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DTP (dichlorophenyl-bis-triazolylpropanol) was evaluated as a
probe of drug-cytochromes P450 interactions in vitro and in vivo.
Studies with rat liver microsomes demonstrate that DTP shows sim-
ilar P450 binding affinity to its analog, ketoconazole, as determined
by P450 difference spectra and inhibition of the metabolism of meth-
oxycoumarin. As a more polar azole, DTP shows less affinity for rat
plasma albumin (fraction unbound 0.56) than ketoconazole (fraction
unbound 0.037). DTP metabolism is simpler than that of ketocona-
zole, with only one pathway, N-dealkylation which removes a tria-
zole ring to yield DTP glycol. This primary metabolite is further
metabolised to a carboxylic acid, a glycol glucuronide and a third
unknown secondary metabolite (probably an acid glucuronide).
Over a dose range of 0.1-24mg/kg there is complete mass balance
recovery in urine via the five metabolites and unchanged drug. How-
ever DTP metabolism is dose dependent and while the affinity of
DTP for the cytochromes P450 carrying out the initial dealkylation is
high (1.5uM based on unbound blood concentration), the capacity of
the reaction is low (1nmole/min). Under linear conditions, metabolic
clearance is low (19mi/h), but ten-fold higher than renal clearance.
The liver is the major distribution site for both DTP and ketocona-
zole. At low DTP concentrations, a specific high affinity process
dominates the hepatic binding of DTP resuiting in a liver:blood par-
tition coefficient of approximately 30. Hepatic binding is concentra-
tion dependent and the progressive decrease in partition coefficient
observed as the dose of DTP is escalated is coincident with a de-
crease in volume of distribution. The two saturable processes in-
volved in the disposition of DTP result in an unusual concentration
dependency in the blood concentration-time profile of this azole.
Following administration of a high dose (10mg/kg) of DTP the log
concentration-time profile is sigmoidal. At high concentrations
(above 1mg/L) both the N-dealkylation and the hepatic binding of
DTP are saturated, but as concentrations fall to approximately
0.05mg/L the former process becomes linear and the time profile is
convex over this concentration range. At later times as DTP con-
centrations decline further, the tissue binding also reaches the linear
region and the time profile becomes concave. Only at low concen-
trations (below 0.05mg/L) do both processes become first order and
the true half life is evident.

KEY WORDS: azole probes; nonlinear clearance; nonlinear liver
binding; cytochrome P450 interactions.
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INTRODUCTION

Azole antifungal drugs inhibit cytochrome P450 S1Al,
the enzyme responsible for the 14«-demethylation of lanos-
terol to form the essential fungal membrane component er-
gosterol (1,2). Binding of substituted azoles to this hemopro-
tein is bimodal, and this characteristic contributes markedly
to the effectiveness of these inhibitors (3). One mode in-
volves direct co-ordination of a heterocyclic nitrogen atom
(in the imidazole or triazole ring) with the heme iron and the
second mode involves interaction between the lipophilic
substituent and the apoprotein in the region of the subgtrate
binding site. The early azole antifungals (ketoconazol€, mi-
conazole and clotrimazole) interact strongly with several
mammalian cytochromes P450 in addition to the fungal P450
51A1(4-10). As a result these compounds have proven valu-
able in elucidating properties of P450.

We have recently detailed the in vivo disposition of ke-
toconazole in the rat (11). Ketoconazole-P450 interactions
are reflected not only in its clearance but also in its hepatic
binding which affects its volume of distribution. The com-
plex in vivo disposition of ketoconazole accounts for incon-
sistencies observed between in vitro and in vivo inhibitory
potency studies. These investigations also highlight the po-
tential of azole antifungals as probes of the P450 superfamily.
However, ketoconazole has properties that limit its useful-
ness as a molecular probe: a) strong affinity for proteins (as
exemplified by its avid binding to plasma albumin) which
may confound the cytochrome P450 interactions (11); b) for-
mation of several metabolites via parallel pathways which is
indicative of multiple P450 involvement (12); and c) forma-
tion of unknown ketoconazole metabolites.

The studies described herewith focus on another azole
compound-dichlorophenyl-bis-triazolylpropanol (DTP—
Fig. 1). This triazole has strong affinity for both fungal and
mammalian steroidogenic P450s, and this lack of selectivity
limits the clinical value of this compound as a candidate for
antifungal therapy. We have investigated in the rat a) wheth-
er the hepatic binding phenomenon reported for ketocona-
zole occurs with other azoles, namely DTP, and b) the met-
abolic fate and disposition characteristics of DTP. The gen-
eral findings of these studies illustrate that drug interactions
with cytochrome P450 can lead to complex nonlinear kinet-
ics in vivo involving both distribution as well as elimination
processes.

MATERIALS AND METHODS

Metabolite Excretion Studies Twenty-four hours prior
to dosing, male Sprague-Dawley rats (240-250g, n = 20)
were placed in individual metabolism cages for the collection
of control urine and faeces, and to acclimatize the animals to
the imposed conditions. These animals were divided into
five dosage groups and a single intra-peritoneal (ip) dose of
"“C-DTP (2-10nCi/kg; 0.1, 0.5, 1, 10 or 24 mg/kg in propylene
glycol (PG): saline 0.9%, 3:7, 10ml/kg), was administered to
each rat, and excreta samples collected every twelve hours
over a six day period. *C-DTP was analysed in the urine by
a selective radiochemical assay (see below). Total radioac-
tivity was determined in the faeces by a sample oxidation
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technique in conjunction with liquid scintillation counting.
Urinary drug related components were separated and quan-
titated by radio-TLC, and identified by co-chromatography
of authentic standards overlaid in urine.

