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pounds were dosed alone or in combination. We conclude
that the pharmacokinetics of CCT018159 are complex.
Cassette dosing is currently the best option available to
assess the pharmacokinetics of this promising series of
compounds in relatively high throughput and is now being
applied to identify compounds with optimal pharmacokinetic properties during structural analogue synthesis. [Mol
Cancer Ther 2006;5(6):1628 –37]

Introduction
Abstract
CCT018159 was recently identified as a novel inhibitor of
heat shock protein (Hsp) 90, a promising target for cancer
therapy. Pharmacokinetic and metabolic properties are
likely to be important for efficacy and need to be optimized
during drug development. Here, we define the preclinical
metabolism and pharmacokinetics of CCT018159 and
some early derivatives. In addition, we assess in vitro
metabolic stability screening and in vivo cassette dosing
(simultaneous administration of several compounds to a
single animal) as approaches to investigate these compounds. The plasma clearance following individual i.v.
administration to mice was rapid (0.128 – 0.816 L/h),
exceeding hepatic blood flow. For CCT066950 and
CCT066952, this could be attributed in part to extensive
(>80%) blood cell binding. Oral bioavailability ranged from
1.8% to 29.6%. Tissue distribution of CCT066952 was
rapid and moderate, and renal excretion of the compounds
was minimal (<1% of dose excreted). Compounds underwent rapid glucuronidation both in vivo and following
incubation with mouse liver microsomes. However, whereas CCT066965 was metabolized to the greatest extent
in vitro, this compound displayed the slowest plasma
clearance. The rank order of the compounds from the
highest to lowest area under the curve was the same
following discrete and cassette dosing. Furthermore,
pharmacokinetic variables were similar whether the com-
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The molecular chaperone heat shock protein (Hsp) 90 is an
exciting new target for cancer therapy (1 – 3). Hsp90 ensures
the correct conformation, stability, localization, and function of ‘‘client’’ proteins, including several key oncogenic
proteins such as ErbB2, Raf-1, Akt/protein kinase B, cyclindependent kinase 4, and mutant p53. Without functional
Hsp90, these proteins undergo proteasome-mediated degradation, leading to cell cycle arrest and apoptosis (4).
There is currently much interest in developing inhibitors of
Hsp90 because these could potentially inhibit all of the
hallmark traits of cancer (5) by depleting multiple
oncogenic proteins and blocking several signal transduction pathways (1, 6, 7).
To date, most attention has focused on analogues of the
benzoquinone ansamycin antibiotic geldanamycin (8), the
macrocyclic antibiotic radicicol (9), and, more recently, a
series of purine-scaffold small molecules derived from the
rationally designed compound PU3 (10, 11). The geldanamycin derivative 17-allylamino-17-demethoxygeldanamycin is the first inhibitor of Hsp90 to enter clinical trials.
Based on evidence of promising biological and clinical
activity (8, 12), phase II studies of this agent are under way.
However, like other known Hsp90 inhibitors, 17-allylamino-17-demethoxygeldanamycin has several limitations,
such as poor solubility, low oral bioavailability (13), and
metabolism by polymorphic enzymes (14, 15). Approaches
to discover Hsp90 inhibitors with improved pharmacologic
properties include the synthesis of structural analogues of
existing inhibitors (16, 17) and the search for novel
chemotypes (1, 18).
We recently developed a high-throughput screening
assay for inhibitors of Hsp90 ATPase activity (19) and
used this to identify the diaryl pyrazole inhibitor
CCT018159 (Fig. 1) by screening a library of 60,000
compounds (20). CCT018159 inhibited Hsp90 and tumor
cell growth with similar potency to 17-allylamino-17demethoxygeldanamycin. Furthermore, consistent with
Hsp90 inhibition, CCT018159 caused induction of Hsp70
and depletion of client proteins. Following identification of
CCT018159 as a hit compound, the evaluation of the
potential of this series of compounds to progress from hit to
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widely used despite controversy surrounding this technique (28, 29). In our experience, we have found the
suitability of cassette dosing to evaluate the pharmacokinetics of novel anticancer agents to be entirely dependent
on the compound series under investigation. Whereas
cassette dosing was recently shown to be unsuitable for a
series of geldanamycin analogues due to nonlinear pharmacokinetics and drug-drug interactions (17), this approach was extremely valuable in the pharmacokinetic
assessment of a large number of trisubstituted purine
cyclin-dependent kinase-2 inhibitors (30).
The main objective of the current work was to gain an
understanding of the preclinical pharmacokinetics and
metabolism of CCT018159 and some early derivatives
(Fig. 1). In addition, we wanted to assess the suitability of
in vitro metabolic stability screening in mouse liver microsomes and in vivo cassette dosing in mice as methods to
evaluate the pharmacokinetics of this novel diaryl pyrazole
series of Hsp90 inhibitors in higher throughput during lead
optimization. There are very few examples of this type of
analysis in the cancer drug development literature. Because
optimization of pharmacokinetic properties is frequently a
rate-limiting step in the preclinical development of cancer
drugs, publication of our experience may be useful in other
drug discovery projects.

