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Abstract Purpose: To determine whether tamoxifen
plasma concentrations capable of blocking P-glycopro-
tein (Pgp) in vitro can be safely achieved in dogs and
whether doxorubicin pharmacokinetic alterations occur
when tamoxifen is coadministered. Methods: Tamoxifen
dose escalation studies were conducted in 7 normal dogs
and in 19 tumor-bearing dogs receiving full-dose che-
motherapy. Plasma tamoxifen and serum doxorubicin
disposition were analyzed for putative drug interactions.
Results: Steady-state plasma concentrations of tamoxifen
and N-desmethyl tamoxifen (NDMT) were 5±10 lM
following oral tamoxifen administration at 600 mg/m2

every 12 h for 7 days to normal and tumor-bearing dogs.
Mild-moderate gastrointestinal toxicity (diarrhea, ano-
rexia) and reversible neurotoxicity were observed in dogs
receiving chemotherapy plus high-dose tamoxifen. Mye-
losuppression was not a�ected by combined treatment in
tumor-bearing dogs. High-dose tamoxifen decreased the

clearance and volume of distribution of full-dose doxo-
rubicin. Conclusions: Concentrations of tamoxifen/
NDMT su�cient to inhibit Pgp may be achieved in dogs
receiving full-dose chemotherapy with a moderate but
acceptable increase in gastrointestinal toxicity. Tamoxi-
fen a�ects doxorubicin metabolism in dogs at high doses
resulting in increased serum exposure. Pharmacologic
manipulation of Pgp expression or function in normal
and tumor tissue in dogs may facilitate investigation of
novel anticancer treatment strategies in humans.
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Introduction

In addition to antiestrogenic activity, tamoxifen induces
numerous direct and indirect nonhormonal antineo-
plastic e�ects. Some of these e�ects include: alteration of
anthracycline partitioning between hydrophilic/hydro-
phobic cellular compartments [17]; inhibition of protein
kinase C pathways; inhibition of calmodulin, insulin
growth factor, and transforming growth factors alpha
and beta activity [8, 18, 20, 27]; augmentation of natural
killer cell [1, 6] and interferon-alpha activity [21]; and
inhibition of angiogenesis [16]. Clinically, tamoxifen has
reproducibly enhances activity in platinum/DTIC regi-
mens for human melanoma although the mechanism is
not yet known [25].

Tamoxifen is also a substrate of the multidrug resis-
tance (MDR) transporter and considerable preclinical
data support a modulatory e�ect of tamoxifen and its
metabolites on drug retentionmediated by P-glycoprotein
170 (Pgp). Tamoxifen, in some models, is similar to other
MDR-modulating compounds (verapamil, cyclosporine
and PSC 833) in its ability to bind Pgp, stimulate ATPase,
inhibit drug e�ux and enhance cytotoxicity in MDR-
resistant cell lines [11]. Both the parent compound and
the major metabolite (N-desmethyl tamoxifen, NDMT)
have been shown to be active Pgp modulators [4, 11]. We
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have recently demonstrated that tamoxifen is an active
Pgp modulator in an MDR-selected canine cell line [19].

The pharmacodynamic e�ect of Pgp chemomodula-
tion in vivo is a result of several mechanisms. Although
Pgp chemomodulators increase intracellular concentra-
tions of antineoplastic agents both in vitro and in vivo,
increased drug retention in vivo may also result from
altered metabolism of the antineoplastic compounds
that share similar detoxi®cation pathways [29]. Many
MDR-class anticancer agents and Pgp modulators are
metabolized by CYP3A4, an isoform of the P450 system.
Simultaneous administration of multiple CYP3A4 sub-
strates may overwhelm the system and result in de-
creased clearance of one or both compounds. However,
even anticancer agents primarily metabolized by non-
P450 mechanisms, such as doxorubicin, may be a�ected
when CYP3A4 substrates are coadministered at high
doses [3]. In vivo, altered doxorubicin tissue disposition
has been reported in rodents when cyclosporine and PSC
833 are administered simultaneously although serum
pro®les are una�ected [9, 15]. Doxorubicin disposition is
particularly a�ected in tissues with a high Pgp expres-
sion (i.e. adrenal, intestine, kidney). In human clinical
studies, cyclosporine and verapamil have been shown to
reduce doxorubicin clearance [2, 24, 30].

Phase I studies investigating the e�ect of high-dose
tamoxifen as an MDR modulator in patients with re-
fractory cancers have also been recently reported [5, 26,
33, 35]. Tamoxifen and NDMT plasma concentrations
which produced maximum inhibition of drug e�ux in
vitro (6±9 lM ) were achieved in all studies. Limiting
toxicity of high-dose tamoxifen combined with chemo-
therapy in the above studies were reversible cerebellar
abnormalities (gait disturbance, tandem walk) [33, 35]
and gastrointestinal symptoms [5, 26, 33, 35]. In addi-
tion to toxicity data, Berman et al. evaluated dauno-
rubicin disposition in 14 patients with refractory
leukemia treated with increasing doses of tamoxifen [5].
There was no apparent a�ect of tamoxifen on dauno-
rubicin or daunorubicinol serum area-under-the-con-
centration-time curve at the doses administered.

This study was conducted as a prelude to more tho-
rough evaluation and re®nement of chemomodulation
strategies in tumor-bearing dogs. Due to the broad role
that tamoxifen may play in a variety of cancers more
information on its function in vivo is needed. Our aims
were to: (1) determine whether serum concentrations of
tamoxifen which are capable of maximally blocking Pgp
can be safely achieved in normal and tumor-bearing
dogs, (2) characterize the toxicity associated with high-
dose tamoxifen in dogs and (3) determine whether
tamoxifen induces pharmacokinetic alterations in serum
doxorubicin disposition in dogs.

