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Abstract: The authors developed a mathematical model of arachidonic acid (AA) degradation to prostaglandins (PGs) and
leukotrienes (LTs), which are implicated in the processes of inflammation and hypersensitivity to non-steroidal anti-
inflammatory drugs (NSAIDs). The model focuses on two PGs (PGE, and PGD,) and one LT (LTC,), their % increases
and their ratios. Results are compared with experimental studies obtained from non-asthmatics (NAs), and asthmatics
tolerant (ATA) or intolerant (AlA) to aspirin. Simulations are carried out for predefined model populations NA, ATA and
three AIA, based on the differences of two enzymes, PG E synthase and/or LTC,-synthase in two states, that is, no-
inflammation and inflammation. Their model reveals that the model population with concomitant malfunctions in both
enzymes is the most sensitive to NSAIDs, since the duration and the capacity for bronchoconstriction risk are highest
after simulated oral dosing of indomethacin. Furthermore, inflammation prolongs the duration of the
bronchoconstriction risk in all AIA model populations, and the sensitivity analysis reveals multiple possible scenarios
leading to hypersensitivity, especially if inflammatory processes affect the expression of multiple enzymes of the AA
metabolic pathway. Their model estimates the expected fold-changes in enzyme activities and gives valuable

information for further targeted transcriptomic/proteomic and metabolomic studies.

1 Introduction

Eicosanoids are chemical compounds with essential functions for
maintaining cellular activities in living organisms. They operate as
paracrine and autocrine mediators. Therefore eicosanoids are also
implicated in many inflammatory processes and diseases. Thus the
production and signalling pathways of eicosanoids are the targets
of several pharmacological interventions. For all mammalian,
arachidonic acid (AA) is the essential precursor of eicosanoids.
The metabolism of AA is a complex network of non-enzymatic
and enzyme-driven steps, comprising a multitude of different
enzymes, receptors and additional compounds. These metabolic
pathways are also the targets of multiple endogenous as well as
exogenous  modulators, eventually causing up- and
down-regulation of eicosanoid production, accompanied by
various physiological effects [1-4].

On the basis of an enzymatic view, metabolism of AA can be
roughly subdivided into the cyclooxygenase (COX) pathway and
the lipoxygenase (LOX) pathway revealing prostanoids and
leukotrienes (LTs) as metabolites, respectively [5]. Representative
bioactive metabolites of the COX-pathway are prostaglandin (PG)
E, (PGE;) and PG D, (PGD,), and main metabolites of LOX
pathway are cysteinyl-LTs (cys-LTs, i.e. LTC4, LTD4, LTE4) [5].
The biological effects of eicosanoids are pleiotropic. Some effects
and related diseases of the above mentioned eicosanoids are
selected to give a general idea of their pivotal biological relevance.
To begin with the LOX-pathway: cys-LTs cause
bronchoconstriction [6], recruit inflammatory cells [7], increase
swelling of the nasal mucosa and increase mucus secretion [5].
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They are approximately  30-3000-times more  potent
bronchoconstrictors than histamine in healthy humans in-vivo [8].
Their main systemic sources are leukocytes like eosinophils and
basophils, as well as mast cells and epithelial cells [9-12].
Overproduction of cys-LTs is a hallmark of the aspirin-exacerbated
respiratory disease (AERD), which is characterised by chronic
rhinosinusitis, nasal polyps and severe bronchial asthma because
of the hypersensitivity to non-steroidal anti-inflammatory drugs
(NSAIDs) [13]. The effects of the metabolites of the
COX-pathway are more diverse. For instance, PG D, (PGD,)
induces bronchoconstriction in allergic asthma [14], whereas PG
E, (PGE,) prevents bronchoconstriction [15, 16], protects airways
against inflammation, reduces LT production through the inhibition
of the 5-LOX pathway [12, 16-19], inhibits mast cell
degranulation, and promotes normal airway function [20-23].
Underproduction of PGE, strongly diminishes the inhibitory
effects of PGE, on the 5-LOX pathway, thus enhances cys-LT
production [12] and it reduces the inhibitory effect of PGE, on
mast cells [13, 22, 24]. On the basis of the thereon, it was
hypothesised that decreased levels of PGE, might induce
bronchoconstriction by underproduction of cAMP [11, 12, 19]. On
the contrary, locally increased levels of PGE,, for example, by
inhalation, might induce bronchodilation and could potentially
protect aspirin-precipitated attacks of asthma [16, 23, 25]. In
human airways PGE, is produced by many cells including
epithelium, fibroblasts, smooth muscle cells, alveolar cells,
macrophages, phagocytes and lymphocytes [2, 26]. The COX
pathway comprises of two isozymes, COX-1 and COX-2. Both
pathways are inhibited by NSAIDs, comprising non-selective and
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selective COX-inhibitors. The LOX pathway is most often blocked
by LOX-inhibitors or it is down-regulated by the action of
cys-LT-receptor antagonists. These substances are well known and
prominent drugs for many diseases like tumour or asthma [27-29].
NSAIDs play a crucial role in tilting AA metabolism in favour of
the LOX pathway causing cys-LT overproduction [4, 9, 11, 12, 18,
19, 30, 31]. There is increasing evidence that NSAID-triggered
hypersensitivity, like AERD [also known as aspirin induced
asthma (AIA)], partly originates from the imbalance of
eicosanoids, secreted by activated cells. These imbalances, in
concert with others, result in bronchial hyper-reactivity — a
characteristic symptom of asthma.

Patients suffering from AIA demonstrate a characteristic pattern of
multiple defects, observed either as hyper-inflammation or
underproduction of anti-inflammatory mediators, but also detected
as overproduction of bronchoconstrictors and pro-inflammatory
mediators [9-13, 19, 25, 32-38]. A strict separation of eicosanoid
profiles of un-inflamed and inflamed states had not been
completely accomplished by metabolomic studies because of the
considerably overlapping metabolomic profiles of these entities.
Nevertheless, there have been several promising attempts during
the recent years [10-13, 19, 25, 30, 32-38].

In one of these studies, Pierzchalska et al. [32] systematically
studied and measured eicosanoid production in response to
proinflammatory stimuli in different asthmatic patient groups and
controls. Large deviations of cellular eicosanoid production were
noted between the subgroups of asthmatic patients that are tolerant
or intolerant to aspirin as well as between the latter two subgroups
and a group of non-asthmatics (NAs) in their experiments [32].
We performed this theoretical study to find out with the help of
mathematical modelling whether the differences in eicosanoid
profiles of different patient groups might be predicted from the
differences in their enzyme-expression profiles within the cells
responsible for eicosanoid production. We focused on the maximal
velocities of the enzymes PG E synthase (PGES) and LT
C,4-synthase (LTC,4S). The selection of these two parameters was
encouraged by experimental findings that different patient groups
exhibited different expressions of LTC,S [10, 39], and, moreover,
that they differently responded to inflammatory stimuli in terms of
PGES up-regulation [32]. We investigated whether maximal
velocities of enzymes PGES and LTC4S characterise and
distinguish different patient groups [i.e. NA, asthmatics tolerant to
aspirin (ATA) and asthmatics intolerant to aspirin (AIA)] at the
level of eicosanoid production. The effect of inflammation on

eicosanoid production was also modelled, both at rest in
equilibrium conditions without the drug as well as after simulated
oral dosing of indomethacin. The impact of the state of
inflammation on the model results (concerning absolute and
relative values of [PGE,], [PGD,] and [LTC,4] as well as the ratios
[PGE,)/[LTC4] and [PGE,)/[PGD;]) was analysed especially with
regard to sensitivity of different model populations to
indomethacin — a typical exemplar of NSAIDs.

