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Abstract Purpose: 17-(Dimethylaminoethylamino)-17-
demethoxygeldanamycin (17DMAG) is an analogue of
the benzoquinone ansamycin compound 17-(allylami-
no)-17-demethoxygeldanamycin (17AAG), which is
currently being evaluated in clinical trials. Studies were
performed in mice and rats to: (1) define the plasma
pharmacokinetics, tissue distribution, and urinary
excretion of 17DMAG after i.v. delivery; (2) define the
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bioavailability of 17DMAG after i.p. and oral delivery;
(3) characterize the biliary excretion of 17DMAG after
1.v. delivery to rats; and (4) characterize, if possible, any
metabolites of 17DMAG observed in plasma, tissue,
urine, or bile. Materials and methods: Studies were per-
formed in female, CD,F; mice or male Fischer 344 rats.
In preliminary toxicity studies and subsequent i.v.
pharmacokinetic studies in mice, 17DMAG i.v. bolus
doses of 33.3, 50, and 75 mg/kg were used. In bioavail-
ability studies, i.p. and oral 17DMAG doses of 75 mg/
kg were used. In preliminary toxicity studies in rats, i.v.
bolus doses of 10 and 20 mg/kg were used, and in i.v.
pharmacokinetic studies 10 mg/kg was used. Compart-
mental and noncompartmental analyses were applied to
the plasma concentration versus time data. In mice and
rats, concentrations of 17DMAG were determined in
multiple tissues. Urine was collected from mice and rats
treated with each of the i.v. doses of 17DMAG men-
tioned above, and drug excretion was calculated until
24 h after treatment. Biliary excretion of 17DMAG and
metabolites was studied in bile duct-cannulated rats
given a 10 mg/kg i.v. bolus dose of 17DMAG.
17DMAG metabolites were identified with LC/MS.
Results: A 75 mg/kg dose of 17DMAG caused no
changes in appearance, appetite, waste elimination, or
survival of treated mice as compared to vehicle-treated
controls. Bolus i.v. delivery of 17DMAG at 75 mg/kg
produced ‘“‘peak” plasma 17DMAG concentrations
between 18 and 24.2 pg/ml in mice killed at 5 min after
injection. Sequential reduction in the 17DMAG dose to
50 and 33.3 mg/kg resulted in “peak’ plasma 17DMAG
concentrations between 9.4 and 14.4, and 8.4 and
10.5 pg/ml, respectively. Plasma 17DMAG AUC
increased from 362 to 674 and 1150 pg/ml'min when the
17DMAG dose increased from 33.3 to 50 and 75 mg/kg,
respectively, corresponding to a decrease in 17DMAG
CL, from 92 ml/min per kg to 75 and 65 ml/min per kg.
Plasma 17DMAG concentration versus time data were
best fit by a two-compartment open linear model. No
potential 17DMAG metabolites were observed in plas-
ma. 17DMAG bioavailability was 100% and 50% after
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1.p. and oral delivery, respectively. In rats, an i.v. bolus
dose of 10 mg/kg produced peak plasma 17DMAG
concentrations between 0.88 and 1.74 pg/ml. Plasma
17DMAG concentrations had fallen below the lower
limit of quantitation by 180 min and were best fit by a
one-compartment open linear model. The plasma
17DMAG AUC was 104 pg/ml-min, corresponding to a
17DMAG CLtb of 96 ml/min per kg. 17DMAG dis-
tributed rapidly to all mouse and rat tissues except brain
and testes. Only mouse liver contained materials con-
sistent with potential metabolites of 17DMAG, but their
concentrations were below the limit of quantitation of
the HPLC assay used. Within the first 24 h after deliv-
ery, urinary excretion of 17DMAG by mice and rats
accounted for 10.6-14.8% and 12.5-16%, respectively,
of the delivered dose. By 15 min after i.v. delivery of
10 mg/kg of 17DMAG, rat bile contained 11 new ma-
terials with absorbance similar to that of 17DMAG.
Four of these proposed metabolites had an M, of 633,
indicating addition of an oxygen. Two of these proposed
metabolites had an M, of 603, implying the loss of one
methyl group, and one had an M, of 589, implying the
loss of two methyl groups. The remaining four proposed
metabolites had an M, of 566, 571, 629, and 645, re-
spectively. Biliary excretion of 17DMAG and metabo-
lites accounted for 4.7 +1.4% of the delivered dose, with
17DMAG accounting for 50.7+3.4% of the biliary ex-
cretion. Conclusions: 17TDMAG has excellent bioavail-
ability when given i.p. and good bioavailability when
given orally. 1”7DMAG is widely distributed to tissues
and is quantitatively metabolized much less than is
17AAG. The pharmacokinetic and metabolite data
generated should prove relevant to the design of addi-
tional preclinical studies as well as to contemplated
clinical trials of 17DMAG and could be useful in their
interpretation.

