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ABSTRACT

The purpose of the present study was to examine the time dependence of oral
paracetamol (acetaminophen) bioavailability in an experimental model of spinal cord
injury (SCI). Female Sprague±Dawley rats were subjected to spinal cord contusion at
the T8±T9 level by the weight drop method producing permanent paraplegia. Oral
paracetamol bioavailability after administration of a single 100mgkg71 dose was
determined 1, 12, and 50 d after SCI. Cmax and AUC were signi®cantly decreased 1 d
after SCI compared to sham-injured controls. This reduction, however, was temporary,
as there was a recovery of bioavailability parameters which was partial 12 d after SCI,
being complete by day 50. The present results con®rm the usefulness of animal models
for the characterization of the e�ect of SCI in drug kinetics. Data show that SCI induces
signi®cant changes in paracetamol pharmacokinetics. Nonetheless, despite the fact of a
permanent loss of functions related to locomotion, pharmacokinetic alterations evolved
with time. &1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

It has been reported that the oral bioavailability of several drugs, such as
theophylline,1,2 paracetamol (acetaminophen),3 and dantrolene,1 is reduced in
patients with spinal cord injury (SCI) compared to able-bodied subjects.
Moreover, an impaired elimination in SCI patients has also been reported for
gentamicin,4 amikacin,5 lorazepam,6 and theophylline.7 Despite the evidence of
signi®cant pharmacokinetic alterations in SCI, the criteria and strategies for
optimizing drug therapy in this type of patient are seldom based on
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pharmacokinetic principles. Treatment strategies have been extrapolated, often
uncritically, from clinical experience in able-bodied individuals.1,2 It should be
mentioned, however, that the information dealing with pharmacokinetics in
SCI is considerably less clear than that for other patient populations. In fact,
the physiological disturbances involved are still far from being understood.1

Furthermore, it is highly possible that SCI-induced pharmacokinetic altera-
tions evolve with time, as it is well known that functional conditions are
continuously changing during the acute and subacute phases following the
lesion, until a stable chronic phase is achieved.8,9

It is di�cult to perform systematic studies in SCI patients due to an
important interindividual variability in injury extent and location. Hence,
experimental models appear to be the suitable alternative for the characteriza-
tion of pharmacokinetic alterations induced by SCI, as well as of the
physiopathological mechanisms implicated in these changes. Notwithstanding,
experimental pharmacokinetic studies are scarce, although several animal
models of SCI are available.10 We have demonstrated that cyclosporin-A
pharmacokinetics are altered during the acute phase following experimental
SCI in the rat. Notwithstanding, these alterations appear to revert once the
chronic stable phase is achieved.11 The mechanism involved in such changes
remains obscure, as the absorption and disposition of cyclosporin-A are
in¯uenced by a great number of factors.12 We have also recently observed that
oral paracetamol (acetaminophen) bioavailability is reduced during the acute
phase following SCI.13 The pharmacokinetics of paracetamol exhibit a less
complex pro®le than those of cyclosporin-A and the physiological factors
involved have been well characterized.14 Therefore, we decided to extend our
observations by studying oral paracetamol bioavailability during the acute,
subacute, and chronic phases following SCI.

METHODS

Animals

Female Sprague±Dawley rats (240±260 g) were used. Twelve hours before
drug administration food was withheld, but animals had free access to water.

Spinal cord injury

Animals were submitted to spinal cord contusion by the weight drop method
of Allen15 modi®ed for rats, as described previously.16 Brie¯y, animals were
anaesthetized with a mixture of ketamine (77´5mg kg71) and xylazine
hydrochloride (12´5mg kg71). Under aseptic conditions, a laminectomy was
performed at the T8±T9 level. Rats were then placed on a stereotaxic device
and a stainless steel cylinder weighing 15 g was dropped from a height of 4 cm
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through a guided tube onto the exposed dura. Once the presence of haematoma
on the dorsal aspect of the spinal cord was corroborated, the aponeurotic plane
and the skin were separately sutured with 5-0 nylon thread. Post-surgical care
was performed as described previously.16,17 Sham-injured controls were only
submitted to laminectomy at the same level.

Determination of paracetamol pharmacokinetics

A single oral paracetamol dose of 100mgkg71 suspended in 0´5%
carboxymethyl cellulose (4mLkg71) was given by gavage. 100±150 mL blood
samples were drawn from the caudal artery at 0, 5, 10, 15, 20, 30, 45, 60, 90,
120, 150, 180, and 240min after drug administration. The total blood volume
extracted did not exceed 2mL. Paracetamol concentration in whole blood was
determined by a high-performance liquid chromatographic (HPLC) procedure
developed in our laboratory.18 Brie¯y, 100 mL blood was spiked with 10 mg 2-
acetamidophenol (internal standard) and 100 mL water was added. Extraction
was carried out with 1mL ethyl acetate and the organic phase was transferred
to a clean tube. The solvent was evaporated to dryness under a gentle nitrogen
stream at 40 8C and the residue was redissolved in 100 mL mobile phase (vide
infra). Portions of 50 mL were injected into an HPLC system (model 5000,
Varian, Palo Alto, CA, U.S.A.) equipped with a 300mm64´6mm reversed-
phase column (MCH-10, Varian). The column was eluted with a mobile phase
consisting of a mixture of 0´02M phosphate bu�er (pH6´0) with acetonitrile,
92´5:7´5, at a constant ¯ow of 1´5mLmin71 at room temperature. The e�uent
from the column was monitorized spectrophotometrically at 245 nm. Retention
times were 5´1 and 9´1min for paracetamol and the internal standard
respectively.

