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Altered dose-to-effect of propofol due to
pharmacokinetics in rats with experimental
diabetes mellitus

N. Leal, R. Calvo, F. Z. Agrad, J. C. Lukas, L. de La Fuente and E. Suarez

Abstract

Pathology related alterations in the pharmacokinetics or the pharmacodynamics of propofol could
contribute to the observed large variability in the hypnotic dose. We have tested the influence of
diabetes mellitus on the induction dose and the pharmacokinetics and pharmacodynamics of pro-
pofol in rats. Diabetes was induced in rats by administration of streptozotocin (60mgkg™', i.p.)
while control rats received vehicle intraperitoneally. All animals had glucose, cholesterol, triglycer-
ides and albumin levels measured. In-vitro protein binding was determined by ultrafiltration. Rats
were randomly split into set 1 (dose—concentration-effect study) with control and streptozotocin
rats, and set 2 (pharmacokinetic study), with control and streptozotocin rats. Rats in the effect set
received either a variable infusion of 6mgkg~"min~" propofol until onset (induction dose) of the
hypnotic effect (loss of the righting reflex), or a 15mgkg™" bolus to assess offset time (recovery of
the righting reflex). Blood (Cpjo0d) @and brain (Cpain) propofol concentrations at onset and offset
were assayed by HPLC. In the pharmacokinetic study, propofol was administered intravenously at
6mgkg~"min~" for 2min. Arterial blood samples were collected between 0.5 and 540 min and
assayed for propofol. A mixed effects compartmental pharmacokinetic modelling method
(NONMEM) was used to analyse the observations and variabilities. The dose necessary for onset
differed between streptozotocin and controls, and so did the pharmacokinetics with two- and three-
compartment descriptions, respectively. Cpiooq and Cprain at onset and offset were similar, possibly
rejecting changes in pharmacodynamics. The total and unbound volume of distribution was sig-
nificantly lower in the streptozotocin group with no differences in clearance (CL) between strepto-
zotocin and controls, (mean (inter-animal CV%)) CL=0.026 (17%) and 0.025 (62%) Lmin~",
respectively. Individual Bayes Vd (volume of distribution at steady state) were different, (mean
(s.d.)) Vdss=7.7 (2.67) and 1.11 (0.09) L, respectively. The pharmacokinetic model was validated by
comparison with the data from set 1. Simulations of total and unbound Cpj004, for both groups, at
the hypnotic dose for the controls, revealed differences throughout the time course of the pharma-
cokinetics. The difference observed in the induction dose of propofol to streptozotocin and control
rats was due to alterations in the pharmacokinetics, secondary to the pathology.

Introduction

Propofol is used widely in anaesthesia but, besides attempts to overcome variability in
the response, the identified covariate models based on e.g. body weight (Leslie &
Crankshaw 1991; Chassard et al 1996), patient’s age (Schnider etal 1999; Adachi et al
2001), sex (Vuyk etal 2001), rate of infusion (Stokes & Hutton 1991; Schnider et al
1998), coadministered drugs (Short & Chui 1991) or cardiac output (Adachi etal 2001),
still offer inadequate predictability. Part of this problem has been attributed to the
pharmacological properties of propofol. The drug shows extended compartmental
volumes of distribution, elevated total clearance, high binding to plasma proteins
(Altmayer etal 1995; Schuttler & Thmsen 2000), and delay between blood and effect-
site, which is typically explained via an equilibration rate (ko) (Kazama etal 1999;
Wakeling etal 1999).

However, many of these studies have been performed in healthy subjects, and thus
variability related to the presence of severe, or chronic illness has not been well
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addressed. Diabetes mellitus is known to be associated
with altered response of CNS acting drugs, such as mor-
phine (Simon & Dewey 1981; Simon etal 1981; Courteix
etal 1998), ethanol (Ohsawa & Kamei 1997) and diaze-
pam (Ramanathan etal 1998), but the causes of such
alteration have not been elucidated. It has been reported
that with diabetes mellitus drug pharmacokinetics can be
affected by changes in gastrointestinal absorption, an
increase in the glomerular filtration rate, altered activity
of metabolizing enzymes and also changes in plasma pro-
tein binding (Xiaotao & Hall 1995; Emami etal 1998).
Possible changes in the pharmacodynamic properties of
drugs, associated with diabetes mellitus, are even less
explored (Gwilt etal 1991; Gilbert etal 1998).

Changes in the in-vitro binding of propofol to plasma
protein, in patients with diabetes types 1 and 2, have been
related to disease dependent alterations in the biochemical
parameters (de la Fuente et al 2002). Two predictive models
were established to estimate the unbound fraction of pro-
pofol based either on lipoprotein serum concentrations, or
triglycerides and cholesterol. However, the importance of
binding changes in the pharmacokinetics or the response of
propofol under diabetes mellitus has not been determined.

In this study, we have explored the possible alterations
in the induction dose of propofol and in the pharmaco-
kinetics and pharmacodynamics in an experimental diabetes
rat model. Nonlinear mixed effects modelling was used for
optimum resolution of inter-animal and intergroup vari-
abilities in compartmental pharmacokinetics, using total
and unbound drug concentrations.

Materials and Methods

Chemicals and reagents

Propofol (Diprivan 1%) was obtained from AstraZeneca
(Madrid, Spain). Streptozotocin was obtained from Sigma
Chemical Co. (Barcelona, Spain). Chemicals for HPLC
analyses were of at least HPLC grade. All other reagents
and solvents were of analytical grade obtained from com-
mercial sources.

Animals and surgical procedures

The study protocol was approved by the Committee on
Animal Experimentation of the University of the Basque
Country.

