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injection of its water-soluble prodrug alone or with
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Background and purpose: The aim of this study was to assess the relative bioavailability of diazepam after administration of
diazepam itself or as a water-soluble prodrug, avizafone, in humans.
Experimental approach: The study was conducted in an open, randomized, single-dose, three-way, cross-over design. Each
subject received intramuscular injections of avizafone (20 mg), diazepam (11.3 mg) or avizafone (20 mg) combined with
atropine (2 mg) and pralidoxime (350 mg) using a bi-compartmental auto-injector (AIBC). Plasma concentrations of diazepam
were quantified using a validated LC/MS–MS assay, and were analysed by both a non-compartmental approach and by
compartmental modelling.
Key results: The maximum concentration (Cmax) of diazepam after avizafone injection was higher than that obtained after
injection of diazepam itself (231 vs. 148 ng·mL-1), while area under the curve (AUC) values were equal. Diazepam concen-
trations reached their maximal value faster after injection of avizafone. Injection of avizafone with atropine–pralidoxime (AIBC)
had no effect on diazepam Cmax and AUC, but the time to Cmax was increased, relative to avizafone injected alone. According
to the Akaike criterion, the pharmacokinetics of diazepam after injection as a prodrug was best described as a two-
compartment with zero-order absorption model. When atropine and pralidoxime were injected with avizafone, the best
pharmacokinetic model was a two-compartment with a first-order absorption model.
Conclusion and implications: Diazepam had a faster entry to the general circulation and achieved higher Cmax after injection
of prodrug than after the parent drug. Administration of avizafone in combination with atropine and pralidoxime by AIBC had
no significant effect on diazepam AUC and Cmax.
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Introduction

Organophosphates are extensively used around the world as
agricultural insecticides and have an important toxicity
which is a serious global public health problem, with more
than 3 million poisonings and numerous deaths reported per
year. They are highly neurotoxic agents and as such have a

potential use as weapons. They act by irreversible inhibition
of acetylcholinesterase, the enzyme that hydrolyses acetyl-
choline. A rapid accumulation of this neurotransmitter
within the synaptic cleft, at muscarinic and nicotinic recep-
tors, causes intense post-synaptic cholinergic stimulation.
The toxic signs include hypersecretion, respiratory distress,
tremor, seizures/convulsions, coma and death (Hardman and
Limbird, 2001; Wetherell et al., 2007). The increased cholin-
ergic activity in the brain most likely induces the initial phase
of seizures, whereas sustained seizures are probably linked to
increased glutamatergic activity leading to excitotoxic lesions
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predominantly in piriform cortex, entorhinal cortex,
amygdala and hippocampus (Carpentier et al., 1991; Lalle-
ment et al., 1992; McDonough et al., 1995; McDonough and
Shih, 1997).

Administration of the muscarinic antagonist, atropine,
soon after exposure (<5 min) can prevent or stop convulsions,
but this antagonist cannot stop them once they are estab-
lished (McDonough and Shih, 1997; Taysse et al., 2006). Use
of glutamatergic antagonists has been partly successful, and
non-competitive N-methyl-D-aspartate antagonists are able to
terminate seizures even if treatment is delayed for 40 min.
However, such agents have severe side effects on respiration
(Shih, 1990; Shih et al., 1991; McDonough and Shih, 1993;
Carpentier et al., 1994). Glutamatergic activity may also be
reduced by enhancing the inhibitory GABAergic function. It
has been shown that the GABAergic agonist, diazepam, can
stop seizures if injected after 5–10 min after their occurrence.
Later administration of diazepam has unreliable effects, inas-
much as seizures can recur and only an incomplete neuropro-
tection is achieved (McDonough and Shih, 1997).

Reactivation of inhibited acetylcholinesterase is considered
to be an important element in post-exposure treatment. Bis-
pyridinium oximes can reactivate the phosphorylated
enzyme if they are administered prior to the change from
‘reactivatable’ to the ‘unreactivatable’ state, a process referred
to as ‘ageing’. The oximes, pralidoxime and obidoxime, have
been widely used in this type of intoxication (Wetherell et al.,
2007).

