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Disposition of Azole Antifungal
Agents. III. Binding of Fluconazole
and Other Azoles in Rat Liver
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It has been shown for the azole antifungal agents, ketoconazole and
DTP, that hepatic binding, is a major determinant of their volume of
distribution and this observation is of particular interest in view of
the well-documented avid binding of azoles to cytochromes P450.
Whilst the hepatic binding characteristics of these two compounds
are similar, their hepatic clearance differs markedly in terms of the
rate of metabolism and the number and nature of metabolites pro-
duced. Fluconazole is a bis-triazole drug similar in structure to DTP
but not subject to metabolism in rat. We have demonstrated by
means of steady-state infusion studies the clearance of this azole
(1.85ml/min/kg) to be independent of biood concentration over a
0.01-50mg/L range. Also fluconazole plasma protein binding is min-
imal (9.5%) and its blood:plasma ratio unity over a similar concen-
tration range. Liver:blood partition coefficients for fluconazole are
concentration dependent ranging from 30 to 2. The volume of dis-
tribution term is also nonlinear with concentration and can be cor-
related with the liver:blood partition coefficient. These findings are
discussed together with earlier documented data on ketoconazole
and DTP in terms of a tissue binding role for hepatic cytochromes
P450. The similarity in behaviour of the hepatic partitioning of the
three azoles contrasts markedly with the nature of (or lack of) he-
patic metabolism.

KEY WORDS: fluconazole pharmacokinetics in rat; nonlinear liver
binding of azoles; azole-cytochrome P450 interactions.

INTRODUCTION

The success and limitations of azole antifungal therapy
revolve around the cytochrome P450 enzyme system. The
mode of action of these agents involves inhibition of
P45051A1, the enzyme responsible for the 14a-demeth-
ylation of lanosterol to form the essential fungal membrane
component ergosterol (1,2). Unfortunately, their inhibition
properties extend to mammalian P450s and there is evidence
of strong interactions between azoles, in particular ketoco-
nazole, and hepatic drug metabolizing and steroidogenic
P450s (3—6). Furthermore clinical studies have substantiated
the effects of ketoconazole on the production of several en-
dogenous steroids and the metabolism of co-administered
drugs (7,8). Fluconazole, a new bis-triazole antifungal drug
(9), whilst showing a much greater degree of P450 selectivity
than the earlier imidazole antifungals, is not completely de-
void of these problems (8,10).

Recently we have documented the hepatic disposition of
ketoconazole (11) and a triazole probe DTP (12) in vivo.
Michaelis Menten parameters describing the saturable he-
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patic metabolism of these two azoles were determined. Also
characterized was the hepatic binding of these antifungals
which proved to be a major determinant of their volume of
distribution. The binding phenomenon proved to be quite
distinct from the hepatic clearance. Whilst there are similar-
ities in the hepatic binding characteristics of ketoconazole
and DTP, their hepatic clearance differs with respect to the
rate of overall metabolism and the number and nature of
metabolic products (presumably reflecting interactions with
different P450s). The present studies extend these earlier
investigations to include fluconazole. This latter azole is sub-
ject to minimal (if any) metabolism and relies on renal clear-
ance for its elimination in several animal species (9,13).

The hepatic binding and renal clearance of fluconazole
has been investigated in the rat over a wide range of steady-
state blood concentrations achieved by using a series of bal-
anced bolus loading doses and zero order infusion regimens.
The aim of these studies was to characterize the hepatic
binding properties of an azole which is not subject to hepatic
metabolism.

MATERIALS AND METHODS

Preliminary Bolus Studies A group of ten Sprague Daw-
ley rats (240-290g) were fitted with cannulae, under general
anaesthesia, in the carotid artery and jugular vein (14). Fol-
lowing a period of recovery, a single bolus dose of flucona-
zole (0.5-50mg/kg in PEG 400:propylene glycol, 9:1; 1-2ml/
kg; 1-1.35uCi/ml) was administered intravenously and
flushed through the cannula with heparin-saline (1 in 50) so-
lution. Ten arterial blood samples (100L) were taken over
the course of the 6 hour study, and plasma fluconazole con-
centrations determined by radiochemical analysis.