Materials and Methods
Figure 1.

Chemical structures of CCT018159 analogues.

lead optimization was initiated. In addition to activity and
selectivity, it was recognized that understanding the
metabolism and pharmacokinetic properties of structural
analogues would be important because the in vitro effects
of CCT018159 were dependent on concentration and
exposure time. Thus, activity in animal models and patients
will likely require sustained compound exposures.
Evaluation of animal pharmacokinetics by conventional
single compound dosing is resource-intensive and low in
throughput. Indeed, pharmacokinetic analysis has become
a serious bottleneck in drug discovery and a variety of
higher-throughput methods have been developed in an
attempt to overcome this (21). In vitro approaches allow for
the investigation of drug absorption, metabolism, and
transport in isolation, but in vivo studies are required to
understand the combined effect of these processes on a
given compound. Approaches to accelerate in vivo pharmacokinetic screening include sample pooling (22), the
cassette-accelerated rapid rat screen (23), and cassette
dosing, which involves the simultaneous administration
of several compounds to a single animal (24, 25). Whereas
cassette dosing reduces the number of animals used, in
addition to increasing throughput, there are disadvantages
of this approach, including the potential for drug-drug
interactions (26, 27). The results of two recent surveys of the
pharmaceutical industry suggest that cassette dosing is still

Chemicals and Reagents
CCT018159 and analogues were synthesized at the
Cancer Research UK Centre for Cancer Therapeutics
(Sutton, United Kingdom) as described (20). DMSO was
obtained from Fisher Scientific UK Ltd. (Loughborough,
United Kingdom). High-performance liquid chromatography grade acetonitrile and methanol were purchased from
Laserchrom Analytical Ltd. (Rochester, United Kingdom).
Hepatocyte thawing medium was from In Vitro Technologies (Baltimore, MD). All other chemicals and reagents
were obtained from Sigma-Aldrich Company Ltd. (Gillingham, United Kingdom).
Animals and Procedures
Female BALB/c mice (6 weeks old) from Charles River
UK Ltd. (Margate, United Kingdom) were kept in a
controlled environment with food and sterilized water
available ad libitum. Animals weighed 20 F 2 g at the time
of experiment. All procedures were done in accordance
with the local and national guidelines for animal experimentation (31). Dosing solutions were prepared by dissolving the compounds in 10% DMSO and 5% Tween 20
in 0.9% saline. The compounds were administered i.v.
and p.o., individually at 20 mg/kg and in combination at
4 mg/kg each. Animals were warmed before receiving a
single i.v. bolus injection into a lateral tail vein. P.o. administration was by gavage. For urinary excretion studies,
mice received 1 mL of saline i.p. immediately and f20
hours after compound administration. Control animals
received the vehicle alone. Groups of three mice were
injected per time point. Blood was collected at selected time
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points by cardiac puncture under anesthesia into heparinized syringes, transferred to microcentrifuge tubes, and
centrifuged at 15,000  g for 2 minutes to obtain plasma.
For CCT066950, liver, kidney, and spleen were rapidly
dissected, weighed, and snap frozen in liquid nitrogen.
Urine was collected over 24 hours using Metabowl glass
metabolism cages (Jencons Scientific Ltd., Leighton Buzzard, United Kingdom). Samples were stored at 20jC
until analysis.
Sample Preparation
Tissues were thawed on ice and homogenized in 3 mL of
PBS per gram of tissue using a PowerGen 125 Homogenizer
(Fisher Scientific UK). A standard curve ranging from 50
to 50,000 nmol/L and quality control standards at 400,
4,000, and 40,000 nmol/L were prepared in 100 AL of blank
plasma or tissue homogenate. CCT016391 was added to all
standards and samples as an internal standard. Proteins
were precipitated by the addition of 3 volumes of
methanol. Samples were centrifuged at 2,800  g for 10
minutes at 4jC and the supernatants were removed for
analysis. Urine volumes were measured before diluting an
aliquot 1:10 with methanol. Standards were prepared at 10,
100, 1,000, and 10,000 nmol/L in diluted blank urine.
CCT016391 was added as an internal standard and samples
were centrifuged at 2,000  g for 10 minutes at room
temperature.
B-Glucuronidase Hydrolysis
One hundred-sixty units of h-glucuronidase (type B-1
from bovine liver), dissolved in ammonium acetate (pH 5),
were added in duplicate to 20-AL aliquots of plasma pooled
from three mice treated with 20 mg/kg CCT066963.
Incubations were done at 37jC for 1 hour. Control
incubations were done in the absence of h-glucuronidase.
The reaction was terminated by the addition of 3 volumes
of methanol and plasma samples were processed as
described above.
Blood Cell Binding
Fresh blood was obtained from untreated animals and
plasma was prepared by centrifugation. Aliquots of plasma
and blood were added to test compound in duplicate to
give a final concentration of 10 Amol/L. Incubations were
carried out for 20 minutes at 37jC. Spiked blood samples
were centrifuged to obtain plasma. To equal volumes
(100 AL) of spiked plasma or plasma obtained from spiked
blood, CCT016391 was added as an internal standard and
samples were processed as described above.
Microsomal Incubations
Male CD1 mouse liver microsomes and male pooled
human liver microsomes were purchased from XenoTech
LLC (Lenexa, KS) and pooled human intestinal microsomes
were from In Vitro Technologies. Incubations contained
final concentrations of 1 mg/mL microsomal protein,
10 Amol/L test compound, 3 mmol/L MgCl2, 1 mmol/L
NADPH, 2.5 mmol/L UDP-glucuronic acid, and 50 mmol/L
phosphate buffer (pH 7.4) in a total volume of 200 AL and
were done for 5 minutes at 37jC. The reaction was
terminated by the addition of 2 volumes of ice-cold
methanol and CCT016391 was added as an internal

