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Abstract

In the article a model of histamine kinetics is described. A motivation of this project was to
investigate the hypothesis that methylhistamine may be a marker of histamine appearance in plasma. A
model has been made to support the hypothesis. Since metabolic and transport pathways of histamine
and methylhistamine are complex and not very well known, the relationship between histamine and
methylhistamine should be elucidated by mathematical modelling. From experimental data and the
information in the literature, a nonlinear and time-varying four-compartment model is proposed.
Extensive release of histamine from mast cells when methylhistamine is injected, is modelled as
histamine to methylhistamine ratio control loop. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Histamine is an endogenous amine, present in humans, animals and plants. It is known as a
mediator in physiological processes and is involved in many pathological processes. During
inflammatory or allergic reactions it is released from stores in mast cells and has an important
role in adverse reactions. When released, it is rapidly inactivated by metabolic processes [1,2]
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and therefore is difficult to measure the rapid changes of histamine concentrations in body
fluids.

Efforts are made to find a marker for histamine appearance in the body. It is found in the
literature that its metabolite, methylhistamine (tele-methylhistamine, N-methylhistamine) may
be one of them. It has been reported that histamine-N-methyltransferase, one of the two
important enzymes (the second is diamine oxidase) involved in transformation of histamine,
was shown to be stimulated in the cerebral cortex of adult rats by chronic stress [3]. The
elimination half-life of methylhistamine (M) in plasma of the rat is about ten times longer than
of histamine (Hi) (#;»(M)=43 min, ¢;»(Hi)=3.5 min). There is also a threefold
methylhistamine plasma to whole blood concentration ratio compared to histamine [1]. Since
metabolic and transport pathways of histamine and methylhistamine are complex and not very
well known, the relationship between levels of the two substances in plasma may be elucidated
by mathematical modelling, to support a hypothesis that methylhistamine can be a marker of
histamine appearance in plasma.

Generally, to show that the interdependence between the two substances is substantial, the
model must be able to explain the available experimental data by taking into account
metabolic and transport mechanisms involving the two substances.

Mathematical modelling [4], starting from basic principles of chemical and enzymatic
reactions, is not possible. Firstly, metabolism of histamine and methylhistamine is not
completely understood and secondly, the modelling objective does not require such a complex
mathematical model. Therefore, we used a physiologically based compartment model [5-7].
The basic structure of the compartment model is derived from known pharmacokinetic
characteristics of the substances. Parameters of the model were estimated by curve fitting
procedures [8]. Validation of the model is performed by evaluating the quality of the fit of
model response and measured data and by analysing model parameters.

A physiologically based compartment model is an optimal solution of the problem, since
both experimental data and theoretical knowledge of the process can be combined.

Information about histamine and methylhistamine kinetics was taken from the literature [9—
11] and the experiments performed within this study. The model was developed according to
the information and the fit to the plasma concentration data collected from rats.

2. Methods
2.1. Experiments

The levels of histamine and methylhistamine were measured in rats in two separate groups of
experiments. In the first group, rats were treated by histamine intravenously. In the second
group, however, methylhistamine was administered intravenously. Both substances were
administered by IV bolus injection. In both groups of the experiments histamine and
methylhistamine were assayed simultaneously in the plasma samples by HPLC method [1]. The
dose of histamine was 14.65 pg and dose of methylhistamine was 15.66 pg. The samples were
taken 2, 4, 6, 10, 15, 20, 30 and 60 min after the histamine dose and 2, 3, 4, 5, 10, 15, 20, 30,
40, 50 and 60 min after methylhistamine dose. Only up to two 2 ml samples were taken from
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each rat, to prevent hemoragic shock. There were two to nine data points at each sample time,
therefore, average value at each sample time was calculated, to obtain plasma profiles of both
amines.

2.2. Modelling

Three different tools were used in model development: a stripping method [5-7], an
analogue-hybrid computer and MATLAB with SIMULINK, general numerical analysis
software.