The use of a benzodiazepine such as diazepam reduces the
severity of organophosphate (soman)-induced convulsions,
and prevents or reduces subsequent neuropathology (Lipp
and Dola, 1980; Hayward et al., 1990; Lallement et al., 2000,
2004; Eddleston et al., 2008). As diazepam is not water
soluble, an organic solvent has to be incorporated into the
formulation of the triple injection solution. This lack of water
solubility limits the value of diazepam given by i.m. injection
when pharmacologically effective blood levels are required to
be attained rapidly. Moreover, as argued by Maidment and
Upshall (1990), the injection solvent used for diazepam is
likely to slow the absorption of this drug from the injection
site. In order to achieve a rapid onset and to reduce the
inter-individual variability, the strategy of developing
a prodrug of diazepam was pursued. The water-soluble
prodrug, pro-diazepam (avizafone, or lysyl peptido-amino-
benzophenone diazepam) has been developed to be one
component in an aqueous drug mixture with atropine and
pralidoxime for the therapy of nerve agent poisoning.
Avizafone in vivo undergoes a rapid hydrolysis by an ami-
nopeptidase to give lysine and diazepam (Maidment and
Upshall, 1990; Breton et al., 2006). The half-life of conversion
of avizafone to diazepam varies from 2.7 to 4.2 min in
monkeys and humans, respectively (Maidment and Upshall,
1990). One study, conducted in primates, showed that the
relative bioavailability of diazepam differed when either
avizafone (prodrug) or diazepam (parent drug) was injected
(Lallement et al., 2000).

However, no study has been published evaluating the
relative bioavailability of diazepam after i.m. injection of
avizafone, alone or in combination with atropine and prali-
doxime, in humans.

The aims of the present study were thus to assess the rela-
tive bioavailability of diazepam after the i.m. injection of
avizafone in healthy volunteers, and to determine the effect
of atropine and pralidoxime on avizafone biotransformation
after injection of the combination avizafone–atropine–
pralidoxime using the auto-injector under development.

Methods

Study design
The study was conducted in an open, randomized, single-
dose, three-way, cross-over design with a 3 week wash-out
period between the treatments, and was carried out at a single
centre: Aster S.A.S. Paris, France.

Twenty healthy adult male volunteers aged between 18 and
45 years (29.7 � 6.3 years, mean � SD) were included in the
clinical study. All subjects have given written informed
consent, and the Ethics Committee has approved the clinical
protocol. All volunteers were assessed as healthy based on
medical history, clinical examination, blood pressure, electro-
cardiogram (ECG) and laboratory investigation. There was no
individual with either a history or an evidence of hepatic,
renal, gastrointestinal and haematological abnormalities, or
any acute/chronic disease or drug allergy.

Each subject received the following treatments by i.m.
injection: 20 mg of avizafone chlorhydrate (Pharmacie cen-
trale des armées, Orléans, France), 11.3 mg of diazepam
(Valium, Roche, France) and 20 mg of avizafone chlorhydrate
combined with 2 mg of atropine sulphate and 350 mg of
pralidoxime methyl sulphate (Pharmacie centrale des armées)
using the bi-compartmental auto-injector (AIBC). This device,
AIBC, contained in the first compartment, the three compo-
nents in a lyophilised form and, in the second compartment,
2.5 mL of water for injection.

Safety assessments included vital signs (supine and stand-
ing systolic and diastolic blood pressure and pulse), a physical
examination, a 12-lead ECG and adverse events.

Blood samples were collected before i.m. injection, and
0.0833, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, 48, 72,
96, 120 and 168 h after treatment. The blood samples were
centrifuged, and plasma was separated and stored at -80°C
until drug assay.

