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Abstract Purpose: 17-(Allylamino)-17-demethoxygel-
danamycin (17AAG) is a benzoquinone ansamycin
compound agent that has entered clinical trials. Studies
were performed in mice to: (1) define the plasma phar-
macokinetics, tissue distribution, and urinary excretion
of 17AAG after i.v. delivery; (2) to define the bioavail-
ability of 17AAG after i.p. and oral delivery; and (3) to
characterize the concentrations of 17AAG metabolites
in plasma and tissue. Materials and methods: All studies
were performed in female CD,F; mice. Preliminary
toxicity studies used 17AAG i.v. bolus doses of 20, 40
and 60 mg/kg. Pharmacokinetic studies used i.v. 17AAG
doses of 60, 40, and 26.67 mg/kg and i.p. and oral doses
of 40 mg/kg. The plasma concentration versus time data
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were analyzed by compartmental and noncompartmen-
tal methods. The concentrations of 17AAG were also
determined in brain, heart, lung, liver, kidney, spleen,
skeletal muscle, and fat. Urinary drug excretion was
calculated until 24 h after treatment. Results: A 60 mg/
kg dose of 17AAG, in its initial, microdispersed for-
mulation, caused no changes in appearance, appetite,
waste elimination, or survival of treated animals as
compared to vehicle-treated controls. Bolus i.v. delivery
of 60 mg/kg microdispersed 17AAG produced “‘peak”
plasma 17AAG concentrations between 5.8 and 19.3 pg/
ml in mice killed 5 min after injection. Sequential re-
duction of the 17AAG dose to 40 and 26.67 mg/kg re-
sulted in ““peak” plasma 17AAG concentrations between
8.9 and 19.0 pg/ml, and 4.8 and 6.1 pg/ml, respectively.
Noncompartmental analysis of the plasma 17AAG
concentration versus time data showed an increase in
AUC from 402 to 625 and 1738 pg/ml'min when the
17AAG dose increased from 26.67 to 40 and 60 mg/kg,
respectively. Across the range of doses studied, 17AAG
total body clearance varied from 34 to 66 ml/min per kg.
Compartmental modeling of the plasma 17AAG con-
centration versus time data showed that the data were
fitted best by a two-compartment, open, linear model. In
each study, substantial concentrations of a material,
subsequently identified as 17-(amino)-17-demethoxygel-
danamycin (17AG), were measured in plasma. A sub-
sequent, lyophilized formulation of 17AAG proved
excessively toxic when delivered i.v. at 60 mg/kg. A re-
peat i.v. study using a 40 mg/kg dose of this new for-
mulation produced peak plasma 17AAG concentrations
of 20.2-38.4 pg/ml, and a 17AAG AUC of 912 pg/ml-
min, which was approximately 50% greater than the
AUC produced by a 40 mg/kg dose of microdispersed
17AAG. The bioavailabilities of 17AAG after i.p. and
oral delivery were 99% and 24%, respectively. Minimal
amounts of 17AAG and 17AG were detected in the
urine. After i.v. bolus delivery to mice, 17AAG distrib-
uted rapidly to all tissues, except the brain. Substantial
concentrations of 17AG were measured in each tissue.
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Conclusions: 17TAAG has excellent bioavailability when
given i.p. but only modest bioavailability when given
orally and is metabolized to 17AG and other metabolites
when given i.v., i.p., or orally. 17AAG is widely dis-
tributed to tissues. These pharmacokinetic data gener-
ated have proven relevant to the design of recently
initiated clinical trials of 17AAG and could be useful in
their interpretation.
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Pharmacokinetics

Introduction

Geldanamycin (Fig. 1), a benzoquinone ansamycin an-
tibiotic related to herbimycin A, has potent antiprolif-
erative activity [5, 22, 28, 33, 34, 39]. Furthermore, this
antiproliferative activity correlates with the ability of
geldanamycin to deplete p185°°B% mutant p53, and
Raf-1 [5, 22, 28, 33, 34, 39]. Although the exact mech-
anisms by which geldanamycin depletes cells of these
oncoproteins is still being characterized, it is thought to
be mainly related to the ability of geldanamycin to bind
specifically to the heat shock protein hsp90 and its ho-
mologue GRP94, and thereby destabilize the hetero-
protein complexes they form with oncoproteins [5, 11,
18, 25, 26, 32, 35, 38, 43, 44].

As part of an effort to develop novel, potent, and
selective inhibitors of p185°"°®? that might also be useful
antitumor agents, a number of geldanamycin derivatives
have been synthesized and characterized biologically to
varying degrees [33, 34]. One of these derivatives, 17-
(allylamino)-17-demethoxygeldanamycin (17AAG, NSC
330507), has been selected for clinical development and
has recently been introduced into phase I testing [3, §,

Fig. 1 Structures of geldana-
mycin, 17-(allylamino)-17-
demethoxygeldanamycin and
17-(amino)-17-demethoxygel-
danamycin

12]. As part of the preclinical evaluation in preparation
for clinical trials, we performed pharmacokinetic studies
of 17AAG in mice. Our intention was to define the
plasma pharmacokinetics, tissue distribution, and bio-
availability of 17AAG, and, if possible, also study its
metabolism [15].