Fig. 1 Structures of geldana-
mycin, 17-(allylamino)-17-
demethoxygeldanamycin,
17-(amino)-17-demethoxy-
geldanamycin, and 17-(dimeth-
ylaminoethylamino)-17-
demethoxygeldanamycin

Keywords Geldanamycin - Ansamycin - HSP9O0 -
Pharmacokinetics

Introduction

Geldanamycin (Fig. 1), a benzoquinone ansamycin an-
tibiotic related to herbimycin A, has potent antiprolif-
erative activity [5, 29, 35, 39, 43, 47, 48, 58, 69].
Furthermore, this antiproliferative activity correlates
with the ability of geldanamycin to deplete oncoproteins
such as p185°°®2 mutant p53, and Raf-1 [3, 16, 18, 29,
35, 37, 38, 42, 47, 48, 51, 56, 58, 59]. Although the exact
mechanism by which geldanamycin depletes cells of
these oncoproteins continues to be characterized, it is
thought to be mainly related to the ability of geldana-
mycin to bind specifically to heat shock protein 90 and
its homologue, GRP94, thereby destabilizing the het-
eroprotein complexes they form with oncoproteins [5, 6,
13, 14, 24, 25, 31, 32, 41, 46, 50, 52, 55, 57, 63, 64, 65, 66,
68, 70].

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 [47, 48]. One of these derivatives, 17-
(allylamino)-17-demethoxygeldanamycin (17AAG; NSC
330507) [36, 49], was selected for clinical development
and has recently been introduced into phase I testing [3,
9, 10, 15, 21, 34, 67]. Despite its introduction into clinical
trials, 17AAG has several potential drawbacks. It is
known to undergo metabolism to potentially toxic me-
tabolites [19] and requires formulation in a relatively
complex vehicle. As a result of these issues, there has
been an ongoing effort to develop additional geldana-
mycin analogues that might have advantages over
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Compound R Molecular Weight
Geldanamycin CH,0 560
17-(allylamino)-17-demethoxygeldanamycin CH,=CH-CH>-NH 585
17-(amino)-17-demethoxygeldanamycin NH, 545
17-(dimethylaminoethylamino)-17- (CHj;),NH- CH-CH,-NH 617

demethoxygeldanamycin




17AAG. One of these, 17-(dimethylaminoethylamino)-
17-demethoxygeldanamycin (17DMAG; NSC 707545),
is currently undergoing preclinical evaluation in prepa-
ration for clinical trials. In the NCI 60-cell panel in vitro
activity screen, the Glsg of 17DMAG was 0.051+
0.002 uM as compared to the Glsy of 0.12 uM for
17AAG. In addition, 17DMAG demonstrates in vivo
activity against MDA-MB-231 breast cancer xenografts,
NCI-H22 lung cancer xenografts, and LOX IMVI mel-
anoma xenografts. As part of this preclinical evaluation,
we performed pharmacokinetic studies of 17DMAG in
mice and rats. Our intention was to define the plasma
pharmacokinetics, tissue distribution, excretion and
bioavailability of 17DMAG, and, if possible, also study
its metabolism.

Materials and methods

Reagents

Triethylamine and formic acid (99.9%) were obtained from Sigma
Chemical Co. (St. Louis, Mo.). 17AAG and 17-(amino)-17-de-
methoxygeldanamycin (17AG; NSC 255109; Fig. 1) were obtained
from the Developmental Therapeutics Program, National Cancer
Institute (Bethesda, Md.). Sodium phosphate (monobasic, certified
A.C.S.), o-phosphoric acid (certified A.C.S.), ethyl acetate (certified
A.C.S.) and acetonitrile (Optima Grade) were obtained from
Fischer Scientific (Fair Lawn, N.J.).

Drug

17DMAG, supplied by the Developmental Therapeutics Program,
National Cancer Institute as a lyophilized preparation, was stored
in the dark and at 4-8°C until use. Dosing solutions were prepared
by dissolving 17DMAG in the appropriate volume of sterile, 5%
dextrose in water.

Mice and rats

Specific-pathogen-free adult female CD,F; mice (5-6 weeks of
age) were obtained from the animal program administered by the
Biological Testing Branch of the National Cancer Institute. Male
Fischer 344 rats (7-8 weeks of age) were purchased from Hilltop
Lab Animals (Scottsdale, Pa.). Mice and rats were allowed to
acclimate to the University of Pittsburgh Animal Facility for at
least 1 week before studies were initiated. To minimize exoge-
nous infection, mice and rats were maintained in microisolator
cages in separate rooms 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 temperature was
regulated at 72+2°F, and the rooms were kept on automatic
12-h light/dark cycles. Mice and rats received Prolab ISOPRO
RMH 3000, Irradiated Lab Diet (PMI Nutrition International,
Brentwood, Mo.) and water ad libitum except on the evening
prior to dosing, when all food was removed and withheld until
4 h after dosing. Sentinel animals (CD-1 mice or Sprague-Daw-
ley rats in cages with bedding 20% of which was bedding
removed from the study animal cages at cage change) were
maintained in the room housing the study animals and assayed
at monthly intervals for specific murine pathogens by murine
antibody profile testing (Charles River, Boston, Mass.). Sentinel
animals remained free of specific pathogens throughout the study
period, indicating that the study animals were free of specific
pathogens.

Protein binding studies

In order to assess protein binding of 17DMAG, 10 pg/ml solutions
of 17DMAG were prepared in mouse and rat plasma, and aliquots
were placed into Amicon Centrifree ultrafiltration devices (Amicon
Company, Danvers, Mass.). After centrifugation of the ultrafil-
tration devices for 20 min at 2000 g and room temperature, the
concentrations of 17DMAG in the resulting protein-free ultrafil-
trates and in the initial plasma solutions were determined with the
HPLC method described below.