2 Materials and methods
2.1 Kinetic scheme and mathematical model

The kinetic scheme of AA metabolism and its interaction with an
NSAID, as considered for mathematical modelling, is presented in
Fig. 1. In brief, AA with constant influx is first transformed via a
LOX pathway into either 5- or 15-hydroperoxyeicosatetraenoic
acid (5- or 15-HPETE). Enzymes involved in this step are 5-LOX
for the conversion of AA into 5-HPETE, and, 15-LOX for the
conversion of AA into 15-HPETE. 15-HPETE is further
transformed into 15-HETE by phospholipid-hydroperoxy-
glutathione-peroxidase (PHGPx), whereas 5-HPETE is further
transformed either into LT A4 (LTA4) by 5-LOX or into 5-HETE
by PHGPx. LTA, is then transformed either by LTC,S into LT C,
(LTCy) or by LTA4 hydrolase (LTA4H) into LT B, (LTB,), which
is exported from the cells via ATP-binding cassette transporter C4
(ABCC4). Via COX pathway, AA is transformed into PG H,
(PGH,) by two isozymes, COX-1 and COX-2, acting in parallel.
PGH, is the precursor of all prostanoids, that is, PGs (PGE,,
PGD, and PGF,,), prostacyclin (PGI,) and thromboxane (TXB)).
The synthases PGES, PGDS, PGFS, PGIS and TXS are the
corresponding enzymes of the subsequent catalytic reactions
generating the above mentioned prostanoids. An efflux of all
modelled eicosanoids is considered. Their degradation rate might
be interpreted either by their export or by further metabolisation.
The inhibitory effect of PGE, on 5-LOX, and of NSAIDs on
COX-1 and COX-2, plus the auto-regulation of LTC,S is in Fig. 1
denoted by dashed lines.

The mathematical model consists of a set of fourteen first-order
non-linear ordinary differential equations, describing the time
evolution of system variables, which are concentrations of fourteen
metabolites (M), that is, [AA], [PGH,], [PGE,], [PGD,], [PGI;],
[PGF,,], [TXB,], [S-HPETE], [5-HETE], [LTA,], [LTC,4], [LTB4],
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Fig. 1 Kinetic scheme of AA metabolism considered for mathematical modelling

Metabolic degradation of AA via COX and LOX pathway yields eicosanoids: PGs, thromboxane (TX), LTs and hydro(pero)xyeicosatetraenoic acids
Full lines with the corresponding enzymes depict the direction of metabolic fluxes, dotted lines depict either inhibitory or activating effects on enzymes

Numeration of the fluxes reflects the reaction rates of the mathematical model
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[15-HPETE] and [15-HETE]. The time derivative of a selected
system variable (d[M]/dt) equals the difference between the sum
of all incoming () v;,) and the sum of all outgoing (Y v,y)
metabolic fluxes, all with respect to numeration and the direction
of arrows in the kinetic scheme in Fig. 1

S S S M)
Metabolic fluxes or reaction velocities (v;) are defined as
v; = const.
for i=0;

vmaxi[S]
V=K 4] )
fori=3,5,7,9, 11, 14, 19, 20, 21, 22 (decoding enzymes PGES,
PGDS, PGIS, PGFS, TXS, PHGPx, LTA4H, ABCC4, 15-LOX
and PHGPx, respectively), where vy, is the maximal reaction
velocity, K; is the Michaelis-Menten constant and S is either
PGH, (for i=3, 5, 7, 9, 11), AA (for i=21), 15-HPETE (for i=
22), S-HPETE (for i =14), LTA4 (for i=19) or LTB, (for i=20)

V. = Vmaxi[S]
" Ko+ [ST

where o; = (1 + m) 3)

1i

fori=1, 2, 13, 16, (decoding enzymes COX-1, COX-2 and 5-LOX
(2 x), respectively), where vy,,y; is the maximal reaction velocity, K;
is the Michaelis—Menten constant, K;; is the equilibrium dissociation
constant of the inhibitor / from an enzyme in case of reversible
competitive enzyme inhibition, S is either AA (for i=1, 2, 13) or
5-HPETE (for i=16) and [ is either NSAID (for i=1, 2) or PGE,
(for i=13, 16)

IS
VI — vmaxz[ ] 5 (4)
A+ B[S] + C[S]
for i=17 (decoding enzyme LTC,S), where 4, B and C are the
corresponding parameters, and S is LTA4

v, = k[S] )

fori=4,6, 8, 10, 12, 15, 18, 23, S is either PGE, (for i=4), PGD,
(for i=6), PGI, (for i=8), PGF,, (for i=10), TXB, (for i=12),
5-HETE (for i=15), LTC, (for i=18) or 15-HETE (for i=23)
and £; is the rate constant.

Equation (2) known as steady-state Michaelis—Menten kinetics,
was used in all enzyme-driven reaction steps, which corresponded
well with this type of enzyme kinetics. In the cases in which the
effect of an inhibitor on an enzyme was simulated a reversible
competitive inhibition, described by (3), was used. This was the
case for the modelling of the inhibitory effect of NSAIDs.
Indomethacin is known as a reversible competitive inhibitor of
COX-1 and COX-2. We considered also the inhibitory effect of
PGE, on 5-LOX [12, 16-19] in the model. Since the entire
mechanism of this inhibition is not completely elucidated [9, 11,
18, 40], a reversible competitive enzyme inhibition was considered

Table 1 Values of model parameters that define model states of NI and
I'in all model populations

here as in our previous [41-43] and the other models [44] of
eicosanoid production. Equation (4) was used in the case of
reaction step 17, in which enzyme LTC,S catalyses conversion of
substrate LTA, into the product LTC,. Kinetics of this particular
enzyme and the substrate involves substrate auto-inhibition [45],
which is characterised by a bell-shaped velocity-substrate
relationship. In other words, this is the enzyme kinetics, in which
LTA, auto-regulates the velocity of the enzyme LTC,S. Equation
(5), known as linear mass-action law, was used in those cases in
which enzymes were either not involved or not identified. This
was primarily the case for eicosanoid effluxes except for the efflux
of LTB,. Similar approaches in modelling were used also in other
models of eicosanoid production [29, 44, 46—48].

In the dynamic simulations, time dependent drug plasma
concentration [NSAID] is modelled with the standard two-store
pharmacokinetic model for oral drug dosing, taking into account
absorption and elimination phases

Dk,

a ) (e_ket _ e_k“t) (6)

[NSAID] = m

where D is the drug dose, M is the molecular mass of the drug, V' is
the apparent volume of drug distribution normalised with the fraction
of the absorbed drug, and, &, and £, are the first-order absorption and
elimination rate constants, respectively. These pharmacokinetic
parameters are presented in Supplementary Table 2 along with
other kinetic parameters of the model.

For the purpose of sensitivity analysis, the response coefficients,
R, defined as the ratio between the relative change of the selected
system variable with respect to small alterations of a single
parameter value, and the relative change of this particular model
parameter, were calculated according to the equation

o X/
~@p/P)

0

where X is the model variable and P is the model parameter. For
instance, response coefficient —2 means that system variable
decreased for 20%, if one parameter value increased for 10%.