Materials and methods

Reagents

Triethylamine and «-naphthoflavone were obtained from Sigma
Chemical Co. (St. Louis, Mo.) and Aldrich Chemicals (Milwaukee,
Wis.), respectively. 17-(Amino)-17-demethoxygeldanamycin
(17AG, NSC 255109; Fig. 1) was obtained from the Developmental
Therapeutics Program, National Cancer Institute (Bethesda, Md.).
Ethyl acetate and acetonitrile (Baker analyzed grade) were
obtained from J.T. Baker (Phillipsburg, N.J.).

Drug

17AAG was initially supplied by the National Cancer Institute as a
microdispersed preparation in 4% egg phospholipid and 5%
dextrose and was subsequently provided as a lyophilized prepara-
tion containing sucrose instead of dextrose. Both preparations were
supplied in 10-ml clear glass serum vials. The microdispersed
preparation contained 10 ml 17AAG at a concentration of
5 mg/ml. The lyophilized preparation contained either 2.5 or 10 mg
per vial. Vials were stored in the dark and at 4-8°C until use.
The lyophilized preparation was reconstituted by the addition of
the appropriate volume of sterile pyrogen-free water.

Mice

Specific pathogen-free adult female CD,F ;| mice (5-6 weeks of age)
were obtained from the Animal Program administered by the
Animal Genetics and Production Branch of the National Cancer
Institute. Mice were allowed to acclimate to the University of
Maryland Baltimore Animal Facility for at least 1 week before

HsC
CH;0 "' OCONH,
Compound R Molecular Weight
Geldanamycin CHs0 560
17-(allylamino)-17-demethoxygeldanamycin | CH;=CH-CH;-NH 585
17-(amino)-17-demethoxygeldanamycin NH, 545




studies were initiated. To minimize exogenous infection, mice were
maintained in microisolator cages in a separate room and handled
in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council, 1996). Ventilation and air
flow in the animal facility were set to 12 changes per hour. Room
temperatures were regulated at 72 +2°F, and the rooms were kept
on automatic 12-h light/dark cycles. Mice received Teklad LM-484
sterilizable mouse diet (Harlan Teklad Diets, Madison, Wis.) and
water ad libitum except on the evening prior to dosing when all
food was removed and withheld until 4 h after dosing. Sentinel
mice (CD-1 mice in cages with bedding that contained 20% bed-
ding removed from study mouse cages at cage change) were
maintained in the animal room and assayed at monthly intervals
for specific murine pathogens by murine antibody profile testing
(Litton Bionetics, Charleston, S.C.). These mice remained free of
specific pathogens throughout the study period, indicating that the
study mice were free of specific pathogens.

Protein binding studies

In order to assess protein binding of 17AAG, solutions of 17AAG
were prepared in mouse plasma, and aliquots were placed into
Amicon Centrifree ultrafiltration devices (Amicon Company,
Danvers, Mass.). After centrifugation of the ultrafiltration devices
for 20 min at room temperature and 2000 g, the concentrations of
17AAG in the resulting protein-free ultrafiltrates and in the initial
plasma solutions were determined with the HPLC method
described below.

Range-finding study in mice

Groups of five female CD,F; mice were dosed i.v. with 20, 40 or
60 mg/kg 17AAG or vehicle. Mice were observed for 14 days after
dosing. Clinical observations were made twice daily. Body weights
were measured twice weekly. All group data, including necropsy
tissue weights, were compared by both parametric and nonpara-
metric methods using Minitab (Minitab, State College, Pa.). If one-
way analysis of variance was significant, pair-wise comparisons
were made using Dunnett’s r-test. Nonparametric analyses used
the Kruskal-Wallace test followed by pair-wise comparisons using
the Mann-Whitney test.

Pharmacokinetic studies
Dosing

Drug solutions were adjusted with vehicle such that each mouse at
doses of 40 and 26.67 mg/kg received 0.01 ml/g fasted body weight.
Mice dosed with 60 mg/kg received 0.012 ml/g fasted body weight.
17AAG i.v. doses were administered as boluses through a 27-gauge
needle placed into a lateral tail vein. 17AAG i.p. doses were de-
livered with a 27-gauge needle placed into the left lower abdominal
quadrant. 17AAG oral doses were delivered with a 1.5-in 22-gauge
curved gavage needle. The accuracy of each dosing solution was
confirmed with the HPLC method described below.

Sampling

In all studies, blood was sampled at 5, 10, 15, 30, 45, 60, 90, 120,
180, 240, 360, 420, 960, and 1440 min after dosing. In the studies in
which the initial formulation of 17AAG was administered i.v. at
60 mg/kg and a later study in which it was delivered i.v. in a
subsequent formulation at 40 mg/kg, brain, heart, lungs, liver,
kidneys, spleen, fat and skeletal muscle were collected from each
mouse at the same times noted for the blood samples. In each
study, blood and, if relevant, tissues from mice killed 5 min after
delivery of vehicle served as controls. Blood was collected by car-
diac puncture into heparinized syringes, transferred to Eppendorf
microcentrifuge tubes and stored on ice until centrifuged at 13,000 g
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for 5 min to obtain plasma. Tissues were rapidly dissected, placed
on ice until weighed, and then snap-frozen in liquid nitrogen. Sets
of animals to be sampled at 960 or 1440 min after dosing were
gang-housed in metabolism cages, and urine was collected on ice
until animals were killed for blood and, if necessary, tissue sam-
pling. Plasma, tissues, urine and dosing solutions were stored
at —70°C until analyzed.