Aliquots of undiluted urine (120pl) were applied to a
silica gel TLC plate (Merck F,s,, 0.25mm) which was devel-
oped with chloroform:methanol:ammonia (80:20:1v/v/v).
The radiolabelled compounds were detected and quantitated
by scanning the plate with a linear plate analyser (Isomess
IM 300 in conjunction with the Isomess IM 3000 software
package). The relative amount of each of the six radiola-
belled drug related components, on the chromatogram, was
determined by analysis of the area under the curve of each
discrete band on the trace. The radioactive content of each
component was expressed as a percentage of the total area.
Autoradiography was used to verify that the radiolabelled
components were separated into discrete bands. The TLC
plate was placed in direct contact with X-ray film in a poly-
thene bag which was sealed under vacuum and stored at
—20°C. After approximately fourteen days, the autoradio-
gram was produced by developing the X-ray film.

Prior to enzymatic hydrolysis, an aliquot of neat urine
(3-5ml, known radioactive content) was passed slowly
through an XAD-2 resin column (12cm X | cm, in the aque-
ous phase), followed by distilled water (60 ml). The aqueous
eluate was collected and retained. After drying the column
with hexane (40ml), an aliquot of methanol (60ml) was
passed through and the eluate collected. The radioactive
content was quantitated in each eluate (100ul) by liquid scin-
tillation counting, and the remaining aqueous fraction was
freeze-dried and store at —20°C. The methanolic solution
was evaporated to dryness under nitrogen at 37°C and stored
at —20°C. The methanolic residue was reconstituted in
methanol (400ul) and incubated, at 37°C for sixteen hours,
with B-glucuronidase (Type B1, 100,000 units, 1ml) and ac-
etate buffer (0.1M, pHS, 1ml). The reaction mixture was then
freeze-dried, the resultant powder constituted in methanol
and transferred to a clean tube. The sample was evaporated
to dryness under nitrogen at 37°C, again reconstituted in
methanol, centrifuged at 3,000rpm for five minutes and pi-
petted into a clean tube. This procedure was repeated until
the sample was clean. The final residue was reconstituted in
methanol (150ul), and chromatographically analysed.

Blood Concentration-time Profiles and Clearance De-
termination A second set of male Sprague-Dawley rats
(240-260g, n = 20) were placed in metabolism cages twenty-
four hours prior to dosing, for the collection of control urine,
and to acclimatize the animals to the imposed conditions.
Five dosage groups were assigned and a single ip dose of
MC-DTP (2-10pCi/kg; 0.1, 0.5, 1, 10 or 24mg/kg in PG/saline
0.9%, 3:7;, 10ml/kg) was administered to each rat. Blood
samples (n = 8—11, 200—500pl) were taken via the tail artery
over an 80 hour period. Urine samples were collected, every
12 hours, from 0 to 72 hours after dosing. On completion of
the 80 hour blood sample, the rats were killed by cervical
dislocation and their bladders emptied to ensure a complete
urine collection. *C-DTP was quantitated, in both blood and
urine, by the radiochemical assay detailed below.

An extended time course study was performed which
involved the administration of a single ip dose of *C-DTP
(240p.Ci/kg; 10mg/kg in PG/saline 0.9%, 3:7; 10ml/kg) to male
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Sprague-Dawley rats (210-230g, n = 4) and subsequent
blood sampling (n = 14-16, 150-500pl), via the tail artery,
over a 250 hour period. The analysis of DTP was carried out
as above.

The apparent volume of distribution for DTP was deter-
mined by dividing the dose by the blood concentration at
time zero. Area under the blood concentration-time curve
(AUC) was calculated by the trapezoidal rule and total body
clearance by dividing dose by AUC.

Urinary excretion rate-time plots for DTP and its me-
tabolites showed parallel behaviour indicating the metabolite
kinetics were formation rate limited (13). Therefore excre-
tion rate of metabolites were taken as a good mgasure of
formation rate and metabolic clearance (CLm) talculated
from eq 1 using the blood concentration of DTP at the mid-
point of the urine collection interval (C,;4)

B Excretion rate of metabolites

CL
" Cmid

)

Renal clearance (CLg) of DTP was calculated by the analo-
gous equation -

Excretion rate of DTP

o @)
mid
Determination of Blood to Plasma Concentration Ratio
An aliquot of *C-DTP (0.001-0.15u.Ci/ml, 0.01-100 mg/L,
in methanol) was transferred to a glass tube and evaporated
to dryness under nitrogen prior to addition of fresh blood
(2.2 ml). The samples were equilibrated at 37°C, in a shaking
waterbath, and an aliquot of the spiked blood (200ul) re-
moved for total radioactive counting. The remaining sample
was centrifuged at 3,000rpm, 37°C for five minutes and an
aliquot of plasma (100—200pl) taken for quantitation of *C-
DTP by liquid scintillation counting. The blood:plasma ratio
was calculated from the radioactivity per ml of blood and
plasma respectively.