Adult male Sprague Dawley rats (n=60) (250-300g)
were used. The rats were maintained under standard
laboratory conditions on a 12-h light/dark cycle with
light from 0800 to 2000h, in a temperature (21-22°C)
and humidity (70%) controlled room, and were accli-
mated. The day before the experiment, a polyethylene
catheter (i.d. 0.3 mm, 10-cm length; Vygon), filled with
heparinized saline (50 IU heparin/mL physiological saline
solution), was placed into the right carotid artery for blood
sampling and another polyethylene catheter was placed
and fixed into the right jugular vein to perform drug
administration. Rats were fasted overnight before the

experiment but water was freely available. Animals were
randomly distributed into control or streptozotocin sets.

Induction of diabetes mellitus

Experimental diabetes mellitus was induced by a single
intraperitoneal injection of 60mgkg™" streptozotocin
(Trancede etal 1983). Controls received vehicle intraper-
itoneally. The experimental diabetes mellitus model used
in this study has been widely employed to evaluate the
possible alterations in the pharmacokinetics and pharma-
codynamics of several drugs (Danhof etal 1985; Tanaka
etal 1993; Emami et al 1998). To confirm the disease state,
plasma glucose concentrations were measured four weeks
after injection of streptozotocin (the day before adminis-
tration of propofol). Rats were considered diabetic and
included in the study if their plasma glucose was greater
than 250mgdL~'. Plasma glucose, fasting cholesterol,
fasting triglycerides and fasting albumin concentrations
were determined using standard analytical methods.

Experimental protocol

Dose—concentration-effect study (effect study)

The total dose for onset of loss of the righting reflex (induc-
tion dose), defined as the ability of the animal to move the
extremities or the head upon application of pressure to the
tail with forceps (Gustafsson etal 1996; Danhof & Levy
1998), was determined in control (C,,; n = 10) and strepto-
zotocin (STZ,,; n=10) rats. Propofol was administered
intravenously at 6mgkg ' min~' until the endpoint. The
rats were then decapitated using a small animal guillotine
and samples of brain and blood taken immediately.

The time to effect offset (sleep time), defined as return of
the righting reflex or the ability of the animal to reposition
itself on four legs, was assessed in control (Cyer; n=7) and
streptozotocin (STZg; n = 5) rats post 15mgkg ™! propofol
bolus. Immediately at offset, rats were decapitated with the
small animal guillotine, and blood and brain samples
obtained. During the time that they remained dormant,
the rats were kept over an electric blanket at constant
temperature to avoid hypothermia.

Pharmacokinetics study

A control group (Cpx; n=28) and a streptozotocin group
(STZ,x; n=10) were used to study the pharmacokinetics.
All animals received the corresponding dose of propofol
as an infusion of 6mgkg 'min~' for 2min. Arterial
blood samples were collected at intervals from 0.5 to
540min post-dose (n=11) and placed in heparinized
tubes. Different volumes of blood were drawn (50-100 L)
to provide sufficient drug for detection. Blood was replaced
with an equal volume of saline. The maximum total amount
of blood withdrawn was 2mL per rat.

Propofol assays in blood, plasma and brain

Propofol levels in blood (Cpjooa), plasma (C,) and brain
(Cprain), from respective samples, were determined by
high-performance liquid chromatography (HPLC) with



fluorescence detection, according to a previously
described method (Chan & So 1990) with minor modifica-
tions (Zamacona et al 1998).

Propofol was extracted from blood and plasma sam-
ples by the two-step extraction procedure. Briefly, samples
(100 L, except for the 540-min time point with 200 uL)
were mixed with 10 L thymol, as internal standard
(8 pgmL ™" in methanol) and 1 mL NaH,PO,. The con-
tents of the vials were extracted with SmL cyclohexane
(2.5mL in each step) by shaking mechanically for 15 min
at 12revmin~' followed by centrifugation for 5min at
4500revmin~' at 4°C. The supernatant organic layer
was transferred carefully to a glass tube containing 50 uLL
ammonium tetramethylhydroxide (TMAH) solution
(25% TMAH in methanol with 2-propanol (7.5% v/v))
and was evaporated to dryness. The residue was reconsti-
tuted in the mobile phase and 50 uLL was injected into the
HPLC system for analysis. Detection was performed by
fluorescence (excitation and emission wavelengths were
276 and 310 nm, respectively). The mobile phase, a mix-
ture of acetonitrile, distilled water and glacial acetic acid
(60:40:1, v/v/v), was eluted at 2.5mLmin~' with a Nova-
Pack C;3 (100mm x 8 mm) reverse phase column. The
total run time for each sample was approximately 8 min.
The coefficient of variation was <10% in the concentra-
tion ranges encountered in the study and the lowest limit
of quantitation in blood and plasma samples was
0.020 ugmL ™! for the 100-xL samples.

The propofol assay in brain samples (0.2 g brain homo-
genized in 500 uL NaH,PO,) was performed according to
the same procedure described for blood and plasma. The
coefficient of variation was < 10% and the lowest limit of
quantitation in brain samples was 0.3 ugg '. The extrac-
tion recoveries from blood, plasma and brain homogenate
had (mean, range) 83.6% (75.8-87.8%), 81.1% (78.1-
84.2%), 55.3% (55.1-56.5%)), respectively, across a range
of concentrations and the corresponding standard curves.

Calibration curves for blood, plasma, and brain were
constructed on each experiment day.