Range-finding studies

Groups of five female and five male CD,F; mice were dosed i.v.
with 33.3, 50 or 75 mg/kg 17DMAG or vehicle. Groups of five
male Fischer 344 rats were dosed iv. with 10 or 20 mg/kg
17DMAG or vehicle. Mice and rats 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 non-para-
metric methods using Minitab (Minitab, State College, Pa.). If one-
way analysis of variance was significant, pair-wise comparisons
were made using Dunnett’s ¢-test. Non-parametric analyses used
Kruskal-Wallace testing, followed by pair-wise comparisons by the
Mann-Whitney test.

Pharmacokinetic studies
Dosing

Drug solutions were adjusted with vehicle such that each mouse at
doses of 50 and 33.3 mg/kg received 0.01 ml/g fasted body weight.
Mice dosed with 75 mg/kg received 0.015 ml/g fasted body weight.
17DMAG was administered as boluses to mice i.v. through a 27-
gauge needle placed into a lateral tail vein, i.p. through a 27-gauge
needle placed into the right lower abdominal quadrant, and orally
through a 1.5-inch 20-gauge curved gavage needle. The 10 mg/kg
i.v. dose of 17DMAG was delivered to rats as a bolus through a 26-
gauge needle placed into a lateral tail vein in a volume of 0.005 ml/
g body weight. The accuracy of each dosing solution was confirmed
with the HPLC system described below.

Sampling

In all mouse studies, three mice were sampled at each time indi-
cated. In the 75 mg/kg i.v. study, blood was sampled at 5, 10, 15,
30, 45, 60, 90, 120, 180, 240, 360, 420, 960, 1440, and 2880 min after
dosing. In the 50 and 33.3 mg/kg i.v. studies, blood sampling was
limited to the first 360 min after dosing. In studies in which
17DMAG was delivered either i.p. or orally, the 960- and 1440-min
samples were omitted. In the study in which 17DMAG was ad-
ministered i.v. at 75 mg/kg, brain, heart, lungs, liver, kidneys,
spleen, fat, red blood cells and skeletal muscle were collected from
each mouse at the same times noted for blood samples. In each
study, blood and, if relevant, tissues from mice killed 5 min after
delivery of vehicle served as controls.

In rat pharmacokinetic studies, groups of three rats were sam-
pled at staggered times so that blood was obtained before drug
delivery and at the following times after drug administration: 5, 10,
15, 30, 45, 60, 90, 120, 180, 240, 360, 420, 960, and 1440 min.
Groups of rats were killed at 240, 360, 420, 960, and 1440 min after
drug delivery, and brain, heart, lungs, liver, kidneys, spleen, fat, red
blood cells, testes and skeletal muscle were collected from each rat.
Plasma and tissues from rats injected only with vehicle served as
controls.

Blood was collected from mice by cardiac puncture into
heparinized syringes, transferred to Eppendorf microcentrifuge
tubes and stored on ice until centrifugation at 13,000 g for 4 min to
obtain plasma. Red blood cells were stored at —70°C. Tissues were
rapidly dissected, placed on ice until weighing, and then snap-frozen
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in liquid nitrogen. Sets of mice to be sampled at 960 or 1440 min
after dosing were gang-housed in metabolism cages, and urine was
collected on ice until the animals were killed for blood and, if nec-
essary, tissue sampling. The first two blood samples from each rat
were obtained through indwelling jugular venous catheters. At the
time of the third blood sample, rats were exsanguinated by cardiac
puncture. Plasma was prepared from rat blood and rat tissues were
dissected and handled as described above for mouse samples.

Biliary excretion of 17DMAG was studied in three rats with
surgically implanted bile duct cannulae. This was accomplished by
anesthetizing each animal with 40 mg/kg i.p. pentobarbital (Nem-
butal, Abbott Laboratories, North Chicago, Ill.), isolating its bile
duct through a midline abdominal incision, and cannulating the
bile duct with a 28-gauge L-Cath Peel Away polyurethane catheter
(Luther Medical Products, Tustin, Calif.). After the cannula had
been secured proximally and distally with 2-0 silk sutures and al-
lowed to drain under gravity, the abdominal wound was closed
with Michel wound clips. 17DMAG was administered as a bolus
dose of 10 mg/kg through a tail vein, and during the subsequent
4 h bile was collected as 15-min timed fractions in preweighed
cryogenic vials (Corning, Corning, N.Y.). Anesthesia was main-
tained with additional 10 mg/kg i.p. doses of pentobarbital as
needed, and at the conclusion of the 4-h bile collection, rats were
killed with 100 mg/kg i.v. pentobarbital.

Plasma, tissues, urine, bile and dosing solutions were stored at
—70°C until analysis.

Analysis of in vivo samples

Concentrations of 17DMAG in plasma, tissue, urine and bile were
determined with HPLC using a modification of a previously pub-
lished method [15, 16]. In anticipation of 17AG being a potential
metabolite of 17DMAG, standard curves were prepared for both
17DMAG and 17AG. Plasma, bile, and red blood cells were ex-
tracted directly. Tissue samples were thawed and immediately ho-
mogenized using a Powergen 35 homogenizer (Fischer Scientific) in
two to four parts (weight to volume) of phosphate-buffered saline
(1.2 mM KH,POy4, 2.9 mM Na,HPO,, 154 mM NaCl, pH 7.2;
GIBCO BRL, Life Technologies, Rockville, Md.).