Determination of Plasma Protein Binding Fresh blank
plasma (2ml) was spiked with '"*C-DTP (0.001-0.15p.Ci/ml,
0.01-100mg/L), and an aliquot (200u1) taken for quantitation
of radioactivity and a known volume (1.6ml) pipetted into a
polyallomer ultracentrifuge tube. Centrifugation (180,000g)
was carried out under vacuum at 37°C for fifteen hours (Sor-
vall Ultracentrifuge Model OTD 65D). The centrifuge was
stopped without breaking, to minimize turbulence, and an
aliquot (100-200ul) was sampled from the plasma water via
a needle and syringe. The sample was analysed for *C-DTP
by liquid scintillation counting. The fractions unbound (fu)
was calculated from the ratio of the radioactivity per ml of
plasma water and the radioactivity per ml of total plasma.

Tissue Binding Determination A fourth set of male
Sprague-Dawley rats (240-260g, n = 25) received a single ip
dose of *C-DTP (2-10uCi/kg; 0.1, 0.5, 1, 10 or 24 mg/kg in
PG/saline 0.9%, 3:7; 10ml/kg). Twenty-four hours after *C-
DTP administration, blood was sampled by cardiac puncture
and the liver, kidneys and lungs removed, weighed and ho-
mogenized in SET buffer (0.25M sucrose, 20mM tris-
(hydroxymethyl)aminomethane base, 5.4mM ethylenedi-
amine tetraacetic acid; pH 7.4; 10ml liver, 5 ml kidney, 3mi
lung) at 4°C. The resultant tissue homogenates were stored
in Iml Eppendorf vials at —70°C. Analysis of DTP, in both

CLg =
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blood and homogenate samples, was performed using the
radiochemical assay procedure.

Tissue: blood partition coefficients (Kp) were deter-
mined from the ratio of the radioactivity per g of tissue to the
radioactivity per ml of blood. To account for metabolism
within a tissue, the Kp calculation should incorporate a cor-
rection factor based on its clearance (14). DTP is a low clear-
ance drug, and its hepatic extraction ratio is extremely low
(< 1%). Thus, although the liver is the major eliminating
organ, the Kp value per liver was not corrected for metab-
olism.

Unbound fractions for tissues (fuy) were derived from
partition coefficients and blood unbound fractions (15)-

fur = fu,/Kp 3)

Radiochemical Assay for DTP This radiolabelled assay
is selective for the analysis of DTP in whole blood, urine and
tissue homogenates. All glassware was silanized; clean glass-
ware was immersed in a solution of dichlorodimethylsilane
(2%) in toluene for twenty-four hours, rinsed in methanol
and then in distilled water.

Total radioactive content in each sample was deter-
mined by liquid scintillation counting prior to extraction of
DTP. An aliquot of either blood (0.1-1 ml), urine (1 ml) or
tissue homogenate (1ml) was extracted into chloroform (5ml)
by rotary mixing for ten minutes. The two phases were sep-
arated by centrifugation, and the aqueous layer removed by
aspiration. An aliquot of chloroform layer (200p.1) was trans-
ferred to a scintillation vial, and the amount of “C-DTP
quantitated by liquid scintillation counting. The extraction
procedure was scaled up for samples with a low radioactive
content. After extraction the separated chloroform layer was
transferred to a scintillation vial and evaporated to dryness
under nitrogen at 37°C. The residue was reconstituted in
scintillant. Duplicate extractions were performed for each
sample, and a range of !“C-DTP standards were extracted
and quantitated concurrently to determine the extraction ef-
ficiency for each separate run. The extraction efficiency in
blood and urine was greater than 92%, whereas in liver ho-
mogenates the efficiency was 87%. The calculation used to
determine the DTP concentration included a correction fac-
tor to account for extraction efficiency. This radiochemical
assay for DTP was validated by radio-TLC. Only the parent
drug was extracted into the organic layer; all metabolites
remained in the aqueous phase.

Determination of Substrate Binding to Cytochromes
P450 Binding difference spectra in rat hepatic microsomes
were measured based on the spectrophotometric titration
method of Schenkman(16). Diluted microsomes (Inmole cy-
tochrome P450/ml in phosphate buffer 0.1M,pH 7.4; 2ml)
obtained by standard methodology from untreated rats were
used. Stock solutions of azoles were prepared in dimethyl-
sulphoxide (DTP) or dimethylformamide (ketoconazole) and
aliquots were mixed with microsomes, a three minute equil-
ibration allowed, and the difference spectrum recorded be-
tween 500 and 360nm (Pye-Unicam Spectrophotometer SP8-
500) at 37°. Equivalent values of solvent were added to the
reference cuvette. The final concentration of organic solvent
never exceeded 1%, and each measurement was carried out
in triplicate. The absorbance peak minus trough values were
used to construct an Eadie-Hofstee plot from which, the
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maximum absorbance change (Amax) and the spectral dis-
sociation constant (Ks) were calculated.

Methoxycoumarin O-demethylase (MCOD) activity was
determined by a fluorometric assay which continuously and
directly monitored the formation of the product 7-hydroxy-
coumarin (17). Inhibitor constants (K;s) were determined
from Dixon plots of data obtained at three substrate concen-
trations (0.1, 0.3, ImM) and nine azole concentrations (0.5-
500pn.M). Basal rates were determined in the presence of
identical volumes of solvent (1-10ul) to the inhibitor stud-
ies.

Chemicals The following were supplied by Pfizer Cen-
tral Research (Sandwich, Kent, UK)—2-(2,4-dichlo-
rophenyl)-1, 3-bis(1H-1,2,4-triazol-1-yl)-propan-2-ol (DTP),
[**C-triazole] —DTP (61.8uCi/pmole, radiochemical purity
> 99%), DTP-diol, DTP-carboxylic acid, triazole and keto-
conazole.