Software used for all calculations was Berkeley Madonna 8.0.1
(R. Macey and G. Oster, University of California at Berkeley).
The system of fourteen differential equations (explicitly presented
in Supplemental information), evolved from (1) by considering all
definitions of the reaction velocities (2)—(5) and in dynamic
simulations considering also the time-dependent plasma drug
concentration (6), was numerically integrated from the initial
stationary state, which was determined separately for each model
variable in the absence of NSAID for each particular simulation
(see Supplementary Table 5 for the complete set of initial
conditions used in the modelling). The numerical integration
method with variable integration step was used. The complete set
of parameters for a reference state, that is, NA model population in
the state of no-inflammation (NI), is presented in Supplementary
Table 2. Some parameter values are subject to changes. These
values depend on the model population and the model state and
are separately presented in Tables 1-3, and they are discussed in
the following sections.

Table 2 Values of maximal velocities of the enzyme LTC4S (Vinax17) for:
NA model population, aspirin-tolerant asthmatic model population (ATA)

Parameter Enzyme NI I and three different aspirin-intolerant-asthmatic model populations (AIA™",
A|A(2), A|A(3))

Viaxz: KM 871 COX-2 0.055 0.28 - = =

Vimax13, 16, HM s7! 5-LOX 253 36 Parameter Enzyme NA ATA AlA AlIA AIA

Vinaxz1, KM 87 15-LOX 2.5 25

Vo, UM 57! PLA, 0.07 0.7 Vinax17: MM 877 LTC,S 0.057 0.23 0.23 1.15 1.15
IET Syst. Biol., 2015, Vol. 9, Iss. 5, pp. 204-215
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Table 3 Values of maximal velocities of the enzyme PGES (Vmaxs) for: NA model population, aspirin-tolerant asthmatic model population (ATA) and three
different aspirin-intolerant-asthmatic model populations (AIA™", AIA®?, AIA®) either in model states NI or inflammation (1)

Model state Parameter Enzyme NA ATA AIAM AIAP? AIA®
NI Vimaxs: KM §71 PGES 5.0 5.0 2.5 5.0 25
| Vinaxa WM 871 PGES 20 20 5.0 10 5.0
2.2 Reference points for model simulations of human recombinant interleukin (IL-1B), tumour necrosis factor
(TNF-B) and lipopolysaccharide from Pseudomonas aeruginosa
In the process of constructing the model, we first determined the set [32]. This experiment revealed several-fold higher concentrations
of parameter values simulating NA model population in state of NI of PGE, and PGD, in sample cells obtained from NA after the
(NA-NI), which first served as a reference for the definition of the addition of cytomix. These results are depicted in Figs. 2a and b
model state of inflammation (I), and also later for the definition of as grey columns with error bars for NA, where % increases of
all other model populations. In addition to NA, we defined four [PGE,] and [PGD,] are presented for all patient groups (NA, ATA
hypothetical model populations simulating asthmatic patients. One and AJA). In the NA group more than twenty-five-fold increase in
of them a simulated patient group of ATA and three of them [PGE,] and approximately four-fold increase in [PGD,] was
simulated patient group of asthmatics intolerant to aspirin (AIAY, observed after the addition of cytomix. Such extensive increases of
AIA® and ATIA®). A similar approach was used in our previous, the model variables [PGE,] and [PGD,] had to be predicted in the
simpler model of eicosanoid production [41, 43, 49]. One of the transition from the model state of NI to inflammation via changes
differences among both models is that in the previous one, the in particular model parameters. Therefore we first carried out the
populations were defined differently and the model states of sensitivity analysis for our reference model state (NA-NI) to
inflammation and NI were not considered for modelling. Since identify the parameters with the highest impact on the model
each of the model population in the present study could exist in variables. Response coefficients for the variables [PGE,] and
either state of NI or inflammation we will analyse and compare ten [PGD;] as well as of the ratios [PGE,]/[LTC4] and [PGE,)/
model cases, in total. The following paragraphs will present the [PGD,], with respect to small alterations in maximal velocities of
parameter estimation procedures for the model state of the enzymes 5-LOX (Vimax13, 16), COX-1 (Vmax1), COX-2 (Vimax2),
inflammation (I) and the model populations that are all derived PGES (Vmax3)» PGDS  (Vaxs), 15-LOX  (Vax21) and LTC4S
from the reference model state — NA in state of NI (NA-NI). The (Vmax17) as well as of the inflow of AA (vy) were calculated
complete description of the definition of the reference model state according to (7). Maximal velocities of enzymes (Vpax) Wwere
is presented in the Supplementary Information. selected for the sensitivity analysis, since they reflect the
Here we first focus on the definition of transition from the model differences in total concentrations of the enzymes, which in turn
state of NI to inflammation (I) for the model population NA. The depend also on their gene expression. Specifically, Vi is defined
modelling of two different states, inflammation and NI, was in all expressions for the enzyme kinetics used here (2)—(4) as a
motivated by the publication of Pierzchalska et al. [32], who product of total enzyme concentration ([E]) and the catalytic rate
investigated the impact of proinflammatory stimuli on the cellular constant (kcar) (Vmax = keat [Elior)- The sensitivity analysis revealed
production of eicosanoids and on the expression of enzymes in (for details see Supplemental Figures 2-5):
cells obtained from patient groups NA, ATA and AIA. Their
results were obtained from cultured fibroblasts gained from human (i) variables [PGE,] and [PGD,] are both equally sensitive to

airways. Fibroblasts were cultured with or without addition of changes in vy and vy, of both COX enzymes, whereby in both
max 9

cytomix and the supernatants were analysed by‘ gas cases response coefficients for COX-2 (viax2) are four-fold smaller
chromatography/mass spectrometry. Furthermore, they estimated than those for COX-1 (Vpax1)
maxl1/»

COX-1 and COX-2 expression by RT-PCR and immunoblotting. (ii) with regards to enzymes in the prostanoid production pathway

The addition of cytomix imi.tated cytokine-.and bacteﬂal-qriven downstream of PGH,, variables [PGE,] and [PGD,] are sensitive
inflammation, whereby cytomix used in experiments was a mixture exclusively to changes of the enzyme of their own production
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Fig. 2 Percentage increases (% increase) of PGs in the transition from NI to I
g g

a [PGE,]

b [PGD,]

Model simulations (open columns) and experimentally induced values upon exposure to cytomix, mimicking inflammation (grey columns with error bars)
Experimental data are obtained from [32] by digitalisation of their Fig. 2
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Fig. 3 /PGE,]/[PGD,] ratio in the model states (MODEL) of NI (open
columns) and I (grey columns) compared to the experimental setup (EXP)
without cytomix (open columns with error bars) and with cytomix (grey
columns with error bars)

Experimental data are obtained from [32] by digitalisation of their Fig. 3 (without
indomethacin)

pathway (e.g. PGE, is sensitive exclusively to changes in PGES) and
not to the changes of the others,

(iii) variable [PGE,])/[PGD,] is sensitive exclusively (and almost
equally with the opposite signs) to changes in parameters of the
enzymes PGES (Viaxs) and PGDS (Viaxs),

(iv) variable [PGE,]/[LTC,] is not sensitive to any of the v, in the
prostanoid production pathway downstream of PGH, except of viax
for PGES (Vipax3),

(v) increases in parameter values concerning the enzymes COX-1
(Vmax1), COX-2 (Vmax2), PGES (Vimax3) and PLA, (v) result in
positive response coefficients for [PGE,]/[LTC4] with a maximal
value for vyax3,

(vi) increases in parameter values concerning the enzymes 5-LOX
(Vmax13.16)> 15-LOX (Vimax21) and LTC4S (Viax17) result in negative
response coefficients for [PGE,]/[LTC,] with the most negative
value for Vmax13, 16>

(vii) in order to simulate several-fold-increases of the system
variables under study almost the same fold-changes of parameter
values, to which the variables are most sensitive, will be necessary.