standard. T 0 min samples were prepared in exactly the
same way except that the test compound was added
immediately after the addition of methanol. Samples were
centrifuged at 2,800  g for 10 minutes at 4jC and the
supernatants analyzed. 7-Hydroxycoumarin (the positive
control used for the hepatocyte experiments) was incubated
at a final concentration of 100 Amol/L with human liver
microsomes supplemented with UDP-glucuronic acid
only for 30 minutes to generate 7-hydroxycoumarin
glucuronide.
Hepatocyte Incubations
Human hepatocytes (from two male donors) were
purchased from In Vitro Technologies (Leipzig, Germany).
Krebs-Henseleit buffer was supplemented with 1 mmol/L
calcium chloride, 28.5 mmol/L sodium bicarbonate,
84 Ag/mL amikacin sulfate, 84 Ag/mL gentamicin,
20 mmol/L HEPES, and 4.2 Amol/L heptanoic acid and
the pH was adjusted to 7.4. After thawing, heptatocytes
were resuspended in 48 mL of prewarmed hepatocyte
thawing media and centrifuged at 50  g for 5 minutes.
This was followed by removal of the supernatant and
resuspension in Krebs-Henseleit buffer. The viability
(86.9%) and cell density were measured by trypan blue
exclusion. The test compounds and 7-ethoxycoumarin
were incubated at 10 and 100 Amol/L, respectively, with
1 million hepatocytes/mL. The final methanol and DMSO
concentrations were 0.5% and 0.1%, respectively. Incubations were done in 20-mL glass scintillation vials in a static,
37jC, 5% CO2 incubator. Aliquots were removed at
selected time points and quenched with 3 volumes of
methanol (test compounds) or 25% of the incubation
volume of 70% perchloric acid (7-ethoxycoumarin).
CCT016391 was added as an internal standard. Samples
were centrifuged at 15,000  g for 10 minutes at room temperature and the supernatants removed for analysis. Incubations of CCT018159 and CCT066965 were done in duplicate.
Sample Analysis
Chromatography was done using a Supelcosil Discovery
C18 column (5 cm  4.6 mm ID, 5 Am; Supelco, Gillingham,
United Kingdom). The mobile phase consisted of methanol
and 0.1% formic acid in water. Methanol was increased
from 10% to 90% over 6.5 minutes, held at 90% for 5.5
minutes, returned to 10% over 0.5 minutes, and held for
5 minutes. The flow rate was 0.6 mL/min and the sample
injection volume was 20 AL. A TSQ 700 triple quadrupole
instrument (ThermoFinnigan, Hemel Hempstead, United
Kingdom) coupled to a 600 MS pump and 717 autosampler
(Waters Ltd., Elstree, United Kingdom) was used for
quantitative analysis. The mass spectrometer was equipped
with an electrospray source and operated in positive mode.
The capillary temperature and spray voltage were operated
at 260jC and 5.5 kV, respectively. The sheath, auxiliary,
and collision gas flows were set at 60, 15, and 1.2 arbitrary
units, respectively. Detection was done by multiple
reaction monitoring of the following transitions:
CCT018159, m/z 352 ! m/z 283; CCT016391, m/z 352 !
m/z 324; CCT066950, m/z 253 ! m/z 183; CCT066952, m/z
281 ! m/z 253; CCT066963, m/z 341 ! m/z 325; and
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CCT066965, m/z 347 ! m/z 331. The limit of quantitation
ranged from 50 to 250 nmol/L, depending on the
compound, and standard curves were linear up to 50,000
nmol/L. Quality control standards were within 15% of
nominal concentrations.
For 7-ethoxycoumarin hepatocyte incubations, chromatography was done using a Hypersil BDS C8 column (25 cm
 4.6 mm ID, 5 Am; Supelco). The mobile phase consisted of
0.1% trifluoroacetic acid in acetonitrile and 0.1% trifluoroacetic acid in water. Acetonitrile was increased from 0% to
10% over 10 minutes, from 10% to 40% over 5 minutes,
from 40% to 60% over 10 minutes, returned to 0% over
1 minute, and held for 5 minutes. The flow rate was 1 mL/
min and the sample injection volume was 20 AL. Detection
was by UV absorbance at 320 nm using a UV6000 detector
connected to a SpectraSYSTEM AS3000 autosampler and
P4000 pump (ThermoFinnigan).
An LCQ ion trap instrument coupled to a SpectraSYSTEM P4000 pump and an AS3000 autosampler (ThermoFinnigan) was used for qualitative analysis. The mass
spectrometer was equipped with an electrospray source
and operated in positive mode. The capillary temperature
and spray voltage were operated at 250jC and 4.5 kV,
respectively. Sheath and auxiliary gases were set to 80 and
20 arbitrary units, respectively. Spectra were acquired in
full-scan mode over the m/z range 150 to 850. The sample
injection volume was 25 AL.
Sample Processing
Pharmacokinetics. Ratios of the peak area of each analyte
to that of the internal standard were calculated. Plasma and
tissue concentrations were interpolated from standard
curves constructed by linear regression using GraphPad
Prism Version 3.02 (GraphPad Software, Inc., San Diego,
CA). Mean concentrations (n = 3) for each time point were
calculated. Urine concentrations were converted to nanomoles excreted based on the volume of urine collected and
the percent of the dose excreted was calculated. Pharmacokinetic variables were evaluated by noncompartmental
analysis using WinNonlin Professional Version 3.2 (Pharsight Corporation, Mountain View, CA).
Metabolism. Metabolic stability was assessed by monitoring disappearance of the parent compound over the
incubation period. Full-scan spectra were manually
inspected for peaks that were present following incubation
with microsomes and hepatocytes, and in plasma and
tissue samples from treated animals but absent in control
samples. Possible metabolites were determined by the mass
difference from the parent compound. Ratios of the peak
area of each possible metabolite and the parent compound
to the internal standard were calculated.
Statistical Analysis. A previously described method (32)
was used to estimate the variance of area under the curve
(AUC) calculated to the last observation (AUClast) based
on the variance of the mean concentration (n = 3) at each
time point. A Z test was used for pairwise comparison of
AUCs and observed Z > 1.96 indicated a significant
difference (33). All other statistical analyses were done
using GraphPad Prism Version 3.02 (GraphPad Software).