RESULTS

Azole-cytochromes P450 interactions in vitro Titration
of hepatic microsomes, with either DTP or ketoconazole,
resulted in type II spectral interactions which were charac-
terized by peak, isobestic and trough wavelengths of 429,
418, 396nm and 428, 416, 394nm respectively. Both DTP and
ketoconazole bind to hepatic microsomal cytochromes P450
in the classical nonlinear fashion and when the data (the
absorbance difference between peak and trough values)
were analysed using the Eadie-Hofstee approach it was ev-
ident, that more than one binding site existed for both DTP
and ketoconazole. The model that was found to fit the data
best resolved the binding into two integral saturable compo-
nents; a high affinity and a low affinity binding site. Table I
shows that comparable affinity is demonstrated by both
azoles with dissociation constants for the high affinity sites
below 1uM.

DTP and ketoconazole were both found to inhibit the
cytochromes P450-mediated methoxycoumarin O-demethy-
lation reaction. Biphasic Dixon plots were observed for both
azoles. Apparent K;s were estimated from the initial linear
phase (0.2—-10uM azole) and found to be 3.5 and 9.8 pM for
ketoconazole and DTP, respectively.

Metabolic fate of DTP Over the DTP dose range stud-
ied (0.1-24mg/kg), no dose dependency was observed in the

Table I. Comparison of DTP and ketoconazole interactions with
cytochromes P450.2

DTP Ketoconazole
Ks, (uM) 0.17+0.02 0.063+0.004
Absorption max,

(OD units/nmole P450) 0.016+0.001 0.009+0.008
Ks, (pM) 8.7+0.8 3.6x0.3
Absorption max,

(OD units/nmole P450) 0.056+0.007 0.062+0.006
K, (pM) 9.8 3.5

@ Spectral data are the mean * sd of determinations with 5 microso-
mal preparations. 1 and 2 refer to high and low affinity sites. In-
hibition constant determined with respect to methoxycoumarin at
3 substrate concentrations (0.1-1mM) and at least 6 inhibition
concentrations (1-1000p.M)
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percentage of radioactive dose excreted in the urine (range
73-80%) and faeces (range 9-11%), or in the volume of
urine produced (range 74-83ml) over the experimental pe-
riod of 144 h. Since the major route of excretion for DTP and
metabolites is via the urine, subsequent metabolite identifi-
cation was confined to the urine. Radiochromatograms of
pooled urine after administration of various doses were qual-
itatively identical with six drug related components which,
with autoradiography, were all confirmed to be discrete
bands. Initial characterization was carried out by co-
chromatography of authentic standards added to urine which
identified DTP, triazole and carboxylic acid and diol deriva-
tives of DTP.

To characterize any drug related conjugates, the urine
was treated with B-glucuronidase which resulted in the dis-
appearance of one component and an increase in the area
under the chromatogram of the diol metabolite. Thus a fifth
metabolite was identified as the diol glucuronide. Following
the isolation of each component, by scraping the relevant
areas of the TLC plate, absolute identification was carried
out with mass spectrometry. (Data on file, Pfizer Central
Research, Sandwich). The sixth component remains uniden-
tified. This metabolite did not co-chromatograph with the
aldehyde or primary amine derivative of DTP, nor did it un-
dergo enzymatic hydrolysis with B-glucuronidase. Thus the
azole DTP is either excreted unchanged in the urine, or un-
dergoes an oxidation reaction in which one molecule of par-
ent drug is N-dealkylated to yield one triazole and one diol
entity. The triazole entity is excreted in the urine without
further metabolism, whereas the diol moiety is either di-
rectly excreted, or glucuronidated, or oxidised to form the
carboxylic acid metabolite (see Fig. 1). From mass balance
considerations, the unknown metabolite must be formed
from a metabolic reaction sequential to the formation of the
triazole and diol moieties, and hence this eliminates the pos-
sibility of a direct conjugation of the parent drug. It is pos-
tulated that the unknown component is formed from a con-
jugation reaction involving the carboxylic acid metabolite.

METABOLIC PATHWAY OF C'*-DTP IN RAT

* ?H *
AN SN
N7 N—CH,—C—CH,—N ~N
=N c N
DTP
Ci
N-Dealkylation Excreted
unchanged
DIOL TRIAZOLE

Conjugation

DIOL GLUCURONIDE ACID

l Conjugation
“Position of C14 ACID GLUCURONIDE

Figure 1. Metabolic pathway of *C-DTP in the rat. * shows position
of radiolabel.
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Dose dependency was observed in the relative amounts
of parent drug and metabolites excreted in the urine (Table
II). As the dose was increased from 0.1mg/kg to 24mg/kg, the
fraction excreted unchanged in the urine increased by almost
3 fold, from 0.19 to 0.55, and the total fraction metabolized
decreased accordingly from 0.83 to 0.45. The urinary elimi-
nation of the triazole, unknown and acid metabolites dis-
played a dose dependency, with the amount of each metab-
olite decreasing by approximately 50% over the dose range
studied. In contrast, the diol and diol glucuronide were ex-
creted in a dose independent fashion. The diol is an inter-
mediate metabolite, and is therefore not a sensitive param-
eter of dose dependency. The linearity observed in the diol
glucuronide may reflect that the glucuronyltransferase in-
volved in the formation of this metabolite has a higher affin-
ity for the diol than the oxidase system producing the acid
metabolite, and is consequently the favoured metabolic
route.