In-vitro protein binding study

In-vitro plasma propofol binding was investigated in a
separate set of 10 rats, assigned randomly either to strep-
tozotocin (n=5) or control (n=35) groups. Plasma
(900 ©L), mixed with 10 ugmL™" propofol (previously
established within the order of therapeutic concentra-
tions), was transferred to Amicon Micropartition Units
(MPS-1). The devices contain a membrane filter of con-
trolled porosity with a 10 000-Da molecular weight cut-off
that retains plasma protein and allows free drug in solu-
tion to pass through. The MPS-1 was centrifuged at
3000 revmin ' for 8 min at 37°C. This procedure is con-
sidered as a reliable and relatively straightforward system
to use for separating the free propofol in the blood sample
from the protein-bound compound. The free propofol
concentration obtained as ultrafiltrate (C,) was measured
by direct injection in the HPLC system described above.
The lower limit of quantitation of propofol was
S5ngmL~".
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The unbound fraction percent in plasma (fu,) was
determined as:

fu, = (Cy/Cp) x 100 (1)

The unbound fraction in blood (fu) was estimated based
on fu,, scaled by the relation between Cyjo0q and C,, calcu-
lated from the effect study rats (BRP=XCyjo0q/ECp,
where XC is the sum from set 1 of all Cyjo0q and all Cp,
respectively).

fu = fu, x BRP (2)

Data analysis

Noncompartmental analysis was initially performed for
control and streptozotocin rat groups, for qualitative ana-
lysis of the two groups. The parameters examined were
systemic clearance (CL), mean residence time (MRT) and
steady state volume of distribution (Vdg) (WinNonlin 1.5,
Pharsight Inc., Mountain View, Palo Alto, CA).

Population (mixed effects) pharmacokinetic modelling
was used to obtain the statistical distribution for compart-
mental pharmacokinetic parameters for control and strep-
tozotocin rat groups (for both groups as a single population
and for each group apart). The method resolves the inter-
animal variability in the parameters as well as the residual
errors between observations and models (intra-animal),
facilitating robust comparisons, and also model validation
and simulation. Two- and three-compartment models were
applied with a Nonlinear Mixed Effects Modeling (popula-
tion) approach (NONMEM, Regents of the University of
California San Francisco, CA) using the first-order condi-
tional estimation (FOCE) method. The parameter distribu-
tions obtained from NONMEM were then used as Bayesian
priors to obtain the individual rat pharmacokinetic para-
meters (empirical Bayes parameter estimates).

The model for the j'" concentration measurement in the
i"™ individual was

Cij = (0, t;) + & (3)

where f(6;, tjj) was the fitted compartmental pharmacoki-
netic model, #; was the structural model parameters for the
i rat, t;j represented the time of the ™ concentration
measurement in the i™ rat, and eij was the residual or
unexplained difference between the model prediction and
the observed response. ¢;; was modelled as normally, inde-
pendently distributed with mean E[e;j]=0 and variance
Var[ei_i]:a2 f(0;, tij)z, so o was a constant coefficient of
variation (CV =s.d./mean).

The pharmacokinetics parameters for the i'" individual
(6;) were modelled as:

0, =8 x e (4)

where 0 represented the typical (similar to the mean) popula-
tion value for each parameter and 7g; was the corresponding
random effect (inter-animal parameter variability) arising
from the lognormal distribution LN(@, wy). This model
resulted in estimates of inter-animal variance (w”) that were
squared coefficients of variation for the parameters.
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Structural pharmacokinetics model selection was based
on several criteria: the NONMEM objective function
(minus twice the logarithm of the maximum likelihood,
—2LLD); standard errors for the parameter estimates;
the magnitude of the intra-individual variability; and the
visual inspection of plots of weighted residuals vs the
predicted variable.

Validation and simulation

The observed Cyjpoq in the C,,, and STZ,, rats (from the
effect study) were used for validation of the pharmacoki-
netic model (derived in the pharmacokinetic study).
Monte Carlo (MC) simulations (10000) were performed
for the expected Cyjooq time course and 95% confidence
interval (Clgse, = mean £ 1.96s.e.m.) for each of the doses
in the effect study. MC samples (a complete set of all
parameters) were first extracted from the population
parameter statistical distributions of the pharmacokinetics
model, as obtained from the pharmacokinetic study.
These parameters were then used to simulate the corre-
sponding time courses at the sampled time points. The
pharmacokinetic model was considered valid if a signifi-
cant range (Clyso,) of the C,, and STZ,, observations
were within the simulated range.

Mechanistic simulations (with no random component)
were performed for comparing single time course profiles
of total and unbound Cy,oq in the mean control and
streptozotocin rat, but after the same dose and up to
120 min. The simulated concentration time course was
for a 3.5-min propofol infusion dose of 6 mgkg ' min~',
using the population pharmacokinetic parameters.

Statistical analysis

Biochemical, and Bayes individualized pharmacokinetic
parameters were compared among groups with the z-test
at the P <0.05 level in SPSS (SPSS Inc., Chicago, IL).

Results

Table 1 contains the biochemical parameters of all
rats. The plasma concentration of glucose in strepto-
zotocin rats was significantly superior (P < 0.05) to con-
trols. There was no significant difference in the levels of

Table 1 Body weight and biochemical parameters in control and
experimental streptozotocin rats

Parameter Control group Streptozotocin

(n=30) group (n=30)
Body weight (g) 315.0+50.1 227.9+39.2*
Glucose (mgdL™") 140.7+41.4 612.5+190.6*
Fasting cholesterol (mgdL~") 95.8£17.9 87.0£27.5
Fasting triglycerides (mgdL™") 51.0+18.1 48.94+34.6
Fasting albumin (mgdL™") 35.5+£3.7 26.1 £6.5*

cholesterol and plasma triglycerides; nevertheless, there
was a reduction of albumin in the streptozotocin group
(P < 0.05). Body weight was different (P < 0.05) between
streptozotocin rats and controls despite the fact that both
groups were kept under the same conditions during the
same time period.