Results
Pharmacokinetics following Discrete Dosing
The plasma concentration-time curves of the compounds
following individual i.v. and p.o. administration are shown
in Fig. 2A and B, respectively. Oral absorption of the
compounds was rapid, with peak plasma levels observed
5 minutes after administration (Fig. 2B). CCT018159 displayed equally fast absorption from the peritoneal cavity
(data not shown). CCT066965 exhibited the highest
maximum concentration and AUC following administration by both routes (Table 1). The plasma clearance of the
compounds was rapid, ranging from 0.128 L/h for
CCT066965 to 0.816 L/h for CCT066952. Plasma clearance
and half-life of CCT018159 were similar regardless of the
route of administration. The oral bioavailability of the
compounds was relatively low, ranging from 1.8% for
CCT018159 to 29.6% for CCT066965. Phenyl substitutions
at position 4 of the pyrazole seem to play a role in the
pharmacokinetics of this compound series. The two
compounds that reached the highest plasma levels (i.e.,
CCT066965 and CCT066963) have two methoxy substituents on this ring whereas CCT066952 and CCT066950 do
not. Substitutions at position 5 of the resorcinol ring do not
seem to be important in terms of exposure.
Distribution of CCT066950 to the liver, kidneys, and
spleen was rapid following i.v. and p.o. dosing, with
maximum tissue levels observed at 5 minutes (data not
shown). CCT066950 levels were highest in the kidneys,
followed by the spleen, plasma, and liver (Table 1). Tissueto-plasma AUC ratios were similar following i.v. and p.o.
administration. Clearance from the kidneys and the spleen
was similar, the values being 0.147 and 0.190 L/h,
respectively. Plasma and liver clearances were 3.9-fold
and 8.7-fold faster, respectively.
The urinary excretion of all five compounds was
minimal, with <1% of the dose being excreted as
unchanged parent over 24 hours.
In vivo Metabolism
Initially, metabolites were tentatively identified by mass
difference from the parent compound. The major route of
metabolism seemed to be glucuronide conjugation, with
both monoglucuronide and bisglucuronide conjugates
observed. Some of the compounds also underwent oxidative metabolism, including hydroxylation and demethylation. Assuming that the mass spectral responses of the
parent compounds and the proposed metabolites were
the same, the ratio of the proposed glucuronide conjugates
to the parent at the first sampling time of 5 minutes
was calculated. This gave values ranging from 1.94 for
CCT066965, which displayed a relatively slow plasma
clearance, to 16.87 for CCT066950, which was rapidly
cleared from plasma. The tentative identification of
glucuronide conjugates was confirmed by incubation of
plasma obtained from CCT066963-treated mice with hglucuronidase. This led to an increase in levels of the parent
compound, confirmed with an authentic standard, and a
corresponding decrease in the glucuronide conjugates (data
not shown).
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Figure 2. Plasma concentration-time curves of CCT018159 analogues following individual (A, i.v.; B, p.o.) and cassette (C, i.v.; D, p.o.) administration
to mice. CCT018159, CCT066950, CCT066952, CCT066963, and CCT066965 were administered in combination at 4 mg/kg each and individually at
20 mg/kg.