Steady-State Infusion Studies A second group of 28
Sprague Dawley rats (240-280g) previously fitted with ca-
rotid artery and jugular vein cannulae, were used in these
studies. At the start of the study the jugular vein cannula was
used to administer a loading dose of fluconazole (0.02-48mg/
kg in PEG 400:propylene glycol, 9:1; 1ml/kg; 0.0281-
65.22.Ci/mg) and immediately following a constant rate in-
fusion designed to maintain levels at the targeted steady-
state concentration (Css 0.01-48mg/L). Eq. 1 and 2 were
used to calculate these dosages from clearance (CL) and
volume of distribution (V) parameters obtained in the pre-
liminary bolus studies—

Loading dose (mg/kg) = Css-V a)
Infusion rate (mg/hr/kg) = Css-CL )

Samples of blood were taken arterially at specified times
over the course of the 6 hour experiment and fluconazole
plasma concentrations were determined by radiochemical
analysis.

Following the final blood sampling (6 h), the animal was
sacrificed by cervical dislocation. Liver, kidneys and adre-
nals were quickly removed and frozen in liquid nitrogen
prior to storage at —75°C. At the time of analysis, the organs
were thawed, cleaned and weighed. Each was then hand
homogenised in a known volume of S.E.T. buffer (Sucrose
0.25M, EDTA 5.4mM, Tris 20mM; pH 7.4; approximately
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30ml, 10ml and 1ml for liver, kidneys and adrenals respec-
tively) at 4°C. An aliquot of each was then taken for radio-
chemical analysis. Tissue partition coefficient (Kp) was cal-
culated as the ratio of organ fluconazole concentration (per g
of tissue) to blood fluconazole concentration (per ml) at the
time of sacrifice. Unbound fractions for tissues (fup) were
derived from the partition coefficient and blood unbound
fraction (15)—

fur = fu,/Kp 3)

Determination of Blood to Plasma Concentration Ratio
and Plasma Protein Binding These were determined as de-
tailed previously (12) over a fluconazole concentration range
of 0.01-100mg/L (0.075,.Ci/ml). The blood:plasma ratio was
calculated from the radioactivity per ml of blood and plasma
respectively. The fractions unbound (fu) determined by ul-
tracentrifugation were calculated from the ratio of the radio-
activity per ml of plasma water and the radioactivity per ml
of total plasma.

Radiochemical Assay The selectivity of the radiola-
belled assay for the analysis of fluconazole in plasma and
tissue homogenates was assessed by radio-TLC. An aliquot
of each sample (50p.L) was spotted onto a TLC plate (silica
gel 60 F,s,, 20cm? by 0.25mm, Merck 5715) and developed
with chloroform/methanol/ammonia 0.88 (80/20/1) solvent
system (13). In each case a single peak was observed which
corresponded to fluconazole.

Chemicals Fluconazole and ['*C-3,5-triazole]-
fluconazole (specific activity 198mCi/mmole; radiochemical
purity >98%) were supplied by Pfizer Central Research,
Sandwich, Kent.

RESULTS

Preliminary Bolus Studies Clearance and volume of dis-
tribution terms were calculated from the fluconazole plasma
concentration-time profiles following administration of 0.5,
2.4, 5, 24 and 50mg/kg. Dose normalized area under the
curves indicated that clearance was linear over this dose
range—mean 1.8 = 0.5ml/min/kg. In contrast the volume of
distribution was dose dependent; the lower two doses show-
ing a statistically significantly (p<0.01 by ANOVA) larger
volume than the higher three doses. Fluconazole volume of
distribution ranged from 1-2.6 L/kg. There was a corre-
sponding reduction in half-life from 27+8 to 8+2h (p<0.01
by ANOVA) over the dose range.

Binding within the blood matrix Over the 10,000-fold
DTP concentration range studied (0.01-100mg/1), the blood
to plasma ratio was calculated to be approximately one
(mean 0.93, range 0.88—0.97 for the six concentrations stud-
ied, largest coefficient of variation 3%). This indicates that
fluconazole does not bind extensively to erythrocytes, but is
associated mainly with the erythrocyte water.

Similarly, no significant (one way ANOVA) concentra-
tion dependency was evident in the binding of fluconazole to
plasma proteins over the concentration range studied (0.01-
100mg/l). Approximately 10% of DTP was bound to plasma
proteins (mean unbound percentage 90.5%, range 89.3—
91.8% for the six concentrations studied, largest coefficient
of variation 2.4%) reflecting a low degree of vascular bind-
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ing. Hence there is a high percentage of fluconazole unbound
in whole blood (mean fu, = 0.97).

