maximal rate of TAT production MLS−1

HP0 Threshold for feedback on TAT of HPPA production M

δS Decay of Homogentistic acid S−1

Table 2: Parameters, definitions and units.
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expanse of tissue. If we let M be the total mass or mol of the inhibitor present in the animal,
it follows that αVLIL + VBIB + VT IT = M , then a convenient rescaling for the inhibitor
species, I∗, is given by I∗ = M(0)/VT and we write

Îi =
Ii
I∗

.

If all the inhibitor on uptake was magically transferred to the tissue compartment, then I∗

represents the concentration of inhibitor in tissue.
Finally, to make explicit the various timescales that occur in this system, we introduce a

small dimensionless parameter ε, defined as

ε =
VB

VT

i.e. the ratio of blood volume to the total volume of other tissue. In rats and mice we expect
ε ≈ 0.05. In the system to be studied we make the following assumptions on the relative size
of the parameters:� Reaction constants and clearance rate of Homogentistic acid to be of size O(ε−2).� Exchange rate constants between compartments are of size O(ε−1).� Constitutive production and clearance rates (except Homogentistic acid) to be of size

O(1).

These size scalings can be modified in accordance with the data. The non-dimensional pa-
rameters are as follows:

1

ε2

{
k̂1, k̂−1, k̂2, k̂−2, δ̂R, δ̂S

}
=

1

δIb

{
k1, k−1 A0, k2I

∗, k−2,
δRVL δo

B0

, δS

}
,

1

ε
{α̂1, α̂2, α̂3, α̂4} =

1

VB δIb
{α1, α2, α3, α4}

{
δ̂TT

, δ̂TB
, δ̂TL

, δ̂p, δ̂A, δ̂IT , δ̂IL , δ̂o

}
=

1

δIb
{δTT

, δTB
, δTL

, δp, δA, δIT , δIL , δo}

S0 =
T0

δIb VT T ∗
, S1 =

T1

δIb VL T ∗
, Ê =

E

γVLT ∗δIb
, ν =

VB

VL
, λ =

VL δo
I∗B0

.

From the definition of I∗ described above, parameter λ represents the approximate ratio
of HPPD concentration in the liver and the concentration I∗. If λ = O(1), then initially
the concentration of HPPD in the liver is of the same order of magnitude as the amount of
inhibitor per unit volume of animal.
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These non-dimensional rescalings lead to the following dimensionless system of equations,
on dropping the hats,

dTT

dt
= δTT

(1− TT ) + α4(TB − TT ), (0.2.2)

ε
dTB

dt
= −α1 (TB − TL) − α4 (TB − TT ) − ε δTB

TB , (0.2.3)

ε2
dTL

dt
= ε2 S1 + εα1ν (TB − TL) + k1 Hp − k−1 ATL − ε2 δTL

TL, (0.2.4)

ε2
dHp

dt
= −k1Hp + k−1ATL − δR HoHp − ε2 δp Hp, (0.2.5)

ε2
dR

dt
= δR HoHp − δsR, (0.2.6)

ε2
dHo

dt
= ε2 δo (1−Ho) − k2 Ho IL + k−2 C, (0.2.7)

ε2
dC

dt
= k2Ho IL − k−2 C − ε2 δcC, (0.2.8)

dIT
dt

= α3 (IB − IT ) − δIT IT , (0.2.9)

ε
dIB
dt

= −α2 (IB − IL) − α3 (IB − IT ) − ε IB , (0.2.10)

ε2
dIL
dt

= εα2 ν (IB − IL) − λk2 Ho IL + λ k−2C − ε2 δIL IL; (0.2.11)

and the following equations are given separately as they will not be discuss further in this
report,

dA

dt
= δA(1−A),

dP

dt
= δpHp − E;

TAT will be assumed constant (A = 1) in the remainder of this report.

0.2.3 Initial conditions

Blood tyrosine levels vary considerably due to intake from feeding events and and a “steady-
state” is not well defined, however, we will assume that the initial levels are that which would
be expected from a “starved” animal. Thus at t = 0:

TT = T ss
T , TB = T ss

B , TL = T ss
L , Hp = Hss

p , R = Rss, Ho = 1.