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
(range 0.98-1.02 for the six concentrations studied, largest
coefficient of variation 3%). This reflects that DTP does not
bind extensively to erythrocytes, but is associated mainly
with the erythrocyte water.

No significant (one way ANOVA) concentration depen-
dent nonlinearity was evident in the binding of DTP to
plasma proteins over the concentration range studied (0.01-
100mg/1). Approximately 44% of DTP was bound to plasma
proteins (range 42.7-44.4% for the six concentrations stud-
ied, largest coefficient of variation 3.4%) reflecting a low
degree of vascular binding, and hence the unbound fraction
in whole blood is 0.56.

Blood Concentration-Time Profiles A typical log blood
concentration-time profile, for each of the DTP dose inves-
tigated, is depicted in Fig. 2. From these time profiles it is
evident, that both the intercepts and the area under the curve
(AUCQC) show a disproportionate increase with escalating
dose. Mean data for the calculated pharmacokinetic param-
eters, volume of distribution (V), total clearance (0—80hr)
and half-time are shown in Table III.

Over the 240 fold dose range studied, the V term dis-
played nonlinear behaviour. This distribution parameter was
calculated from the concentration intercepts by extrapola-
tion to time zero which did not pose a problem because the
absorption phase was very rapid and essentially complete
(see earlier) and the decline regular. As the dose increased
from 0.1 to 24mg/kg, the V decreased, by almost half, from
661 to 364m./SRW. The standard rat weight (SRW) in these
experiments was 275g. The observed trend in V can be ex-
plained by the saturation of DTP tissue binding sites at high
concentrations.

The calculation of clearance (CL) however is more
problematic due to the characteristics exhibited by concen-
tration-time profiles. From the calculated AUC_g, it is ev-
ident that the apparent clearance over the study period
(CL,_go) was nonlinear, decreasing by 66% from 27 to 9
ml/hr/SRW with increasing dose. True estimates of CL could
not be calculated as the nonlinear behaviour prevents ex-
trapolation of the blood concentration-time profile.

Similarly, the nonlinearities prevent the calculation of a
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Table II. Effect of dose administered of DTP on urinary excretion products

Drug related

% of Recovered “C following administration of DTP

component
(Rf value) 0.1mg/kg 0.5mg/kg 1.0mg/kg 10.0mg/kg 24.0mg/kg
DTP (0.75) 18.5 17.7 25.2 399 54.5
+ 0.5 +0.4 +1.2° + 1.7¢ + 1.4°
Triazole (0.48) 41.1 41.4 37.3 29.7 22.8
+ 0.6 +0.5 +0.9° + 1L.1° +0.9°
““Total diols”’ 41.9 41.2 37.6 30.8 22.7
*0.5 +0.2 *1.72 + 4.3¢ +22
Diol (0.57) 2.8 3.2 4.8 2.9 2.4°
+ 0.7 +04 + 1.15 + 0.5 +04
Acid (0.37) 10.8 9.8 7.7 7.4 5.6
+0.8 + 0.6 +0.8° +0.9° * 0.8°
Unknown (0.29) 19.8 19.6 15.9 12.1 8.0
+ 0.7 +0.6 + 0.8° + 0.8° + 0.5¢
Diol 8.6 8.6 9.2 8.2 7.7
glucuronide * 0.6 * 0.6 * 0.7 * 0.7 * 0.5
(0.20)

Results are presented as mean = S.D.; n= 4

““Total diols’’ are the sum of Diol, Acid, Unknown and Diol glucuronide
Statistically different from DTP 0.1 mg/kg; (one way ANOVA with means contrasted) ® p < 0.05, ® p

< 0.01,  p < 0.001.

meaningful elimination tY2, and thus the half-time, a param-
eter which represents the slope over the study period, was
calculated. Due to the degree of saturation evident at the
higher DTP doses, half-time was calculated from data gath-
ered in the later phase of the experiment. Over the DTP dose
range studied it is apparent that the elimination of this azole
from the blood occurred in three distinct phases; a slow
elimination phase (at blood concentration above 1mg/L), a
more rapid phase (at concentrations 0.05-1mg/L) and an ap-
parent linear phase (at concentrations below 0.05mg/L). The
characteristic trend observed in the half-time is a direct con-
sequence of the nonlinear V and CL. The initial reduction in
half-time, with increasing dose, may be attributed to the de-
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Figure 2. Blood concentration-time profiles for DTP following bolus
administration. Doses administered i.p. at 0.1 (l), 0.5 (+), 1 (O), 10
(x) and 24(A)

crease in V, whilst the final increase may be explained by the
change in CL.

Clearance Processes To examine the nonlinear elimina-
tion of DTP in more detail the two mechanisms of clearance,
renal and metabolic, were separated. By relating the urinary
excretion rate of DTP or metabolites to the blood DTP con-
centration, renal and metabolic clearance respectively can
be estimated. When the two mechanisms of DTP clearance
are divorced it is evident that the renal clearance is linear,
whereas nonlinear behaviour is apparent in the metabolic
clearance (Fig. 3). As the blood DTP concentration in-
creased from 0.005 to 12mg/1, the metabolic clearance de-
creased dramatically, from 25 to 0.2ml/h/SRW, indicating
that at high DTP concentrations metabolism becomes satu-

Table III. Effect of dose of DTP on blood concentration-
time profiles.