Extraction procedure

To a 200-ul sample of plasma, red blood cells, tissue homogenate,
or bile, was added 5 pl of 200 pg/ml 17AAG (internal standard) in
acetonitrile 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 4. The samples were
subsequently centrifuged at 14,000 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 (Medical grade, Praxair,
Pittsburgh, Pa.), and the dried residues were resuspended in 200 pl
of the initial mobile phase described below. These samples were
transferred to microcentrifuge tubes and centrifuged at 14,000 g for
2 min. The resulting supernatants were placed into glass microvial
inserts, and 150 pl was injected by autosampler into the HPLC
system. Urine, either undiluted or diluted 1:10 or 1:100 with the
mobile phase described below, was injected directly into the HPLC
system.

HPLC

The HPLC system consisted of a Waters 717 autosampler and a
Waters 600E system controller and solvent delivery system fitted
with a Waters Novapak C18 guard column and a Waters Novapak
C18 column (5 pm, id 3.9 x 150 mm) (Waters Associates, Milford,
Mass.). The initial mobile phase, consisting of acetonitrile/25 mM
sodium phosphate, pH 3.00 (35:65 v/v) with 10 mM triethylamine,

was pumped at 1 ml/min for 7 min. At 7.01 min, the mobile phase
was changed to acetonitrile/25 mM sodium phosphate, pH 3.00
(50:50 v/v) with 10 mM triethylamine, and this was pumped iso-
cratically until 15 min. Between 15 and 19 min, the mobile phase
was returned to the initial conditions which were maintained for an
additional 7 min before injection of the next sample. Column elu-
ent was monitored at 330 nm with a Spectroflow 757 absorbance
detector (ABI Analytical, Kratos Division, Ramsey, N.J.). Under
these conditions, the retention times of 17AG, 17DMAG, and
internal standard were approximately 5.6, 9.9, and 17.7 min,
respectively, and the overall run time was 26 min.

Standard curves of 17AG and 17DMAG at concentrations of
0.15, 0.25, 0.5, 1.5, 5, 15, and 50 pg/ml in plasma, 5% dextrose in
water, or control tissue homogenates were prepared in duplicate.
There were no endogenous materials in plasma, any tissue, urine,
bile, or dosing vehicle that interfered with the determination of
17AG, 17DMAG, or internal standard. Recovery of 17DMAG
from spiked samples containing 10 pg/ml was 94+1.7%. The
lower limit of quantitation [53] was 0.15 pg/ml, and the coeffi-
cients of variation in plasma at a low mid-range concentration
(0.5 pg/ml) and a high mid-range concentration (5 pg/ml) were
9% and 3%, respectively. The standard curves of 17AG and
17DMAG in plasma were linear between 0.15 and 50 pg/ml.
Samples containing concentrations above the upper limits of each
standard curve were reassayed after dilution in the appropriate
matrix to a degree calculated to produce concentrations within
the linear range. Plasma quality control samples, prepared at 0.25,
2.5, and 25 pg/ml and stored at —70°C, were included with each
HPLC run. Tissue concentrations of 17DMAG were expressed as
micrograms per gram, based on the assumption that the weight of
1 ml of homogenate was 1 g. Biliary metabolites for which
authentic standards were not available were expressed as
17DMAG equivalents.

Pharmacokinetic analysis

The time courses of plasma concentrations of 17DMAG were an-
alyzed by both noncompartmental and compartmental methods.
The area under the curve from zero to infinity (AUC) and the
terminal half-life (t1/2) were estimated by noncompartmental
analysis using the LaGrange function [71], as implemented by the
computer program LAGRAN [40]. Total body clearance (CLtb)
was calculated from the equation:

CLtb = Dose/AUC,

The steady-state volume of distribution (Vdss) was calculated from
the equation:

Vdss = Dose x (AUMC/AUC2>,

where AUMC is the area under the moment curve from 0 to
infinity. Tissue AUCs were also calculated using the LaGrange
function.

Individual concentrations of 17DMAG detected in plasma
versus time were fit to compartmental models with the program
ADAPT II [17], using maximum likelihood estimation. Two- and
three-compartment open linear models were fit 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.

Metabolite characterization and identification

Absorbance spectra of 17DMAG and proposed metabolites in
tissue, urine, and bile were obtained using the same columns and
mobile phase described above. Column eluate was monitored for
absorbance between 200 and 600 nm with a Hewlett-Packard 1050



diode array detector and a Hewlett-Packard Chemstation operat-
ing under Microsoft Windows 95-based software.

LC/MS analyses used a Hewlett-Packard model 1050 pump
that provided linear gradients and a constant flow rate of 200 pl/
min. All chromatography was performed on a Waters YMC
J-sphere ODS-M80 column (2 x 250 mm) packed with 4-um parti-
cles. A 25-min gradient starting with acetonitrile/0.1% formic acid
in water (5:95 v/v) and ending with acetonitrile/0.1% formic acid in
water (50:50 v/v) was used for elution of 17DMAG metabolites.
Mass spectrometry was performed on a Finnigan (San Jose, Calif.)
model TSQ-7000 triple quadrupole mass spectrometer equipped
with a standard Finnigan electrospray ion source. Materials ab-
sorbing at 330 nm were detected in-line with a Hewlett-Packard
model 1100 diode array detector prior to entry into the mass
spectrometer. Mass spectra were acquired in the positive ion mode
at a rate of one scan per second over a mass range of 150-900 Da.

Results
Plasma protein binding

When a 10 pg/ml solution of 17DMAG in distilled
water was centrifuged in a Centrifree device, 80 £2% of
the 1[7DMAG passed through the ultrafiltration mem-
brane. When 10 pg/ml solutions of 17DMAG in mouse
and rat plasma were processed in a similar manner and
accounting for the non-specific binding described
above, 69.2+4.8% (mean=+SD) and 60.4+1.7% of the
17DMAG were ultrafilterable, implying that only 30—
40% of 17DMAG was protein-bound.