100 . o|:|

[PGE JILTC)

L] Y
HEEE
L ! ! m ! @ ' (3)
AlA AlA AlA

NA ATA

Fig. 4 [PGE,]/[LTC,] ratio simulated by the model in the states of NI
(black up-pointing triangle) and I (black circle)

Measured values (Rf) presented with columns are from [19]

Note: the scale on the ordinate is broken, whereby the upper part has logarithmic scale

and the lower part has linear one
Logarithmic scaling was chosen for displaying all results
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Fig. 5 Response coefficients (R) of the model variable [PGE,]/[LTC,] in
model population AIA® with respect to variations in parameter values
Ve (i=0, 1, 2, 3,5, 13(16), 17, 21) and k; (i=4, 18) by 10% in both
model states NI (open columns) and I (grey columns)

Furthermore, published results of experimental studies
considering the expressions of enzymes involved in the pathway of
eicosanoid production under inflammatory conditions demonstrated:

(1) increased expression of COX-2 in cultured human fibroblasts after
addition of cytomix, mimicking inflammation [32],

(ii) increased expression of 15-LOX in chronic asthma [50], in mild
atopic asthma after allergen challenge [51], and as a result of
different interleukins actions in various types of cells [51-55],

(iii) increased activation and gene expression of 5-LOX in response
to action of various cytokines produced under inflammatory
conditions [56-58],

(iv) substantially increased expression of X phospholipase A,
(sPLA,-X) in acute and chronic mouse asthma models [59],

(v) higher fold-increase in microsomal PGES expression in control
than in asthmatic mice in response to IL-1f stimulation [60].

In order to simulate the transition of our reference model state
(NA-NI) into the state of inflammation (NA-I), and, moreover, to
be in a position to compare our model predictions to measured
cytomix-provoked results [32] as well as the others [19], explicit
constraints and postulates had to be considered:

(i) based on measured data for NA [32], [PGE,] has to increase
approximately 15-35-fold in inflammation (see Fig. 2a); NA —
grey column with error bars),

(ii) based on measured data for NA [32], [PGD,] has to increase
approximately 3—8-fold in inflammation (see Fig. 2b); NA — grey
column with error bars),

(iii) based on measured data for NA [32], [PGE,]/[PGD;] ratio has to
increase approximately four-fold in inflammation (see Fig. 3; compare
the values of open and grey columns with error bars for NA),

(iv) based on measured data for NA [19], the [PGE,)/[LTC,] ratio
has to be between 100 and 200 (see Fig. 4; column for NA),

(v) postulate of the model is that the [PGE,]/[LTC,4] ratio has to be
conserved in the transition from NI to inflammation in the model
population NA.

Note that the latter postulate serves purely as a forecast, if this
conservation holds also for the other model populations or not.
Based on these five constraints, we determined the values of five
model parameters for the state of inflammation in the model
population NA. The model parameters were vy, of those
enzymes, for which experimental evidence was found concerning
their up- or down-regulation under different experimental
inflammatory conditions as described above [32, 50-60]. These
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enzymes and their corresponding parameters given in parentheses
are: PLA; (vg), COX-2 (Vmax2), 5-LOX (Vmaxi3.16), 15-LOX
(Vmax21) and PGES  (vjay3). Parameter estimation advanced
step-by-step with constant rechecking if the results fulfil the
proposed constraints. First, vy,.c3 was increased four-fold, which
increased the [PGE,]/[PGD,] ratio in inflammation for four-fold
with respect to NI. Then, vy and v, Were arbitrarily increased
for ten-fold and five-fold, respectively, which resulted in an
increase of [PGE,] and [PGD,] as well as in a decrease of [LTCy],
and therefore in a drastic increase of [PGE,])/[LTC,]. Finally, by
keeping all other parameters, that is, vy, Vimaxo and vipas fixed, the
Vmax13» 16 and Vimaxo1, were determined such that:

(i) absolute concentration of PGD, [PGD,] increased four-fold.
Note: this is a typical % increase for NA group, determined in
experiment [32] (see Fig. 2b); NA — grey column with error bars),
(ii) absolute concentration of PGE, [PGE,] increased four-times as
much as that of PGD,; that is, 16-fold. Note: this is the lowest
margin of % increase for NA group, determined in experiment
[32] (see Fig. 2a); NA — grey column with error bars),

(ii1) the ratio [PGE,]/[LTC4] was conserved in the transition from NI
to inflammation.

Thirty-four-fold and ten-fold larger values of parameters viax13, 16
and viaco1, respectively, reasonably fulfilled all above mentioned
constraints. In this way, we have defined a set of parameter values
that encodes the model state of inflammation (see Table 1), which
will be applied to all other model populations. Parameter value of
Vmax3 Was intentionally left out, since changes in this parameter
value will be considered also in the definition of the model
populations.

From this point on, four different sets of parameters for four
hypothetical asthmatic model populations were proposed
comprising ATA and three types of asthmatics intolerant to aspirin
specified as AIAV, AIA® and AIA®. The AIA model populations
differ in their model parameter of maximal enzyme velocities of
PGES and LTC,S. Using this approach, we intended to find out,
which of the predicted model populations agrees most consistently
with measured results from patient groups. In return, we reveal
information which parameters of our model populations might
reproduce most likely findings of the published patient groups. Up-
and/or down-regulations of PGES and LTC,S were either measured
[10, 39] or hypothesised [32] in experiments related to
NSAID-triggered hypersensitivity and inflammation in humans.
PGES up-regulation was found also in mouse asthma models [60].
In this respect, vyya of PGES and LTC,S are evidently implicated
in the occurrence of NSAID-triggered hypersensitivity. Our model
states NA and ATA differ among each other only in the value of
maximal velocity for LTC4S. On the other hand, model-predicted
AIA populations differ from ATA in the maximal velocity of either
PGES or LTC,S or in maximal velocities of both. Model
population AIA" differs from model population ATA only in one
parameter value, that is, vy, of PGES, whereas model population
AIA® differs from model population ATA in two parameters, that
iS, Vmax Of PGES and LTC,S. Model population AIA® in state of
NI is characterised by the same v,,,,x of PGES as model population
ATA. Model populations NA, ATA and AIA have been introduced
already in our previous model [41, 43, 49]. That model was
simpler, as it did not consider the conversion of AA to PGH, and
its further conversions to other prostanoids (particularly not to
PGE,). Therefore our previous model did not enable the explicit
simulation of the differences in vy, of PGES. It also did not
consider conversions of AA to 5- and 15-HETE. In the previous
model, we defined model populations with differences in vy, of
COX-1, COX-2 or LTC4S. COX-2 is known as an inducible
enzyme in inflammation [32, 61]. Pierzchalska et al. [32] reported
no statistically significant differences in the expression of COX-2,
when comparing the patient ATA and AIA or NAs after
cytomix-induced inflammation. Therefore we considered in our
present model the differences in vy, of COX-2 for the
characterisation of the model states of NI and of inflammation. By
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assuming diminished v,,,x of LTC4S our previous model [41, 43,
49] described AIA patients most consistently. Based thereon, we
considered the same assumptions for the definition of model
populations based on LTC,S, applying vy, of LTC4S and
fold-ratios as used in [41, 43, 49]. Accordingly, the measured
five-fold higher expression of LTC,S in patient group AIA
compared to ATA [10, 39] is reflected in our recent model by a
five-fold higher value of v,,x of LTC4S in the model populations
AIA® and AIA® compared to ATA. In addition, measured
four-fold lower expression of LTC4S in group NA compared to
patient group ATA [10, 39] is reflected by a four-fold lower value
of Viax 0f LTC,4S in the model population NA compared to model
population ATA. The explicit parameter values are presented in
Table 2.