As observed in Table 2, the STZ,,, rats (effect study)
required a significantly (P < 0.05) smaller total dose, or
alternatively a constant infusion over significantly less
time, of propofol to reach the onset compared with con-
trol rats. The difference was independent of adjustment to
body weight. However, the Cyjooq and Cypain, Observed in
both groups at the onset endpoint, did not show signifi-
cant differences. The unbound fraction in blood was
higher in the streptozotocin group (P < 0.05).

After a fixed dose of propofol (bolus of 15mgkg "), the
time to reach the offset did not differ between the STZ ¢
and C, groups. At that time point, equilibrium with tissues
had been reached. The Cyjooq and Cypain, When comparing
two Cplood and two Cyain at onset and offset separately for
streptozotocin and controls, were not significantly different
between the two groups. Given that the Cy,,;, was different
from the actual biophase concentration (Ce) (due to inter-
nal disequilibrium within the fatty brain tissue), the onset
and offset values were not comparable. The above allows
rejection of a pharmacodynamic change.

The corresponding Cy0q values reached at onset were
higher than those measured at offset in both the control and
streptozotocin groups (Table 2). This revealed the existence,
in both groups, of a delay between Cyooq and effect site
concentration of similar magnitude (with nearly identical
differences between concentrations at onset). At offset the
same pharmacological effect was reached for all and at that
time equilibrium was necessarily reached (Table 2). The
same conclusion was reached based on Cy4ip-

The initial noncompartmental analysis showed differ-
ences in the Vdy for controls, which was three-times
higher than for streptozotocin and for MRT, four-times

Table 2 Pharmacodynamic study: dose, brain (Cy,,;,) and blood
(Cpiood) propofol concentrations at onset and offset of hypnotic
effect, in control and streptozotocin rats. The unbound fraction
percent (fu%) is listed

Control group Streptozotocin group

Onset

Dose (mg) 6.2+1.9 3.9+ 1.0%
Dose kg™! (mgkg™) 21.1+£4.8 17.442.5%
Chrain (ugg™h 35.0+8.7 38.0+15.6
Chiood (ngmL™1) 18.8+4.3 197472
Offset

Sleep time (min) 144+3.3 148 +2.3
Chrain (g2 " 43+1.0 3.440.1
Chlood (ngmL™") 3.6+1.3 40+0.8
fu (%) 0.9240.22 1.37+£0.57*

Values are mean +s.d. *Significantly different from control group
(P<0.05).

Values are mean +s.d. *Significantly different from control group
(P<0.05).




higher for the controls. There was no appreciable differ-
ence between CL for control and streptozotocin groups.
Overall two kinetic behaviours were observed. The AUC
values for control and streptozotocin did not show differ-
ences (129.6 vs 119.8 mgmin L™, respectively).

Subsequently, compartmental analysis of the indivi-
dual rat pharmacokinetics confirmed the different kinetic
behaviour between groups. The time course of Cyjp0q in the
controls was best modelled by three-compartment dispo-
sition kinetics, while the streptozotocin group adjusted
best to a two-compartment model. After observing this
dichotomy in the pharmacokinetics, a statistical distribu-
tion mixture model as implemented in NONMEM was
used when treating the two groups jointly, as a single
population. Mixture modelling allows the evaluation of
possible multi-modalities in the pharmacokinetic param-
eter distributions, partitioning the population into two (or
more) modes and specifying the relative frequency for
each mode. Large differences were observed in the central
and peripheral volumes of distribution in either two or
three-compartment models with nearly 50% partition into
the two modes of the population. Consequently, the two
groups were considered as samples from different popula-
tions and were analysed separately with mixed effects
modelling.

The typical population pharmacokinetics parameters (0)
and parameter and residual dispersion measures (w, o,
respectively) expressed as CV percent are listed in Table 3
for controls and streptozotocin rats. The population model
fits are overlaid on the observations in Figure 1 for both
groups (Figure 1A, controls and Figure 1B, streptozotocin).

The central volume of distribution (Vd;) and systemic
clearance (CL) were extensive in both groups. V, was higher
in the streptozotocin group, but this group lacked a third

Table 3 Population pharmacokinetics parameters () of propofol in
control (n=238) and experimental diabetes mellitus (streptozotocin)
rats (n=10) with standard errors of the estimates (s.e.e.). Intra-
individual (o) and inter-individual (w) variabilities are expressed as
coefficient of variation percent (CV%). Statistical comparison was
between model independent parameters, CL and Vdg The Vdg, and
its s.d. was calculated from empirical Bayes estimates of individual
rat parameters post population analysis. The model independent
parameters CL and Vdgs were compared between groups

Parameters Control group Streptozotocin group

6 (see) CV% @ (see) CV%
Vd, (L) 0.255  (0.024) 17.46 0.199 (0.030) 44.94
Vd, (L) 0.499  (0.091) 56.56  0.827  (0.131) -
Vd; (L) 6.32 (1.18) 3937 - - -
CL (Lmin~") 0.026  (0.001) 17.26  0.025  (0.005) 61.72%
Q> (Lmin~") 0.053  (0.009) 50.39 0.010  (0.002) 41.95
Qs (Lmin~") 0.028 (0.004) 3898 - - -
o (CV%) 9.52% 28.47% - 32.25% 33.65% -