Range-finding study
No changes were noted in appearance, appetite, waste

elimination or body weight of treated mice when com-
pared to untreated controls. None of the rats treated

11

with DMAG died, and all gained weight after DMAG
treatment. However, rats treated with 10 mg/kg gained
weight at a rate comparable to vehicle-treated controls,
whereas the rate of weight gain of rats treated with
20 mg/kg was significantly less than that of controls and
rats treated with 10 mg/kg.

Pharmacokinetic studies
Mice

Because no untoward effects were noted in the range-
finding study, the maximum dose used in i.v. pharmac-
okinetic studies was 75 mg/kg.

After an i.v. dose of 75 mg/kg, “peak” plasma
17DMAG concentrations at 5 min after injection were
18-24.2 pg/ml (Fig. 2). Thereafter, plasma 17DMAG
concentrations declined in a manner best fit by a two-
compartment open linear model (Table 1) and after
420 min were below the lower limit of quantitation.
When calculated with noncompartmental methods, the
17DMAG AUC produced by a 75 mg/kg i.v. dose was
1150 pg/ml'min, corresponding to a CLtb of 65 ml/min
per kg (Table 2). Sequential dose reduction to 50 and
33.3 mg/kg resulted in the expected lower plasma
17DMAG concentrations and AUCs (Fig. 2, Table 2).
After i.v. doses of 50 and 33.3 mg/kg, “peak’ plasma
17DMAG concentrations were between 9.4 and 14.4 and
8.4 and 10.5 pg/ml, respectively. As with the 75 mg/kg
1.v. dose, the 17DMAG concentration versus time pro-
files resulting from the 50 and 33.3 mg/kg doses were
best fit by a two-compartment open linear model
(Table 1). The 17DMAG AUCs resulting from the 50
and 33.3 mg/kg i.v. doses were 675 and 362 pg/mlmin,

Fig. 2 Concentrations of 100
17DMAG detected in plasma of

female CD,F| mice given

17DMAG i.v. at doses of 1
75 mg/kg (squares), 50 mg/kg i
(circles), or 33.3 mg/kg
(triangles). Symbols represent
the means of 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 17DMAG concentration-versus-
time data from CD,F; mice (V¢ volume of the central compart-
ment, ke elimination constant, kcp transfer constant between

central and peripheral compartments, kpc transfer constant be-
tween peripheral and central compartment, ka absorption constant,
t1/20 alpha half-life, #1/2f beta half-life, CLtb total body clearance,
Vdss steady-state volume of distribution; NA not applicable)

Dose Route Vc (ml/kg) ke (min™") kcp (min™') kpc (min™") ka (min™') t1/2« (min) t1/2f (min) CLtb Vdss
(mg/kg) (ml'min"kg) (ml/kg)
75 iv. 437 0.119 0.418 0.058 NA 1.2 59 52 3159

50 iv. 830 0.080 0.321 0.089 NA 1.4 46 67 3006

333 L. 2039 0.041 0.133 0.121 NA 2.5 39 83 2039

75 i.p. 5567 0.011 NA NA 0.136 63 NA 61* NA

75 oral 1366 0.079 0.168 13.7 0.0058 0.05 9 108* 17
?Apparent clearance

Table 2 Noncompartmental  pharmacokinetic — analyses of terminal half-life, Vdss steady-state volume of distribution, CLth

17DMAG plasma concentration-versus-time curves from CD,F,
mice (AUC.;,r area under the curve from time zero to infinity, ¢/2

total body clearance; NA not applicable)

Dose Route AUCO_iFf t1/2 (min) Vdss (ml/kg) CLtb (ml'min kg) Bioavailability (%)
(mg/kg) (ngml min)

75 L. 1150 88 5400 65 NA

50 L. 675 79 6700 75 NA

333 iv. 362 69 5060 92 NA

75 i.p. 1170 44 6090 64" 100

75 oral 575 52 18200 130* 50

“Apparent clearance

respectively, corresponding to CLtb values of 75 and
92 ml/min per kg, respectively (Table 2).

In none of these studies was there any material in the
plasma that was not present in the plasma of vehicle-
treated control mice or in the dosing solution used in
any study. Specifically, there was no evidence of 17AG
or any other metabolite of 17DMAG.

During the 24 h after i.v. doses of 75, 50, or 33.3 mg/
kg, between 10.6% and 14.8% of the delivered dose
could be accounted for in the urine. This was essentially
all in the form of 17DMAG. Urine did show two small
peaks with retention times of approximately 4 and
5 min, respectively, that had absorbance spectra similar
to that of 17DMAG (Fig. 3A, B).

Analyses of tissue concentrations of 17DMAG
allowed description of the widespread distribution of
the drug, the relative inability of 17DMAG to cross the
blood-brain barrier, and the relative exposures of tissues
as opposed to plasma. After i.v. delivery of the 75 mg/kg
dose, 17DMAG was widely distributed to tissues
(Table 3). The highest tissue concentrations of
17DMAG were found in liver and kidneys, with pro-
gressively lower concentrations being found in heart,
lung, spleen, red blood cells, skeletal muscle, fat, and
brain. Although 17DMAG concentrations in all tissues
declined with time, I17DMAG was detected in all tissues
for at least 6 h after drug delivery and persisted in spleen
and liver for 24 h (Table 3). When expressed as AUC,
the exposure of most tissues to 17DMAG was substan-
tially greater than that of plasma (Table 3). Only liver
contained evidence of putative 17DMAG metabolites
(Fig. 4A, B), but the concentrations of these materials
were too low to quantify.