Our previous model [41, 43, 49] could not consider differences in
Vmax Of PGES. On the other hand, our present model considers
differences in v, of PGES twice; first, in the definitions of the
model states inflammation and NI, and, second, in the definition of
the model populations. The latter consideration was again
motivated by observations of Pierzchalska et al. They reported the
discrepancies in the production of PGE, in the cultured samples of
bronchial fibroblasts, obtained from NA, ATA and AIA patient
groups, which were analysed under two conditions — with or
without addition of cytomix in vitro. They concluded [32]:

(1) measured [PGE,]/[PGD;] ratio in experimental groups NA and
ATA was approximately four-fold larger in case of added cytomix
than without cytomix,

(i) measured [PGE,]/[PGD,] ratio in AIA patient group was
approximately two-fold larger in case of added cytomix than
without cytomix,

(iii) measured [PGE,]/[PGD,] ratio was in patient groups NA and
ATA not significantly different neither in case of added cytomix
nor in case without cytomix,

(iv) measured [PGE;] increased in patient group ATA approximately
two-fold more compared with AIA after addition of cytomix to
sample cells.

Pierzchalska et al. suggested that cytomix-caused changes in the
[PGE,]/[PGD;] ratio in different patient groups arise from the
different impact of cytokines on the expression of PGES in cells,
which were taken from each particular patient group. A different
expression of PGES, however, has not been explicitly confirmed
by their experiments, since they did not measure it. According to
these experimental findings and in relation to the previously
defined reference model state — NA-NI, we implemented the
following vy, of PGES for our model populations for each model
state, inflammation or NI:

(i) in NI, in ATA and AIA® v,,,.3 is the same as in NA,

(ii) for ATA (and in NA), v,y is four-fold higher in inflammation
than in NI,

(iii) for AIA®, vays is two-fold higher in inflammation than in NI,
(iv) in inflammation, in AIA® and AIA® Vmaxz 18 four-fold lower
than in ATA,

(v) for AIAY and AIA®, v,,.3 is two-fold lower in NI than in
inflammation.

Explicit values of vy derived from these postulates are
presented in Table 3.

2.3 Aims of the investigation

For each model population, that is, NA, ATA and all three AIA, the
state of NI and of inflammation (I) was investigated. The absolute
concentrations of the main system variables [PGE;], [PGD,] and
[LTC,4] were determined. In addition, their percentage increases (%
increases) in the transition from the state of NI to inflammation
were analysed and compared to the data measured on patients.
Moreover, the [PGE,]/[LTC,] ratio and [PGE,]/[PGD,] ratio were
predicted in the basal state (i.e. at rest without drug) and after
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simulated model-based oral dosing of indomethacin. The latter
resulted in a dynamical response of the system to the drug. In this
concern, we tested the simulated model populations with respect to
sensitivity to NSADs. We investigated whether our model results,
based on the proposed model populations, agree with the
published eicosanoid profiles from asthmatic patient groups. In
addition, we aimed to find out whether or not our model might
give some rationale for bio-pharmacological-based explanations of
the differences observed among patient groups with respect to the
metabolomic level of eicosanoid production from the proteomic
point of view. Pure prediction of our dynamic model of eicosanoid
production depicts the simulation of oral drug dosing for each of
our model population, either in model state of NI or in a state of
inflammation. A rough estimation for the bronchoconstriction
which does not provide any information of the airway smooth
muscle reactivity of a patient group or an individual patient will
here be predicted purely on the basis of calculated the ratio
[PGE,J/[LTC,] after oral indomethacin dosing. Finally, the
sensitivity analysis of the model population AIA®, which
exhibited the most sensitive response to simulated oral
indomethacin dosing, was worked out in terms of response
coefficient (R) for the model variable [PGE,]/[LTC,].

Throughout Section 3, the results of our model are compared with
two independently performed and published experiments, which are
closely related with NSAID-triggered hypersensitivity in humans
[19, 32]. First, both experimental references accounted for the
proper definition of our model’s reference state, and partially also
for the definition of the model populations. Later, their results
served as a strong reference when comparing our model results
with those obtained from asthmatic patient groups. Furthermore,
these publications served as references for adequacy testing of our
predicted kinetic scheme, the methods of mathematical modelling
and the consistency of our proposed asthmatic model populations
in the model states NI and inflammation.

3 Results and discussion

3.1 Experimental results from patients against results
from model populations

Cultured cells, obtained from different patient groups, pre-incubated
for 18 h with cytomix, mimicking inflammation, dramatically
increased the release of both types of PGs, PGE, and PGD, [32].
As presented in Fig. 2a, significant differences in % increases of
[PGE,] were observed among the patient groups after exposure to
cytomix in vitro [32]. However, no significant differences were
observed in % increase of [PGD,] among these groups [32] (see
Fig. 2b). The in vitro addition of cytomix resulted in the
approximately 2500% (26-fold), approximately 1000% (11-fold)
and 500% (6-fold) increase in [PGE,] in patient groups NA, ATA
and AIA, respectively [32]. Our model populations, analysed at
rest (i.e. without simulated drug dosing) revealed the following
increases of [PGE,] in the transition from our model state of NI to
inflammation: 1500% (16-fold) for NA and ATA, and 750%
(8.5-fold) for all three AIA model populations (see Fig. 2a).
Measured % increases of [PGD,] ranged between 200%
(three-fold) and 400% (five-fold), whereas model predicted values
were approximately 300% (four-fold) and were the same for all
model populations (see Fig. 2b). According to their results,
Pierzchalska et al. [32] hypothesised that cytomix, mimicking
inflammation, had no effect on the expression of PGDS but had
varying effects on the expression of PGES in different patient
groups. Our model results agree reasonably well with these
measured % increases of [32] which speaks in favour of the
consistency of our definitions of the model states and accounts for
the definition of populations based on the differences in PGES.
Pierzchalska et al. did not measure increases in LTC4 but our
model predicted them: The % increases of [LTC,] and [LTBy]
were both equal and were approximately 1500% (16-fold) for
ATA and NA, approximately 3000% (31-fold) for AIA®" and
AIA®, and, approximately 4000% (41-fold) for AIA®. We
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compared these model results to those measured after
ovalbumin-triggered inflammation in BAL fluid obtained from
mouse asthma models of Henderson ef al. [59]. They measured
increases of [cys-LT] by approximately 1100% (12-fold), [PGE,]
by approximately 300% (4-fold), [PGD,] by approximately 100%
(2-fold) and [LTB,4] by approximately 300% (4-fold) [59]. A
general comparison of results from the asthma mouse model and
from our model revealed that our model populations AIA in a state
of inflammation consistently predicted approximately four-fold
higher increases for all studied eicosanoids as reported by
Henderson et al. [59] for the mouse asthma model. This outcome
indicates and speaks in favour of the validity of the definition of
our model states of NI and inflammation.

