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Abstract To consider the role of the physico-chemical
properties of drugs in their post-mortem redistribution, we
designed the present study to investigate the influence of
lipophilicity using an experimental rabbit model. Three
beta-blockers (BB), atenolol, metoprolol and propranolol,
with a similar dissociation constant (pK,) and increasing
partition coefficient (K,) were administered intravenously
to 18 rabbits. One hour after the last administration, the
animals were killed by thiopental injection and placed in a
supine position at room temperature. Autopsies were per-
formed at 0, 2, 6, 12, 24 and 48 h post-mortem. Con-
centrations of the three BB were determined in fluids (right
and left cardiac blood, peripheral blood, urine, bile, stom-
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ach content, vitreous humour) and tissues (cardiac muscle,
lungs, liver, brain, diaphragm, iliopsoas muscle) using
a previously published, validated liquid chromatography—
electrospray—mass spectrometry method. Our results show
that lipophilicity influences post-mortem redistribution of
the molecules in a certain number of anatomical sites such
as the stomach, lungs, cardiac muscle, cardiac blood or
liver, but does not appear to intervene in other sites such as
the brain or the vitreous humour.

Keywords Beta-blockers - Post-mortem redistribution -
Lipophilicity - K, - Rabbits

Introduction

Variations in drug concentrations in the post-mortem pe-
riod lead to numerous difficulties in the interpretation of
results [1]. The redistribution mechanisms of xenobiotics
from reservoir organs (stomach, lungs, liver, cardiac
muscle) have been extensively described [2—7]. Similarly,
variations in concentrations related to cell lysis and pu-
trefaction have been the object of several studies [8, 9].
However, the influence of the physico-chemical and phar-
macokinetic parameters of xenobiotics is not well-known.
Only the influence of the volume of distribution (V) of a
molecule on its potential redistribution has been studied,
and the results tend to show that molecules with a wide Vg4
are those which are most intensely affected by post-mortem
redistribution because of their extensive tissue uptake [10].
These are generally weak, basic lipophilic drugs for which
a phenomenon of intracellular ion trapping intervenes [11,
12]. This has been extensively demonstrated for tricyclic
antidepressants, amphetamine and methamphetamine, and
digoxin [13—15]. According to Hilberg et al. [16], all mol-
ecules with a V4 equal to or greater than 3 L/kg are liable to
undergo post-mortem redistribution. However, this hypo-
thesis cannot account for the phenomena of redistribution
observed with all molecules. Indeed, several examples
demonstrate that the post-mortem site- and time-dependent
variations of drug concentrations are not systematically
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associated with molecules with a high apparent V4. Acet-
aminophen, which has a small apparent V4 of about 1 L/kg,
presents site- and time-dependent variations in post-
mortem blood levels, with higher concentrations in cardiac
than in femoral blood at each sampling time, and with an
increase in cardiac blood levels over time [17, 18]. The
opposite situation is illustrated by mirtazapine, a relatively
new antidepressant with basic and lipophilic properties and
an apparent Vy of 4.8 L/kg, which did not exhibit any
significant difference between cardiac and femoral post-
mortem blood concentrations, though it showed an increase
in liver concentrations [19-21]. It would thus seem that
the redistribution of a molecule must be interpreted in ac-
cordance with a range of physico-chemical and phar-
macokinetic parameters and not only as a function of its
lipophilicity and/or its Vy. If general rules governing these
phenomena could be defined, based on physico-chemical
and pharmacokinetic parameters, this would facilitate the
interpretation of post-mortem redistribution.

The aim of this work was to study the influence of the
partition coefficient (K,) on the post-mortem redistribution
in rabbits of three beta-blockers (BB) of toxicological in-
terest, namely, atenolol, metoprolol and propranolol, with
similar dissociation constant (pK,) and increasing K, [22].

Materials and methods

The principles of laboratory animal care (NIH publication
No. 85-23, revised 1985) were followed, and the study
protocol was approved by the Ethics Committee on Animal
Experimentation of the Medical Faculty, Mediterranean
University of Marseille (request number 28/02).

Animals

The animal model chosen was the rabbit, essentially for
two reasons. The first is that this animal has a gall bladder
and that bile is a medium of interest in medico-legal
toxicology, in particular for molecules with an enterohe-
patic cycle, which is the case for propranolol [23]. The
second reason is that the vitreous humour of the rabbit has
similar chemical characteristics to that of man [24].