Pharmacokinetic parameter

Volume of Half-

DTP dose distribution Clearance, g, time
(mg/kg) (ml/SRW) (mi/hr/SRW) (hr)
0.1 661 24.0 20.4
+21 + 1.8 * 1.4

0.5 547 26.9 13.4
+ 24° +2.0 + 0.6°

1.0 458 25.5 13.3
+ 14* +5.0 * 1.22

10.0 397 10.9 23.2
+ 7 * 0.4° +3.2

24.0 364 9.1 23.5
+ 182 *0.9* *19

Results are presented as mean = S.D.; n=4
Statistically significant from single dose DTP 0.1mg/kg (one way
ANOVA with means contrasted) *p < 0.001
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Figure 3. Relationship between (A) metabolic clearance and blood

concentration of DTP and (B) renal clearance and blood concentra-
tion of DTP. Data shown for 5 doses and 20 individual animals.

rated. Using a Michaelis-Menten type kinetic model (see Ta-
ble 1V), nonlinear regression gave parameter estimates of
51.6nmol/h/SRW for Vmax and 2.7uM for Km. When ex-
pressed in terms of unbound blood concentration Km re-
duced to 1.5uM.

Analysis of the renal clearance data provides an average
value of 2.79ml/h/SRW and when corrected for blood binding
the renal clearance increases to Sml/h/SRW. When compared
to the glomerular filtration rate in the rat (132ml/h/SRW, ref.
18), these data are indicative of an extensive tubular reab-
sorption process for DTP, which is not surprising since this
triazole is a relatively small, lipophilic molecule.

Tissue Binding In order to assess the relative tissue and
plasma binding of DTP, partition coefficients (Kp) between
total drug concentrations in liver (Kpy), kidney (Kpg) and
lung (Kp;) and total drug concentration in blood were de-
termined (see Table V). Over the wide blood concentration
range covered (0.018—10mg/1), the kidney and liver both pos-

Bomont, Tarbit, Humphrey, and Houston

sessed a greater affinity for DTP, than the blood. In contrast,
the concentration of DTP in the lung was not significantly
different from that in the blood, resulting in Kp; values of
approximately one. No significant relationship (one way
ANOVA) was observed between either Kp, or Kpy and
DTP blood concentration.

In contrast to pulmonary and renal distribution, hepatic
distribution of this azole clearly deviates from linearity (see
Fig. 4). At the lowest blood concentration (0.018mg/l), the
total concentration of DTP per ml (g) liver was greater than
29 times that of the blood. The relatively high Kpy value
reveals that the liver has an extremely high affinity for DTP
in relation to the blood, kidney and lung. These data, indi-
cating extensive binding process(es) in hepatic fissue, - are
compatible with the high binding affinity constant of DTP for
hepatic microsomal cytochromes P450 observed spectrally.
Over the DTP concentration range of 0.018 to 10mg/l, the
Kpy decreased 6.5-fold.

Table V also lists the parameter Kpggpgt Which repre-
sents partitioning into a fictitious average tissue of distribu-
tion. It is calculated by the equation shown in Table V by
subtracting the contribution of hepatic distribution from the
overall volume of distribution of DTP. Kpgrgsr shows no
concentration dependence which would suggest that satura-
tion of liver binding is the main event governing the observed
reduction in V over the dose range studied.

From Kp and fu,, the fraction unbound in the tissue can
be calculated (Eq 3). For the kidney and lung the unbound
fractions are constant, over the 1,000-fold concentration
range studied, at 0.25 and 0.5 respectively. For liver where
the high Kp results from extensive liver binding the fuy is
very low and concentration dependent (Fig. 4). The fuy is
0.019 at the lowest DTP blood concentration studied and
increased, by approximately 6 fold, to 0.125. These hepatic
data reflect a saturation of binding sites within the liver
which contrasts with the linear fu, over the same concentra-
tion range.

When the binding data were plotted using the conven-
tional Eadie-Hofstee approach it was evident that more than
one binding site existed. The model that fits the data best
resolved the binding into two integral components; a satura-
ble and nonsaturable process. The data were analysed using
a model analogous to the Michaelis-Menten equation with a
linear component (22)

_ Bmax - Cu

Cb = Kd+Cu + B;- Cu )]
where Cb and Cu are the bound and unbound hepatic tissue
concentrations, Bmax and Kd are the maximum capacity of
and dissociation constant for a high affinity, low capacity
binding site and B, is the binding coefficient for a low affin-
ity, apparently unlimited capacity binding site. The maxi-
mum capacity of the saturable binding component was cal-
culated to be 12nmoles DTP/g liver, and the binding affinity
dissociation constant was determined to be 0.24pM. For
comparative purposes the binding coefficient for the high
affinity site (B,) can be calculated from the ratio of Bmax
and Kd. At low DTP concentrations, the saturable liver bind-
ing component is approximately 7 times more important than
the linear process as reflected in the binding coefficient val-



Azole Probe for Hepatic Disposition

957

Table IV. Kinetic parameters describing the elimination of DTP

Pharmacokinetic Total Unbound
parameter concentration concentration
METABOLIC CLEARANCE?
Vmax (nmol/hr/SRW) 51.6 51.6
Km (uM) 2.7 1.5
(mg/l) 0.9 0.5
Intrinsic Clearance 19.2 34.2
(mi/hr/SRW)
RENAL CLEARANCE
(ml/hr/SRW) 2.8 4.9

2 The Michaelis-Menten parameters were obtained by fitting the equation -
Rate of metabolism = Vmax-C/Km+ C where C was the observed mid-point blood concentration for
the time interval over which the rate was measured. See Materials and Method section.

ues of 50 and 7ml/g for saturable and linear binding processes
respectively.