Program package PCNONLIN was used for stripping. Linear regression to log transformed
data was used to determine exponential series best fitting the data. Stripping was applied
separately for each amine. Rate constants and volumes of distribution were derived from the
series for the assumed histamine and methylhistamine model structure. These parameters were
a starting point for modelling and fitting procedures on analogue-hybrid and digital computer.

On analogue-hybrid computer model parameters were estimated by manually changing
parameter values and observing optical quality of fit. MATLAB with SIMULINK was used as
an alternative to analogue-hybrid computer. The combination of both tools provided better
information on model quality. However simpler application of optimzation methods for
parameter estimation and more objective measure of fit were major advances of digital
approach. Model parameters were estimated by simplex optimization method. The objective of
optimization was to minimize Integral of Squared Error (ISE) of model response and measured
data. Since the curves were represented digitally i.e. as points, ISE was calculated as sum of
squared errors. For the first model (1) linear interpolation was used between measured points
and ISE indicated distance between model response and interpolated curve. For the second (2)
and the third (3) model no interpolation was used and ISE was calculated as a sum of squared
errors at times of measurements. For model 3 the value of ISE for the first experiment was
added to the value of ISE for the second experiment, since the model was fitted to the data of
both experiments simultaneously. Therefore, comparison of the ISE values between models
provides only small amount of information on the quality of fit. Different measures of fit were
used to reduce local minima problems for the optimization method.

Compartment models were used to model the kinetics. Model structure was composed from
physiological background of the process and stripping results and was modified according to
parameter estimation results. Parameter values close to zero indicated small relevance of the
parameter on modelled kinetics and model could be simplified by omitting the parameter. The
model structure was also modified if the model could not fit the concentration profiles
acceptably. Modifications to the model were made only, if physiological explanation could also
be found.

3. Results

Pharmacokinetic modelling often begins with a linear compartment model [5-7], in spite of
the fact that measured data may show nonlinear characteristics. This way basic information for
model development can be extracted from the measurements.
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Since linear regression of log transformed data rendered correlation parameters greater than
0.900 for both amines, a linear model was first proposed and examined. It has been known
from our previous studies [1,2] and the results obtained by the stripping method within this
study that a two-compartment model describes plasma profiles of both amines satisfactorily. In
order to investigate the hypothesis that methylhistamine is the marker of the plasma histamine
level changes, the two two-compartment models have to be combined into a four-compartment
model (model 1) with methylation as binding mechanism (Fig. 1). At this point, i.e. when
trying to couple the two two-compartment models into one four-compartment model, the
method of stripping failed. Therefore the model was fitted to the measured data on the
analogue-hybrid parallel processor EAI 2000. After that, the rate constants obtained by
analogue-hybrid simulation were used as initial estimates for the fitting procedures on digital
computer (MATLAB with SIMULINK), since randomly generated initial estimates do not
provide useful results in simultaneous fitting procedures.

Rate constants determined by the two different tools are quite different which is not
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Fig. 1. Model 1. Linear model of histamine kinetics. The labels have the following meaning: Dz = histamine
injection, D,,=methylhistamine injection, Hi.=quantities in central compartment for histamine (plasma and well
perfused organs), Hi,= quantities in peripheral compartments for histamine (the rest of the tissues, not included in
the central compartment), M.=quantities in central compartment for methylhistamine (plasma and well perfused
organs), Mp = quantities in peripheral compartment for methylhistamine (the rest of the tissues, not included in
central compartment), Hi,=endogenous histamine, k., k.1, ke, =metabolic/elimination rates for both substances,
kn, k. kp k., =exchange rates between central and peripheral compartment for both substances, kj,,, k1 =rate
constants representing methylation in central and peripheral compartment, k,,=rate constant representing
demethylation in central compartment. Note that demethylation is presented by a broken line, since it is present in
the model only when methylhistamine is injected. The thick lines represent elimination and methylation.
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surprising, since the model is not uniquely identifiable [12,13] and therefore more sets of rate
constants provide acceptable fitting to the experimental data. To support the interdependence
of the two substances, the simplest possible model is needed, therefore model parameters have
more or less only a qualitative relation to real physiological processes. However, considering
the model and the modelling objective, only qualitative interpretation of model parameters is
relevant, therefore, exact estimation of parameters is not necessary and nonidentifiability of the
model is not a problem [14].