Eighteen 12-week-old male New Zealand rabbits, with a
mean weight of 2200 g, were purchased from ESD (Bourg-
en-Bresse, France). They were housed individually in steel
cages under controlled environmental conditions, i.e. rel-
ative humidity of 55+5% and temperature of 22+2°C. Food
and water were available ad libitum.

Beta-blockers

Atenolol, metoprolol and propranolol were obtained as
pure substances from Sigma-Aldrich (Saint-Quentin Fal-
lavier, France). Their respective pK, and K|, values are
reported in Table 1.
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Table 1 Physico-chemical properties of the three beta-blockers [22]

Atenolol Metoprolol Propranolol
K, 0.01 0.18 5.39
pKa 9.60 9.68 9.45
Protein binding (%) <5 10 90
Va (Lkg) 0.7 4 4

K, partition coefficient, pK, dissociation constant, V4 volume of
distribution

Using dosing data found in the literature [25], increasing
doses were tested intravenously on rabbits: a 5-mg/kg non-
lethal dose was finally chosen. The mixture of the three BB
at the final concentration of 5 mg/mL was prepared by
dissolving 1.5 g of atenolol, metoprolol and propranolol
obtained as pure substances, with the addition of 2.1 g of
citric acid to make dissolution easier, in 300 mL of 0.9%
NaCl. This mixture was filtered and conditioned into sealed
vials under sterile conditions. The stability of this solution
was verified at room temperature for 30 days.

Experiments

Three sets of experiments were performed (Table 2). In
each experiment, six animals received the solution of the
three BB at 5 mg/kg i.v. via the ear marginal vein three
times in two days: the first day at 9.00 a.m. and 4.00 p.m.,
and the second day at 9.00 a.m. The animals were killed by
an injection of thiopental (150 mg/kg i.v.) 1 h after the last
administration to allow BB distribution. They were left in
the supine position at 20°C until autopsy was performed at
0,2, 6, 12, 24 and 48 post-mortem hours (one animal at a
time). Right and left cardiac blood samples were drawn
after clamping the inferior vena cava just above the
diaphragm. Peripheral blood was drawn from the infrarenal
inferior vena cava because the quantity of femoral venous
blood is too small to allow drug determination, especially
at late stages. Samples were also collected from the urine,
bile, stomach content, vitreous humour, right and left

Table 2 Study design

Day Time of injection Time of killing Sampling time
(post-mortem interval)

DO 0900 hours
1600 hours

D1 0900 hours 1000 hours 1000 hours  (TO)
1200 hours  (T2)
1600 hours  (T6)
2200 hours  (T12)

D2 1000 hours  (T24)

D3 1000 hours  (T48)

In each experiment (n=3), six animals received the solution of the
three beta-blockers at a dose of 5 mg/kg i.v. Post-mortem intervals
are expressed in hours
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ventricles of the heart, right apex, right base, left apex and
left base of the lungs, right and left lobes of the liver, brain,
diaphragm and iliopsoas muscle. The blood samples were
collected in tubes with 1% sodium fluoride. All samples
were stored at —20°C until analysis.

Analytical methods

Concentrations of the three BB were determined using a
previously published, fully validated liquid chromatogra-
phy—electrospray—mass spectrometry (LC—ES—MS) meth-
od [26]. Briefly, after addition of clenbuterol, a beta-agonist
used as internal standard, the samples were extracted from
2.0 mL of fluids or 200 mg of solid tissues by solid—liquid
extraction using Extrelut columns. Chromatographic sepa-
ration involved a Nucleosil C18, 5-um (150%1 mm i.d.)
column together with a gradient of acetonitrile in 2 mM, pH
3 ammonium formate. The compounds were ionised in the
electrospray source of the mass spectrometer, fragmented
by in-source collisions, and the fragment ions positively
detected selected ion-monitoring mode, targeting one quan-
titation and two confirmation ions per compound. The limit
of quantitation was 50 pg/L in blood, stomach content and
urine, 10 pg/L in the vitreous humour and 50 ng/g in tis-
sues. The technique was found to be linear between 50 and
5,000 ng/g in the heart and liver, between 50 and 5,000 pg/
L in urine extracts, between 1,000 and 50,000 ng/g in the
lung and kidney, and between 500 and 5,000 pug/L in the
stomach content; a quadratic equation best fitted the mea-
sured and theoretical concentrations in blood between 50
and 5,000 pug/L, as well as in the brain between 50 and
40,000 ng/g.