Individual whole-blood paracetamol concentration against time curves were
constructed and the maximal concentration (Cmax) as well as the time to reach
this maximum (tmax) were directly determined from these plots. The area under
the curve (AUC0±4) was estimated by the trapezoidal rule.

Study design

The purpose of this work was to study oral paracetamol bioavailability
during the acute (necrotic), subacute, and chronic (stable) phases after SCI, i.e.
1, 12, and 50 d after experimental spinal cord contusion.

Four groups of eight rats each were studied. Animals in group 1 served as
controls and were only submitted to laminectomy, paracetamol bioavailability
being determined 24 h after the surgical procedure. Animals in groups 2±4 were
subjected to SCI and paracetamol bioavailability was determined 1, 12, and
50 d after lesion respectively. Comparisons between the control and the SCI
groups were performed by analysis of variance followed by the Newman±Keuls
test. Di�erences were considered to reach statistical signi®cance when p50´05.
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In order to examine whether time, by itself, had any signi®cant e�ect on
paracetamol bioavailability, an additional group of six rats was studied.
Animals in this group were subjected only to laminectomy and paracetamol
bioavailability was determined 50 d after the surgical procedure. The derived
parameters were compared to those obtained with the control group 1 (1 d after
laminectomy) by the Student t test for unpaired data. Di�erences were
considered to reach statistical signi®cance when p50´05.

Drugs and reagents

Paracetamol and 2-acetamidophenol were purchased from Sigma Chemical
Co. (St Louis, MO, U.S.A). Acetonitrile, chromatographic grade, was obtained
from E. Merck (Darmstadt, Germany). All other reagents were of analytical
grade. High-quality water, employed to prepare solutions, was obtained using
a Milli-Q Reagent Water System (Continental Waters Systems, El Paso, TX,
U.S.A.).

RESULTS

All animals exhibited normal locomotor activity before the initiation of the
study. One day after SCI, rats showed complete ¯accid paraplegia. There was a
partial recovery of locomotor function during the 50 d following SCI. Some
rats were able to support weight on hind limbs and to take one or two
uncoordinated steps, but no further improvement was achieved. These results
indicate that the produced lesion resulted in permanent paraplegia.10 On the
other hand, sham-injured animals exhibited normal walk once they recovered
from anaesthesia.

Whole-blood paracetamol concentrations observed with a single oral
100mgkg71 dose administered at various times after SCI and under control
conditions (1 d after laminectomy) are shown in Figure 1. It can be appreciated
that 1 d after SCI, paracetamol blood levels were importantly reduced
compared to those observed in sham-injured animals. By day 12 after SCI,
paracetamol concentrations exhibited a partial recovery, but still remained
reduced, whereas at day 50 circulating drug levels were similar to those of
control animals.

Oral paracetamol bioavailability was reduced by SCI, as indicated by the
fact that Cmax and AUC values were signi®cantly lower in animals studied 24 h
after lesion compared to sham-injured controls. Bioavailability, however,
appeared to exhibit a time-dependent recovery. At day 12, Cmax and AUC were
higher than those observed 24 h after SCI, but remained signi®cantly lower
than control values. By day 50, AUC and Cmax were similar to those observed
in sham-injured rats. Comparable tmax values were observed in all the studied
groups.
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Sham-injured rats which received the 100mg kg71 oral paracetamol dose
50 d after laminectomy exhibited circulating concentrations similar to those
observed in animals receiving the drug 1 d after the surgical procedure (Figure
2). Fifty days after laminectomy, Cmax and AUC were (mean�SEM)
114�15 mgmL71 and 135�8 mg hmL71 respectively, values which were not
signi®cantly di�erent from those obtained 1 d after laminectomy.

DISCUSSION

Although SCI is a catastrophic a�iction with numerous victims and a variety
of pathological manifestations, the associated physiological disorders have not
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Figure 1. Whole-blood paracetamol concentrations observed in female rats subjected to spinal
cord contusion which received a single 100mgkg71 oral dose: *, animals which received
paracetamol 1 d after injury; &, animals which received paracetamol 12 d after injury; !, animals
which received paracetamol 50 d after injury; *, sham-injured animals which received paracetamol

1 d after laminectomy. Data are presented as mean�SEM of eight rats

Table 1. Paracetamol bioavailability parameters in rats receiving a 100mgkg71 oral
dose at various times after spinal cord injury at the T8±T9 level and in sham-injured

animals. Data are expressed as mean�SEM (n=8)

Group Cmax (mgmL71) tmax (min) AUC0±4 (mg hmL71)