Rats and mice 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 introduction to IB . The scalings imply that

Scaled total mass/mol of inhibitor = IT + ε IB + ε ν IL,

At t = 0 the scaled total mass/mol is unity hence

IB =
1

ε
, IL = 0, IT = 0, C = 0.
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0.3 Time-scale analysis

In this section we exploit the fact the ǫ ≪ 1 to identify the key timescales predicted by the
model and what process are predicted to be occurring within each timescale. There are 4 main
timescales which will be discussed in turn. We note that some of the details are quite technical
and in the interest of brevity the discussion below only summarises the analysis, listing only
the leading terms presented somewhat informally. Figure 2 show numerical solutions for the
full problem with ǫ = 0.01 (all other parameters set to 1), illustrating the events predicted
by the analysis.

The (unique) steady-states solution for the untreated case can readily be determined from
(0.2.2)-(0.2.7) (imposing A = 1), with regards to the analysis below we are only interested in
the leading terms for ǫ ≪ 1,

T ss
T ∼

δTT
(α1 + α4)

α1α4 + δTT
(α1 + α4)

= T ε
T ,

T ss
B ∼

α4

α1 + α4

T ε
T = T ε

B ,

T ss
L ∼ ε

α1ν

k−1

(
1 +

k1
δR

)
T ε
B = ε T ε

L ,

Hss
P ∼ ε

α1ν

δR
T ε
B = εH ε

P ,

Rss ∼ ε
α1ν

δS
T ε
B = εR ε,

Hss
o = 1.

We note that with the current scalings, the liver concentrations of tyrosine, HPPA and
downstream products are an order of magnitude less than tyrosine in the bloodstream and
tissue.

The analysis follows the usual steps of singular perturbation theory applied using appro-
priate rescalings on the system (0.2.2)-(0.2.11) for each timescale. The following additional
relationships obtained from these equations featured prominently in the analysis

d

dt
(Ho + C) = δo(1−Ho) − δcC,

ε2
d

dt
(Hp + TL) = ε2 S1 + εα1ν (TB − TL) − δR HoHp − ε2 δpHp,

ε
d

dt
(IL − λHo) = α2 ν (IB − IL) − εδILIL − ε λ δo (1−Ho).

There are 4 main timescales predicted for this rescaled system, namely

t = O(ε2): Inhibitor infiltrates the liver tissue in large quantities and drives down HPPD
levels. Liver levels of tyrosine rises.

t = O(ε): Inhibitor reaches maximum levels in the liver. HPPD at “negligible” levels. Tyro-
sine builds up in the liver and seeps into the blood, noticeably increasing blood tyrosine
levels.

t = ε ln(1/ε)/ρ+ + O(ε): Inhibitor leaches into tissues in sufficiently large quantities to
drive down levels in the blood and liver. HPPD levels begin to rise and once again be-
come “non-negligible”, tyrosine levels in blood and liver fall away reaching the untreated
equilibrium.
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Figure 2: Solutions of dimensionless system (0.2.2)-(0.2.11) using ǫ = 0.01 and all other
dimensionless parameters set to unity. The top graphs show the compartmental Tyro-
sine concentrations (left) and HPPD and homogentisic acid (right) and bottom graphs
show HPPD and complex concentrations (left) and compartmental inhibitor concentrations
(right). Note the time axes are the log10 values for time and that the inhibitor concentra-
tions has also been logged. The vertical dotted lines indicate the four timescale points, i.e.
t = ǫ2, t = ǫ, t = ǫ ln(1/ǫ)/ρ+ and t = 1.

t = O(1): Inhibitor still present and in equilibrium across the compartments and is cleared
out of the system slowly. HPPD levels adjusts slowly towards background levels.

We will discuss each timescale in turn in some more detail and then summarise the key
results in Section 0.3.5.

0.3.1 t = O(ε2)

Denoting variables relevant to this timescale with over “∼”s, we write

t = ε2 t̃,
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and, using the initial conditions, the appropriate rescalings on the variables are:

IB = ε−1ĨB ,

{TT , TB ,Ho, C, IL} = {T̃T , T̃B , H̃o, C̃, ĨL},

{TL,Hp, R, IT } = ε {T̃L, H̃p, R̃, ĨT }.