Control group Vdss=Vd;+Vd,+Vd; =7.67+2.67L vs
streptozotocin group Vdss =Vd; +Vd,=1.11+0.09 L; P<0.0001.
*P=0.5.
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Figure 1 Time course of propofol blood concentration (Cpjood)
observations ([J) and best population fits (—) with a three-compart-
ment model for control rats (A) and a two-compartment model for
streptozotocin rats (B).

compartment. Vdsg was obtained as sums over empirical
Bayes (individual) volume estimates (Vdg=Vd;+ Vd,+
Vd; for controls and Vdg = Vd; + Vd, for streptozotocin).
Vd,s was again larger in the controls (P < 0.05), but there
were no significant differences in the population value of
CL between the populations (Table 3). The inter-animal
variability of clearance was much higher in the streptozo-
tocin group (17.26% in controls vs 61.72% in streptozoto-
cin). There was also a large difference between the residual
intra-individual variability between controls and streptozo-
tocin (9.52% vs 32.25%, respectively). The latter, as con-
firmed by the shape of the residual scatter, was related to
the variability in the structure of the pharmacokinetic
model within the streptozotocin population.

The Clgse, intervals for C,, and STZ,, observations
from the effect study were within the range of expected
concentrations after MC simulation from the pharmaco-
kinetic priors and for each of the doses in the effect study
group. As an example, the simulation for STZ,,, is shown
in Figure 2.

Table 4 lists the unbound compartmental pharmacoki-
netic parameters (means from empirical Bayes individual-
ization) corresponding to the unbound Cy;0q. The unbound
Vdg (Vdg,) was statistically different and lower in the strep-
tozotocin group. There was no difference in CL, between
the control and streptozotocin groups.

Figure 3 shows a mechanistic simulation of the mean
Chiood profiles (total, Figure 3A; unbound, Figure 3B) for
propofol in the control and streptozotocin groups after
the same dose (6 mgkg ' min~' for 3.5min: the mean dose
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Figure 2 Validation of the pharmacokinetic model in streptozoto-
cin rats. The expected mean Cy,o0q time course (—) and +95% interval
(- -) are shown. The time — Cyo0q pairs from the STZ,, (effect study)
are overlaid (e) with their Clgso, (x——x).

Table 4 Unbound pharmacokinetic parameters of propofol in
control and streptozotocin groups obtained by dividing empirical
Bayes parameter estimates by the fu. Statistical comparisons were
between model independent parameters (CL, and Vdg,)

Parameters Control group Streptozotocin group
Vd;, (L) 27.4+3.9 154+6.4

Vd,, (L) 61.7+30.2 65.5+—

Vds, (L) 7454290 -

CL, (Lmin™ ") 2.854+0.49 2.15+1.56™

Qs (Lmin™ 1) 591+2.63 0.83+0.29

Qs (Lmin™ 1) 3.62+1.34 -

Values are mean=+s.d. “P>0.05. Control Vdy,=8344+291 L vs
streptozotocin Vdg, =814+6 L; P<0.0001.

required for loss of righting reflex, onset in controls). The
corresponding total and unbound pharmacokinetic para-
meters were used. The concentrations were higher in the
streptozotocin rats early on, equalizing around 15-min
post-dose, and then later becoming smaller in the strepto-
zotocin group compared with the control group. This was
in agreement with the similar CL and AUC for the two
groups.

Discussion

The variability in the kinetics and dynamics of propofol
has been studied extensively in man, in attempts to explain
the observed wide range in the hypnotic dose of this drug.
Population methodologies have been used and have pro-
ven particularly useful in identifying some of the patient-
specific covariates involved in the pharmacokinetics and
pharmacodynamics, mainly sex, age, weight, cardiac output
and comedication (opioid analgesics and benzodiazepines)
(Kataria et al 1994; Schnider et al 1998; Schuttler & Thmsen
2000). Nevertheless, there are few studies (Knibbe etal

N
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Figure 3 Simulations of total (A) and unbound (B) propofol blood

concentration (Cpjooq) time course after a 3.5-min infusion of

6mgkg 'min~" in controls (-) and streptozotocin (---) rats. The

inserts are semilog plots of the same time course.

2002; Servin et al 2003) where this approach has been used
to resolve the variability in the dose or response of propofol
in pathologies, in man or in animal models. Here, we have
characterized the dose—concentration-effect at onset and
offset of propofol in controls and in rats with experimental
diabetes mellitus (streptozotocin rats), based on the proto-
col described by Danhof & Levy (1998), with the aim to
identify possible disease related changes.

Streptozotocin rats required a significantly lower dose
(or less infusion time) of propofol, compared with the
controls, to reach the same pharmacological effect. This
could be attributed to alterations in the pharmacokinetics
and/or the pharmacodynamics. However, the fact that
Chiood and Cpp,in measured at the time of loss of the right-
ing reflex (onset) were not different compared with the
controls suggested that there were no changes in the phar-
macodynamics, since a specific effect (onset of sleep) cor-
responded to a single concentration in blood or brain. In
the recovery of the righting reflex experiment (offset),
both controls and streptozotocin rats, receiving a fixed
dose of propofol (15mgkg~" bolus), also had offset at
similar Cyjooq and Cyain, although quantitatively different
to the corresponding value at onset. We recall that due to
the liposolubility of propofol Cy,in is in disequilibrium
with the concentration in the biophase, thus not coin-
cident, so the concentrations at onset and offset would not



be expected to be the same. At offset there was distribution
equilibrium between biophase, brain and blood, which con-
firmed the lack of disease-related alterations in the pharma-
codynamics. Interestingly, the sleep time to offset did not
differ between the two groups, apparently suggesting no
change in the pharmacokinetics. Nevertheless, since recov-
ery from hypnosis was achieved when a minimum Cy,joq Was
reached, this Cy,oq—0ffset could be reached at the same time
via two different kinetic yet intersecting concentration—time
courses.