Data analysis

Statistical processing of the data was performed using non-
parametric tests (SPSS program V 11.0 for Windows). The
Kruskal-Wallis test was applied to compare the concentra-
tions of the three BB as a function of the post-mortem
interval. The Wilcoxon rank test was used for the analysis
of intra-individual differences in concentrations for each
BB between right cardiac blood, left cardiac blood and
peripheral blood, between right and left ventricles, right
and left apexes, right and left bases of lungs and finally
between diaphragm and iliopsoas muscle. The relation-
ships between these values were investigated with the
Spearman correlation test. For all tests, p values less than
0.05 were considered to be statistically significant.

Results

Measured concentrations are reported as mean+SD in
Table 3. No data were reported at 48 h in peripheral blood
as the sample volume obtained at this post-mortem interval
was too small, and data for 12 h in bile were not available
owing to a chromatographic run problem. Changes in

relative concentrations (ratio of measured concentration/
concentration at 0 h post-mortem) of the three BB in each
matrix are shown in Fig. 1a and b in ESM.

At 0 h post-mortem, the atenolol concentration in
peripheral blood was similar to the concentrations in the
other fluid or tissue sampling sites. For metoprolol, only
the concentrations in the lung apexes were higher than
those in peripheral blood. On the other hand, for propran-
olol, peripheral blood concentration was markedly lower
than the concentrations in cardiac blood and in the right and
left cardiac muscle, right and left lung apexes and bases,
brain, iliopsoas muscle and diaphragm.

In the various post-mortem intervals, atenolol, meto-
prolol and propranolol concentrations did not vary sig-
nificantly in the samples of right cardiac, left cardiac and
peripheral blood, with, however, a tendency to decrease,
which was followed by an increase after 2 h for left cardiac
and peripheral blood, and after 12 h for right cardiac blood.
These results cannot be compared with later samplings
because the three BB were not measured after 24 h in
peripheral blood owing to the small blood volume obtained.
Moreover, the Wilcoxon test showed no significant dif-
ference between the various blood compartments for each
BB. In the right cardiac muscle, the Kruskal-Wallis test
revealed a significant increase in propranolol (p=0.02), in
particular at longer post-mortem intervals, whereas atenolol
and metoprolol concentrations remained stable. In the left
cardiac muscle, concentrations of propranolol and meto-
prolol increased significantly (p=0.04 and 0.03, respec-
tively), with that of propranolol being more remarkable.
However, no significant difference was observed between
left and right cardiac muscle concentrations for the three
BB with the Wilcoxon test. In the lung, concentrations of
the three BB followed a similar course: atenolol concentra-
tions remained stable, whereas metoprolol and propranolol
concentrations decreased significantly (right lung apex:
p=0.02 and 0.01, respectively; right lung base: p=0.02 and
0.01, respectively; left lung apex: p=0.03 and 0.02, res-
pectively; left lung base: p=0.04 and 0.01, respectively).
The concentrations of each BB were similar between both
apexes and between both bases, but we observed signi-
ficantly higher concentrations of metoprolol and propran-
olol in the apexes than in the right (p=0.01 and 0.02,
respectively) and left bases (p=0.01 and 0.04, respectively),
with these concentrations being correlated for both the right
lung (7,=0.935 and 0.892; p=0.04 and 0.02, respectively,
for metoprolol and propranolol) and the left lung (7,=0.843
and 0.708; p=0.03 and 0.04, respectively, for metoprolol
and propranolol). In the stomach content, we observed no
statistically significant difference between the various sam-
pling times, although propranolol and, to a lesser extent,
metoprolol concentrations peaked at 2 h, followed by a
decrease until 12 h and then a new peak at 24 h. Atenolol
followed the opposite course. Results were similar in urine.
In both liver lobes, concentrations were similar and stable
over time, although propranolol tended to increase slightly.
In the vitreous humour, concentrations showed a non-
significant increase with time for propranolol and a sig-
nificant increase for metoprolol and atenolol (p=0.02 and
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0.03, respectively). In the brain, atenolol concentrations
tended to increase, whereas metoprolol and propranolol
remained stable. Concentrations in bile were difficult to
interpret because of the absence of measurement at 12 h.
However, there was a trend to decrease until 12 h, which
was greater for propranolol than for the other two BB.
Concentrations in the diaphragm and iliopsoas muscle
remained stable over time, but were significantly higher in
the diaphragm than in the iliopsoas muscle for the three BB
at all sampling times (p<0.001 for all three).