In order to determine diazepam concentrations, protein
precipitation was carried out using 150 mL of acetonitrile con-
taining diazepam D5 as internal standard. The samples were
vortex-mixed and then centrifuged. The supernatants were
transferred to micro-vials, and 10 mL was injected into the
chromatographic system. The samples were analysed by
reversed-phase high-performance liquid chromatography
using a C-8 X-Terra column (Waters, Saint Quentin en Yve-
lines, France) maintained at 40°C. The mobile phase was
nebulized using an electrospray source, and the ionized com-
pounds were detected using a triple quadrupole mass spec-
trometer (Abbara et al., 2008).

Calibration curves were linear over the range
1–500 ng·mL-1, with regression coefficient R2 � 0.99. Based on
quality control samples, the overall relative standard devia-
tion was less than 12%. The overall relative error was less than
10%. The lower limit of quantification was 1 ng·mL-1.
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Data analysis
Non-compartmental approach. The non-compartmental
model independent analysis was performed using WinNon-
Lin Pro v.4.1 (Pharsight Corporation, Mountain View, CA,
USA). For each subject, data corresponding to three treat-
ments were analysed separately. Data were used to estimate
individual maximal concentration (Cmax) and time necessary
to reach maximal concentration (tmax). In addition, for each
treatment the elimination rate constant (Ke), and the area
under the concentration–time curve (AUC) were estimated. Ke

was estimated as the slope of the log-linear terminal portion
of the plasma concentration versus time curve, determined
using unweighted linear least square regression analysis. The
best number of concentrations was chosen as that giving the
highest coefficient of determination, as recommended. AUC
was computed from 0 to 168 h using the log-linear trapezoi-
dal method and extrapolated to infinity using the equation
AUC0–• = AUC0–t + Clast/Ke, where Clast is the last quantified
concentration above the lower limit of quantification.

Additionally, from these estimated parameters, terminal
elimination half-life after each treatment was derived as t1/2 =
ln2/Ke.

Two parameters, AUC and Cmax, were then compared using
the two one-sided t-test approach, which is also referred to as
the confidence interval approach or Schuirmann test.

The 90% confidence limits are estimated for the sample
means. The interval estimate is based on a Student’s distribu-
tion of data. In this test, a 90% confidence interval about the
ratio of pharmacokinetic parameter means of the two drug
products must be within �20% for measurement of the rate
(Cmax) and extent of drug bioavailability.

This approach was performed on the log-transformed AUC
and Cmax values. The tmax were then compared using a
non-parametric test (Wilcoxon test).

Compartmental modelling approach. Pharmacokinetic models
used. The models compared in this study are standard Win-
NonLin models. In order to describe the absorption after the
i.m. injection, two absorption kinetic models were compared.
First, the two-compartment model with first-order absorption
and elimination rates described by the equation:
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where Ka is the absorption rate constant; D is the dose admin-
istered by i.m. injection; F is the fraction of drug absorbed; a
and b are constants that depend solely on K12, K21 (transfer
constants between compartments 1 and 2) and Ke (elimina-
tion constant); and Vc is the volume of distribution in the
central compartment.

The second model was a two-compartment model with
zero-order absorption rate and first-order elimination rate,
and was described by the equation:
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where T represents the duration of absorption; D is the dose
administered by i.m. injection; F is the fraction of drug
absorbed; a and b are constants that depend solely on K12, K21

(transfer constants between compartments 1 and 2) and Ke

(elimination constant); and Vc is the volume of distribution in
the central compartment.

Method of estimation. The initial estimates of the pharma-
cokinetic parameters were computed by WinNonLin using
curve stripping.

The pharmacokinetic parameters were Vc, Ke, K12, K21 and an
absorption parameter Ka in the case of first-order absorption.
In the case of zero-order absorption, T was fixed and deter-
mined as time necessary to reach the maximal concentration
and that for each subject and each treatment individually.

From these parameters, several derived pharmacokinetic
parameters were computed: AUC, time needed to reach
maximal concentration tmax and maximal concentration Cmax.
For each concentration, an additional error was assumed
arising from a zero mean Gaussian distribution, with a het-
eroscedastic variance. Errors on two different concentrations
were assumed to be uncorrelated. The error included: error of
the analytical method and error inherent to the pharmacoki-
netic model. The Gauss–Newton method with Levenberg
modification was used to provide the ‘least square’ estimates.
Data were weighted using a constant coefficient of variation
error model based on model-predicted plasma concentration
1/ŷ2.