In vitro Metabolism
Preliminary assay optimization experiments revealed
that the compounds were extensively metabolized by
mouse liver microsomes over a period of 30 minutes.
Thus, an incubation time of 5 minutes was selected for
further studies. Mouse liver microsomal incubations
(n = 3) were reproducible, with coefficients of variation
ranging from 0.41% for CCT066965, which was metabolized to the greatest extent, to 10.2% for CCT018159, which
was the least metabolized compound. Microsomal metabolism was rapid and extensive, with near complete loss
of parent observed for some of the compounds (Table 2).
The extent of parent loss was similar whether the
microsomes were supplemented with both NADPH and
UDP-glucuronic acid or with UDP-glucuronic acid alone
(data not shown). With the exception of CCT018159, compounds were metabolized to a greater extent by mouse
compared with human liver microsomes (Table 2).
However, the lower cytochrome P450 (and possibly
UDP-glucuronosyltransferase) content of the human microsomal preparation has to be taken into account. Despite
differences in the extent of parent loss, ranking from the
least to the most metabolized compound was the same
between the two species, with the exception of
CCT018159. The extent of human intestinal metabolism

was less than that of hepatic metabolism. This was most
pronounced for CCT066950, which did not undergo intestinal metabolism, yet parent loss following incubation
with liver microsomes was 43.7%.
In vitro metabolic stability in microsomes was not
predictive of in vivo plasma clearance with regards to
compound ranking, with a major discrepancy observed for
CCT066965 in particular. Of the compounds studied,
CCT066965 was metabolized to the greatest extent in vitro
(98.2% parent loss) but displayed the slowest plasma
clearance in vivo (Table 1).
The proposed metabolites formed by mouse liver microsomes in vitro were similar to those formed by the mouse
following in vivo administration. In addition, the same
metabolites were observed following compound incubation
with both the mouse and human microsomal preparations.
None of the compounds underwent oxidative metabolism
when incubated with the human liver microsomes, with
only proposed glucuronide conjugates observed.
Four of the five compounds were completely metabolized
by human hepatocytes within 60 minutes (data not shown).
Loss of the positive control 7-ethoxycoumarin was 18.5%
and the metabolites 7-hydroxycoumarin and its glucuronide and sulfate conjugates were identified. Hepatocyte
metabolism compared well with that by human liver
Mol Cancer Ther 2006;5(6). June 2006
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Table 1. Pharmacokinetic variables of CCT018159 analogues following individual administration to mice at 20 mg/kg
Compound

Tissue

Route

AUClast
(h*nmol/L)

AUCINF
(h*nmol/L)

C max
(nmol/L)

CL/F,
obs (L/h)

HL (h)

V z/F,
obs (Liter)

F

Tissue/
plasma AUC

CCT018159
CCT018159
CCT066950
CCT066950
CCT066950
CCT066950
CCT066950
CCT066950
CCT066950
CCT066950
CCT066952
CCT066952
CCT066963
CCT066963
CCT066965
CCT066965

Plasma
Plasma
Plasma
Plasma
Liver
Liver
Kidney
Kidney
Spleen
Spleen
Plasma
Plasma
Plasma
Plasma
Plasma
Plasma

i.v.
p.o.
i.v.
p.o.
i.v.
p.o.
i.v.
p.o.
i.v.
p.o.
i.v.
p.o.
i.v.
p.o.
i.v.
p.o.

8,610
155
2,408
505
1,081
319
10,551
2,188
7,151
1,304
1,690
127
8,358
229
8,912
2,641

8,823
206
2,738
1,548
1,243
ND*
10,821
2,641
8,338
1,708
1,750
195
8,400
331
9,014
3,363

24,208
275
7,088
1,355
4,430
1,957
66,607
10,604
23,582
5,048
7,098
463
35,833
1,002
57,235
6,863

0.129
5.50
0.580
1.025
1.277
ND*
0.147
0.601
0.190
0.930
0.816
7.337
0.140
3.554
0.128
0.343

0.39
0.69
0.17
0.78
0.17
ND*
0.09
0.17
0.19
0.22
0.44
0.29
0.26
0.25
0.35
0.67

0.073
5.471
0.146
1.157
0.321
ND*
0.020
0.149
0.051
0.290
0.520
3.036
0.052
1.264
0.065
0.332

—
0.018
—
0.210
—
—
—
—
—
—
—
0.075
—
0.027
—
0.296

—
—
—
—
0.4
0.6
4.4
4.3
3.0
2.6
—
—
—
—
—
—

Abbreviations: AUClast, AUC up to the time of the last measurable concentration; AUCINF, AUC from the time of dosing extrapolated to infinity; C max,
maximum concentration; CL, total body clearance; HL terminal half-life; V z, volume of distribution based on the terminal phase.
*Not determined (not enough time points with compounds detected).

microsomes. The extent of metabolism during a 30-minute
hepatocyte incubation was comparable to that during a
5-minute microsomal incubation. In addition, the rank
order from the least to the most extensively metabolized
compound was the same in both preparations, with the
exception of CCT018159 (CCT066963 > CCT066950 >
CCT066952 > CCT066965 > CCT018159 for the hepatocytes). There was no evidence of sulfate conjugation
following incubation of the test compounds with hepatocytes.
Cassette Dosing
The plasma concentration-time curves of the compounds
following i.v. and p.o. administration in combination at
4 mg/kg each are shown in Fig. 2C and D, respectively.
CCT018159 and CCT066950 were undetectable following
cassette administration by the p.o. route. Following i.v.