Here, the Cy,jo0q measured at offset in the controls was
similar to that in blood (Cockshott etal 1992) or at the
effect site (De Paepe etal 2000, 2001). This concentration
was much lower than that required to produce onset,
which points to the lack of equilibrium between Cyjooq
and Cyaiy in both groups at induction; hence, the equili-
bration rate (keo) was also likely to have similar magni-
tudes in both groups.

At onset, the dose/Cypjo0q ratio (an indication of drug
distribution) was significantly less in the streptozotocin
animals, which suggested a change in the pharmaco-
kinetics. The kinetics were then studied in control and
streptozotocin groups after the same dose of propofol
(i.v., 6mgkg ' min~! over 2 min).

The time courses of propofol Cpjpeg, in animals from
both groups, differed (Figure 2). Noncompartmental
analysis showed appreciable Vdg but no difference in the
CL, hence neither in the AUC (CL=dose/AUC).
Preliminary individual rat pharmacokinetics fitted as well
as joint analysis of all observations, from streptozotocin
and controls, with population distribution mixture mod-
els, which also verified the existence of distinct pharmaco-
kinetic parameter distributions (populations), for the two
groups. Each group was subsequently treated as a separate
population.

In NONMEM, three-compartment representation
proved optimum for the controls while the pharmaco-
kinetics in streptozotocin rats corresponded to a two-
compartment description. Consequently, direct comparisons
were between model independent individual rat parameters
(CL, Vdg). In the control rats, central compartment
Vd,, was elevated (0.255L), exceeding extracellular water
volume (in a 250 grat, Vd; is 7.8 mL). Blood CL was high
also, close to the total hepatic flow of the rat (0.02 L min").
(Propofol is known to be a high extraction drug with a
hepatic extraction ratio of 1.) All pharmacokinetic param-
eters in the controls were in agreement with those described
in the literature (Cockshott etal 1992; Dutta etal 1998).
Additionally, we observed large inter-animal coefficients
of variation in some pharmacokinetic parameters (Q, and
Vd,), although for Vd,; (17.5%) and CL (17.3%) they were
less than those described by other authors for rats (Dutta
etal 1998).

The structural pharmacokinetic change in streptozoto-
cin rats reflected important alterations in the ADME
processes with respect to the controls, especially at distrib-
ution level, which could in principle be related to the
unbound fraction (fu).

The propofol fu in blood was 49% higher in strepto-
zotocin rats than in the controls, possibly related to the
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lower levels of albumin in streptozotocin. Modification of
drug binding in diabetes has been previously documented
and could be attributed to the quantitative alteration in
albumin and/or free fat acids, but also to a qualitative
alteration secondary to a process of glycosylation, as has
been suggested by Ruiz-Cabell6é & Erill (1984). However,
here, glycosylation of proteins was rejected as a possible
mechanism since the unbound fraction of propofol was
unaffected after a week-long incubation of plasma with
high levels of glucose (data not shown).

Changes in the binding of drugs to proteins could be an
important source of variability in the kinetics. Further, it
is accepted that an increase in the fu would result in an
increase of the therapeutic effect since the drug would be
more available in the biophase. Nevertheless, this general
principle may not be valid for all drugs since highly lipo-
soluble agents with CNS sites of action, like propofol, can
access these sites while bound to blood protein (Dutta
etal 1997).

In general, an increase in the fu leads to a proportional
increase in the volume of distribution (Vd), according to
the relation (Rowland & Tozer 1995) Vd =Vd, + Vd, fu/
fu,, where Vd,; and fu, are the volume and the unbound
fraction, respectively, in tissues, and Vd, is volume in
plasma. This is particularly so for drugs with a wide Vd
such as propofol. Nevertheless, this increase was not
observed in the streptozotocin rats, where paradoxically
both Vd and Vdg were reduced, possibly due to a reduc-
tion in the apparent space where the unbound drug was
assumed to distribute (Vd;, and Vdg,, the intrinsic para-
meters). Specifically, the Vdg, (comparable parameter)
was 10-times lower in streptozotocin. It was not unlikely
that this was associated with the pathology, independently
of the fu, for example due to a different distribution of
water/fat in body or microvasculature changes as suggested
earlier (Michel et al 1992; Preston & Epstein 1999). It was
the change in these intrinsic parameters (Vdg,) that was
the cause of the observed differences in the dose—effect
relationship between groups. Notably also, the weight-
corrected Vd values were still significantly different
between the groups, so the change in Vd was not related
solely to weight.

For dose adjustment, systemic CL was also important.
In diabetes, alterations exist in hepatic metabolism and
particularly conjugation (Vega etal 1993; Izumi etal
1997), although the final influence on CL depended on
the drug. Here, no significant difference was observed in
CL between streptozotocin animals and controls. This was
not surprising since for propofol the CL was higher than
the hepatic flow, hence independent of binding and of
intrinsic enzyme changes.

The validated pharmacokinetic parameters were used
to simulate the total and unbound Cyoq after the same
dose in the streptozotocin group and control group. The
resulting Cyo0q Values were above those in controls at the
initial times, where the hypnotic effect was usually
achieved. Here, the importance of characterizing the
total and unbound pharmacokinetics becomes evident,
even for drugs whose concentrations (total or unbound)
were not in instantaneous equilibrium with the biophase.
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Otherwise, the alterations in the kinetics would remain
largely unexplained.