Comparison of models. The Akaike information criterion
(AIC) was used to identify the best combination of models,
because the first-order and the zero-order absorption models
are not nested. This criterion can be viewed as the sum of a
measure of the goodness of fit, and of a penalty function
proportional to the number of estimated parameters in the
model. For each combination of models, the criterion for all
subjects was computed. The combination of models with the
smallest AIC is the most adequate according to the parsimony
principle.

Results

Non-compartmental approach
Plasma diazepam concentrations were quantified after i.m.
administration of three treatments: avizafone alone, diaz-
epam alone and avizafone with atropine and pralidoxime
using the AIBC device with a 3 week wash-out period. The
mean plasma concentrations of diazepam, obtained after the
three different treatments, are plotted in Figure 1.

Table 1 shows the main and derived pharmacokinetic
parameters of diazepam obtained after a non-compartmental
analysis of the data for the three treatments.
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The results regarding the relative bioavailability of diaz-
epam after the three treatments are summarized in Table 2.
The Cmax of diazepam liberated from avizafone was signifi-
cantly greater than that obtained after the administration of
an equimolar dose of diazepam, while the AUC values were
very similar. Diazepam concentrations reached their maximal
value earlier (shorter tmax) when it was injected as a prodrug
(P < 0.001).

The co-administration of atropine and pralidoxime with
avizafone seemed to decrease diazepam Cmax and its AUC. The
application of Schuirmann test showed that, for these two
parameters, the 90% confidence interval was still in the range
0.80–1.25. Diazepam concentrations reached their maximal
value earlier when avizafone was injected alone, compared to
AIBC injection (P = 0.008).

Compartmental modelling approach
On a log scale, data appeared to exhibit a bi-exponential
decline and that describes the sum of two first-order
processes: distribution and elimination. Hence, two-
compartment open models were studied in order to describe
the pharmacokinetics of diazepam after the three treatments.

For each combination of models, individual fittings of data
after the three treatments were obtained. Figure 2 shows the
pharmacokinetic curve fitted by the model for a typical
subject. In this figure, the comparison between observed and
predicted concentrations confirmed the bi-exponential elimi-
nation suggested by the data.

After the administration of avizafone alone, diazepam peak
concentrations were better predicted by a zero-order absorp-
tion model than by a first-order absorption model. However,
when avizafone was administered with atropine and prali-
doxime, the diazepam peak concentrations were better pre-
dicted by a first-order absorption model. This model also
described, with a good fit, the diazepam peak concentrations
after i.m. administration of diazepam.

These graphical results were confirmed by the AIC for all
subjects and are summarized in Table 3, and that for both
absorption orders after the three treatments. Thus, the phar-
macokinetics of diazepam liberation from its prodrug could
be described by a two-compartment open model with zero-
order absorption, but when the prodrug was administered
with atropine and pralidoxime, the pharmacokinetics were
better described by a two-compartment open model with
first-order absorption.

For the chosen models, no trend was noticed in the plots of
standardized residuals against predicted concentrations or
against time. The pharmacokinetic parameters estimated with
the iterative reweighted least square method are summarized
in Table 4. The standard errors of individual estimates were
also obtained, except for the time of absorption T in the
model with zero-order absorption, which was fixed and deter-
mined as the tmax estimated using the non-compartmental
approach.

From the estimated pharmacokinetic parameters, AUC and
Cmax were derived for the three treatments, while tmax was
derived only for two treatments: diazepam and AIBC
(avizafone in combination with atropine and pralidoxime)
(Table 4). The results obtained after this analysis appear to
be in agreement with those obtained after the non-
compartmental analysis. They confirmed the faster entry of
diazepam into the general circulation and its higher maximal
concentration after avizafone injection, compared to those
after injection of diazepam itself.