Substituting these rescalings into (0.2.2)-(0.2.11) yields a modified system in which some
variables are unchanging (at leading order in the limit ε → 0), namely,

T̃T ∼ T ε
T , T̃B ∼ T ε

B , ĨB ∼ 1,

enabling integration of the other terms to give

ĨT ∼ α3 t̃, T̃L ∼
k1 α1 ν

k−1 + k1
T ε
B t̃, H̃p ∼

k−1 α1 ν

k−1 + k1
T ε
B t̃,

R̃ ∼
δRk−1k1α1

δs(k−1 + k1)k2α2

T ε
B (1 + e−δs t̃) + R εe−δs t̃,

and

ĨL ∼ ν α2 t̃ − λ(1− H̃o), C̃ ∼ 1 − H̃o,

where H̃o is the only unresolved function satisfying the ODE

dH̃o

dt̃
= − k2(ν α2 t̃− λ(1− H̃o))H̃o + k−2(1− H̃o),

subject to H̃o(0) = 1. This ODE is a Riccati equation, for which Maple asserts that the
solution can be expressed in terms of Kummer functions; however, the key information as far
as this analysis is concerned is that

H̃o ∼
k−2

k2 ν α2

1

t̃

as t̃ → ∞, showing explicitly that HPPD becomes small over this timescale.
Examination of these solutions reveal that, as expected, liver levels of tyrosine and HPPA

rise as HPPD declines, but, interestingly R̃ remains at the same order of magnitude (in fact
the levels can increase!); R̃ will remain the same order of magnitude throughout the treatment
and this will be discussed further at the end of this section. Furthermore, TT ∼ T ε

T throughout
the treatment, demonstrating that the rise in blood levels will not lead to a significant mean
rise in tissue levels.

Figure (2) shows that the treatment effects Ho fairly rapidly as IL levels increase, but
appears to have little effect on most variables until midway between the t = ε2 and t =
ε lines, corresponding to “large” t̃. The linear growth of ĨT , T̃L etc., indicate that these
approximations will become poor when t̃ = O(1/ε).

0.3.2 t = O(ε)

Using overbars to denote variables for this timescale, we write

t = ε t̄,
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and let

{IB , IL} = ε−1{ĪB , ĪL}

{TT , TB , TL,Hp, C, IT } = {T̄T , T̄B , T̄L, H̄p, C̄, ĪT },

{Ho, R} = ε {H̄o, R̄}.

On substitution into (0.2.2)-(0.2.11), we find that the inhibitor equations decouple at leading
order, indicating that inhibitor reaction with HPPD is secondary to its dynamics at this
stage. Defining

ρ± = −
α2(1 + ν) + α3

2
±

(
(α2(1 + ν) + α3)

2 − 4α2α3

)1/2

2
,

noting that ρ− < ρ+ < 0, we have

ĪL ∼
ν α2

ρ+ − ρ−
(e ρ+ t̄ − e ρ− t̄),

ĪB ∼
1

ρ+ − ρ−

(
(ρ+ + α2 + α3)e

ρ− t̄ − (ρ− + α2 + α3)e
ρ+ t̄
)
,

ĪT ∼
α3

ρ+ρ−(ρ+ − ρ−)

(
ρ+(ρ+ + α2 + α3)e

ρ− t̄ − ρ−(ρ− + α2 + α3)e
ρ+ t̄

− (ρ+ − ρ−)(ρ+ + ρ− + α2 + α3)
)
;

noting that ĪL and ĪB decay exponentially in large t̄ proportional to eρ
+ t̄, and IT → 1. The

other variables can be expressed in terms of ĪL and T̄L as follows

T̄T ∼ T ε
T , H̄o ∼

k−2

k2ĪL
, C̄ ∼ 1, H̄p ∼

k−1 T̄L

k1
, R̄ ∼

δRk−2k−1

δsk2k1

T̄L

ĪL
,

and T̄B and T̄L solves the coupled linear system of ODEs

dT̄B

dt̄
∼ −α4(T̄B − T ε

T ) − α1(T̄B − T̄L),

dT̄L

dt̄
∼

α1νk1
k1 + k−1

(T̄B − T̄L) −
δRk−2k−1

k2(k1 + k−1)