Additionally, the study of combined pharmacokinetics
and pharmacodynamics can further explain paradoxical
observations in the effect vs time profiles, i.e. that besides
different pharmacokinetics, both populations recovered
from hypnosis at the same time and with similar Cyjooq.
Observing the kinetic profiles, a wrong conclusion regard-
ing duration of the effect would have been reached, which
would appear longer in the controls (Figure 1). Similarly,
the MRT, a parameter indicating the average residence
time for drug molecules in the body, was also different
between the two groups (41 min in streptozotocin group vs
260 min in the controls). This could again lead to a wrong
conclusion concerning time of sleep. Here, in the effect
study the Cyjp0q and the time at awakening was measured
and was similar in controls and the streptozotocin group.
Simulations of a fixed dose to a rat from each group
verified that at the time of awakening, both populations
had coincident concentrations (Figure 3).

In conclusion, the altered and less complex pharmaco-
kinetics of propofol in streptozotocin rats explained the
lower dose needed for induction of anaesthesia in these
rats. The study also pointed to the importance of perform-
ing both pharmacokinetics and pharmacodynamics for
obtaining an appropriate adjustment of the dose.

References

Adachi, Y. U., Watanabe, K., Higuchi, H., Satoh, T. (2001) The
determinants of propofol induction of anesthesia dose. Anesth.
Analg. 92: 656661

Altmayer, P., Biich, U., Biich, H. P. (1995) Propofol binding to
human blood proteins. Drug Res. 45: 1053—-1055

Chan, K., So, A. P. (1990) The measurement of propofol in
human blood samples by liquid chromatography. Methods
Find. Exp. Pharmacol. 12: 135-139

Chassard, D., Berrada, K., Bryssine, B., Guiraud, M., Bouletreau, P.
(1996) Influence of body compartments on propofol induction
dose in female patients. Acta Anaesthesiol. Scand. 90: 889891

Cockshott, I. D., Douglas, E. F., Plummer, G. F., Simons, P. J.
(1992) The pharmacokinetics of propofol in laboratory ani-
mals. Xenobiotica 22: 369-375

Courteix, C., Bourget, P., Caussade, F., Bardin, M., Coudore, F.,
Fialip, J., Eschalier, A. (1998) Is the reduced efficacy of morphine
in diabetic rats caused by alteration of opiate receptors or of
morphine pharmacokinetics? J. Pharmacol. Exp. Ther. 285: 63-70

Danhof, J. M., Hisaake, M., Levy, G. (1985) Kinetics of drug
action in disease states. Effect of experimental diabetes on
phenobarbital concentration in rats at onset of loss of righting
reflex. J. Pharmacol. Exp. Ther. 232: 435438

Danhof, M., Levy, G. (1998) Kinetics of drug action in disease
states. 1. Effect of infusion rate on phenobarbital concentrations
in serum, brain and cerebrospinal fluid of normal rats at onset of
loss of righting reflex. J. Pharmacol. Exp. Ther. 229: 44-50

de la Fuente, L., Lukas, J. C., Jaureguizar, N., Vazquez, J.,
Calvo, R., Suarez, E. (2002) Prediction of unbound propofol
concentrations in a diabetic population. Ther. Drug Monit. 24:
689—695

De Paepe, P., Belpaire, F. M., Rosseel, M. T., Hoey, G. V.,
Boon, P. A., Buylaert, M. D. (2000) Influence of hypovolemia

on the pharmacokinetics and the electroencephalographic
effect of propofol in the rat. Anesthesiology 93: 1482—-1490

De Paepe, P., Belpaire, F. M., Hoey, G. V., Boon, P. A,
Buylaert, M. D. (2001) The influence of endotoxemia on the
pharmacokinetics and the electroencephalographic effect of
propofol in the rat. J. Pharm. Sci. 92: 104114

Dutta, S., Matsumoto, Y., Gothgen, N. U., Ebling, W. F. (1997)
Concentration-EEG relationship of propofol in rats. J. Pharm.
Sci. 85: 37-43

Dutta, S., Matsumoto, Y., Muramatsu, A., Matsumoto, M.,
Fukuoka, M., Ebling, W. F. (1998) Steady-state propofol
brain: plasma and brain: blood partition coefficients and the
effect-site equilibration paradox. Br. J. Anesth. 81: 422-424

Emami, J., Pasutto, F. M., Jamali, F. (1998) Effect of experi-
mental diabetes mellitus and arthritis on the pharmacokinetics
of hydroxychloroquine enantiomers in rats. Pharm. Res. 15:
897-903

Gilbert, R., Cooper, M., Krum, H. (1998) Drug administration
in patients with diabetes mellitus. Drug Safety 18: 441-445

Gustafsson, L. L., Ebling, W. F., Osaki, E., Stanki, D. R. (1996)
Quantitation of depth of thiopental anesthesia in the rat.
Anesthesiology 84: 415427

Gwilt, P. R., Nahhas, R. R., Tracewell, W. G. (1991) The effects
of diabetes mellitus on pharmacokinetics and pharmacody-
namics in humans. Clin. Pharmacokinet. 20: 477-490

Izumi, T., Hosiyama, K., Enomoto, S., Sasahara, K., Sugiyama,
Y. (1997) Pharmacokinetics of troglitazone, an antidiabetic
agent: prediction of in vivo stereoselective sulfation and glu-
curonidation from in vitro data. J. Pharmacol. Exp. Ther. 280:
1392-1400

Kataria, B. K., Ved, S. A., Nicodemus, H. F., Hoy, G. R., Lea,
D., Dubois, M.Y., Mandema, J. W., Shafer, S. L. (1994) The
pharmacokinetics of propofol in children using three different
data analysis approaches. Anesthesiology 80: 104122