Analysis of in vivo samples

Plasma, tissue, and urinary concentrations of 17AAG and metab-
olites were determined by HPLC, using a modification of a previ-
ously published method [15]. Plasma samples were extracted
directly. Tissue samples were thawed and immediately homoge-
nized using a Polytron (Brinkman Instruments, Westbury, N.Y.),
in two to four parts (weight to volume) of phosphate-buffered
saline (1.2 mM KH,POy, 2.9 mM Na,HPO,, 154 mM NaCl, pH
7.4; Biofluids, Rockville, Md.).

Extraction procedure

To a 200-pul sample of plasma or tissue homogenate, 5 pl of 25 pg/
ml a-naphthoflavone (internal standard) in acetonitrile was added
and mixed. Each sample was extracted with 1 ml ethyl acetate by
mixing for 10 min on a Vortex Genie 2 (Model G-560; Scientific
Industries, Bohemia, N.Y.) set at 5. The samples were subsequently
centrifuged at 12,000 g for 5 min, and the resulting organic layers
were removed and transferred to 12 x 75 mm glass culture tubes.
Each sample was extracted with an additional 1 ml ethyl acetate,
vortexed, centrifuged, and the second organic layers were combined
with the first. The organic layers were evaporated to dryness under
a stream of nitrogen, and the dried residues were resuspended in
225 pl of the mobile phase described below. These samples were
transferred to microcentrifuge tubes and centrifuged at 12,000 g for
5 min. The resulting supernatants were placed into glass microvial
inserts, and 175 pl was injected by autosampler into the HPLC
system.

HPLC

The HPLC system consisted of a Waters WISP 712B autosam-
pler (Waters Associates, Milford, Mass.) and a Waters 501 pump
fitted with a Waters Novapak C18 guard column and a Waters
Novapak C18 column (5 pm, i.d. 3.9x150 mm). The isocratic
mobile phase, consisting of acetonitrile/25 mM sodium phos-
phate, pH 3.00 (40:60 v/v) with 10 mM triethylamine, was
pumped at 1 ml/min. Column eluent was monitored with a
Waters 440 detector fitted with 313 nm filter and slit. Under
these conditions, the retention time of 17AAG and internal
standard were approximately 17 and 28 min, respectively, and the
overall run time was 33 min. Standard curves, prepared in
plasma or control tissue homogenates, were performed in dupli-
cate. Plasma standard curves included 17AAG concentrations of
0.05, 0.1, 0.3, 1, 3, 10, and 15 pg/ml. Tissue standard curves also
included 17AAG concentrations of 30, 100, 300, and 600 pg/ml.
There were no endogenous materials in mouse plasma, any
mouse tissue, or dosing vehicle that interfered with determination
of 17AAG or internal standard.

Recovery of 17AAG from spiked samples containing 10 pg/
ml was 100£2.3% (n=3). The lower limit of quantitation [36] in
plasma and tissue homogenates was 0.1 pg/ml. The within-day
(n=3) coeflicients of variation in plasma at a low mid-range
concentration (0.3 pg/ml) and a high mid-range concentration
(3 pg/ml) were 2.2-8.5% and 6.2-9.2%, respectively. The
between-day coefficients of variation of these same concentrations
were 10.5% and 11.3%, respectively. The standard curve of
17AAG in plasma was linear between 0.1 and 15 pg/ml. The
standard curves of 17AAG in tissue homogenates were linear
between 0.1 and 600 pg/ml. Plasma quality control samples,
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prepared at 0.1 and 2.5 pg/ml and stored at —20°C, were included
with each HPLC run. Samples containing concentrations above
the upper limits of each standard curve were reassayed after di-
lution in the appropriate matrix to a degree calculated to produce
concentrations within the linear range. Tissue concentrations of
17AAG and 17AG were expressed as micrograms per gram,
based on the assumption that the weight of 1 ml of homogenate
was | g.

Pharmacokinetic analysis

The time courses of the plasma concentrations of 17AAG were
analyzed by both noncompartmental and compartmental methods.
The area under the curve from zero to infinity (AUC) and the
terminal half-life (t;,) were estimated by noncompartmental
analysis using the LaGrange function [45] as implemented by the
computer program LAGRAN [29]. Total body clearance (CLy,)
was calculated from the equation:

CLy, = dose/AUC

and the steady-state volume of distribution (Vdgs) was calculated
from the equation:

Vdg, = dose x (AUMC/AUC?)

where AUMC is the area under the moment curve from zero to
infinity. Tissue AUCs were also calculated using the LaGrange
function.