Discussion

Concentrations at 0 h post-mortem confirm that in vivo
distribution of these three BB is strongly influenced by
their lipophilicity, since for a similar pK,, propranolol (K,
of 5.39) accumulates in cardiac muscle, lungs, brain,
iliopsoas muscle and diaphragm, metoprolol (K}, of 0.18)
only shows accumulation in the lung apexes, and atenolol
(K, of 0.01) is homogeneously distributed in the various
sites (i.e. accumulates in none). These results suggest that
K, may be a better indicator of tissue distribution than V4
since propranolol, with a similar V4 and a higher K|, than
metoprolol, seems to accumulate more intensely in tissue
than the latter.

In cardiac muscle, the increase in concentrations of pro-
pranolol and metoprolol over time is likely due to redistri-
bution from the lungs and/or stomach content. Redistribution
from the lungs is suggested by a significant decrease in the
levels of these BB in the four lung sites. This phenomenon,
reported for lipophilic molecules, could occur either along
a concentration gradient or via the lung vessels [4, 5, 13].
Based on concentration diminution, redistribution would
be more intense from the lung bases than from the apexes,
as previously described [6]. The decline of propranolol
concentrations in the stomach content after 6 h also sug-
gests redistribution from this site towards cardiac muscle
because of the close anatomical relationship between the
latter and the stomach [2—4].

For cardiac blood, the early decrease of the three BB must
be discussed. To our knowledge, redistribution from cardiac
blood towards the surrounding tissues has not been described.
On the other hand, the possibility of agonal flow of cardiac
blood towards the large vessels has already been raised in
man after attempted resuscitation [7, 27] and in animals after
killing them using potassium chloride [28], which induces
ventricular fibrillation with cardiac arrest in diastole. How-
ever, it was not observed after the animals were killed using
thiopental [29]. The secondary increase in both the left and
right cardiac blood concentrations probably corresponds to
classic redistribution of basic lipophilic molecules from lung
parenchyma and/or cardiac muscle and/or stomach content
[30]. Diffusion mechanisms from the last two tissues men-
tioned are certainly predominant here as myocardial tissue
concentrations are higher than those in cardiac blood [31]. At
last, the fact that these variations were more marked for
propranolol than for the other two BB confirms the influence
of lipophilicity on these phenomena of redistribution.

In peripheral blood, interpretation of the concentrations
must take into account the following: the high standard
deviation values essentially linked to the difficulty of
drawing peripheral blood at late post-mortem intervals, on
the one hand; that samples were not taken from the femoral
vein, but from the inferior vena cava (once again because of
the small quantities of blood available), which implies a
reasoning in terms of anatomical relationships that is not
necessarily the same as that of the reference studies, on the
other. As was mentioned above, the most likely hypothesis
to explain the elevated concentrations in peripheral blood
from 2 to 12 h is the agonal flow of right cardiac blood. The
siphon effect during sampling, sometimes suggested in the
literature [28], seems very unlikely here as the inferior vena
cava was clamped before sampling. The hypothesis of re-
distribution from the liver parenchyma [32] is also improba-
ble here owing to the relative stability of liver parenchyma
concentrations. Moreover, the concomitant decrease in bile
concentrations may have contributed to the increased con-
centrations in peripheral venous blood, but the absence of
bile measurement at 12 h restricts its appreciation. It thus
appears that the variations of peripheral blood concen-
trations are not directly proportional to lipophilicity since
propranolol seems to change less markedly than atenolol
and metoprolol. Lastly, the fact that peripheral blood con-
centrations show non-negligible variations means that great
care should be taken when interpreting post-mortem blood
concentrations.

The presence of the three BB in the stomach content at 0 h
post-mortem, although the drugs were administered by
injection, can be explained by ante-mortem distribution.
The very early increase in propranolol and metoprolol con-
centrations is probably partly due to redistribution from the
liver parenchyma by transparietal diffusion, and partly by
bile release in the duodenum and regurgitation to the sto-
mach. The subsequent decrease in propranolol and meto-
prolol gastric concentrations could contribute to higher
levels in the liver and/or cardiac muscle [1, 3, 7]. Lastly, the
progressive increase in atenolol gastric concentrations
could reflect redistribution from the liver [32]. The mo-
lecules would thus behave differently according to their
lipophilicity.