After completion of the three i.v. pharmacokinetic
studies described above, an effort was made to define the
bioavailability of I[7DMAG after i.p. and oral delivery.
After i.p. delivery of the 75 mg/kg dose of 17DMAG,
plasma concentrations of 17DMAG increased rapidly,
with peak concentrations of approximately 10 pg/ml
between 10 and 45 min, and then declined to less than
the lower limit of quantitation by 420 min (Fig. 5).
Modeled in a noncompartmental fashion, the 17DMAG
AUC produced by the 75 mg/kg i.p. dose was 1170 pg/
ml'min, indicating a bioavailability of 100% (Table 2).
In addition to modeling these plasma concentration
versus time data in a noncompartmental fashion, com-
partmental modeling was also employed. The data were
best fit by a one-compartment open linear model with
first-order absorption from the peritoneum, and resulted
in values for V, ka, and ke of 5567 ml/kg, 0.1361 min ',
and 0.011 min™", respectively (Table 1).

A final mouse pharmacokinetic study was undertaken
wherein a 75 mg/kg dose of I[7DMAG was administered
by gavage (Fig. 5). Peak plasma 17DMAG concentra-
tions of approximately 3 pug/ml were found at between
10 and 60 min after administration of drug. Modeled in
a noncompartmental fashion, the 17DMAG AUC pro-
duced by the 75 mg/kg oral dose was 575 pg/mlmin,
indicating a bioavailability of 50% (Table 2). In addi-
tion to modeling these plasma concentration versus time
data in a noncompartmental fashion, compartmental
modeling was also employed. The data were best fit by a
two-compartment open linear model with first-order
absorption, and resulted in values for V, ka, kcp, kpc,
and ke of 1366 ml/kg, 0.058 min', 0.168 min ',
13.7 min', and 0.079 min !, respectively (Table 1).
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Table 3 Concentrations and AUCs of I[7DMAG in plasma and tissues of CD,F; mice injected i.v. with a 75 mg/kg dose of 17DMAG

(each value is the mean of three samples)

Time Plasma Brain Heart Lung Liver Kidney Spleen Skeletal Fat RBCs
(min) (ng/ml)  (ng/g) (ng/e) (ng/e) (ng/g) (ng/e) (ng/g) muscle (ng/g) (ng/ml)
(ng/g)
5 20.6 2.7 65.96 63.4 135.3 132.2 49.1 29.6 8.9 36.6
10 14.5 1.6 47.4 66.7 114.0 122.0 70.9 31.8 10.9 35.0
15 11.4 2.1 42.6 69.4 98.4 100.5 77.3 36.9 12.3 322
30 7.3 1.2 17.9 61.9 72.2 68.9 65.7 18.5 10.5 22.9
45 7.7 1.7 18.9 40.5 73.9 67.9 67.3 17.8 10.7 23.5
60 7.3 1.9 15.1 32.5 61.7 54.8 52.2 14.4 5.3 21.4
90 4.0 1.8 12.8 25.5 57.9 41.9 46.5 8.6 5.1 18.2
120 3.9 1.6 8.6 16.4 39.1 32.0 29.3 6.0 3.8 13.6
180 1.43 1.1 3.8 8.9 21.7 18.2 21.0 2.1 1.7 7.0
240 0.9 0.92 2.2 5.7 15.4 8.7 11.6 0.81 0.75 32
360 0.08 0.49 0.52 2.5 5.1 2.1 6.6 0.36 0.40 0.44
420 0.05 0.64 0.24 2.0 5.2 1.7 5.0 0.05 0.11 0.27
960 0 0.37 0 0.04 0.7 0.1 0.5 0 0 0
1440 0 0.11 0 0 0.4 0 0.15 0 0 0
AUC? 1073 872 2939 6502 13924 10213 11351 2186 1157 3627
#Units: pg/ml'min for plasma or pg/g'min for tissues
Rats 0.88-1.74 pg/ml (Fig. 6). Although 17DMAG could be
detected in plasma until 960 min after injection,
After an iv. dose of 10 mg/kg, ‘“peak” plasma concentrations of 1”7DMAG were below the lower limit

17DMAG concentrations at 5 min after injection were

of quantitation after 180 min. The decline in plasma
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Fig. 4A-C A, B HPLC chro-
matograms of a liver extract
from a mouse treated i.v. with
(A) vehicle only (control) or (B)
75 mg/kg DMAG. C Absor-
bance spectra of suspected
17DMAG metabolites

Fig. 5 Concentrations of
17DMAG detected in plasma of
female CD,F; mice given

75 mg/kg doses of 1'7DMAG
i.v. (squares), i.p. (circles) or
orally (triangles). Symbols
represent the means of three
mice at each time-point, and
error bars represent one SD

17DMAG concentrations was best fit by a one-com-
partment open linear model with values for Vg, ke, t1/2,
and CLtb of 6187 ml/kg, 0.015 min', 46 min, and

JADT A, Sig=330,4 Ref=550,100 (10120010MAGD006.D)