Kazama, T., Ikeda, K., Morita, K., Kikura, M., Doi, M., Ikeda, T.,
Kurita, T., Nakajima, Y. (1999) Comparison of the effect-site
(ke0)s of propofol for blood pressure and EEG bispectral index
in elderly and younger patients. Anesthesiology 90: 1517-1527

Knibbe, C. A., Zuiderveld, K. P., De Jongh, J., Kurks, P. F.,
Aarts, L. P., Danhof, M. (2002) Population pharmacokinetic
modeling of propofol for long-term sedation in critically ill
patients: a comparison between propofol 6% and 1%. Clin.
Pharmacol. Ther. 72: 670-684

Leslie, K., Crankshaw, D. P. (1991) Lean tissue mass is a useful
predictor of induction dose requirements for propofol.
Anaesth. Intensive Care 19: 57-60

Michel, A., Bonnet, P. A., Fernandez, J. P., Chambon, C., Doucet,
D. (1992) Pharmacokinetic study of gadolinium-DOTA in control
and streptozotocin diabetic rats. J. Pharm. Pharmacol. 44: 902-906

Ohsawa, M., Kamei, J. (1997) Pretreatment with the protein
kinase C activator phorbol 12,13-dibutyrate attenuates the
ethanol-induced loss of the righting reflex in mice: modifica-
tion by diabetes. Brain Res. 764: 244-248

Preston, R. A., Epstein, M. (1999) Effects of diabetes on cardio-
vascular drug metabolism. Diabetes Care 22: 982-987

Ramanathan, M., Jaiswal, A. K., Bhattacharya, S. K. (1998)
Differential effects of diazepam on anxiety in streptozotocin
induced diabetic and non-diabetic rats. Psychopharmacology
135: 361-367

Rowland, M., Tozer, T. N. (1995) Clinical pharmacokinetics.
concepts and applications. 3" edn, Williams & Wilkins,
Media PA, pp 137-155

Ruiz-Cabello, F., Erill, S. (1984) Abnormal serum protein bind-
ing of acidic drugs in diabetes mellitus. Clin. Pharmacol. Ther.
36: 691-695



Schnider, T., Minto, C. H., Gambus, P., Andersen, C., Goodale,
D., Shafer, S., Youns, E. (1998) The influence of method of
administration and covariates on the pharmacokinetics of
propofol on adult volunteers. Anesthesiology 88: 1170-1182

Schnider, T. W., Minto, C. F., Shafer, S. L., Gambus, P. L., Andresen,
C., Goodale, D. B., Youngs, E. J. (1999) The influence of age on
propofol pharmacodynamics. Anesthesiology 90: 1502-1516

Schuttler, J., Thmsen, H. (2000) Population pharmacokinetics of
propofol. Anesthesiology 92: 727-738

Servin, F. S., Bourgeois, B., Gomeni, R., Mentre, F., Farinotti,
R., Desmonts, J. M. (2003) Pharmacokinetics of propofol
administered by target-controlled infusion to alcoholic
patients. Anesthesiology 99: 576-585

Short, T. G., Chui, P. T. (1991) Propofol and midazolam act
synergistically in combination. Anesth. Analg. 72: 578-583

Simon, G. S., Dewey, W. (1981) Narcotics and diabetes. I. Effects
of streptozotocin-induced diabetes on the antinociceptive
potency of morphine. J. Pharmacol. Exp. Ther. 218: 318-323

Simon, G. S., Borzellece, J., Dewey, W. (1981) Narcotics and
diabetes. I1. Streptozotocin-induced diabetes selectively alters
the potency of certain analgesics. Mechanism of diabetes:
morphine interaction. J. Pharmacol. Exp. Ther. 218: 324-329

Stokes, D. N., Hutton, P. (1991) Rate-dependent induction
phenomena with propofol: implications for the relative
potency of intravenous anesthetics. Anesth. Analg. 72: 578-583

Propofol pharmacokinetics alteration in diabetic rats 325

Tanaka, Y., Sawamoto, T., Suzuku, A., Kimura, T. (1993)
Pharmacokinetics of zenarestat, an aldose reductase inhibitor,
in male and female diabetic rats. Drug Metab. Dispos. 21:
677-681

Trancede, G., Rousseau-Migneron, S., Nadeau, A. (1983) Long-
term changes in the diabetic state induced by different doses of
streptozotocin in rats. Br. J. Exp. Pathol. 64: 117-123

Vega, P., Gaule, C., Mancilla, J., del Villar, E. (1993)
Comparison of alloxan and streptozotocin induced diabetes
in rats: differential effects on microsomal drug metabolism.
Gen. Pharmacol. 24: 489495

Vuyk, K. J., Oostwonder, C. J., Vletter, A., Burm, A. G., Bovill,
J. G. (2001) Gender differences in the pharmacokinetics of
propofol in the elderly patients during and after continuous
infusion. Br. J. Anaesth. 86: 183—188

Wakeling, H., Zimmermen, J., Howel, S., Glass, P. (1999)
Targeting effect compartment or central compartment concen-
tration of propofol. What predicts loss of consciousness?
Anesthesiology 90: 92-97

Xiaotao, Q., Hall, S. D. (1995) Enantioselective effects of experi-
mental diabetes mellitus on the metabolism of ibuprofen.
J. Pharm. Exp. Ther. 274: 1192-1198

Zamacona, M. K., Suarez, E., Garcia, E., Aguirre, C., Calvo, R.
(1998) The significance of lipoproteins in serum binding vari-
ations of propofol. Anesth. Analg. 87: 11471151