Individual concentrations of 17AAG detected in plasma versus
time were fitted to compartmental models with the program
ADAPT II [13] using maximum likelihood estimation. Two- and
three-compartment open linear models were fitted to the data.
Model discrimination was based on Akaike’s information criterion
(AIC) [4], calculated as:

AIC = 2p + n(InWSSR)

where p represents the number of parameters, n is the number of
observations and WSSR is the weighted sum of squares residuals.

Results

Plasma protein binding

When a 10 pg/ml solution of 17AAG in 0.154 M NaCl
was centrifuged in a Centrifree device, there was no
measurable binding of 17AAG to the ultrafiltration
membrane. When 0.5 and 5 pg/ml solutions of 17AAG
in mouse plasma were processed in a similar manner,
7.2+£2.6% (mean+SD) and 8.8 +1.1% of the 17AAG
was ultrafilterable, indicating that >90% of the 17AAG
was protein-bound.

Range-finding study

With the initial microdispersed 17AAG formulation, no
changes were noted in appearance, appetite, waste
elimination or body weight of treated animals when
compared to untreated controls. Upon gross necropsy,
the only notable findings were that the kidneys in all the
drug-treated groups were pale, and a statistically sig-
nificant, though slight, elevation in spleen weight was
noted in the 20 mg/kg group (0.107+£0.011 g wvs
0.089+£0.010 g in the control group, P <0.05).

Pharmacokinetic studies

Because no untoward effects were noted in the range-
finding study, the maximum dose used in the i.v. phar-
macokinetic studies was 60 mg/kg. This maximum dose
also reflected the solubility of 17AAG in the vehicle and
the volume that could be delivered i.v. to mice.

Microdispersed formulation

Plasma pharmacokinetics. After ani.v. dose of 60 mg/kg,
“peak” plasma 17AAG concentrations 5 min after in-
jection were 5.8-19.3 pg/ml (Fig. 2A). Thereafter, plasma
17AAG concentrations declined in a manner best fitted
by a two-compartment open linear model (Table 1) and
after 960 min were below the lower limit of quantitation.
When calculated with noncompartmental methods, the
17AAG AUC produced by a 60 mg/kg i.v. dose was
1738 pg/ml'min, corresponding to a CL, of 34 ml/min per
kg (Table 2). Sequential dose reduction to 40 and
26.67 mg/kg resulted in the expected lower plasma
17AAG concentrations and AUCs (Fig. 2B, C; Table 2).
Following i.v. doses of 40 and 26.67 mg/kg, “peak”
plasma 17AAG concentrations of between 8.9 and 19.0
and 4.8 and 6.1 pg/ml were found, respectively. As with
the 60 mg/kg i.v. dose, the 17AAG concentration versus
time profiles resulting from the 40 and 26.67 mg/kg doses
were best fitted by a two-compartment open linear model
(Table 1). The 17AAG AUC:S resulting from the 40 and
26.67 mg/kg i.v. doses were 625 and 402 pg/ml'min, re-
spectively, corresponding to CLy, values of 64 and 66 ml/
min per kg, respectively (Table 2).

A consistent observation in each of these studies was
the appearance in the plasma of a material that was not
present in plasma of vehicle-treated control mice or in
the dosing solution used in any study (Fig. 2A, B, C).
This material was more polar than 17AAG, having a
retention time of approximately 4 min in the HPLC
chromatogram. Moreover, the time-course of this ma-
terial in plasma was consistent with that of a metabolite,
increasing during the first 3045 min after 17AAG
delivery and then decreasing progressively during the
remainder of each study. As with the parent compound,
there was relatively little inter-animal variability in the
plasma concentrations of this material at each time
studied. Because the identity of this metabolite (subse-
quently identified as 17AG) was not known at the time
these studies were performed, authentic standard was
not available for construction of appropriate standard
curves. However, subsequent studies demonstrated that
the standard curves for 17AAG and 17AG were nearly
superimposable. This allowed noncompartmental
calculation of the AUCs of 17AG (Tables 3 and 4).

Urinary excretion. There was minimal urinary excretion
of 17AAG. During the 24 h after i.v. dosing of 60, 40, or
26.67 mg/kg, between 2.0% and 3.2% of the delivered
dose could be accounted for in the urine. Roughly half



Fig. 2A—-C Concentrations of
17AAG (O) and 17AG (O)
detected in plasma of female
CD,F, mice given a microdi-
spersed formulation of 17AAG
i.v. at doses of (A) 60, (B) 40, or
(C) 26.67 mg/kg. Symbols rep-
resent the means from three
mice at each time-point, and
error bars represent one SD
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Table 1 Pharmacokinetic parameters resulting from fitting of
compartmental models to plasma 17AAG concentration-versus-
time data (V. volume of the central compartment, k, elimination
constant, k., transfer constant between central and peripheral

compartments, k. transfer constant between peripheral and central
compartment, K, absorption constant, ¢, alfa half-life, 1,5 beta
half-life, CL,, total body clearance, V steady-state volume of
distribution; n.a. not applicable)