Discussion

This was the first study in humans aiming to determine the
pharmacokinetic parameters of the hydrolysis of avizafone, a
prodrug, into diazepam, the parent drug, after i.m. adminis-
tration either alone or in combination with atropine and
pralidoxime.

Therefore, a non-compartmental approach and a compart-
mental modelling analysis were performed. As the three treat-
ments were given within a 3 week period, inter-occasion

A

B

C

Figure 1 Mean pharmacokinetic profile of diazepam after the intra-
muscular administration of avizafone alone (A), diazepam alone (B)
and avizafone with atropine and pralidoxime using the
bi-compartmental auto-injector (C).
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variability in the pharmacokinetic parameters has been taken
into account, with the assumption that plasma clearance
remains constant (Rowland, 1980). In a non-compartmental
approach, kinetics after different treatments are always analy-
sed separately, and individual pharmacokinetic parameters
are estimated for each period of treatment. In a compartmen-
tal modelling approach, inter-occasion variability can be
modelled using a random effect model. In the compartmental
modelling part of this study, in order to take into account the
inter-occasion variability without modelling it, the three
kinetics after each treatment administration were modelled
separately. As mentioned earlier, the non-compartmental
analysis followed by the confidence interval approach (FDA
2001), showed that the appearance of diazepam in plasma
was achieved earlier and at higher concentrations after
avizafone i.m. administration, than after the i.m. administra-
tion of an equimolar dose of diazepam, while the total expo-
sure to diazepam, measured by AUC, was the same when
diazepam was injected directly or as a prodrug.

High inter-individual variability was observed for absorp-
tion parameters (Cmax and tmax) after i.m. injection of diaz-

epam. This variability could be explained by the use of an
organic injection solvent with diazepam. This solvent slows
diazepam absorption which results in a large variability in
plasma concentrations and distribution of diazepam (Maid-
ment and Upshall, 1990). Hence, the coefficients of variation
for the pharmacokinetic parameters (Cmax and tmax) of diaz-
epam were higher after diazepam injection than after
avizafone injection.

Lallement et al. (2000) related the low efficacy of avizafone
in stopping seizures to the relatively reduced total diazepam
exposure after the prodrug administration. In their study, the
relative bioavailability of diazepam liberated from avizafone,
when injected in combination with atropine and prali-
doxime, was found to be 62–66% of that after i.m. injection of
diazepam alone. The pharmacokinetic data obtained from
two monkeys showed that diazepam plasma levels were
achieved faster and declined more rapidly after the prodrug
than after the parent drug. These results were in agreement
with previous data obtained in guinea pigs or rhesus
monkeys, and were explained by either: (i) an incomplete
conversion of avizafone to diazepam; or (ii) an excretion of

Table 1 Estimated and derived pharmacokinetic parameters of diazepam obtained with the non-compartmental approach

Avizafone Diazepam AIBC

Mean (SD) Mean (SD) Mean (SD)

AUC0–t (h ng·mL-1) 5851 (2086) 5485 (1856) 5265 (1802)
tmax (h)a 0.75 (0.5–1)b 1.5 (0.5–96)b 1 (0.5–2)b

Cmax (ng·mL-1) 231 (60) 148 (91) 203 (54)
Ke (h-1) 0.02 (0.013) 0.017 (0.009) 0.018 (0.009)
t1/2 (h) 50.1 (35.8) 54.4 (38.0) 55.5 (50.8)
Relative bioavailabilitya,c 1.05 (0.85–1.39)b 1 0.95 (0.78–1.23)b

aMedian.
bRange.
cDiazepam is reference treatment.
AIBC, avizafone with atropine–pralidoxime in bi-compartmental auto-injector; AUC, area under the curve; Cmax, maximal concentration; Ke, elimination constant;
t1/2, elimination half-life; tmax, time to reach maximal concentration.