Sham-injured 127�13 14�1 111�8
1 d 60�34* 14�3 72�8*
12 d 83�22* 16�2 79�6*
50 d 117�39 11�2 93�8

*Signi®cantly di�erent from sham-injured animals, as determined by analysis of variance followed
by the Newman±Keuls test.



yet been systematically and comprehensively studied as a probable cause for
altered pharmacokinetics. SCI patients constitute an important therapeutic
population, as the reported annual incidence of this disability ranges between
20 and 40 per million persons.1 Notwithstanding, unlike other pathological
entities, such as renal and hepatic dysfunction, SCI patients seldom receive a
rationally designed drug therapy as a consequence of the lack of systematic
pharmacokinetic information. Morbidity and mortality rates after both
human19,20 and experimental17,21 SCI are high. Life-threatening complications
such as pneumonia, urinary tract infections, and infected pressure sores are
commonplace, mainly at the early stages of the lesion,20,22,23 despite the use of
standard pharmacological treatment. It is possible that such therapeutic
failures are due, at least in part, to unsuitable dosing strategies which do not
consider pharmacokinetic alterations in this patient population.

Since it is di�cult to perform systematic studies in patients, we have
undertaken the characterization of SCI-induced pharmacokinetic alterations
using a well-described experimental model, i.e. the contusion of the spinal cord
by the weight drop method in the rat.10,16 This model is of clinical relevance, as
it has been reported that it mimics several histopathological features of the
most frequent SCI observed in humans,10 which are due to acceleration-related
fracture/dislocation of the spine producing contusion or compression of the
spinal cord.19 Paracetamol was studied since there is clinical3 and experi-
mental13 evidence that the oral bioavailability of this drug is altered by SCI.
Oral paracetamol bioavailability has been used as a marker of gastric
emptying,24 as it has been demonstrated in both human25,26 and animal27

studies that its absorption directly depends on this physiological process. Since
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Figure 2. Whole-blood paracetamol concentrations observed in sham-injured female rats which
received a single 100mgkg71 oral dose: *, animals which received paracetamol 1 d after
laminectomy, n=8;&, animals which received paracetamol 50 d after laminectomy, n=6. Data are

presented as mean�SEM



clinical studies have shown that SCI patients present an impaired gastric
emptying,2,28,29 the characterization of oral paracetamol bioavailability can be
useful for understanding the evolution of gastrointestinal function during the
di�erent stages following SCI.

The present results con®rm our previous ®ndings on an important decrease
in oral paracetamol bioavailability in the 24 h following SCI, i.e. during the
acute necrotic phase.13 This reduction, however, appears to be temporary.
Twelve days after SCI, paracetamol circulating levels exhibited a partial
recovery, which was complete by day 50, i.e. during the chronic stable phase of
SCI. These data suggest that alterations in gastric emptying, unlike those
produced on the functions related to locomotion, were reversible in this
experimental model. Sham-injured animals studied 1 or 50 d after laminectomy
exhibited similar paracetamol bioavailability parameters, indicating that, in the
absence of SCI, a period of 50 d did not have any signi®cant e�ect on
paracetamol kinetics.

Clinical studies on oral drug bioavailability have been performed on patients
in the chronic phase of SCI.1 No information has been provided on the time
course of SCI-induced alterations on gastrointestinal motility or drug kinetics.
Furthermore, to our knowledge, no pharmacokinetic study has been
performed in patients during the acute phase of SCI. It has been reported
that the magnitude of gastrointestinal alterations related with drug absorption
appear to depend on the level and intensity of the lesion.28,29 The present results
obtained with paracetamol, as well as those previously reported for
cyclosporin-A,11 however, clearly demonstrate that the time elapsed after
SCI is also a signi®cant determinant of oral drug bioavailability.

It should be taken into consideration that SCI is not a static state. The
primary lesion produced by the mechanical trauma is followed by a secondary
lesion which increases the original neural damage. This has been attributed to
the presence of multiple endogenous toxic substances within the lesion area,8±10

as well as to a disruption of the microcirculation.30 Overlapping the
pathological processes following SCI, there are several reparative changes,
including scar formation16 and plasticity processes which include both the
central and autonomous nervous systems.31±33 As a consequence of these
reparative changes, a partial recovery of somatic and autonomic functions
occurs. This probably explains why, under the present experimental conditions,
although a permanent paraplegia was produced, alterations induced in
paracetamol absorption by SCI reverted with time.

As mentioned above, there have been few attempts at the design of rational
dosing regimens for SCI patients. Gilman and coworkers4 have used a
population approach to demonstrate pharmacokinetic di�erences between SCI
patients and able-bodied individuals. If our results obtained in the rat can be
extrapolated to the clinical setting, it could be expected that pharmacokinetic
parameters in SCI patients change as their physiological state evolves.
Therefore, in addition to the location and extent of the lesion, the time
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elapsed should be considered as a covariate for dosing individualization. The
development of population models will certainly yield an appropriate dosing
strategy for SCI patients. However, an adequate model construction requires a
minimal understanding of the numerous physiopathological factors
involved.4,34 Systematic animal studies will undoubtedly contribute to these
purposes.
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