To provide better physiological information in all figures, concentration profiles are shown.
Concentrations in central compartment represent the quantities in the central compartment
divided by the volume of distribution. The Ilatter is for histamine 0.177 1 and for
methylhistamine 0.167 1. Only simulation results obtained by MATLAB-SIMULINK are
presented. The results of simulations are presented in Figs. 2-5. Figure 2 shows a good quality
of fit for experiment where histamine is injected. In Fig. 3 the model with the same parameter
values is used to predict histamine levels for the experiment when methylhistamine is injected.
It can clearly be seen that level rebound cannot be fit without the presence of demethylation in
the linear model. The model was then fitted to methylhistamine injection data and histamine
injection data was predicted (Fig. 4). The results show that it is impossible to describe the two
situations with only one set of parameter values for a linear model. Therefore two versions of
the model 1 (Fig. 1) with the same structure and different parameter values are needed, one for
each type of experiment. Model la describes the situation when histamine is injected and
model 1b describes the situation when methylhistamine is injected.

In the case of injected histamine, the model complies with known physiological
characteristics of the process. On the contrary, when methylhistamine is injected, the presence
of demethylation (Fig. 3) is indicated by the model. As this is the only way that the model can
fit the profiles, this process has been taken into consideration in spite of the fact that N-
demethylation on imidazole ring of histamine is not expected to occur [15]. One of the reasons
for such difference in complexity of the processes in the two groups of experiments may be the
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Fig. 2. The model la responses (lines) compared to measured data (O=histamine, *=methylhistamine) after
histamine intravenous administration.
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Fig. 3. The model la response (line) compared to measured data (O=histamine). Model la is used for predicting
the levels of histamine after methylhistamine intravenous administration.

fact that an injection of histamine is closer to natural processes, compared to methylhistamine
injection. The injection of histamine may mimic an extensive histamine release from mast cells
in the body whereas the injection of methylhistamine does not simulate a known natural
process.

Model responses of the two models (Fig. 1) are shown in Fig. 5. As can be seen from Fig. 5
the quality of fit is acceptable, however, only when demethylation is included in the model.

The linear model fitted the data reasonably well. Unfortunately it took two models to
describe histamine kinetics of the two experiments. Moreover, it includes the possibility of
demethylation which is questionable as noted a while ago. Therefore, another mechanism
should be introduced in the model to comply better with biological backgrounds. This lead to
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Fig. 4. The responses of the model 1b (line) compared to measured data (O=histamine, *=methylhistamine).
Model 1b is used for prediction of levels after histamine intravenous administration.
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Fig. 5. Responses of the models la and 1b (lines) compared to measured data (O= histamine, * = methylhistamine)
(a) model la after histamine intravenous administration, (b) model 1b after methylhistamine intravenous
administration (demethylation included in the model!).

the conclusion that linear models are too simple to describe histamine kinetics satisfactorily.
Therefore a nonlinear and time varying model was developed.

We then went on towards the unification of the two models into a single four-compartment
model, i.e. a model able to describe histamine pharmacokinetics with only one set of
parameters irrespective of the injected amine. The structure of the model remains once again
the same for both experiments. Therefore, the most transparent solution is to model the
difference in rate constants between the two groups of experiments as quantity dependent step
functions (Eq. (1)).

Nk Me<C
khm(Mc) { }/1/;11; MCZC (1)

Since the linear model fits the data reasonably well and this finding is in accordance also
with the results obtained by stripping, i.e. linear and not initially convex and then linear
relationship of log transformed data for both amines, it can be concluded that in the observed
range of histamine and methylhistamine levels no saturation occurs. Therefore, Michaelis-
Menten kinetics could not be applied to describe methylation and other metabolic
transformations of histamine and methylhistamine and as a way out, step functions were used.
They provide more simple and transparent model, since it is piece-wise linear.