Dose (mg/kg) Formulation Route V. ke op pe K., t20 tiap CLy, Viss
(ml/kg) (min") (min") (min™') (min') (min) (min)  (mlmin "kg) (ml/kg)
60 Microdispersed  i.v. 4536 0.010 0.009 0.005 n.a. 32 309 44 12,800
40 Microdispersed  i.v. 610 0.089 0.261 0.034  na. 2 87 54 5,354
26.67 Microdispersed  i.v. 1761 0.042 0.194 0.047 n.a. 2 96 74 8,970
40 Lyophilized iv. 769 0.048 0.081 0.030 n.a. 5 73 37 2,863
40 Lyophilized i.p. 1445 0.029 n.a. n.a. 0.030 23 n.a 43% n.a.
40 Lyophilized oral 3744 0.056  0.045 0.008 0.041 7 n.a 208* 23,760

dApparent clearance

Table 2 Non-compartmental pharmacokinetic analyses of 17AAG plasma concentration-versus-time curves (4UCy.;,r area under the
curve from time zero to infinity, #;/, terminal half-life, V4, steady-state volume of distribution, CL,, total body clearance, n.a. not

applicable)

Dose (mg/kg) Formulation Route AUCo-inf ty> (min) Vgss (ml/kg) CLg (ml'min “kg)  Bioavailability (%)
(ug'ml!'min)

60 Microdispersed  i.v. 1738 239 10,200 34 n.a.

40 Microdispersed  i.v. 625 80 7,370 64 n.a.

26.67 Microdispersed i.v. 402 159 14,300 66 n.a.

40 Lyophilized iv. 912 53 31,500 44 n.a.

40 Lyophilized i.p. 900 23 32,600 44* 99

40 Lyophilized oral 222 71 31,900 180% 24

?Apparent clearance

Table 3 AUCs (pg/ml'min) of 17AG in plasma and tissues of mice
injected i.v. with a 60 mg/kg dose of microdispersed 17AAG

Table 4 AUCs (pg/ml'min) of 17AG in plasma and tissues of mice
injected i.v. with a 40 mg/kg dose of lyophilized 17AAG

Plasma Brain Heart Lung Liver Kidney Spleen Skeletal Plasma Brain Heart Lung Liver Kidney Spleen Skeletal
muscle muscle
1362 66 1285 4241 8721 2215 1474 0 119 74 683 1141 4437 1942 1270 342

of this was present as parent compound and half as
17AG. Several other 17AAG metabolites were present in
the urine [15], but their quantitative contributions to the
urinary excretion of 17AAG was negligible.

Tissue distribution. Analyses of tissue concentrations of
17AAG allowed description of the widespread distri-
bution of the drug, the relative inability of 17AAG to
cross the blood-brain barrier, and the relative exposures
of tissues as opposed to plasma. After i.v. delivery of a
60 mg/kg dose, 17AAG was widely distributed to tissues
(Table 5). The highest tissue concentrations of 17AAG
were observed in lungs, with progressively lower con-
centrations being present in liver, spleen, heart, kidney,
brain, and skeletal muscle. In fact, the 5-min concen-
trations of 17AAG in lung, liver, spleen, heart and
kidney exceeded the 5-min plasma 17AAG concentra-
tion by approximately 82-, 25-, 8-, 5-, and 4-fold, re-
spectively. Although 17AAG concentrations in all
tissues declined with time, 17AAG was detected in all
tissues for at least 8 h after drug delivery and persisted in
lung, spleen and liver for the 24-h duration of the study

(Table 5). When expressed as AUC, the exposure of
most tissues to 17AAG was substantially greater than
that of plasma (Table 6). As with plasma, each organ
contained substantial concentrations of the metabolite
later identified as 17AG (Table 7).

Lyophilized formulation

After completion of the three i.v. pharmacokinetic
studies described above, an effort was made to define the
bioavailability of 17AAG after i.p. and oral delivery.
However, before these studies could be undertaken, the
formulation of 17AAG was revised from a microdi-
spersed to a lyophilized preparation. As a result, a
fourth i.v. pharmacokinetic study was undertaken so
that the results of subsequent i.p. and oral studies could
be compared with those of an i.v. study that used the
same formulation. Although it was intended that these
1.v., i.p., and oral studies would use a dose of 60 mg/kg,
the new formulation of 17AAG proved lethal to five of
the first eight mice given 60 mg/kg i.v. Therefore, in the
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Table 5 Concentrations of 17AAG in plasma (ug/ml) and tissues (pg/g) of mice injected i.v. with a 60 mg/kg dose of microdispersed

17AAG
Time (min)  Plasma Brain Heart Lung Liver Kidney Spleen Skeletal muscle
5 13.25% 4.03 69.89 1093.18 332.06 50.86 107.71 2.23
10 7.67 3.52 42.09 781.52 309.14 29.22 89.03 2.30
15 9.10 2.90 42.96 712.37 291.50 25.51 203.66 1.53
30 10.78 2.27 27.2 739.24 212.34 17.15 89.41 1.60
45 6.86 2.56 32.62 454.85 236.29 12.66 87.55 1.70
60 2.79 241 9.64 511.57 185.28 10.85 108.82 1.26
90 4.04 3.28 21.03 546.57 175.82 7.01 60.07 1.31
120 1.65 1.48 21.18 521.61 519.12 3.77 65.43 1.08
180 1.70 1.66 18.92 482.72 158.65 7.40 39.22 0.84
240 0.66 1.47 12.46 433.20 116.16 1.77 42.55 0.82
360 0.76 0.72 5.72 332.90 47.8 0.0 33.87 0.24
420 1.17 0.60 7.12 244.14 25.92 0.0 21.18 0.25
960 0.13 0.13 0.88 44.80 1.95 0.0 3.38 0.0
1440 0.0 0.09 0.0 31.91 0.0 0.0 0.98 0.0