DISCUSSION

Azoles are useful in vitro probes of cytochromes P450.
Numerous spectral and inhibitory studies have been per-
formed with a variety of microsomes (for example, 4-10, 24)
and purified enzymes (19,20). Also, X-ray crystallography
has been employed to investigate the topography of the ac-
tive site of P450_, ., with this class of compounds (21). Ke-
toconazole has become the prototype for azole-P450 inves-
tigations in vitro. However, several inconsistencies exist for
the behaviour of this compound in vitro and in vivo (11).
Much of this anomaly may be a consequence of the pharma-
cokinetics of ketoconazole. Both the volume of distribution
and clearance of this azole are dose dependent (11). The
former is due to saturable hepatic binding which can be re-
solved from its hepatic clearance which is also saturable.
Although these phenomena are not unprecedented (for ex-
ample they also occur with some coumarins—22,23), they

Table V. Tissue-blood partition coefficients for DTP.

Blood
Dose concentration
(mg/kg) (mg/L) Kpy Kpk Kp.  Kpgesr
0.1 0.018 29.4 2.4 1.2 2.4
+ 0.002 * 1.2 + 0.2 + 0.1
0.5 0.098 23.4 2.1 1.0 2.0
+ 0.026 + 0.12 + 0.2 + 0.1
1.0 0.22 15.1 2.2 1.2 2.2
* 0.040 + L.12 +0.2 +0.2
10.0 4.1 6.2 2.3 1.2 2.3
+0.2 + 0.52 + 0.1 *+ 0.1
24.0 9.9 4.5 2.1 1.1 2.4
+ 0.5 + (.52 + 0.2 + 0.1

Results are presented as mean + S.D.; n=5

Statistically significant from DTP 0.1mg/kg (one way ANOVA with
means contrasted) * p < 0.01

Kpy, Kpk and Kp, refer to the hepatic, kidney and lung tissue:
blood partition coefficients, respectively.

Kpgrgest represents an average tissue partition coefficient calculated
from re-arrangement of eq. 6 Kpgesr = (V—(Vy, + Kpy'Vi)/VeesT

are of particular interest for azoles in view of their unusually
strong affinity for P450.

DTP is more polar than ketoconazole, Log P values of
1.1 and 3.9, respectively (24). DTP and other triazoles bind
strongly to P450s, similar to imidazoles in mouse (26) and rat
microsomes (this study). Both DTP and ketoconazole dis-
play classic Type II binding spectra which may be analysed
in terms of two classes of binding sites with similar affinities
and capacities for the two azoles. Both azoles give low pM
K, values for MCOD inhibition which are consistent with
previously published K; values for ketoconazole (5,7-10). In
contrast to its strong affinity for P450, DTP shows only mod-
erate interactions with plasma albumin (fraction unbound
0.56) over a wide concentration range. Ketoconazole binding
to rat plasma albumin is also concentration independent but
much more substantial —fraction unbound 0.037 (11).

Hepatic clearance of ketoconazole is entirely responsi-
ble for the elimination of this azole (12), and numerous me-
tabolites are formed (20). In contrast, the elimination of the
more polar azole DTP occurs by both renal and hepatic
clearance. At low concentrations, metabolism is the most
important eliminating process, whereas at the higher con-
centrations renal clearance becomes more significant be-
cause of saturation of the DTP N-dealkylation metabolic
pathway. The fraction metabolised decreases from over 80%
to less than 50% over the dose range studied. The preference
for metabolism as an eliminating route can be seen in the
ten-fold difference between the intrinsic metabolic clearance
and the renal clearance (Table IV).

The metabolic fate of DTP is quite simple. An initial
dealkylation removes a triazole ring to leave DTP glycol.
The latter primary metabolite is further metabolised to yield
a carboxylic acid, a glycol glucuronide and unknown metab-
olite we speculate is an acid glucuronide (see Fig. 1). Al-
though the affinity of DTP for the P450s carrying out the
initial dealkylation is high (1.5uM based on unbound plasma
concentrations), the capacity for the reaction is low (1
nmole/min/SRW). Under linear conditions the metabolic
clearance is 19ml/h/SRW which corresponds to a low hepatic
extraction ratio of 0.014.

The liver is also the major distribution site of DTP. At
low DTP concentrations, a specific high affinity binding pro-
cess dominates the hepatic binding of DTP resulting in a
Kpy of approximately 30. At high DTP concentrations the
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Figure 4. Relationship between (A) liver:blood partition coefficient
and unbound DTP blood concentration and (B) fraction unbound in
liver and unbound DTP blood concentration. Average values for
each dose studied is shown. Lines refer to the predicted relation-
ships using equations—

fun = Kd + Cu
UM = K4 + Bmax + Cu + (B,Kd) + (B,-Cu)
fuy[Kd + Bmax + Cu + (ByKd) + (B;-Cu)]
Kpy =

Kd + Cu

and the parameter values given in the text.

high affinity site(s) saturate and a low affinity linear binding
component becomes relatively more important and Kpy; falls
to approximately 4. This value however still exceeds by at
least two-fold the Kp of any other measured tissues, none of
which show nonlinearity. Atlow concentrations the effective
volume of distribution within the liver (Kpy - V4 where V4
is the volume of liver— 11mI/SRW) is 323ml/SRW which is
approximately one half of the total volume of distribution.
Similar calculations have been performed for ketoconazole
(11) and the liver’s contribution to the total volume of dis-
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tribution for this azole was found to be one third. In the latter
case data from steady-state experiments were used in deter-
mining Kp. For DTP we have used single bolus doses, how-
ever, in view of the slow elimination of this azole we are
confident that tissue distribution equilibrium exists in these
studies.