Steady-state studies A plasma steady-state concentra-
tion range of 0.01-50mg/L was selected for study. Using the
clearance and volume of distribution parameters obtained
from the preliminary bolus studies appropriate loading doses
to attain, and infusion rates to maintain, these targeted con-
centrations were calculated. Fig. 1 illustrates the fluconazole
plasma concentration-time profiles from six of these studies.
The excellent agreement between the targeted and observed
steady state concentrations, and the constancy in the levels
achieved, shown in this figure were typical of the entire
study. For each set of bolus and infusion doses, concentra-
tion was time invariant with minimal fluctuations which av-
eraged 5.4% (range 2-11%).

Fig. 2 shows the relationship between the ratio of infu-
sion rate/concentration and concentration for all the animals
in this study. This plot confirms the lack of concentration
dependence in fluconazole clearance (the ratio infusion rate/
concentration equals clearance). Over the concentration
range investigated fluconazole clearance averaged
1.85+0.25ml/min/kg (sd, n = 28) which compares well with
that determined previously in the bolus studies.

Fig. 3 shows the relationship between the ratio of load-
ing dose/concentration and concentration for these investi-
gations. It illustrates the concentration dependence in this
ratio which, in view of the time constancy previously noted
for the individual profiles, can be regarded as a reasonable
estimation of volume of distribution. This parameter de-
creased by approximately two-fold (2.2-0.9L/kg) over the
concentration range investigated. The trend in distribution
volume is consistent with that observed in the bolus studies.

Tissue Binding In order to assess the relative tissue and
plasma binding of fluconazole, partition coefficients between
total drug concentrations in liver (Kpy), kidney (Kpg) and
adrenals (Kp,), and total drug concentration in blood were
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Figure 1. Typical fluconazole plasma concentration-time profiles

following intravenous loading doses and intravenous infusions of

fluconazole. Targeted steady-state concentrations were 0.01 (H), 0.1

(+), 1(*),9 (), 24 (X) and 48 (A) mg/L.
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Figure 2. Relationship between the ratio of infusion rate/
concentration and concentration for fluconazole in the 28 animals
investigated. There is no statistically significant relationship be-

tween this ratio and concentration. Therefore clearance averaged
1.85x0.25 ml/min/kg.

determined. Over the wide blood concentration range cov-
ered (0.01-50mg/L), all three tissues showed greater affinity
for fluconazole than the blood. There is a significant rela-
tionship (one way ANOVA) between both Kpy; and Kp , and
fluconazole blood concentration. The effect is most pro-
nounced in the liver (Fig. 4) where a maximum Kp of ap-
proximately 30 is observed, whereas the corresponding max-
imum Kp, is 7 (data not shown). For both tissues the Kp
decreases with increasing concentration to a minimum value
of approximately 2. In contrast, as the concentration of flu-
conazole in blood increased by over three orders of magni-
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Figure 3. Relationship between the ratio of loading dose/
concentration and concentration for fluconazole in the 28 animals
investigated. There is a statistically significant (p<<0.01) negative
relationship between the ratio and concentration.
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Figure 4. Relationship between liver:blood partition coefficient and
blood concentration for three azoles. Each point (H) represents an
individual animal from the fluconazole study. Also shown are mean
data from previous publications on ketoconazole (X) and DTP (O).

tude, Kpg values are maintained at a mean value of 1.6
(range 1.2-2.2).

The unbound fractions of fluconazole were calculated
for each tissue. In the liver this fraction increased from 0.03
to 0.47, in the adrenals from 0.14 to 0.48 and in the kidneys
it was maintained at 0.6 over the concentration range cov-
ered.

DISCUSSION

Fluconazole is more polar than the imidazoles (ketoco-
nazole, clotimazole, miconazole) and, in contrast to these
latter azole antifungal drugs, is eliminated almost entirely by
renal clearance (13). We report a value for fluconazole clear-
ance of 1.8ml/min/kg which is constant over a wide blood
concentration range (0.01-50mg/L). The pharmacokinetic
behaviour of fluconazole is extremely predictable giving ex-
cellent agreement between steady-state fluconazole concen-
trations observed following an infusion/bolus dosage regi-
men and calculated steady state concentrations using phar-
macokinetic parameters from single bolus studies.