“Mean value of three samples at each time

Table 6 AUCs (pg/ml'min) of 17AAG in plasma and tissues of
mice injected i.v. with a 60 mg/kg dose of microdispersed 17AAG

Kidney Spleen Skeletal
muscle

Plasma Brain Heart Lung  Liver

1,738 940 9,819 290,131 59,630 2,639 30,019 408

1.v., 1.p., and oral studies with lyophilized 17AAG a dose
of 40 mg/kg was used, a dose that did not result in any
obvious drug-related toxicity during any of the three
pharmacokinetic studies.

Plasma pharmacokinetics. Lyophilized 17AAG delivered
i.v. at 40 mg/kg produced “peak” plasma concentrations
of 20.2-38.4 pg/ml 5 min after injection (Fig. 3). As with
the previous i.v. pharmacokinetic studies, which used
microdispersed 17AAG, the concentration versus time
data for the lyophilized formulation were best fitted by a
two-compartment open linear model, but with the new
17AAG formulation, plasma concentrations of 17AAG
had fallen to less than the lower limit of quantitation by

240 min after injection. Noncompartmental analysis of
these data indicated a 17AAG AUC of 912 pg/ml'min,
which was approximately 50% greater than the AUC of
625 pug/ml'-min produced by a 40 mg/kg i.v. dose of the
original 17AAG formulation. As with the initial formu-
lation of 17AAG, i.v. delivery of lyophilized 17AAG re-
sulted in substantial plasma concentrations of 17AG, but
also resulted in easily detectable concentrations of an as-
yet-unidentified metabolite with a retention time of 5 min
on the HPLC chromatogram (Fig. 3). As with 17AAG,
both 17AG and the 5-min metabolite could not be de-
tected in plasma later than 240 min after injection of
17AAG.

Tissue distribution. As observed after i.v. delivery of a
60 mg/kg dose of microdispersed 17AAG, a 40 mg/kg
1.v. dose of lyophilized 17AAG was widely distributed to
various tissues (Tables 8 and 9). Again, the highest tissue
concentrations of 17AAG were observed in lung with
progressively lower concentrations measured in liver,
kidney, heart, spleen, skeletal muscle, and brain. 17AAG
concentrations declined in all tissues with time and by 4—
8 h were less than the lower limit of quantitation of the

Table 7 Concentrations of 17AG in plasma (pug/ml) and tissues (pg/g) of mice injected i.v. with a 60 mg/kg dose of microdispersed 17AAG

Time (min)  Plasma Brain Heart Lung Liver Kidney Spleen Skeletal muscle
5 1.73* 0.10 1.52 11.08 21.62 1.48 1.08 0.0
10 1.35 0.11 2.25 9.34 16.5 2.6 1.42 0.0
15 2.88 0.1 3.02 6.45 11.89 2.71 2.07 0.0
30 3.51 0.12 2.35 9.38 15.24 3.66 2.3 0.0
45 2.58 0.20 4.27 7.39 14.7 5.95 1.91 0.0
60 1.15 0.22 16.26 5.5 11.63 4.24 2.47 0.0
90 1.66 0.16 1.88 6.9 12.54 4.06 3.03 0.0
120 1.44 0.27 2.35 5.98 39.37 8.01 297 0.0
180 0.77 0.13 10.59 6.97 12.11 12.35 1.92 0.0
240 0.23 0.13 0.0 5.25 10.77 5.73 1.35 0.0
360 0.55 0.08 0.0 6.58 4.2 1.32 1.64 0.0
420 0.61 0.03 0.0 3.8 4.57 0.71 1.08 0.0
960 0.42 0.07 0.0 0.4 2.26 0.0 0.0 0.0
1440 0.28 0.18 0.0 0.0 0.83 0.0 0.0 0.0

“Mean value of three samples at each time
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HPLC assay. All tissues examined also contained mea-
surable concentrations of 17AG (Table 10). Tissue
concentrations of 17AG increased during the first hour
after injection of 17AAG and then progressively de-
clined to undetectable concentrations by 6-8 h.

