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Abstract 1. For the purpose of describing the relationship between plasma concentration of
drugs and their deposition into eggs, a physiologically-based pharmacokinetic model was
developed.

2. By incorporating the physiology of egg formation into the model, the transfer of drugs into
the egg albumin(albumen) and yolk could be described using rate constants.

3. Using datasets from the literature, the model was used to describe concentrations in
albumin and yolk of sulphanilamide, sulphaquinoxaline and pyrimethamine as a function of
time.

4. The model could be used as a tool to obtain an insight into those properties of a drug which
are responsible for the amount of residue in eggs, and could help in the design of critical

studies for determining withdrawal periods for eggs.
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12 INTRODUCTION
13 Veterinary drugs are therapeutically used in laying hens. The residues of these drugs and their
14 metabolites are to some extent deposited in the eggs laid by the birds. Withdrawal periods are

15  set to ensure consumer safety; only eggs laid after the withdrawal period may be designated

©CoO~NOUTA,WNPE

10 16  for human consumption. In order to set safe withdrawal periods for eggs, residue depletion
12 17  studies are performed. The disposition and depletion of a wide range of veterinary drugs in
14 18 the egg albumin and yolk have been studied and described by many authors. Kan and Petz
16 19  (2000) studied the factors that determine the distribution of residues between egg albumin and
18 20 yolk of a wide range of drugs. They found that pKa values, lipid solubility or binding to
20 21 albumen macromolecules could not be used to predict the distribution between the albumin
22 22 and the yolk. The processes governing drug disposition in albumin and yolk are still not well
24 23  understood. Some authors have proposed kinetic models to describe the residue concentration
26 24  profiles in eggs laid after drug treatment. Donoghue et al. (1996, 1997) showed that the
28 25 residue uptake by developing yolks showed a particular pattern following single drug
30 26 administration which depended on the stage of development in the follicles. Based on their
32 27  findings, they proposed a model to predict the residue concentration in yolks of laid eggs after
34 28  multiple drug administration.

36 29 Although the authors recognised that plasma profiles will have an important influence
38 30  on drug disposition in eggs, they did not include plasma profiles in their models. It is often
40 31  reported that the residue profiles are different between albumin and yolk (Laurencot et al.,
32 1972; Blom, 1975; Oikawa et al., 1977; Rodaut, 1989; Rodaut and Moretain, 1990; Rodaut et
33 al., 1987; Nagata et al., 1989,1990; Chu et al., 2000; Giorgi et al., 2000). Typically, the
34  residue concentrations in the yolk peak later than in the albumin. This is due to the fact that
35  yolk and albumin develop at different stages of egg production, where the formation of yolk

49 36  takes 8-11 d and the formation of albumin approximately 10 h. The drug disposition in the
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yolk depends on the development stage of the oocyte, the plasma drug concentration and the
physico-chemical properties of the drug (Geertsma et al., 1987). Therefore, the relationship
between these three variables must be studied in order to understand the processes governing
the drug residue profiles in eggs. However, the current models of residues in eggs do not
include plasma drug concentration profiles. In this paper, we present a physiologically-based
pharmacokinetic (PBPK) model that can be used to describe or predict the drug residue
profiles of certain veterinary drugs in eggs based on their plasma kinetics. Published data
were used to illustrate the applicability of the model, it was however noted that very few
authors presented residue concentration data in plasma along with residue data in eggs.
Insights into the relationship between plasma concentration of a drug and its excretion
via the egg could help in the design of critical residue studies. Furthermore, such a
mathematical model could contribute to the study of the processes governing the deposition of
chemicals in eggs, for example by relating the fitted model parameters to the physico-

chemical properties of the substance.

MATERIALS AND METHODS
Experimental method
All data for the calibration and testing of the model were obtained from the literature (Blom,
1975; Geertsema et al., 1987; Kan and Petz, 2000). The simulations were made using
Multisim, a visual basic programme developed at the Medicines Evaluation Board, Veterinary
Medicinal Products Unit, Den Haag, and based on the algorithms of Yamaoka, K. and
Nakagawa, T. (1983). The programme is capable of solving sets of predefined differential

equations in which time acts as an independent variable.

Description of the mathematical model
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The PBPK-model used to describe the relationship between the plasma concentration of a

drug and its deposition in the egg is depicted in Figure 1.

The formation of yolk and albumin are two distinct physiolegicale Rrogessesere

Therefore, the disposition of a drug into one compartment is described independently from the
other. It is assumed that the nature of the process that governs the disposition of drugs into
egg yolk and egg albumin is that of a filtration-process rather than that of a concentration-
gradient driven process. This concept is introduced into the present PBPK- model. In this
model ky and kw represent constants determining the amount of the administered drug from
the central compartment into the yolk and the albumin respectively. The concentration of the
drug in the central compartment (plasma) is a function of time itself, and should be provided
as an input to the model.