The next comparison focused on the [PGE,]/[PGD;] ratio, which
was measured by Pierzchalska et al. [32]. They analysed cellular
samples of patient groups AIA, ATA and NA, which were
exposed to cytomix in vitro. They revealed significantly smaller
increases of [PGE,]/[PGD;,] ratio in patient group AIA than in that
of patient groups ATA and NA (see Fig. 3 for reproduced data).
On the basis of their results they concluded that the activity of
PGES in cells of patients suffering from AIA is lower than in
those of ATA and NA. They also hypothesised that cytomix,
mimicking inflammation in vitro, would up-regulate PGES in cells
of the AIA patient group to a smaller extent than those from NA
and ATA patient groups. Our model-predicted increases of
[PGE,)/[PGD,] in transition from the model state of NI to that of
inflammation were in all our AIA model populations obviously
lower than in NA and ATA. These findings of our model are the
consequence of smaller fold-differences in vy, for PGES in AIA
than in ATA and NA model populations, when comparing the
values in the model states of NI and inflammation (see Table 3 for
comparison). The results of our model predictions for ATA and all
AIA model populations revealed good agreement with measured
results of [32]. For AIA®Y and AIA®, the agreement was better
than for AIA®, since AIA® was characterised by the same vy«
of PGES (Vimax3) as the model population ATA in state of NI. On
the other hand, the increase in vy, from NI to inflammation was
two-fold in all of our AIA model populations. Model simulations
thus revealed that the fold-changes of vy, for PGES (viay3) are
almost directly reflected in the fold-changes of the ratio [PGE,]/
[PGD5].

Good agreement between our model results and the experimental
results [19] was achieved also when looking at our model-predicted
ratio [PGE,]/[LTC,4] and measured Rf, defined as [PGE,]/[cys-LT] in
[19]. Our results are outlined in Fig. 4. The columns in Fig. 4
represent the intervals of measured Rf obtained from patients [19],
whereas dots (black circle) and triangles (black up-pointing
triangle) represent the results of mathematical model in states of
inflammation (I) and NI, respectively. Note that results of
mathematical model for ATA of both model states (i.e. NI and I)
fall fully within the measured intervals of [19]. This is due to the
fact that parameter values for the model population NA in the
model state of inflammation (NA-I) were deduced from the
reference model population (NA-NI) and the values were chosen
so that the [PGE,]/[LTC,4] ratio did not change in the transition
from NI to inflammation. It turned out that model population ATA
also possesses the same property as NA. On the other hand,
[PGE,J/[LTC,] ratios for all AIA model populations were
significantly smaller in states of inflammation than in states of NI
(see Fig. 4 and Table 4 for exact model-predicted values).

Published Rf for AIA patient group was around or below 1.0,
ranging from 0.16 to 0.63 [19]. In our model state of NI (black
up-pointing triangle), the model predicted values were slightly
larger than 1.0 for AIA®Y and AIA® (4.1 and 6.2, respectively)
and lower than one for AIA® (0.91). In the model state of
inflammation (black circle), the values were: 0.94, 1.2 and 0.21 for
AIAD, AIA® and AIA®, respectively. These results were in
good agreement with reported intervals of 0.16-0.63 [19].
According to this criterion, our model population AIA® described
a patient group suffering from AIA slightly better than model
populations AIA" and AIA®, although, both of them roughly
matched the properties of experimentally revealed results from
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Table 4 Values of [PGE,J/LTC,] ratio at rest and minimal values after
dosing of 25 mg indomethacin (~at t=4h) for all model populations in
states of Nl and |

Condition Model NA ATA AIAT  AIAZ  AIA®
state
basal (without drug) NI 110.4 28.0 4.1 6.2 0.91
| 110.4 28.0 0.94 1.2 0.21
minimum after NI 1.1 0.28 0.045 0.063 0.010
indomethacin (25 mg) | 7.0 1.8 0.044 0.073 0.0099

AIA patients. Based on our model results for AIA® (i.e. model
population with altered PGES and LTC,S maximal velocities with
respect to ATA), these results suggest that differences in maximal
velocity of PGES obviously largely contribute to a lower [PGE;]/
[LTC,] ratio. This property could not be recognised solely from
the data concerning [PGE,] and [PGD,] as described above (see
Figs. 2a and b). The results of the model simulations thus suggest
that differences in maximal velocities of each particular enzyme,
that is, LTC4S or PGES, might lead to NSAID-triggered
hypersensitivity. On the basis of our model, the worst case of
hypersensitivity is expected, if maximal velocities of both
enzymes, PGES and LTC,S, are affected (with a decrease in
PGES and an increase in LTC4S maximal velocity) at the same
time. The same property was revealed by the sensitivity analysis
and by the dynamic simulation of eicosanoid production after
indomethacin dosing, which is presented in the following sections.

3.2 Sensitivity analysis

Sensitivity analysis of the model variable [PGE,]/[LTC,4] for the
model population AIA® was carried out. This was performed with
respect to small alterations in maximal velocities of the enzymes
5-LOX (vmaxl3, 16)5 COX-1 (vmaxl)a COX-2 (vmax2)> PGES (vmax3)a
PGDS (Vimaxs)> 15-LOX (Viaxa1) and LTC4S (Vipax17), the inflow of
AA (vg), plus the parameter values concerning PGE, and LTC,
elimination rates (k; and kg, respectively), as described in
Sections 2.1 and 2.2. The response coefficients (R) are presented
in Fig. 5. In both states of NI and inflammation, the [PGE,]/
[LTC4] ratios were most sensitive to changes in the parameter vy,
of PGES (Vmax3). Almost the same but negative response
coefficient was because of changes in parameter value k4, which
describes the PGE, elimination rate. Response coefficients for
5-LOX and 15-LOX were negative, whereas those for COX-1 and
COX-2, which indirectly increase [PGE,] levels in the model,
were positive. Unexpectedly, the [PGE,]/[LTC4] ratio was
somewhat less sensitive to changes in vy, 0f LTC4S (Vpax17) than
in Vpax Of 5-LOX (Vmaxi13.16)- The opposite would be expected,
since 5-LOX is more upstream of the production of LTC, than
LTC,S. This is probably because of the kinetics of LTC4S used
for modelling, which is not simple Michaelis—Menten kinetics but
implements the enzyme kinetics with the substrate auto-inhibition
[see (4)]. In the COX pathway, the sensitivity of [PGE,]/[LTC,4] to
changes in vy, of PGES (vay3), which is less upstream of the
PGE, production, was larger than the sensitivity to changes in
Vmax Of COX-1 (Vpax1) and COX-2 (Vjax2), which are more
upstream (see Fig. 5 for comparison). The system was also almost
equally sensitive (albeit with different signs) to changes in the
parameters implicating inflow and elimination rates of LTC,, that
iS, Vmax17 and ki, respectively, plus inflow and elimination rates
of PGE,, that is, vy, and kg, respectively. The same effects on
the production of either LTC4 or PGE, could thus be achieved
either by enhancing the inflow rates or reducing the corresponding
elimination rates for the same factor. Changes in vy, of PGDS
(Vmaxs) Or in v, of any other of the second level enzymes within
the COX pathway, except PGES, did not have any effect on the
[PGE,)/[LTC4] ratio, neither in a state of inflammation nor in the
state of NI. Fig. 5 presents the results of modifications for PGDS,
solely. Furthermore, there were no major differences in the
sensitivity analysis comparing the model states of NI and of
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inflammation for each particular model population, apart from one
exception. When focusing on vy, of COX-2 (Vpaxo), the
sensitivity was much lower in state of NI than in that of
inflammation. Finally, it is worth noting that although response
coefficients are rather high, our model is robust to small
perturbations. This means that small changes of parameter values
do not cause the transitions from one model population to another.
For such changes substantial changes of parameter values, that is,
fold-increases/decreases, are necessary.