Bioavailability studies. Subsequent to the 40 mg/kg i.v.
study, a study was performed wherein 17AAG was ad-
ministered i.p. After i.p. delivery of a 40 mg/kg dose of
17AAG, plasma concentrations of 17AAG increased
gradually with a peak concentration of approximately
11 pg/ml observed at 60 min, and then declined to less
than the lower limit of quantitation by 240 min (Fig. 4).
Plasma concentration versus time profiles of 17AG and
the S5-min metabolite followed similar time courses.
Modeled in a noncompartmental fashion, the 17AAG
AUC produced by a 40 mg/kg i.p. dose was 900 pg/ml--
min, indicating a bioavailability of approximately 99%
(Table 2). In addition to modeling these plasma concen-
tration versus time data in a noncompartmental fashion,
compartmental modeling was also employed. The data
were best fitted by a one-compartment open linear model
with first-order absorption from the peritoneum, and

resulted in values for V, k,, and k. of 1445 ml/kg,
0.03 min ', and 0.029 min ', respectively (Table 1).

A final pharmacokinetic study was undertaken
wherein a 40 mg/kg dose of 17AAG was administered by
gavage (Fig. 5). Peak plasma 17AAG concentrations of
approximately 2.5 pg/ml were measured 15 min after
administration of drug. As in previous studies with ly-
ophilized 17AAG, 17AG and the metabolite with a re-
tention time of 5 min were observed in plasma. Modeled
in a noncompartmental fashion, the 17AAG AUC pro-
duced by a 40 mg/kg oral dose was 222 pg/ml'min, indi-
cating a bioavailability of approximately 24% (Table 2).
In addition to modeling these plasma concentration ver-
sus time data in a noncompartmental fashion, compart-

Table 9 AUCs (pg/ml'min) of 17AAG in plasma and tissues of
mice injected i.v. with a 40 mg/kg dose of lyophilized 17AAG

Plasma Brain Heart Lung Liver Kidney Spleen Skeletal
muscle
912 161 1810 4309 6158 4167 2133 1105

Table 8 Concentrations of 17AAG in plasma (pg/ml) and tissues (ng/g) of mice injected i.v. with a 40 mg/kg dose of lyophilized 17AAG

Time (min)  Plasma Brain Heart Lung Liver Kidney Spleen Skeletal muscle
5 27.56% 5.08 66.69 294.04 89.01 91.63 10.49 24.1
10 17.73 1.75 36.76 123.59 86.84 70.94 17.68 16.38
15 9.85 1.89 21.57 59.14 57.98 39.02 19.95 12.56
30 6.99 0.86 14.65 42.18 66.06 40.69 19.44 5.67
45 5.18 0.78 12.01 33.55 51.62 29.38 13.67 12.33
60 3.97 0.81 10.58 14.94 42.54 27.2 19.47 9.57
90 3.68 0.60 6.26 10.90 30.05 17.94 7.43 34
120 2.34 0.47 4.65 5.20 20.92 12.92 7.29 3.69
180 1.12 0.40 3.17 4.38 7.16 6.7 4.5 16.45
240 0.0 0.16 0.47 1.13 0.73 0.72 0.94 0.3
360 0.0 0.0 0.0 0.0 0.10 0.18 0.25 0.0

“Mean value of three samples at each time
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Table 10 Concentrations of 17AG in plasma (pg/ml) and tissues (pg/g) of mice injected i.v. with a 40 mg/kg dose of lyophilized 17AAG

Time (min)  Plasma Brain Heart Lung Liver Kidney Spleen Skeletal muscle
5 0.94* 0.12 1.94 8.16 15.33 3.65 1.29 0.84
10 1.35 0.13 2.35 5.36 21.61 6.18 2.92 0.93
15 0.99 0.21 2.76 3.53 17.46 5.09 2.36 0.90
30 1.77 0.15 2.86 4.94 23.33 9.87 4.46 0.84
45 1.74 0.19 3.94 4.94 23.09 9.52 5.28 2.11
60 1.42 0.21 3.38 4.73 20.48 9.27 5.30 1.70
90 2.09 0.21 3.2 4.26 20.88 8.40 4.52 0.90
120 1.47 0.22 2.81 3.21 18.97 7.64 4.48 1.13
180 0.60 0.09 2.9 2.92 10.18 5.27 3.04 0.49
240 0.11 0.09 0.84 1.79 5.59 2.90 2.54 0.41
360 0.0 0.07 0.12 0.93 2.43 0.97 1.12 0.28

“Mean value of three organs at each time

mental modeling was also employed. The data were best
fitted by a two-compartment open linear model with first-
order absorption, and resulted in values for V, k,, kep, Kpe,

and k. of 3744 ml/kg, 0.041 min ', 0.045 min ', 0.0084
min ', and 0.056 min ', respectively (Table 1).

Discussion

Ideally, rational use of any drug should consider the
pharmacology of that drug. This philosophy may receive
even more emphasis in antineoplastic chemotherapy as
increased effort is being devoted to developing target-
directed agents [1, 2, 6, 7, 10, 16, 21, 27, 30, 31, 37]. In
the specific case of 17AAG, a heat-shock protein-inter-
active drug that has recently entered clinical trials [3, 8,
12], a number of aspects of its pharmacology have been
described [5, 9, 11, 15, 18, 20, 22, 24, 25, 26, 28, 32, 33,
34, 35, 38, 39, 40, 43, 44]. The proposed mechanism by
which 17AAG downregulates certain oncoproteins, and
thereby presumably reduces cell growth, has been in-

25,26, 28, 32, 33, 34, 35, 38, 39, 40, 43, 44]. Similarly, the
enzymology involved in 17AAG metabolism and the
structures of some of the resulting metabolites have been
characterized [15]. The data presented here represent
another part of the effort to produce preclinical
pharmacology data that would enhance the design of
clinical trials and development of 17AAG. In that
regard, a number of aspects of the current studies
warrant discussion.