Within this attempt of single model generation, methylation and elimination rates were
modelled as quantity dependent. The rate constants k., knmui, Kem» ken and k., should be
viewed rather as metabolic than elimination constants, characterizing histamine N-methylation
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in central and peripheral compartments (kj,,, kx.,1) which is catalized by N-methyltransferase,
histamine oxidative deamination (k., k.;1), which is catalized by diamine oxidase and N-
methylhistamine oxidative deamination (k.,,) which is catalized by monoamine oxidase. Since it
has been shown that the above mentioned enzymes are extended over a wide range of tissues
and as a result only 1-4% of unchanged histamine is excreted to urine [16], it is reasonable to
include into the model metabolic (elimination) pathways for both amines also from peripheral
compartments. The rate constant k_; is omitted since fitting procedures showed that it has
negligible influence on the model. The same is valid also for the constant characterizing
metabolism/elimination of methylhistamine from peripheral compartment.

The model, referred to as model 2, (Fig. 6) becomes too complex for fitting procedures on
an analogue-hybrid computer. Therefore, only MATLAB with SIMULINK was used.
However, the initial estimates of parameter values in the fitting procedures were still the ones
defined by the curve fitting procedures on the analogue-hybrid computer for models 1a and 1b.

Model 2 provides no significantly better fit but explains some mechanisms better and
confirms the others. The model is flexible enough and all physiological information about
histamine and methylhistamine kinetics can be considered.

The thorough discussion about demethylation mechanism results in the conclusion that it is
highly questionable and should be omitted from the model. Instead of demethylation, time
dependent endogenous histamine release from mast cells is introduced to explain the sudden
rise of histamine plasma levels when methylhistamine was injected intravenously (Fig. 7).

Time
S \
v
' |
Hi, —> >k > > K. >

J A
< keh kh k k

ékeh1él > hm1 >

Fig. 6. Model 2 (a and b). Nonlinear model with discrete changes of parameters. The variable parameters are drawn
as blocks with thin lines denoting the causes of the changes (parameters connected to an M compartment depend on
the quantity in the compartment). Label Hi,, representing the release of histamine from mast cells, is modelled with
the time dependent function when methylhistamine is injected (model 2b) and has a constant value when histamine
is administered (model 2a).
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Fig. 7. Responses of the models 2a and 2b (lines) compared to measured data (O=histamine, * =methylhistamine)
(a) model 2a after histamine intravenous administration, (b) model 2b after methylhistamine intravenous
administration (demethylation omitted from the model!).

It has been shown previously in [17] that mast cells are capable of taking up methylhistamine
in a time- and dose-dependent manner. It is assumed that the accumulation of methylhistamine
in mast cells is due to a simple diffusion process. Moreover, methylhistamine competes with the

Fig. 8. Average histamine to methylhistamine ratio tends to a constant value. After perturbation of the system it
settles at around 7 (measured data).
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same binding sites in mast cells as histamine and as a result, displacement of histamine from
mast cells occurs. This comes out as a “burst effect” and the greater part of histamine is
released in plasma in few minutes after methylhistamine IV bolus injection.

Two models 2 are still needed, however, the difference between the models is reduced to a
rapid histamine release submodel. Model 2a describes the situation when histamine is injected
and model 2b describes the situation when methylhistamine is injected. The rapid histamine
release submodel is present only in the model 2b.

The time dependent function of endogenous histamine is discussed later. All parameters in
Fig. 6 have the same meaning as their corresponding rate constants in Fig. 1.

The time dependent function of extensive histamine release from mast cells represents a
problem for model unification. The rebound of histamine levels when methylhistamine is
injected indicates that there are significant influences of methylhistamine levels on histamine
release from mast cells. The kinetics of both substances may reflect some kind of control
mechanisms, since they are endogenous substances. Therefore in order to combine the two
separate models 2a and 2b, an additional control mechanism has to be introduced. Careful
examination of the data shows that the ratio of histamine to methylhistamine levels converges
to an approximately constant value after the perturbation (Fig. 8) in both experiments.