Table 2. Parent loss of CCT018159 analogues following a
5-minute incubation at 10 Mmol/L with mouse liver microsomes,
human liver microsomes, and human intestinal microsomes
Compound

% Parent loss
Mouse liver
microsomes

CCT018159
CCT066950
CCT066952
CCT066963
CCT066965

58.0
73.7
88.9
70.5
98.2

(3.40)
(2.48)
(2.43)
(1.33)
(0.23)

Human liver
microsomes

Human intestinal
microsomes

85.5
43.7
74.8
43.2
96.7

65.3
0
26.4
33.6
89.9

NOTE: Mouse liver microsome incubations were done in triplicate. The SE is
shown in parenthesis.

administration, the compounds displayed approximately
linear increases in AUC and maximum plasma concentration as the dose was increased 5-fold from 4 mg/kg for
cassette dosing to 20 mg/kg for discrete dosing (when
calculated up to the time of the last measurable concentration in the cassette; Table 3). Furthermore, the dosenormalized AUC, plasma clearance, half-life, and volume
of distribution were similar whether the compounds were
dosed alone or in combination (Table 3). Of the four
compounds, the cassette versus discrete dosing pharmacokinetic variables differed most for CCT066965. Plasma
clearance of this compound following cassette dosing was
60% of that following single compound dosing, the values
being 0.084 and 0.139 L/h, respectively. However, the halflife was similar whether it was dosed alone or in
combination. The rank order of the compounds from the
highest to the lowest AUC following cassette dosing was
similar to that following discrete dosing, whether the AUCs
were calculated up to the same time point or using all
measurable concentrations (Table 4). Statistical analysis
revealed that the AUC of CCT066965, which had the
highest AUC following single compound administration,
was not significantly different from that of CCT018159 or
CCT066963, which ranked second and third, respectively.
In addition, the AUCs of CCT066950 and CCT066952,
which ranked fourth and fifth, were not significantly
different (Z obs < 1.96). Following cassette administration,
the AUC of CCT066965 was significantly higher than that
of the other compounds. However, there was no significant
difference between the AUCs of the compounds that
ranked second and third (i.e., CCT066963 and CCT018159,
respectively). With the exception of CCT066965 (Z obs =
2.96), there were no significant differences between the
dose-normalized AUCs of the analogues following cassette
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Table 3. Comparison of the plasma pharmacokinetic variables of CCT018159 analogues following cassette and single compound
administration
Compound

Administration

Route

T last (h)

AUClast
(h nmol/L)

AUCINF
(h nmol/L)

C max
(nmol/L)

CL/F,
obs (L/h)

HL (h)

V z/F,
obs (Liter)

CCT018159
CCT018159
CCT018159
CCT066952
CCT066952
CCT066952
CCT066963
CCT066963
CCT066963
CCT066965
CCT066965
CCT066965
CCT066963
CCT066963
CCT066963
CCT066965
CCT066965
CCT066965

Cassette
Individual
Individual
Cassette
Individual
Individual
Cassette
Individual
Individual
Cassette
Individual
Individual
Cassette
Individual
Individual
Cassette
Individual
Individual

i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
i.v.
p.o.
p.o.
p.o.
p.o.
p.o.
p.o.

0.5
0.5
2
0.5
0.5
2
0.5
0.5
2
0.5
0.5
2
0.25
0.25
0.5
0.5
0.5
2

1,023 (110)
5,279 (492)
8,610 (1,068)
326 (44.5)
1,280 (96.2)
1,690 (113)
1,086 (160)
6,659 (156)
8,358 (317)
2,519 (327)
7,569 (429)
8,912 (526)
39.1
153
229
817
1,574
2,641

1,294.4
7,282.9
8,823.3
439.1
1,461.8
1,750.1
1,250.8
8,020.0
8,400.1
2,743.7
8,324.2
9,014.0
ND*
ND*
331.0
892.0
1,985.8
3,363

4,632.3
24,207.8
24,207.8
1,591.3
7,098.0
7,098.0
5,300.4
35,832.9
35,832.9
15,370.6
57,235.1
57,235.1
199.2
1,001.5
1,001.5
2,722.0
6,862.7
6,862.7