The HPLC method used in this study to quantify
17AAG [15] should be applicable to clinical trials. Such
measurements should facilitate integration of the phar-
macokinetics of 17AAG with the clinical effects it pro-
duces. Obviously, the HPLC method should also be
applicable to additional preclinical studies that might be
undertaken in concert with, or subsequent to, the initi-
ation of clinical trials of 17AAG.

The use of several doses, routes and formulations of
17AAG in the studies presented allowed several other
relevant aspects of 17AAG pharmacology to be ex-
plored. Increasing doses of 17AAG produced increased

vestigated and described in detail [5, 9, 11, 18, 20, 22, 24, plasma concentrations and exposures of 17AAG.
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Fig. 5 Concentrations of
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Whereas the increase in dose from 26.67 to 40 mg/kg
was associated with a proportional increase in plasma
AUC and no change in CL,, the increase in dose from
40 to 60 mg/kg produced a disproportionately large
increase in the AUC, and a corresponding decrease in
CL,,. Whether this reflects saturation of a 17AAG
clearance mechanism, such as its conversion to 17AG or
its biliary excretion, is not known.

It is obvious that alteration of the formulation of
17AAG from a microdispersed to a lyophilized prepa-
ration was associated with rather profound changes in
the behavior of 17AAG. A 60 mg/kg i.v. dose, which
was without untoward effects when delivered as the
microdispersed preparation, proved lethal to more than
50% of the first eight mice given the same dose as the
lyophilized preparation. Although the exact cause for
this difference is not known, it is striking that the 40 mg/
kg dose of lyophilized 17AAG produced “peak” plasma
concentrations of 17AAG that were approximately twice
those produced by a 40 mg/kg i.v. dose of microdi-
spersed 17AAG and even greater than the ‘“peak”
17AAG concentrations measured in plasma of mice
given 60 mg/kg of microdispersed drug. In addition to
the higher “peak” plasma 17AAG concentrations pro-
duced by lyophilized 17AAG, the plasma AUC associ-
ated with the 40 mg/kg dose of i.v. lyophilized 17AAG
was approximately 50% greater than the AUC associ-
ated with the same dose of the microdispersed prepa-
ration. Furthermore, while both microdispersed and
lyophilized preparations of 17AAG were metabolized to
17AG, plasma and tissues of mice treated with lyophil-
ized 17AAG contained an additional, as-yet-unidenti-
fied, 17AAG metabolite.

As with plasma pharmacokinetics, the two 17AAG
formulations differed in their tissue distribution and
exposure. Whereas 17AAG delivered as either formula-
tion distributed widely to tissues, drug delivered as the
microdispersed formulation was highly concentrated in

T T T T T i T T
50 100 150 200 250 300 350 400 450
Time (min)

500

the lung and liver and produced lower “‘peak” plasma
concentrations than those produced by the lyophilized
formulation. This is quite compatible with trapping of
microparticulate material in the first capillary bed en-
countered after i.v. administration and subsequent
trapping of circulating material by the hepatic and, to a
lesser extent, splenic reticuloendothelial system. Fur-
thermore, drug delivered as the microdispersed formu-
lation persisted in most tissues for longer than did
17AAG delivered as the lyophilized formulation. Also,
the microdispersed form of 17AAG resulted in strikingly
larger AUCs in brain, heart, lungs, and liver than did the
lyophilized form. These differences are still striking after
one considers that tissue distribution and concentrations
were determined in mice given 60 mg/kg of microdi-
spersed 17AAG and 40 mg/kg of lyophilized 17AAG.

The results of studies wherein 17AAG was given by
the i.p. and oral routes showed that the bioavailability
by the former route was essentially 100% while that of
the latter route was much less. The excellent bioavail-
ability of 17AAG after i.p. delivery means that antitu-
mor efficacy studies should be able to utilize that route
instead of the logistically much more difficult i.v. route.
The relatively low bioavailability of 17AAG after oral
administration may not be surprising. 17AAG is a
known substrate for cytochrome P450 3A4 and is likely
a substrate for that isoform, and possibly p-glycopro-
tein, in the small intestine. This raises the possibility of
modulating the oral bioavailability of 17AAG by com-
bining it with drugs such as cyclosporine [23, 41, 42] or
ketoconazole [14, 17, 19]. Successful studies in that re-
gard would then facilitate evaluation of oral 17AAG, a
route that might be the most desirable way to produce
the prolonged 17AAG exposure that might be required
for antitumor activity.

In summary, we characterized the plasma pharma-
cokinetics and tissue concentrations associated with a
variety of doses and routes of administration of 17AAG.



These data have assisted in the design of clinical trials of
17AAG that have been recently initiated [3, 8, 12] and
others that are being planned.
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