T̄L

ĪL
,

subject to TB(0) = T ε
B and TL(0) = 0. This system appears not to have a solution that can

be easily determined, however, as t̄ → ∞ we have

T̄B ∼ T ε
B , T̄L ∼

α2
1ν

2k1k2
δRk−2k−1(ρ+ − ρ−)

T ε
B eρ

+t,

i.e. the blood levels of tyrosine returns to its background state and the elevated levels in the
liver decays towards negligible levels (recalling that ρ+ < 0). This drop in liver tyrosine is
due to the decline in levels of IL and an increase in HPPD. The reason for this is the soaking
up of inhibitors by tissue from the blood, rather than metabolic breakdown as perhaps would
be expected. We also note that since T̄L/ĪL = O(1), there is no significant change in levels
of R̄.

The approximations for this timescale become poor when ĪL = O(eρ
+ t̄) = O(ε), i.e.

t̄ = O(ln(1/ε)/(−ρ+)).

11



0.3.3 t = ε ln(1/ε)/(−ρ+) +O(ε)

To capture events on this timescale we translate in time from the previous timescale and
write

t = ε ln(1/ε)/(−ρ+) + ε t̂

where variables for this timescale are denoted with little hats. The dependent variables are
rescaled thus

{TT , TB ,Ho, C, IT , IB , IL} = {T̂T , T̂B , Ĥo, Ĉ, ÎT , ÎB , ÎL},

{TL,Hp, R} = ε {T̂L, Ĥp, R̂}.

Following the usual procedure we find that

T̂T ∼ T ε
T , T̂B ∼ T ε

B , R ∼ Rε, ÎT ∼ 1,

i.e. tyrosine and homogentisic acid levels are more-or-less back to background levels. The
remaining variables can be expressed in terms of ÎL as follows

Ĥo ∼
k−2

k−2 + k2 ÎL
, Ĉ ∼

k2

k−2 + k2 ÎL
, Ĥp ∼

α1ν

δRk−2

(k−2 + k2 ÎL)T
ε
B ,

T̂L ∼
α1ν

k−1

(
1 +

k1
δRk−2

(k−2 + k2ÎL)

)
T ε
B ,

together with coupled ODEs

dÎB

dt̂
= −α3(ÎB − 1) − α2(ÎB − ÎL),

(
1 +

λk−2k2

(k−2 + k2 ÎL)2

)
dÎL

dt̂
= α2(ÎB − ÎL);

suitable “initial conditions” for these ODEs requires matching with the appropriate leading-
order and correction terms from the t = O(ε) timescale, the derivation of the latter has not
been undertaken as yet. Once again, there does not seem to be a simple solution to this
system, however, as t̂ → ∞ we have ÎB → 1 and ÎL → 1.

Though not apparent from the leading order solutions, these approximations will become
poor as t̂ = O(1/ε).

0.3.4 t = O(1)

Denoting variables for the timescale with ‡ we write

t = t‡

and let

{TT , TB ,Ho, C, IT , IB , IL} = {T ‡
T , T

‡
B ,H

‡
o , C

‡, I‡T , I
‡
B , I

‡
L},

{TL,Hp, R} = ε {T ‡
L,H

‡
p, R

‡}.

On substitution into (0.2.2)-(0.2.11), we find that at leading order the inhibitor concentrations
have equilibrated in all compartments so that

I‡T ∼ I‡B ∼ I‡L ∼ e−δIT t‡ ;
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we note that the continued reaction with HPPD and the inhibitor makes a negligible contri-
bution to inhibitor levels in the liver. We also find that

T ‡
T ∼ T ε

T , T ‡
B ∼ T ε

B , R‡ ∼ R ε,

and the remaining variables can be expressed in terms of H‡
o as follows

H‡
p ∼

H ε
p

H‡
o

, C‡ ∼
k2
k−2

H‡
o e

−δIT t‡ , T ‡
L ∼ T ε

L +
k1α1ν

δRk−1

T ε
B

(
1

H‡
o

− 1

)
,

where
(
1 +

k2
k−2

e−δIT t‡
)

dH‡
o

dt‡
+

(
δHo

+
k2
k−2

(δTT
− δc)e

−δIT t‡
)
H‡

o ∼ δHo
,

subject to H‡
o(0) ∼ k−2/(k2 + k−2).