Table 2 Relative diazepam bioavailability after the three treatments

Parameters Geometric means Ratiob P 90% CI

Avizafone Diazepam

Cmax (ng·mL-1) 223 118 1.89 – 1.53–2.35d

AUC0 - t (h ng·mL-1) 5584 5224 1.07 – 1.01–1.13
tmax (h)a 0.75 1.5 – <0.001 –

Parameters Geometric means Ratioc P 90% CI

Avizafone AIBC

Cmax (ng·mL-1) 223 197 1.136 – 1.043–1.238
AUC0 - t (h ng·mL-1) 5584 5025 1.111 – 1.075–1.148
tmax (h)a 0.75 1 – 0.008 –

aMedian.
bAvizafone/Diazepam.
cAvizafone/AIBC.
dBioequivalence criteria not met.
AIBC, avizafone with atropine–pralidoxime in bi-compartmental auto-injector; AUC, area under the curve; Cmax, maximal concentration; tmax, time to reach maximal
concentration.
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avizafone itself before conversion to diazepam (Maidment
and Upshall, 1990; Lallement et al., 2000; Breton et al., 2006).
These data demonstrated that, in combination with atropine
and pralidoxime, the prodrug needed to be injected at higher
dose than diazepam (1 mmol avizafone vs. 0.7 mmol) to obtain
similar neuroprotection, as neuroprotection was correlated
with the total exposure to diazepam (Carpentier et al., 1994).
However, there were no human data published, in agreement
with these pre-clinical studies.

Hence, in our study, we chose to compare the pharmacoki-
netics of diazepam after the injection of avizafone alone and
diazepam alone at the same molar dose. The present results are
not in agreement with the results from the pre-clinical studies.
Indeed, clinical data showed that after avizafone injection, the
AUC of diazepam was equivalent to that obtained after the
injection of the same dose, on a molar basis, of diazepam alone,
without modification of diazepam elimination half-life. Mean-
while, the Cmax for diazepam was twofold higher and obtained
faster after the injection of the prodrug. Thus, this analysis
demonstrated that the selected avizafone dose was able to
provide pharmacologically active plasma concentrations of
diazepam and to achieve the Cmax more rapidly. However,

whether such clinical results would still be achieved after
injection of avizafone or diazepam in combination with atro-
pine and pralidoxime remains to be determined.

The compartmental modelling analysis was achieved using
a non-linear least square method. The basic problem in this
method is finding the values of q, the model parameter, which
minimizes the residual sum of squares which is essentially a
question of optimization. A constant coefficient of variation
error model was chosen, and the iteratively reweighted least
square method has been used. In this method, the first esti-
mation of the parameter is achieved by a regression, and this
estimation is weighted and then re-estimated by the weighted
least square method (Bonate, 2006).

The error is a combination of assay error and error inherent
to the pharmacokinetic model. Quality control samples used
during diazepam quantification in subject samples showed
that a constant coefficient of variation error model was appro-
priate for assay error. It was assumed that such a model could
also well describe error due to the pharmacokinetic model.
Actually, it is reasonable to assume that this kind of error is
more important during the absorption and the distribution
phases rather at the end of the kinetics. Otherwise, there was
no reason to assume that the variance parameters could be
different among the subjects. The AIC was used to select the
combination of models that included the best absorption
model, in addition to the plots of predicted and observed
concentration against time. Ludden et al. (1994) showed that
this criterion was reliable in the evaluation of pharmacoki-
netic equations.

The compartmental analysis showed that the pharmacoki-
netics of diazepam administered intramuscularly followed a
two-compartment model with first-order absorption. This

A

B

C

Figure 2 Semi-logarithmic plot of time course of plasma concentra-
tions of diazepam in a typical subject, after intramuscular injection of
avizafone alone (A), diazepam alone (B) and avizafone with atropine
and pralidoxime using the bi-compartmental auto-injector (AIBC)
(C). Solid lines represent the pharmacokinetic curve predicted by
the two-compartment model with a zero-order absorption (for
avizafone), or a first-order absorption (for diazepam and AIBC).

Table 3 Values of Akaike information criterion for all subjects and for
the two absorption models studied

Avizafone Diazepam AIBC

First-order absorption 368.8 -28.4 -111.3
Zero-order absorption 243.6 17.9 149.3

AIBC, avizafone with atropine–pralidoxime in bi-compartmental auto-injector.