A low degree of plasma protein binding for fluconazole
is observed over four orders of magnitude in concentration.
A similar lack of nonlinearity is evident in the blood:plasma
concentration ratio for this azole which is close to unity. In
contrast there is extensive and saturable uptake by both liver
and adrenals (maximal Kp of 30 and 7, respectively). The
liver partitioning is similar in nature to that previously re-
ported with ketoconazole (11) and DTP (12) which are also
shown in Fig. 4. (The previously published Kp data for ke-
toconazole was based on plasma concentrations, these have
been converted to blood concentrations for the present com-
parison). All three compounds have been shown to give the
classic Type II difference spectra with hepatic microsomes,
however, the magnitude of this spectra is less with flucona-
zole than the other azoles (8,12). The extent of partitioning
of fluconazole into the adrenals is much reduced when com-
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pared to that previously reported (11) for ketoconazole. At
equimolar blood concentrations there is a ten-fold difference
between the two azoles (7-88 for ketoconazole, 2-6 for flu-
conazole) over a 0.01-10p.M range.

In agreement with ketoconazole and DTP, the liver is a
major determinant of the volume of distribution of flucona-
zole. At low concentrations the effective volume of distribu-
tion within the liver (Kpy ¢ Vi where Vy is the volume of
liver—40ml/kg) is 1120ml/’kg which is approximately one-
half of the total volume of distribution of fluconazole. When
similar calculations are performed for ketoconazole (11) and
DTP (12), the liver’s contribution to the total volume of dis-
tribution for these azoles is 32% and 50% respectively. As
hepatic binding becomes saturated the importance of this
organ in the overall distribution decreases to 8, 12 and 18%
for fluconazole, DTP and ketoconazole, respectively.

Previously (12) we have reported a strong relationship
between the progressive decrease in Kp,; observed as the
dose of DTP is escalated and the decrease in V. This obser-
vation was rationalized using a physiological modelling ap-
proach to drug distribution (16,17) in which the liver was
isolated from the other tissue terms

V =V, + Kpyg*Vyg + Kpr*Vt 4)

where V, V,; and V1 are the volumes of blood (80ml/kg),
liver (40ml/kg) and other body water compartments (480ml/
kg) respectively (the sum of these is total body water—
600ml/kg) and Kp is an average tissue partition coefficient.
Fig. S illustrates the relationship between volume of distri-
bution and Kpy; for all of the animals involved in the flucon-
azole study. There is a strong (r = 0.946) statistically signif-
icant (p<< 0.01) correlation with a slope of 36ml/kg which is
not significantly different from 40ml/kg (V). Also shown on
this figure are the previously reported data for DTP and
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Figure 5. Relationship between volume of distribution and liver:
blood partition coefficient for three azoles. Each point (M) repre-
sents an individual animal from the fluconazole study. Also shown
are mean data from previous publications on ketoconazole (X) and
DTP (0O). One datum point for ketoconazole corresponding to a Kpy
of 36.7 and a V of 5.05 L/kg has been omitted, see text. Linear
regression of all data gives a slope of 38 ml/kg (liver volume).
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ketoconazole which are in good agreement with the general
trend.

It should be realised that both terms, volume of distri-
bution and Kp, are measures of relative binding of azoles in
tissue with respect to blood. On these relative scales there
are similarities between the three compounds and probably
other azoles. In absolute terms the liver binding of the three
azoles are very different as can be seen in the fu,, terms. For
ketoconazole, DTP and fluconazole the minimal fractions
are 0.0017, 0.019 and 0.03 and the maximal fractions are
0.012, 0.12 and 0.47, respectively. Hence for hepatic binding
a clear rank order of ketoconazole> > DTP > fluconazole is
evident. N

In conclusion the data presented herewith demonstrate
that the volume of distribution of fluconazole, in keeping
with DTP and ketoconazole, is substantially influenced by
liver partitioning. The strong positive relationship between
volume of distribution and liver:blood partition coefficient is
unlikely to be unique for azoles but is of particular interest
for these compounds in view of their avid P450 interactions.
The precise role of P450s in defining azole hepatic binding
remains to be elucidated. It is evident however that the he-
patic partitioning of azoles is independent of their suscepti-
bility to metabolism. In the rat, ketoconazole is rapidly me-
tabolized to numerous products (18), DTP is slowly metab-
olized via a single pathway (12) and fluconazole is not
subject to metabolism (13).
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