Here t‡ = 0 corresponds to the time t in which Ho and C cross for the second time in
Figure 2 (bottom left); we also note that this time approximately corresponds to when the
compartmental inhibitor concentrations equilibrate (bottom right).

0.3.5 Conclusions from this analysis

The above analysis draws out the key events predicted by the model using the scalings
proposed in Section 0.2.2. There are 4 main timescales, the events summarised above in the
analysis preamble. There are some interesting conclusions regarding the treatment:� The relative volume of tissue over the volumes of liver and blood stream has a significant

effect on the dynamics of the process and the efficacy of the drug. It is understood that
the number of inhibitor molecules at the start of the treatment is many times more
than that of HPPD in the liver, consequently, inhibitor loss by combining with HPPD
is fairly negligible compared to that being lost to the tissue (particularly from t = O(ε)
onwards).� Tissue levels of tyrosine, TT , remain relatively unchanged throughout the treatment, so
it seems unlikely that there would be any significant toxic effects from increased tyrosine
levels outside the liver. The main reason is that, using the proposed parameter sizes,
most of the tyrosine in the system is being produced by the tissue and the additional
amounts through treatment are relatively negligible.� In comparison to the occupation time of the inhibitor drug, “noticeable” activity is
relatively short-lived. The noticeable build up of HPPA only occurs occurs in the
timescale t = O(ε) and will drop down again even though there is still drug in the
system.� The predicted drop in levels of the toxins R are relatively small during the treatment,
which indicates that the drug targeting HPPD could lead to rather disappointing results.
This is due to the drop in HPPD is being compensated by the rise in HPPA in the
t = O(ε) timescale, so that δRHoHp remains the same order of magnitude throughout
the treatment. However, it is probable that the linear kinetics assumed in the HPPD-
HPPA reaction is not accurate when the HPPA:HPPD ratio is large, and in fact we
should consider Michaelis-Menten for this process,i.e.

δRHoHp 7→ δRHo
Hp

Kp +Hp
.
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This assumption will not substantially effect the analysis as described above, however,
it will have the effect of driving down toxin levels to smaller order of magnitudes. This
will be addressed in the future.
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.1 Parameter Values

.1.1 Compartment volumes

Relative weights (percent body weight) of liver in mouse and rat are 5.5 and 3.4 respectively
[1]
Assume that density of visceral organs is approximately 1.00, therefore mass to volume
conversion is often ignored in PBPK modelling [1]. Also assume reference weights of 25g
(mouse) and 250g (rat) [1].
Volume of liver in rat = 8.5 ml.
Volume of liver in mouse = 1.4 ml.
Estimate for blood volume in rat of 6.40ml/100g body weight [2].
Assuming a 250g animal, volume of blood in rat = 16 ml.
Estimate for blood volume in rat of 84.7 ml/kg body weight [3].
Assumming 25g animal, volume of blood in rat = 2.1 ml.
Whole animal weights - 20g-60g mouse, 250-400g rat [4].

.1.2 Tyrosine Concentrations

Tyrosine concentrations are equivalent in blood and tissue [7] (7.4e-5M (consistent with
syngenta control data) TAT activity).
BRENDA Enzyme database ID - EC 2.6.1.5.
Michaelas-Menten parameters for tyrosine as substrate KM 1.8 pm 0.5 mM Kcat 1160 pm
240 min1 [5].
Michaelis constant 1.48mM [6].

.1.3 Inhibitor binding kinetics

Compound Off rate (s−1) On rate (M−1 s−1)

1 1.08e-5 2.00e5

2 4.43e-6 3.00e5

3 4.55e-6 4.00e4

4 1.50e-5 6.00e4

5 2.25e-6 2.00e5

6 7.00e-6 3.00e5

7 5.00e-7 6.00e5
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