Using the concepts described above, the general equations describing the transport rate

of drug into the egg yolk and egg albumin are therefore:

dQy/dt = C1(t). Ky.dWy/dt [1]
dQw/dt = C1(t). Kw.dWw/dt [2]
where:

dQy/dt and dQw/dt = the rates of drug deposition into yolk and albumin (mg/day),
dWy/dt and dWw/dt = the formation rates of yolk and albumin (g/day), Ky and Kw
= transport constants into yolk and albumin,

C1 = plasma concentration (mg/L).

Time dependent concentration in egg yolk
A number of papers describe the rate of yolk formation (Geertsema et al., 1987; Kan and Petz,
2000). It can be deduced from these papers that the formation rate of the egg yolk is not

linear. Geertsema et al. (1987) characterised the rapid growth phase as an exponential growth

E-mail: br.poultsci@bbsrc.ac.uk URL: http://mc.manuscriptcentral.com/cbps



©CoO~NOUTA,WNPE

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

British Poultry Science

during the final 8-10 d before ovulation. The time dependent course of the egg yolk weight

was shown to be sigmoidal when data obtained from the literature are ploﬁ%g(ﬁj Eega%ng?ggn%.ere

Figure 2 shows the data obtained from literature (Geertsema et al., 1987) fitted
according to the sigmoid-function described in equation [3] below. Using this sigmoid
function to describe the time dependent weight of the follicle, the weight at time of ovulation
(t = 0) can be estimated. Asthe weight of the follicle after ovulation does not increase , the
sigmoid function is cut off at that time point.

For an egg laid at time t = tlay, the equation describing the time-dependent weight
development of that particular follicle before ovulation was:

Wy(0) = Ay/(1+ e—s.(t-(tlay-tsig-tlag))) 3]

In which:

tlay = time of egg lay (d),

tlag = time interval between ovulation and egg lay (approximately 1 d),

Wy = weight of the follicle at a given time before ovulation (g),

Ay = apparent maximum follicle weight (g),

s = maximum daily follicle growth rate constant, tsig = pre-ovulation time of

maximum follicle growth rate (d).

The average follicle develops over an 8-11 d period before the egg is laid (Geertsma et
al., 1987). The maximum growth rate is achieved at a time point (tsig), which is
approximately 1-3 d before ovulation. From the fitted data, it could be estimated that Ay is
approximately 25 g, tsig =2 d and s = 1 per d. It is clear that these variables may change with
the breed and the production phase of the birds used in a particular experiment.

The rate of yolk formation can therefore be described as the first derivative of the
sigmoid-function [3]:

dWy/dt - Ay S e—s.(t—(tlay—tsig—tlag))/(1+ e—s.(t—(tlay—tsig—tlag)))z [4]
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7
1
2 112 The overall equation, describing the rate of disposition of drug into the egg-yolk is:
3
g 113 dQy(t)/dt = ky.CI(t).Ay.s.c 1) g osllaysigtiag)y [5]
? 114 So the time dependent course of the amount of drug in yolk at various egg laying times can be
g 115  described by the following equation:
12 116 tlay-tlag
ig 117 Qy(tlay) = ky.Ay.s . | C1(t).e Sy tsietiae) g s(ttaytsigtiag)y g [6]
14
16 . . . . . . . U
ince the weight of a follicle at time of egg lay is equal to its weight at ovulation, in this
17 119 S th ght of a follicle at t f egg lay qual to it ght at lat th
1
18 120 model this weight can be calculated to be:
20 o (tsi
51 121 Wy(tlay) = Ay/(1+ ¢ S *18)) [7]
22

23 122 Therefore, the overall equation describing the time dependent course of the concentration of a
25 123 drug at various laying times Qy(tlay)/Wy(tlay) will be:

27 124 tlay-tlag

125  Cy(tlay) = ky.(1+ e &1y ¢ [ (p).e SEUysietag) o o s ((taytsigtlaghy? 4 19

31 126 t=0

33 127

35 128  Time dependent concentration in egg albumin

37 129  Considering the relatively rapid formation of the albumin in the first 8-10 h (talbumin) after
39 130 ovulation (tlay-tlag), it is assumed, as a first approximation, that formation of this component
41 131  takes place at a constant rate:

132 dWw/dt= Aw [9]