In the liver, the slight increase in propranolol and meto-
prolol concentrations over time could be due to redist-
ribution from the stomach [1] or the gall bladder [33]. The
hypothesis of continued liver metabolism in the early post-
mortem period, as suggested for other molecules [34, 35],
seems rather unlikely here, as it would lead to decreased
concentrations of the parent molecules.

Interpretation of bile concentrations is difficult because
of the absence of measurement at 12 h. Atenolol, a hydro-
soluble molecule, presented high bile concentrations at 0 h
post-mortem, whereas propranolol, which undergoes en-
terohepatic cycling in man, was much less concentrated in
bile than the other two BB. These changes likely reflect
redistribution towards adjacent anatomical structures, espe-
cially the liver and inferior vena cava.

In urine, the variations observed are unquestionably
related to lipophilicity since atenolol concentration was



stable over time, while propranolol and metoprolol varied
according to the post-mortem intervals. Moreover, the ion-
trapping phenomenon could play a part in the accumulation
of these basic compounds in this acidic environment during
the first 48 h [12].

Concentrations in the two muscular compartments re-
mained stable over time, as described for other substances
[36, 37], but the concentrations in the diaphragm were
significantly higher than those in the iliopsoas muscle at all
sampling times for the three BB. These differences could
arise either from the fact that the blood flow to the dia-
phragm is greater than that to the peripheral muscles, or
from redistribution from the lungs, stomach content or liver
towards the diaphragm [1, 7, 32]. Here, a redistribution
mechanism (probably from lung bases) depending on
lipophilicity is suggested by the tendency of propranolol
concentrations to increase in the diaphragm, while atenolol
and metoprolol levels became stable after 2 h post-mortem.

In the vitreous humour, metoprolol and atenolol concen-
trations increased significantly while propranolol concen-
trations rose only slightly, suggesting a negative relation
with lipophilicity at this site, as previously described [24].
A contrario, the absence of post-mortem redistribution of
ethanol in the vitreous humour does not support the hy-
pothesis of preferential redistribution of more hydrosoluble
molecules [38]. The hypothesis of redistribution via the
airways and then the nasopharynx, skull base and eye
globe, which has been proposed for liposoluble molecules,
such as MDMA, as well as for ethanol [37], cannot explain
the difference of behaviour between the three BB.

In the brain, atenolol concentrations increased signifi-
cantly whereas metoprolol and propranolol concentrations
remained stable. In vivo, only a very small fraction of the
hydrosoluble atenolol crosses the blood—brain barrier,
whereas metoprolol and propranolol, which are liposolu-
ble, cross it readily [10, 22], as confirmed by the relative
concentrations of the three BB in the brain at 0 h post-
mortem. This is consistent with the finding that post-
mortem diffusion into the brain only concerned the most
hydrosoluble molecule. Finally, although the brain could
be used to estimate the post-mortem interval [39], the
increase in concentration of the three BB indicates that this
matrix would not represent an interesting alternative matrix
for post-mortem BB measurement.

Conclusion

In conclusion, this study confirms that the lipophilicity of a
molecule is not the only predictive factor of its post-
mortem redistribution and suggests that this parameter
must be considered according to the anatomical sampling
site. While it clearly appears that molecular lipophilicity
influences post-mortem redistribution in the thoracic—
abdominal compartment consisting of the stomach, lungs,
cardiac muscle, cardiac blood, liver and diaphragm, its
contribution is much less clear in other sectors and tissues
such as peripheral blood, skeletal muscle, brain and vitre-
ous humour. Moreover, the finding that propranolol under-
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goes larger variations than metoprolol (which has a lower
partition coefficient but a similar volume of distribution) in
the thoracic—abdominal compartment suggests that drug
redistribution would be more influenced by the partition
coefficient than by the volume of distribution. Indeed, these
results lead us to reconsider the generally accepted notion
that post-mortem redistribution mainly concerns the mole-
cules with a V4 of more than 3 L/kg [16]. Lastly and more
generally, they underline the difficulty of interpreting these
redistribution phenomena.
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