3.3 Dynamic simulations

The effect of NSAIDs on [PGE,], [PGD;] and [LTC,4] as well as on
their ratios was studied with our dynamic model simulations using
indomethacin. All parameters and initial conditions for the
dynamic simulations are presented in the Supplementary
Information. Supplementary Table 2 summarises all kinetic and
pharmacokinetic parameters for the reference model state (NA-NI),
and Supplementary Table 5 summarises initial conditions for
simulation of all model populations in both model states. For the
simulation of the time evolution of the system variables from their
initial concentrations the time-dependent NSAID plasma drug
concentration, described by (6), was applied. Equation (6) was
derived from a standard two-store pharmacokinetic model with
absorption and elimination phases. With the wuse of
pharmacokinetic parameters: k,=1.0-10"*s™!, k. =9.5107 s~
and V=45L this model consistently described measured
indomethacin plasma concentration after oral dosing in [62].
Indomethacin was used for simulations since Pierzchalska et al.
[32] also used this drug in their experiments. The time-evolution
of all above mentioned absolute concentrations is presented in
Fig. 6 for our model population AIA® in state of inflammation
after simulated oral dosing of 25 mg indomethacin. This is a
typical oral therapeutic dose. The dose of 25 mg indomethacin
resulted in maximal blood plasma concentration of indomethacin
yielding 0.59 pumol/L [NSAID] approximately 3 h after simulated
application time (at #=0).

NSAID dosing causes decreased synthesis of PGD, and PGE,
[12, 63]. The dynamic simulations of NSAID dosing revealed
decreased values of PGD, and PGE,, accompanied by increased
synthesis of LTC,4. This indicates a tilt of the AA metabolic
pathway in favour of the LTC, production because of NSAIDs.
For indomethacin, the extremes of [PGE,], [PGD,] and [LTC4]
were achieved approximately 3—4 h after the moment of dosage,
which almost coincided with the maximal indomethacin plasma
concentration. The recovery of [PGE;], [PGD,] and [LTC,4] back
to their initial values was slow and lasted up to 24 h (see Fig. 6).
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Fig. 6 Time evolution of the absolute concentrations [PGE,], [PGD,] and
[LTC,] as well as of plasma indomethacin concentration [NSAID] in model
population AIA® in state of inflammation after simulated oral dosing of 25

mg indomethacin
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Note: Scale of ordinate in Fig. 75 is logarithmic and thus minima look apparently narrower

Drug is in all cases applied at time 0

The ratios of [PGE,)/[PGD,] (full line) and [PGE,)J/[LTC,4]
(dashed line) after indomethacin dosing are presented in Fig. 7a
for AIA® model states of NI and of inflammation (I). Evidently,
indomethacin revealed no effect on the [PGE,]/[PGD,] ratio. The
same was observed for all other cases. These results are in
complete accordance with the experiment of Pierzchalska et al.,
where no significant differences in [PGE,]/[PGD,] ratio were
found after addition of 10 pmol/L indomethacin to samples with
and without cytomix [32]. In our model, maximal plasma
concentration of indomethacin 10 umol/L. was achieved with the
dosing of 430mg indomethacin. Even this high dose of
indomethacin did not change the [PGE,])/[PGD,] ratio of any of
the model populations. On the other hand, after simulated
indomethacin  dosing the [PGE,]/[LTC4] ratio dropped
significantly, for approximately 20-fold in a state of inflammation
and approximately 90-fold in state of NI. The time interval of
extremely low [PGE,]/[LTC,] ratios (e.g. values lower than 0.16,
the minimal values measured in AIA patients without drug)
represents the duration of the largest risk for bronchoconstriction
in our model simulation. Note, it is assumed that extended time
interval in combination with the drop to the lowest absolute values
of the [PGE,]J/[LTC,] ratio goes along with increasing risk of
bronchoconstriction. Among all AIA model populations simulated
with the dosing of 25 mg indomethacin, AIA® exhibited the
broadest time interval and the lowest [PGE,]/[LTC,4] ratio (i.e.
below 0.1 for ~12h) (see Fig. 7b). Thus, model population
AIA® was recognised as the most sensitive among the predicted
three AIA model populations. For NA and ATA model
populations, the minimal [PGE,]/[LTC,] ratios were much higher
(several orders of magnitude) after 25 mg of indomethacin than
those for AIA model populations (see Table 4 for the exact
values). Furthermore, our dynamic model simulations with
indomethacin dosing revealed smaller minimal [PGE,]/[LTC,]
ratios for NA and ATA in state of NI than in state inflammation,
whereas in AIA model populations no significant differences were
calculated. However, our dynamic simulations revealed that those
time intervals indicating risk of bronchoconstriction (with [PGE,]/
[LTC,4] ratios below 0.16) were in all AIA model populations
significantly more extended in inflammation than in NI (see
Fig. 7b) for comparison). Note: the ordinate is drawn in the
logarithmic scale, in order to present all model populations in a
single diagram; therefore minima look apparently narrower.

The results of our model thus indicate that the state of
inflammation of the underlying model population prolongs the
duration of the risk for bronchoconstriction. This was
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demonstrated for all three investigated AIA model populations.
Among them, model population AIA®, which is characterised by
concomitantly increased vp,x of LTC4S and decreased vy, of
PGES, exhibited the highest sensitivity to NSAIDs. It
demonstrated the lowest [PGE,]/[LTC4] ratio and the longest
duration of extremely low ratio (below 0.1). PGE, is attributed to
bronchodilation [15, 16] and LTC, to bronchoconstriction [6].
Therefore a rough estimation of bronchoconstriction risk might be
defined and predicted from their ratio. However, this value does
not provide any information to the patient’s individual bronchial
hyper-reactivity and hypersensitivity. With this in mind, our model
population AIA® demonstrated the highest and the most
long-lasting risk for bronchoconstriction. In addition, our model
results also suggest that differences in v, of either enzyme,
LTC,S or PGES, might also lead to NSAID hypersensitivity, as
demonstrated for model populations AIA? and AIA®, albeit,
their capacity and duration of bronchoconstriction risk were
weaker and shorter than in AIA®).