The progressive decrease in Kpy; observed as the dose
of DTP is escalated is coincident with the decrease in V. Fig.
5 illustrates the strong relationship between these two pa-
rameters. This observation is in keeping with the physiolog-
ical modelling approach to drug distribution (25,26) which is
based on the general equation -

V =V, + 2Kpy; - Vo - . )

where V, and V. are the volumes of blood (22ml/SRW) and
other body water compartments (143ml/SRW) respectively,
and the sum of these is total body water (165ml/SRW or
600ml/kg).

If the liver is isolated from the collective ‘‘tissue’’ term,
then -

V =V, + Kpy - Vu + Kprest * Vrest (6)

where Vgggr is now the sum of the body water compart-
ments excluding blood and liver (132ml/SRW) and Kpggst,
an average tissue partition coefficient (See also Table V).
Thus a plot of V against Kpy; should yield a slope of Vi
(11mlI/SRW) and an intercept equivalent to (Vy, + Kpgrgst *
Vgest). The slope from Fig. 5 is 10.98ml/SRW which is in
excellent agreement with the mean liver weight (11g) re-
corded in these distribution studies. Consequently it can be
concluded that the nonlinearity in the V term for DTP can be
solely explained by hepatic binding.

The two saturable processes involved in the disposition

800

6001

400+

200+

VOLUME OF DISTRIBUTION.mL/SRW

% 5 10 15 20 25 a0
LIVER:BLOOD PARTITION COEFFICIENT
Figure 5. Relationship between volume of distribution and liver:
blood partition coefficient for DTP. Each symbol represents a dif-
ferent dose of DTP. The theoretical relationship is discussed in the
text and predicts the following

V=V, +Kpyr-Vy+ Kpy-Vy

The values for the slope and intercept following linear regression (r
= (.984) are 10.98ml and 320ml, respectively.
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of DTP affect the blood concentration-time profile. Under
linear conditions, DTP is extensively metabolized via a sin-
gle pathway and is extensively distributed to hepatic tissue.
Hence, if the nonlinear Kinetics of DTP are solely due to a
saturable elimination process convex log concentration-time
profiles should be evident (27). Conversely, if the dose de-
pendency is only attributable to nonlinear tissue binding,
then for a low clearance drug like DTP concave log concen-
tration-time profiles should be apparent (28). However, two
sources of nonlinearity occur in the disposition of DTP;
capacity-limited metabolism and saturable hepatic binding.
Based on the six-fold difference observed in the Km and Kd
parameter estimates, it can be predicted that the resultant
log DTP concentration time-profiles should exhibit three
separate phases, that is, be sigmoidal. From the dose ranging
studies it was observed that the decline of DTP blood con-
centration did in fact occur in three distinct phases, accord-
ing to the dose administered. However it is evident, that the
time course of the higher dose disposition study was insuf-
ficient to observe the three phases within a single experi-
ment. Consequently, the DTP 10mg/kg single dose study was
repeated, with sampling over a 250 hour period, measuring
blood concentration decline over four orders of magnitude
(see Fig. 6). This study verified the three phase, sigmoid
profile behaviour. In the initial phase (concentration above
Img/L) there is saturation of the DTP N-dealkylation meta-
bolic route in conjunction with saturation of the high affinity
hepatic DTP binding process due to high azole concentra-
tions. The more rapid decline of the second phase (concen-
trations between 0.05-1mg/L) can be attributed to the lin-
earization of metabolic clearance whilst the liver binding re-
mains essentially saturated, and the third phase (0.05mg/L)
can be termed the linear phase where both the metabolism
and liver binding proceed under first order conditions.
Comparing the Km (based on unbound blood concen-
trations) and Kd estimates reveals that the cytochrome P450
isoforms involved in the metabolism of DTP have lower af-
finity for DTP than the liver binding sites. The nature of the
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liver binding sites is essentially unknown, however, spectral
binding studies demonstrate that hepatic microsomal cy-
tochromes P450 exhibit a strong affinity for DTP. The in vitro
dissociation constant is similar in value to the in vivo Kd.
Furthermore, a value of 50nmol cytochromes P450/g liver
has been recorded for rats in our laboratory (D. Carlile, un-
published) and the maximum capacity of the saturable bind-
ing component was estimated to be 12nmol/g liver. Thus it is
feasible that a proportion of the saturable liver binding sites
may involve particular cytochromes P450. However it is also
evident that DTP must bind to cytochrome P450 isoforms
which do not have the ability to metabolize it. This phenom-
enon is not unprecedented. Quinidine has been reported to
bind, two orders of magnitude, more avidly to cytochrfemes -
P450I1ID than to cytochrome P45S0II1A3. The latter isoform is
the major enzyme involved in the oxidation of quinidine,
whereas the former isoform does not oxidize it at all (29).
In conclusion, both ketoconazole and DTP display sim-
ilar behaviour in microsomes, however, DTP has several
advantages over ketoconazole in vivo. Furthermore to our
knowledge DTP is the first example of a strong positive de-
pendence of V upon drug binding in the liver. The impact of
this distribution phenomenon together with the nonlinear
metabolism of DTP leads to the sigmoidal log concentration-
time profile following administration of a high dose of DTP.
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