0.176
0.156
0.129
0.651
0.977
0.816
0.188
0.147
0.140
0.084
0.139
0.128
ND*
ND*
3.554
0.259
0.116
0.343

0.221
0.264
0.391
0.252
0.168
0.442
0.173
0.195
0.255
0.141
0.147
0.350
ND*
ND*
0.246
0.140
0.194
0.670

0.056
0.059
0.073
0.236
0.236
0.520
0.047
0.041
0.052
0.017
0.029
0.065
ND*
ND*
1.264
0.052
0.033
0.332

NOTE: Compounds were administered individually at 20 mg/kg and in combination at 4 mg/kg each. The SD of the AUClast is given in parentheses. T last, time
of last measurable positive concentration.
*Not calculable due to limited number of detectable time points.

and single compound administration. When CCT066965
was administered p.o., the increases in AUC and the
maximum concentration with the 5-fold increase in dose
between cassette and single compound dosing were less
than proportional (f2-fold). The plasma clearance and the
volume of distribution were 2.2- and 1.6-fold higher,
respectively, following cassette compared with discrete
dosing and the half-life was 38.6% longer after single
compound administration.
Red Blood Cell Binding
Of the five compounds, CCT066950 and CCT066952
bound to the cellular constituents of blood. Figure 3 shows
that blood cell binding was highly correlated with plasma
clearance (R 2 = 0.90), AUC (R 2 = 0.98), and molecular
weight (R 2 = 0.97).

Discussion
This work describes the preclinical pharmacokinetics and
metabolism of a promising and novel series of Hsp90
inhibitors (18, 20). The diaryl pyrazole compounds
exhibited rapid plasma clearance and relatively low oral
bioavailability (1.8 – 29.6%; Table 1). Distribution of
CCT066950 to the liver, kidneys, and spleen was rapid
but variable, resulting in tissue-to-plasma AUC ratios of
0.4, 4.4, and 3.0, respectively (Table 1). Because renal
excretion was minimal, metabolism was thought to play a
major role in the elimination of these compounds.
The preliminary identification of glucuronidation as the
major route of metabolism was later confirmed by
incubation of plasma with h-glucuronidase (data not
shown), which revealed that conjugation occurs at the

Table 4. Ranking of CCT018159 analogues from the highest (top) to the lowest (bottom) AUC following cassette and single compound
i.v. administration
Cassette
AUClast
CCT066965
CCT066963
CCT018159
CCT066952
CCT066950b

Individualc

Individual*
AUCINF

AUClast

AUCINF

AUClast

AUCINF

CCT066965
CCT018159
CCT066963
CCT066952
CCT066950b

CCT066965
CCT066963
CCT018159
CCT066950
CCT066952

CCT066965
CCT066963
CCT018159
CCT066950
CCT066952

CCT066965
CCT018159
CCT066963
CCT066950
CCT066952

CCT066965
CCT018159
CCT066963
CCT066950
CCT066952

*Calculated up to the time of the last measurable concentration following cassette dosing.
cCalculated up to the time of the last measurable concentration following single compound dosing.
bCCT066950 was only detectable for up to 5 minutes following cassette dosing.
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Figure 3. Relationship between blood cell binding and plasma clearance
(A), AUC (B), and molecular weight (C) of the CCT018159 analogues.

hydroxyl groups on the resorcinol ring. The liver represents
one of the major sites of glucuronidation; however, UDPglucuronosyltransferases are also expressed in extrahepatic
tissues (34). Kidney levels of CCT066950 were 10-fold
higher than those in the liver, and clearance from the
kidney and spleen was similar (Table 1). These factors
suggest that glucuronidation occurs predominantly in the
liver. However, because glucuronide conjugates were
formed by human intestinal microsomes, it is likely that
glucuronidation occurs in the mouse intestine, thus
contributing to the low oral bioavailability observed.