3.4 Explanatory impact of the model

The results of our mathematical model correspond to the following
experimental patient-based observations and might explain the
reported imbalances of eicosanoids in NSAID-triggered
hypersensitivity:

(1) deficiency in the production of PGE, in cells obtained from
patient group suffering from AIA after addition of cytomix [32],
(ii) increased [PGE,]/[PGD,] ratio after addition of cytomix to cells
obtained from NA, ATA and AIA patient groups [32]

(iii) significantly lower increase of [PGE,])/[PGD,] ratio after
addition of cytomix to cells obtained from AIA than in those
obtained from ATA and NA patient groups [32],

(iv) no significant impact of NSAID on [PGE,]/[PGD,] ratio in any
of the patient groups [32],

(v) order of 1000-fold lower [PGE,]/[LTC4] ratio in AIA than in NA
patient groups after NSAID dosing [19],

(vi) the ratio [PGE,]/[LTC,] around 1.0 in AIA patient group and
approximately 100-times larger value in NA group in the basal
state (without drug) [19],

(vii) higher basal concentrations of LTC, in AIA than in ATA and
NA patient groups [4, 9, 18, 30, 31].
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Our model predicts and gives some hints on imbalances of
different eicosanoid ratios, which arise from differences in the
maximal velocities of particular enzymes. This endorses the idea
that inflammatory stimuli might have a different impact on the
protein levels and/or their expressions in the cells obtained from
different patient groups. The model predicts which enzymes might
be affected and what fold-changes might occur because of the
inflammatory stimuli. However, it has to be noted that
the fold-changes of parameter values which are implicated in the
model are only estimates. These estimates might offer preliminary
results on the expected orders of magnitude, additionally, they
might give some clues as to the parameter values which are more
and those which are less affected by inflammation. The experiment
of [32] leads to the suggestion that PGES and COX-2 were
affected by inflammation; thereby inflammation was simulated
in vitro by cytomix, a mixture of proinflammatory agents. Changes
in COX-2 were experimentally confirmed, whereas the changes in
PGES were only hypothesised by this ex vivo/in vitro approach
[32]. On the basis of our reference model state (i.e. model
population NA-NI), only the changes of two parameter values, that
is, the v of PGES and COX-2, could not reflect the results of
experimentally induced inflammation, gained from samples of the
NA patient group. The reported approximately 20-fold increase of
[PGE;] in patient group NA after cytomix was in our model
achieved by a series of fold-changes of parameter values. An
influx of AA was increased, two parameters of the LOX pathway,
the vpax of 5-LOX and 15-LOX, were increased in addition in
order to obtain an agreement with the results obtained
experimentally for the NA patient group in [19, 32]. Moreover,
specific fold-changes for v, of PGES were applied for the
definition of model populations ATA and three AIA as well as for
the simulation of the transition from state of NI to inflammation in
these model populations (see Tables 2 and 3). Fold-changes in
parameter values used in our model are deduced from the
metabolomic studies of eicosanoid profiles [19, 32] and could be
used as a starting point for further proteomic or transcriptomic
studies.

In addition, we analysed which parameter values of the system
variables have the highest impact on the [PGE,]/[LTC,4] ratio,
known as a sensitive indicator of NSAID-triggered
hypersensitivity [19]. Our study revealed parameters implicated in
the PGE, production and elimination pathway. Therefore patient
group AIA might differ from ATA and NA in this particular
property. It was hypothesised in [32], that cytomix increased
PGES expression in the AIA patient group in a smaller extent than
in ATA and NA patient groups. Another possible explanation
might be that inflammatory processes differently affected the
mechanism of conversion of PGE, into biologically inactive
metabolite(s) of PGE, — PGE-M, or, that inflammatory processes
might affect both mechanisms. Recent results obtained from
exhaled breathe condensates, quantified by highly sensitive gas
chromatography/mass spectrometry, revealed higher levels of
PGE-M in AIA than in ATA, and NA patient groups [64, 65].
However, the fact that the [PGE,]/[LTC,4] ratio, which became a
benchmark for distinguishing AIA from ATA in recent years [11,
12, 19, 33], is up to 1000-fold lower in patient group AIA than in
patient group NA. This in turn might then only be explained by
the assumption that the process of PGE, degradation is faster in
AIA than in NA and ATA, which up to date, was not proved.

Sensitivity analysis of our model system revealed that elevation of
the parameters vy.; and k4 (implicated in the production and
degradation of PGE,, respectively) by the same factor affects
neither the [PGE,]/[LTC4] nor the [PGE,]/[PGD,] ratios (see
Fig. 5). In addition, the overall flux directed to the metabolite of
PGE, would increase. These results of our model system might
thus explain low levels of PGE, and high levels of PGE-M at the
same time in patients suffering from AIA.

According to the results of our presented model the worst case of
NSAID-triggered hypersensitivity would be expected from
concomitantly increased expression of LTC,S and decreased
expression of PGES, although, many other combinations are also
possible. This would be the case, if parameters with positive
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response coefficients with respect to [PGE,]/[LTC,4] ratio (€.g. Vimax
of enzymes PLA,, COX-1, COX-2 and PGES plus the rate of
LTC, degradation) are down regulated, and/or, if parameters with
negative response coefficients (e.g. vpax of enzymes 5-LOX,
15-LOX and LTCA4S, plus the rate of PGE, degradation), are up
regulated at the same time. Various combinations of increased/
decreased parameter values provide rationales for a variety of
clinical symptoms like bronchoconstriction, nasal polyps,
rhinosinusitis, urticaria, conjunctivitis and so on, as well as their
acuteness and strength, ranging from acute to chronic and from
mild to severe. For a more complete description of such diseases
by modelling, additional experimental and theoretical studies will
have to be performed, integrating metabolomic and proteomic
studies. Our current mathematical modelling approach is one of
the first systematical attempts in this regard.

Dynamic model simulations after oral indomethacin dosing
endorsed the results of sensitivity analysis. They both reveal the
model population AIA® as the most sensitive model population
with respect to the duration and capacity of the risk for
bronchoconstriction. AIA® is characterised by concomitantly
increased vy, of LTC4S and decreased v,,,x of PGES. Moreover,
our dynamic simulations revealed that in all AIA model
populations the state of inflammation prolonged the duration of
bronchoconstriction risk. This property is again most evident in
the model population AIA®. The latter simulations might help to
reveal differences in NSAID-triggered hypersensitivity of different
patient groups. Accordingly, this might facilitate estimations on
the outcome of oral drug dosing in different patient populations,
depending on the anamnesis of their inflammatory state. Future
proteomic and transcriptomic studies, combined with metabolomic
studies, will contribute to improvements of the models such as
ours, and, at least in our opinion, might be of high relevance in
discovering more insights on the intrinsic factors involved in AERD.

4 Conclusions

In spite of accumulating experimental and clinical results the
molecular and cellular mechanisms, which induce and initiate
processes in AERD, are still not completely elucidated and
understood. In the past, experimental and clinical research dealing
with AERD was primarily focused on a single level, either on
concerning the gene, molecular, cellular or tissue/organ level.
Theoretical analyses and predictions attained from mathematical
models, such as ours, integrate the accumulated knowledge of
these different levels of research. Therefore the mathematical
model analysis might serve as a suitable tool aiding to figure out
and test new hypotheses, check molecular mechanisms, analyse
experimental results, guide novel experiments as well as give ideas
for new methods and tools for diagnosing and treatment diseases,
such as AERD in that case, on a multiscale level.

Our dynamic mathematical model represents a step forward
towards multiscale models as described for the lung [46, 66]. In
such multi-cellular models airway smooth muscle cells will be
coupled with cells involved in inflammation via inflammatory
mediators acting on airway smooth muscle cells by contraction/
relaxation mechanisms [67, 68]. These multiscale models might
elucidate the ‘functional signature’ of AERD [33], that is, the
underlying functional and molecular abnormalities, which result
from complex cellular alterations. Those complex alterations are
expressed in terms of inter- and intra-cellular signalling of
metabolism because of over- and under-expression of genes, gene
products, consider possible input stimuli which finally integrate
and reveal a unique message in response to external and internal
events, for example, an inflammatory disease [11].

Ambitious efforts will be to extentd our recent model to facilitate
meaningful estimations for an individual risk of bronchoconstriction
regarding asthmatic patients, supposed to be intolerant to aspirin,
ideally with regard to the type and dose of the NSAID as well as
his/her acute original condition of inflammation and bronchial
hyper-responsiveness.
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