133 So the equation, describing the disposition rate of a drug in egg albumin is:

134 dQw(t)/dt. = kw.Aw.CI(t) [10]

135  in which:

0 136 Aw = rate constant of egg albumin formation (g/d)
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The amount of drug in the albumin of an egg laid at t = tlay would then be
tlay —tlag + talbumin
Qw(tlay)_ = kw.Aw | CI(t) dt [11]
t = tlay-tlag

Since the weight of egg albumin of a particular egg at t = tlay can be calculated to be
the integral of equation [11] between t = tlay-tlag and t = tlay-tlag+talbumin, being: Ww(tlay)
= Aw, talbumin, the overall equation describing the time-dependent course of the
concentration of a drug at various laying times will be:

tlay — tlag + talbumin
Cw(tlay).= Qw(tlay)/Ww(tlay) = kw/talbumin.| Cl1(t) dt [12]
t = tlay-tlag

In the simulations the average weight of the albumin, Ww(tlay), was assumed to be 34 g, and

the period of formation, talbumin, was assumed to be 10 h.

RESULTS AND DISCUSSION
In order to test the mathematical model described above, a number of simulations was
performed using data obtained from the literature (Blom, 1975). In his paper on the residues
of drugs in eggs after medication of laying hens, Blom described the results of an experiment
in which groups of laying hens (n = 12) were given medicated drinking water ad libitum over
8 consecutive d. A number of drugs were administered in that way (three sulphonamides and
pyrimethamine). Throughout the treatment and after its cessation, blood samples and eggs
were collected at various times and subsequently analysed for residues. The results were

reported in tabulated format.

Simulations of the time dependent concentrations in eggs
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Using the model as described above, attempts were made to fit the time-dependent courses of
the concentrations of sulphanilamide, pyrimethamine and sulphaquinoxaline in egg yolk and
egg albumin as measured by Blom (1975). In order to calculate the time dependent courses of
the plasma concentrations of the drugs, which are necessary input functions, the t1/2 values of
the three compounds were estimated from the graphs. Next, the plasma curves were calculated
assuming a relatively constant concentration during treatment (0-8 d), and a mono-
exponential decay after cessation of the treatment.

The following values could be derived from the tabulated data in the article of Blom

(1975):

Sulphanilamide t1/2=12d Csteady-state (d 8) = 58 mg/1
Pyrimethamine t1/2=2.1d Csteady-state (d 8) = 1.6 mg/1
Sulphaquinoxaline  t1/2=1.3d Csteady-state (d 8) = 96 mg/1

As a result, Figures 3 and 4 show the obtained data points and the simulations according to

the model.

Table and Figures 3 & 4 near here

The only parameters used as variables in the 'fitting' of the data points according to the
model were ky (for the egg yolk data) and kw (for the egg albumin data). These variables
obviously depend, among other things, on plasma protein binding, pKa-value and/or the
lipophilic affinity of a drug. The Table shows the values of ky and kw calculated from the fits.

These results show that where the value of kw (rate constant for deposition in egg-
albumin) is relatively constant, the values for ky (rate constant for deposition in egg-yolk) are
strongly drug related.

Limitations to the model
Egg production is not uniform with regard to development time, the number of oocytes in the
fast-growing stage, egg weight and the proportional weights of the yolk and albumin

(Laurencot et al., 1972). Therefore, in some cases the fixed values in the model (for example,
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10

the time point of maximum oocyte growth) may need to be regarded as variables and altered.
However, in studying a number of drugs using the same experimental conditions these values
could be considered constant. Also the data used did not allow the establishment of the exact
times of egg lay after dosing, and only rough estimates of the actual time-dependent course of
the plasma concentrations could be calculated, because the experimental data sets did not
focus specifically on all these aspects. Therefore, further experimental studiesfocusing on
these aspects, would help to further validate the model.

In conclusion, the model offers a generally-applicable tool that can be used to further
investigate the properties of a drug that determine its residues in eggs which is independent of

the physiological circumstances such as breed and egg production.
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Figure 2. Development of egg yolk according to the sigmoid-function described in equation

[3] using data from Geertsema et al. (1987).
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Figure 4. Simulation according to the model of the time dependent course of pyrimethamine

residues in egg albumin and yolk using data points from Blom (1975).
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258 Table. Values of ky and kw after fitting the data according to the model
Compound ky kw
Pyrimethamine 32 0.6
Sulphanilamide 1 0.7
Sulphaquinoxaline 0.3 0.3

259
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Figure 1: Schematic representation of the PBPK-model
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Figure 3. Simulation of the time dependent course of sulphanilamide residues in egg white

and yolk, using data from Blom (1975)
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