AN

25 5 75 T T 175

mAU

DADT A, Sig=330,4 Ref=550,100 (1072001DMAG00U6 D)
DAD1 A, Sig=330,4 Ref=550,100 (101200\DMAG0007.D)

| +——17DMAG

3.93 min }
4.94 min \

[17DMAG] (ug/mi)

y A\
200 250 300 350 400 450 500 540 mm
100.00
Jul
3
10.00{ & @
i
o 58 ) O v
| f T A IZ & O |P.
1 f T T é A PO.
1.00-| T %
0.10| i £
0.01+———— T T T T T T T L T T
0 50 100 150 200 250 300 350 400 450

Time (min)

noncompartmental methods, the

94 ml/min per kg, respectively. When calculated with

17DMAG AUC

produced by a 10 mg/kg i.v. dose was 104 pg/ml-min,
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Fig. 6 Concentrations of
17DMAG detected in plasma of
male Fischer 344 rats given a
10 mg/kg i.v. dose of
17DMAG. Symbols represent
the means of three samples at
each time-point, and error bars
represent one SD
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Table 4 Concentrations of 17DMAG in plasma and tissues of rats
injected i.v. with a 10 mg/kg dose of 17DMAG (each value is the
mean of three samples, except four plasma and RBC samples and

one tissue sample at 90 min, and two plasma, RBC and tissue
samples at 360 min)

Time Plasma  RBCs Brain Heart Lung Liver Kidney  Spleen Skeletal ~ Fat Testes
(min) (hg/ml)  (nug/ml)  (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/e) muscle  (pg/g) (ng/g)
(ng/e)
5 1.36 0.12
10 1.31 0.21
15 1.33 0.12
30 1.13 0.20
45 0.93 0.19
60 0.55 0.16
90 0.26 0.09 0 4.1 6.9 22.3 12.9 15.4 2.2 1.2 0.8
120 0.35 0.13
180 0.10 0.07
240 0.04 0.16 0 0.9 4.9 13.0 1.7 11.0 1 0.4 0.8
360 0.02 0.05 0 0.7 32 8.3 1.7 10.0 0.3 0 0.7
420 0.06 0.04 0 0.6 2.9 6.7 1.2 11.7 0.6 0.3 0.7
960 0.02 0.08 0 0.2 2.4 3.7 1.0 7.6 0 0 0.7
1440 0.0 0.0 0 0.0 1.2 1.4 0.1 2.1 0 0 1.1

corresponding to a CLtb of 96 ml/min per kg. At no
time did plasma contain any evidence of a 17DMAG
metabolite.

Due to the structure of the sampling schedule
employed, the distribution of 17DMAG to rat tissues
(Table 4) could not be defined as thoroughly as the
distribution to mouse tissues (Table 3). The necessity to
kill one of the scheduled 360-min rats at 90 min pro-
duced the only data on the tissue concentrations of
17DMAG at any time earlier than 240 min after drug
delivery. By 90 min, concentrations of 17DMAG in
most tissues were greater than those in plasma (Table 4).
At 90 min, the highest concentrations of 1”7DMAG were
observed in liver, kidney, and spleen. Tissue concentra-
tions of 17DMAG decreased with time, but even at 24 h,
remained >1 pg/g in lung, liver, and spleen (Table 4).

17DMAG was not detected in brain. Due to the rela-
tively incomplete description of the time course of
17DMAG in tissues, tissue AUCs of 17DMAG were not
calculated. Using absorbance detection, there was no
evidence of I[7DMAG metabolites in any rat tissue.
During the first 24 h after drug delivery, urinary
excretion of 1”7DMAG accounted for 12.5-16% of the
dose administered to rats, which agreed closely with
the value previously described for urinary excretion
of 17DMAG by mice. There were no metabolites of
17DMAG observed in rat urine. Biliary excretion of
17DMAG accounted for 4.7+£1.7% of the delivered
dose. In addition to 17DMAG, bile from treated rats
contained 11 materials with absorbance similar to that
of 17DMAG. LC/MS analyses of rat bile indicated that
four of these proposed metabolites had an M, of 633,
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two had an M, of 603, and one each had an M, of 566,
571, 589, 629, and 645 (Fig. 7). Biliary excretion of
17DMAG and metabolites (expressed as 17DMAG
equivalents) accounted for 4.7+1.4% of the delivered
dose, with 17DMAG accounting for 50.7+3.4% of the
biliary excretion. The four materials with M, of 633 and
the two with M, of 603 were also detected in mouse
urine.

Discussion

Ideally, the rational use of any drug should reflect a
consideration of the pharmacology of that drug. This
philosophy may receive even more emphasis in an-
tineoplastic chemotherapy as increased effort is being
devoted to developing target-directed agents [1, 2, 7, 8,
12, 22, 28, 33, 44, 45, 54]. In the specific case of 17TAAG,
a heat-shock protein-interactive drug that has recently
entered clinical trials [3, 9, 10, 15, 21, 34, 67], a number
of aspects of its pharmacology have been described [5, 6,
11,13, 14, 16, 18, 19, 20, 24, 25, 27, 29, 30, 31, 32, 35, 36,
37, 38, 39,41, 42,43, 46,47, 48, 49, 50, 51, 52, 55, 56, 57,
58, 60, 65, 66, 68, 70]. While 17AAG is undergoing
clinical evaluation, there is an ongoing effort to develop
other heat-shock protein-interactive agents that might

Fig. 7 Total ion chromatogram and UV absorbance chromato-
gram at 330 nm for an extract of bile collected from a rat given an
i.v. bolus of 17DMAG at a dose of 10 mg/kg. Masses for the
observed [MH]+ for each metabolite are labeled at the top of each
peak in the MS chromatogram and correspond to the absorbance
chromatogram as follows: 4=589, B=571, C=603, D=0633,
E=633, F=603, G=633, H=645, I7DMAG=0617, and K= 1566
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not have the theoretical drawback of metabolism to
potentially toxic metabolites and the practical problem
of complex formulation. The data presented here rep-
resent another part of that effort. In that regard, a
number of aspects of the current studies warrant
discussion.