These facts lead to the presumption, that there may be some ratio control mechanism
involved in the process. The idea is that the histamine to methylhistamine ratio in plasma may
be controlled by histamine release from mast cells [17]. The input and the output of the
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Fig. 9. Model 3. Model of histamine kinetics with control loop for quantity ratio control. In the control loop labels
have the following meaning: Control mech.=control algorithm, Act.=generator of rapid endogenous histamine
release from mast cells. Note that the rapid endogenous histamine release depends on histamine to methylhistamine
quantity ratio as denoted with the thin lines.



A. Beli¢ et al. | Computers in Biology and Medicine 29 (1999) 361-375 371

controlling mechanism are herewith identified. Next the control loop structure is defined. The
classical ratio control scheme [18,19] is tried with an on/off controller. In this case the two
states of the controller are not enough to describe the kinetics, so the controlling algorithm
shown in Appendix A (Egs. (A.10) and (A.11)) is used instead (also Fig. 9). Variable x is an
input and represents a difference between desired and current histamine to methylhistamine
ratio. Variable y is an output of the controlling algorithm and represents the amount of
histamine released from mast cells. K, D and [ represent the parameters of the controlling
algorithm that are set in the fitting procedure as well as Hi,, representing constant release of
histamine from mast cells. The model with the ratio control, referred to as model 3, explains
both types of experiments. However, some minor changes to the model have to be made to
achieve an acceptable fit. The experiments present a certain shock to the organism because of
the extremely high initial concentrations of both substances. Therefore it is expected that it will
take some time, after the concentrations of the substances reach a normal level, before the
metabolic and transport processes will also normalize. Therefore the methylation and other
metabolic processes are each modelled as step functions with hysteresis (Appendix, Eqgs. (A.5)-
(A.9)). The model 3 (Fig. 9) explains both types of experiments acceptably.

Differential equations for the model 3 are given in Appendix A, the responses of the model
are shown in Fig. 10 and the corresponding parameters are summarized in Table 1. It can be
seen that quality of fit is more or less comparable for all models, however only the model 3 has
an acceptable physiological background.
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Fig. 10. The model 3 responses (lines) compared to measured data (O=histamine, % =methylhistamine) (a) after
histamine intravenous administration, (b) after methylhistamine intravenous administration.
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Table 1

Values of model No. 3 parameters. “Lv1” denotes level at which parameter changes, if the column is empty the par-
ameter is constant. M denotes that parameter is changed when methylhistamine in central compartment reaches cer-
tain level. Since the parameters are programmed as step functions with hysteresis, change from high to low value of
parameters occurs at different values of M than change from low to high

Parameter Value LvI (pg)

ky, (min™1) 0.08 —

k,, (min™") 0.41 -

k_,, (min™") 0.52 -

Ky (min~h) 0.0, 0.008 M>27,M<18
Ky (min~") 0.0, 0.39 M>27,M< 138
ko, (min~h) 0.26, 0.05 M>27,M<18
ki (min~") 0.49, 0.08 M>27,M<18
Ko (min~") 0.94, 0.36 M>27M<18
K (min™") 0.0

I (min) 0.0

D 0.5

Hi, (ug/min) 0.008

4. Discussion

The model fits the available data well enough, considering the amount of the data and the
aim of the model (Fig. 10). Next, validation from the physiological side is necessary. The
methylhistamine is known to be an inhibitor of histamine-N-methyltransferase which controls
the methylation process. Therefore the rate of methylation falls when the methylhistamine level
rises. The fitting procedures provide model parameters that explain the methylation mechanism
in the same manner, as step transitions of parameters kj,, and kj,,; go from high to low when
rising methylhistamine levels reach a certain level. Furthermore, our experiments show that a
rise of methylhistamine above normal levels intensifies the metabolism (elimination) of both
amines, which fits well with the model. One can speculate on the basis of these observations
that higher levels of methylhistamine inhibit methylation, but yet might speed up oxidative
deamination of both methylhistamine itself and the parent molecule histamine by induction of
monamine and diamine oxidases. Transport mechanisms from central to peripheral
compartment are modelled as diffusion as was found in [16]. This statement is supported by
fitting procedures within our study as well. Parameters k;, k_,, k,, and k_,,, which describe
transport mechanisms between the compartments, remain constant.