Species differences in the elimination pathways of the
resorcinol terbutaline have been described (35), with
glucuronidation being predominant over sulfation in the
rat but not in man. In the current study, there was no
evidence of sulfation in the mouse in vivo or following
compound incubation with human hepatocytes.
Because in vivo studies revealed that the compounds
underwent extensive metabolism, we proposed that a
metabolism-based screen would be potentially useful to
rank further analogues during lead optimization and limit
the number required for in vivo evaluation. Although
glucuronide conjugation was the major metabolic route,
some of the compounds also underwent oxidative metabolism; thus, microsomes were supplemented with both
NADPH and UDP-glucuronic acid. The microsomal incubations were useful in that the identities of the metabolites
produced were the same as those produced in vivo. In
addition, compounds underwent rapid and extensive
turnover in vitro as they did in vivo. However, in vitro
metabolic stability was not predictive of plasma clearance
with regards to compound ranking. This was most evident
for CCT066965, which underwent 98.2% parent loss in vitro,
yet displayed the slowest plasma clearance of the compounds following individual and cassette administration
by the i.v. and p.o. routes (Tables 1 and 3). Notably,
CCT066965 was also the most extensively metabolized
compound by human liver and intestinal microsomes
(Table 2). It is possible that the compounds undergo extrahepatic glucuronidation and distribution of CCT066965 to
sites of metabolism is less extensive than that of the other
compounds. To determine whether the discrepancy between the microsomal and in vivo data was influenced by
hepatocellular uptake, the compounds were incubated with
hepatocytes. Hepatocyte metabolism was slower and less
extensive than microsomal metabolism but the rank order
from the most to the least metabolized compound was
similar. Although metabolism is clearly of importance for
this compound series, the fact that the plasma clearance of
the compounds investigated approximates or exceeds
mouse liver blood flow (0.108 L/h; ref. 36) suggests that
the elimination of these compounds may in fact be
governed by liver blood flow rather than intrinsic metabolism. This may explain the observed lack of in vitroin vivo correlation.
Due to the discrepancies observed between plasma
clearance and metabolic stability in microsomes, the
suitability of cassette dosing was assessed. Following i.v.
administration, the rank order from the highest to the
lowest AUC following cassette dosing was similar to that
observed following individual administration (Table 4).
The magnitudes of the differences between the pharmacokinetic variables following cassette and single compound
dosing were similar to or less than those reported in the
few published studies that provide these comparative data
(37 – 39). The current compounds generally displayed linear
pharmacokinetics between cassette dosing at 4 mg/kg and
discrete dosing at 20 mg/kg (Table 3). Furthermore, the
pharmacokinetic variables following single and cassette
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dosing were very similar. With the exception of CCT066965,
there were no significant differences between the dosenormalized AUCs of the compounds following cassette and
single compound i.v. dosing.
The observed rapid clearances could be explained in part
by extrahepatic metabolism and/or elimination of the
compounds by another mechanism. However, as the liver
is the most highly perfused organ, it is unlikely that
metabolism by another organ could account for the
clearances observed. Furthermore, renal excretion of these
compounds was minimal. Because the resorcinol compound terbutaline has an affinity for red blood cells (40),
the extent of binding of the current compounds to the
cellular constituents of blood was investigated. If a
compound was extensively bound, then a considerable
amount would be discarded after centrifugation of blood to
obtain plasma, resulting in a high blood-to-plasma ratio.
Consequently, plasma concentrations would be lower than
the actual blood concentrations in vivo at the time of
sampling, resulting in a low AUC and a corresponding fast
plasma clearance. Experiments were conducted at room
temperature and at 37jC and similar results were obtained
at both temperatures (data not shown). Two of the
compounds were extensively bound and the extent of
binding was highly correlated with plasma clearance (R 2 =
0.90) and AUC (R 2 = 0.98; Fig. 3), suggesting that the rapid
plasma clearances observed for CCT066950 and CCT066952
are largely a consequence of their affinity for red blood
cells. Blood cell binding also seemed to be dependent on
molecular weight (R 2 = 0.97). Note, however, that with the
data available, it is still possible that the relationship
between blood cell binding is more dichotomous than
continuous. Interestingly, mature human erythrocytes have
been shown to express Hsp90, the target of the current
compounds (41). However, there was no apparent correlation between blood cell binding and the IC50 values for
Hsp90 inhibition (data not shown). The effect of blood cell
binding on the tissue distribution and metabolism of the
current compounds requires further investigation, although in the optimization of these compounds an
objective would be to eliminate this property.
To conclude, the present studies have shown that the
metabolism and pharmacokinetics of CCT018159 and its
analogues are complex. Although in vivo studies suggest
that the elimination of these compounds is limited by
hepatic blood flow rather than intrinsic metabolism,
glucuronidation does seem to be of importance. Structural
modification will be required to decrease glucuronide
conjugation or increase potency as one or both of the
phenolic groups on the resorcinol ring seem to be required
for Hsp90 inhibitory activity (20). The importance of
carrying out detailed studies of a few members of a
compound series before considering methods to evaluate
the pharmacokinetics of a larger number of that series in
higher throughput has been shown. Furthermore, the
advantages of assessing several screening methods before
selecting the most appropriate one for use during lead
optimization have been shown. The fact that parent loss of

the compounds in human hepatocytes reflects that seen in
human liver microsomes suggests that the incubation
conditions used to study the oxidation and glucuronidation
of the current compounds in microsomes could be relevant
to the human situation. However, the extent of parent loss in
microsomes was not predictive of in vivo pharmacokinetics
in mice with regards to compound ranking. In light of the
current studies, the binding of further CCT018159 analogues
to the cellular constituents of blood should be determined
routinely. If a compound is extensively bound, then plasma
may not be the most appropriate assay matrix in which to
evaluate its pharmacokinetics. For compounds that are not
bound to blood cells, which as mentioned is a desirable
feature from the point of view of further drug development,
cassette dosing is currently the best option available to assess
the in vivo pharmacokinetics of the current series of
compounds in relatively high throughput following i.v.
administration, and is currently being used in lead optimization, alongside other biological assays, to select a clinical
development candidate for the CCT018159 series.
There are relatively few published examples of the use of
higher-throughput techniques, particularly cassette dosing
(17, 30), in the preclinical development of cancer drugs. The
process used and experience presented here may therefore
be of interest and value to investigators seeking to optimize
the properties of other classes of molecular cancer
therapeutics. The use of such methods is not only more
efficient than single compound evaluation but it can also
result in decreased animal usage.
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