The HPLC method used to quantify 17DMAG
should be applicable to clinical trials. Such measure-
ments should facilitate integration of the pharmacoki-
netics of 17DMAG with the clinical effects it produces.
Obviously, the HPLC method should also be applicable
to additional preclinical studies that might be under-
taken in concert with, or subsequent to, the initiation of
clinical trials of 171DMAG.

The use of several doses and routes of delivery of
I7DMAG in the studies presented allowed several other
relevant aspects of 17DMAG pharmacology to be
explored. Increasing doses of 17DMAG produced
increased plasma concentrations and exposures of
17DMAG. In mice, the increase in 17DMAG dose from
33.3 to 50 and 75 mg/kg was associated with a small, but
consistent, disproportionate increase in plasma AUC
and reduction in CLtb. Whether this truly reflects sat-
uration of a 17DMAG clearance mechanism is not
known. The CLtb value of 96 ml/min per kg calculated
for rats given a 10 mg/kg i.v. dose of 17DMAG agrees
very well with the value of 92 ml/min per kg calculated
for mice given 33.3 mg/kg.

The tissue distribution data presented demonstrate
the degree of, and relative differences in, exposure to
17DMAG as well as the durations of time that
17DMAG persists in various tissues. These data are
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currently being used to construct a physiological flow
model of 17DMAG pharmacokinetics, which should be
of use in estimating the pharmacokinetics of this mate-
rial in humans.

The results of studies in which 17DMAG was given
by i.p. and oral routes showed that the bioavailability by
the former route was essentially 100%, whereas the
bioavailability of orally delivered 17DMAG was twice
that of orally delivered 17AAG [20]. The excellent bio-
availability of 17DMAG after i.p. delivery means that
antitumor efficacy studies should be able to utilize that
route instead of the logistically much more difficult i.v.
route. The relatively good bioavailability of 17DMAG
after oral administration may not be surprising. 17AAG
is a known substrate for cytochrome P450 3A4 [19] and
is likely a substrate for that isoform, and possibly
p-glycoprotein, in the small intestine. The fact that there
is relatively little metabolism of 17DMAG argues
against intestinal cytochrome P450 3A4 presenting a
major barrier to the bioavailability of I7TDMAG. Should
the oral route prove the most desirable way to produce
the prolonged 17DMAG exposure that might be
required for antitumor activity, this difference in oral
bioavailability may represent an important advantage of
17DMAG over 17AAG.

The difference in oral bioavailability described above
is only one of a number of striking differences between
17DMAG and 17AAG, a structurally closely related
compound that is currently undergoing clinical evalua-
tion. While 17AAG is >90% protein-bound [16],
17DMAG is only 30-45% protein-bound. Even more
striking is the very limited quantitative metabolism of
17DMAG observed in both mice and rats, while in both
species, 17AAG is known to undergo extensive meta-
bolism by cytochrome P450 3A4 to a number of meta-
bolites [19, 20]. Consistent with this difference in
metabolism is the fact that urinary excretion of
17DMAG accounts for 10-16% of a delivered dose, as
compared to the urinary excretion of only 2% of a dose
of 17AAG [20]. In addition to the quantitative differ-
ences noted in the metabolism of 17DMAG and
17AAG, there are a number of qualitative differences
that are notable. Although the quantitative metabolism
of 17DMAG is small, the number of potential
17DMAG metabolites observed with LC/MS is much
larger than the number of metabolites so far demon-
strated for 17AAG, and the sites of metabolism are
likely to be different.

There was no evidence that 17DMAG underwent
metabolism at the 17 position to produce 17AG, the
major metabolite of 17AAG. The presence of four po-
tential 17DMAG metabolites with M, 633 implies that
oxidation can occur at four different positions on
17DMAG. The most likely places for this oxidative
metabolism to occur is at the double bonds in the
ansamycin ring, a site of metabolism previously not
shown for 17AAG. The presence of two potential
metabolites with M, 603 implies removal of one methyl
group from two different positions on 17DMAG, and
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the metabolite with M, 589 presumably represents the
end result of di-demethylation. These metabolites could
be produced by sequential removal of the two methyl
groups on the terminal amino moiety in 17DMAG, the
loss of methyl groups from the two methoxy moieties on
the ansamycin ring, or a combination of these processes.
Although we have not definitively identified the struc-
tures of these presumed 17DMAG metabolites, they are
not likely to involve alterations to the benzoquinone
moiety because their absorbance spectra are not altered
when compared to that of parent compound. Future
studies will be directed at complete characterization of
the structures of these materials, the enzymes responsi-
ble for their production and whether similar materials
can be identified in the bile of rats treated with 17AAG.

In summary, we have characterized the plasma phar-
macokinetics, tissue concentrations, urinary excretion
and biliary excretion associated with a variety of doses
and routes of administration of 17DMAG. These data
should be useful in the design of additional preclinical
efficacy and toxicology studies of 17DMAG and the
clinical trials of 1”7DMAG that are being planned. Fur-
thermore, the HPLC method developed for these studies
should be applicable in those studies.
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