Results obtained during the curve fitting procedure and the model simulation [§] show some
interesting facts about the control of histamine to methylhistamine ratio. The outstanding role
is played by the additional control loop introduced in model 3. It replaces the time dependent
function (0.137 pg/min+24.9 pg/min x e ~>'*Y) of endogenous histamine release in the model
2b and makes description of histamine kinetics with only one model for both experiments
possible. The control loop is almost inactive, when histamine is injected. This is reasonable
since in this case relative changes in ratio are smaller than when methylhistamine is injected. In
the second group of experiments, however, the model shows a very rapid release of histamine
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from mast cells. Study of control loop parameters provides the same conclusions. Parameters K
and [/ are negligible opposed to D. Such configuration of parameters and the given ratio
indicate that the control mechanism is highly sensitive to sudden changes in methylhistamine
level. It is an unusual situation for a general control algorithm in technical sciences. However,
parameter / is only relevant in the steady state to eliminate the steady state error. There are
two reasons why such configuration is possible in our case. Firstly, in the case of biological
systems, one can hardly speak of a steady state as it is defined in technical sciences, because of
constant significant disturbances from the system itself and the environment. Secondly, survival
of an organism more or less depends on how fast, not how exactly, it can adapt to the
changes. Therefore, the proposed configuration seems to be logical.

The model presents the kinetics of histamine well enough, considering the original model
objectives and the available data. However, some validation on different data sets would
contribute a valuable information about this general process.

5. Conclusion

The present study of histamine kinetics shows the following important facts:

e Demonstration of interdependence between histamine and methylhistamine by mathematical
modelling supports the hypothesis that methylhistamine is a marker of histamine appearance
in plasma.

e There is not enough information available to model the processes involving the two
substances from basic principles. However, considering the model objective, it is sufficient to
build a compartment model based on physiological information and measured data to
support the hypothesis.

e Classical linear compartment models are too simple to model the kinetics of the two
substances.

e Known facts about histamine and methylhistamine kinetics and known physiological facts
can be incorporated in the model.

e Sharp transitions (step functions) are not very likely to take place in nature but can be
successfully used as an approximation and an indication of certain changes (considering the
objective) or nonlinear behaviour.

e Simulation and modelling results as well as biological experiments support the proposed
hypothesis of methylhistamine being a valid marker of histamine appearance in body.

Modelling and simulation is a useful tool in histamine kinetics research and should therefore
be used in future studies of histamine kinetics and predictions of histamine profiles from
methylhistamine data.

Appendix A. Model 3 equations

dHi,
dt

= y(HicaMc) - khm(Mc) X Hic - keh(MC) X Hic - kh X Hic (Al)
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M,
ddtc = khm(Mc) x Hi. — kem(ML’) X Mo =k x M+ k_ x Mp (AZ)
dHi
L = ki x Hig = k(M) x Hiy =k (M.) x Hi, (A3)
dM
d—[p :khml(Mc)XHip_k—m XMp+knz X Mc (A4)
ki o (M. <27 A k(M) =k, )
k m Mc = l/1/m }/l/m A5
(M) { Ty (Me > 1.8) A (kpn(M) = k) (A.3)
k, 5 (MC < 27) N (keh(MC) =k, )
km Mc = é;/h é;/h A6
(M) { T (Mo > 18) A (kM) = k) (A-0)
kL Mo <2 A (kem(Me) =k,,)
kEM(MC) - { ké/m; (Mc > 18) A (kem(Mc) = ké;n) (A7)
Fo (M. < 2D A k(M) =k
km MC = //1/ml ( l/z/ml A8
1 (M) {k,iml; (M, > 1.8) A (it (M,) = Ko (A8
k, 5 (Mc < 27) N (kehl(Mc) =k, )
kez Mc = 6}){11 i/hl A9
n(Me) { D (Mo > 18) A (kaa(Mo) = Kljy) (A9
x=M.,xT7— Hi, (A.10)
dx .
y:Kxx+Dxa+1del+Hl€ (A.11)
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