Table 4 Estimated and derived pharmacokinetic parameters of diaz-
epam obtained with the compartmental modelling approach

Avizafone Diazepam AIBC

Mean (SD) Mean (SD) Mean (SD)

Vc (L) 41.60 (11.87) 60.19 (46.87) 51.65 (15.68)
Ka (h-1) – 2.53 (1.68) 3.69 (1.63)
Ke (h-1) 0.05 (0.02) 0.04 (0.02) 0.04 (0.01)
K12 (h-1) 0.71 (0.62) 0.25 (0.26) 0.23 (0.23)
K21(h-1) 0.38 (0.19) 0.20 (0.13) 0.14 (0.09)
AUC (h ng·mL-1) 6900 (2885) 6355 (2639) 5975 (2278)
tmax (h) – 2.53 (3.67) 0.91 (0.26)
Cmax (ng·mL-1) 235 (49) 172 (72) 187 (0.51)

AIBC, avizafone with atropine–pralidoxime in bi-compartmental auto-injector;
AUC, area under the curve; Cmax, maximal concentration; K12, K21, transfer
constants between compartments 1 and 2; Ka, absorption constant; Ke, elimi-
nation constant; tmax, time to reach maximal concentration; Vc, volume of
distribution of central compartment.
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analysis confirmed the large inter-individual variability in
diazepam pharmacokinetic parameters, which was already
noticed after the non-compartmental analysis, mainly during
the absorption period. When diazepam was injected intramus-
cularly as a prodrug, the absorption process for diazepam
seemed to be fast and achieved by zero-order rate process,
while its distribution and elimination were comparable to
those noticed after its i.m. injection as a parent drug. These
results could explain those obtained after the relative bioavail-
ability analysis concerning the two pharmacokinetic param-
eters, Cmax and tmax, estimated by the non-compartmental
analysis. After i.m. injection, the delivery of the injected drug
into the general circulation is achieved according to rapid
absorption processes, depending upon the rate of blood flow to
the injection site, which could explain the observation of
zero-order absorption processes (Hardman and Limbird, 2001).

When avizafone is administered with atropine and prali-
doxime using the AIBC device under development, a
two-compartment model with first-order absorption was
identified as the best model fitting the pharmacokinetics of
diazepam liberated from avizafone. For this treatment (AIBC),
a delay in the absorption of diazepam was noted, and this was
accompanied by a shift of the best mathematical model fitting
this process from zero-order to first-order. This delayed
absorption could be due to either a delay in the conversion of
avizafone (partially or totally) or a modification in diazepam
absorption profile, without altering the hydrolysis of
avizafone. Neither of the other two compounds in the AIBC,
atropine or pralidoxime, exhibits pharmacological properties,
suggesting inhibition of aminopeptidase activity which might
modify avizafone hydrolysis. Nevertheless, atropine when
administered in clinical doses to induce anti-cholinergic
effects, counteracts the peripheral effects of acetylcholine,
that is, vasodilatation, leading to modification of blood flow
rate at the site of injection (Hardman and Limbird, 2001).
Hence, this pharmacological property could explain the delay
in the absorption process for diazepam, when the prodrug was
given in combination with atropine and pralidoxime.

In summary, non-compartmental analysis followed by the
confidence interval approach disclosed differences between
pharmacokinetic parameters regarding the bioavailability
(AUC and Cmax), while the compartmental approach allowed
the characterization of the best absorption model and pro-
vided several pharmacokinetic parameters that could not be
obtained with a model-independent analysis. Our results,
overall, provide a better understanding of some of the pro-
cesses involved in the biotransformation of avizafone into
diazepam. The analyses showed that avizafone is equivalent
to diazepam in terms of AUC, but provided a higher Cmax.
Administration of avizafone in combination with atropine
and pralidoxime by AIBC had no significant effect on diaz-
epam AUC and Cmax. Avizafone is expected to achieve a rapid
onset of action in vivo due to its shorter tmax.
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