Methods

Tamoxifen citrate was obtained as a gift from Zeneca Pharma-
ceuticals, Wilmington, Del. Pharmaceutical grade tamoxifen citrate

was purchased from Sigma Chemical Company as a standard for
the HPLC assay. In order to make the administration of tamoxifen
to the dogs easier, 10- and 20-mg tablets were pulverized and re-
formulated into 50-, 100- and 150-mg gelatin capsules. Thus, a 1 m2

surface area dog (33 kg body weight) receiving tamoxifen at a dose
of 600 mg/m2 every 12 h would receive four 150-mg gelatin cap-
sules twice daily.

Tamoxifen dose escalation was accomplished in seven normal,
nontumor-bearing dogs (®ve male, two female). Pharmacokinetic
evaluation and toxicity assessment was conducted at 150, 300 and
600 mg/m2 tamoxifen orally every 12 h for 7 consecutive days at
each dose. A 3-week period preceded the next dose escalation.
Serum samples were collected prior to the morning dose and at 2, 4,
6 and 8 h after administration from each dog on days 1, 5 and 7.
Samples were collected into heparinized tubes and plasma was
separated immediately and frozen at )85 °C until assayed for
tamoxifen and metabolites. A physical examination and complete
blood count were evaluated every week following tamoxifen dosing
for 3 weeks. A serum biochemical panel was evaluated prior to each
dose escalation. Appetite, vomiting and diarrhea were assessed
daily.

The same seven normal dogs which had received tamoxifen
alone were used 2 months later to evaluate the e�ects of tamoxifen
on serum doxorubicin disposition. They received no drug treatment
during the 2-month hiatus. Dogs were treated with 1.25 mg/kg
doxorubicin intravenously (i.v.) over 1 h every 3 weeks alone or
combined with 300 or 600 mg/m2 tamoxifen orally every 12 h for
7 days prior to doxorubicin dosing. Doxorubicin was administered,
at the prescribed dose, on day 4 of the 7-day tamoxifen adminis-
tration regimen. A fourth dose of doxorubicin was administered at
0.625 mg/kg (50% reduction) plus tamoxifen at 600 mg/m2 every
12 h for 7 days, 3 weeks following the third dose of doxorubicin.
This treatment was administered to assess any pharmacokinetic
alterations or toxicity following an empirical 50% reduction in
doxorubicin dose that has been suggested previously for combined
doxorubicin/chemomodulator treatment [24]. Pre-doxorubicin se-
rum panel and CBC were evaluated in all dogs and a CBC was
evaluated on days 7 and 14 following doxorubicin administration
for each treatment course. Any neurologic or gastrointestinal signs
were recorded and monitored daily. Heparinized samples for
tamoxifen analysis were obtained 2±4 h following the morning
tamoxifen dose just prior to doxorubicin infusion. Doxorubicin
was infused over 1 h and serum samples were obtained for doxo-
rubicin determination at 0, 30, 60, 65, 70, 75, 90 and 120 min from
the beginning of the infusion. Serum was immediately frozen at
)85 °C for later analysis.

A tamoxifen dose escalation study was also conducted in 19
tumor-bearing dogs that presented to the NCSU Veterinary
Teaching Hospital. Criteria for eligibility included: (1) histolog-
ically proven cancer, (2) refractory to conventional therapy,
(3) CBC and serum biochemical panel within normal reference
ranges, (4) no major concurrent medical problems, (5) life
expectancy of >3 months, and (6) no chemotherapy for 1 month
prior to treatment with tamoxifen. All dogs were treated with
maximum, clinically tolerated doses of single-agent chemotherapy
as determined to be most appropriate for the tumor type, i.e.
doxorubicin (1 mg/kg or 30 mg/m2 i.v. over 1 h, mitoxantrone
(6 mg/m2 i.v. over 1 h), carboplatin (250±300 mg/m2 over
30 min), cisplatin (70 mg/m2 over 1 h) or vincristine (0.7 mg/m2

i.v. bolus). Chemotherapy was administered on day 4 of a 7-day
tamoxifen oral dosing period. Tamoxifen dose escalation was
conducted in cohorts of three dogs starting at 150 mg/m2 orally
every 12 h for 7 days based on prior studies conducted in
humans [35]. Escalation to 300, 600 and 1200 mg/m2 orally every
12 h for 7 days was based on the severity and frequency of
toxicity according to previously established criteria for tumor-
bearing dogs. Assessment of toxicity was based upon entry of
more than three previously untreated dogs in each dose group.
The e�ect of tamoxifen on doxorubicin serum disposition was
evaluated in three dogs. These dogs were treated with
doxorubicin alone (1.0 mg/kg i.v. over 1 h) and 3 weeks later
were treated with doxorubicin at the same dose plus tamoxifen
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at 600 mg/m2 orally every 12 h for 7 days. Plasma/serum sam-
pling and processing were as previously described.

Plasma tamoxifen was determined at the NCSU Analytical
Pharmacology Laboratory using the technique of Langan-Fahey
and Jordan with modi®cation [22]. Due to a lack of an NDMT
standard, this analyte was estimated as a fraction of the tamoxifen
peak and compared to canine standards obtained following vali-
dation of NDMT in the ®rst three normal dogs at a laboratory
capable of measuring NDMT (V.C. Jordan, University of Wis-
consin). Plasma samples were diluted 1:1 with 100% acetonitrile,
vortexed and centrifuged at 10 000 g for 5 min to release protein-
bound tamoxifen. Recoveries in spiked canine serum ranged from
95% to 107% (coe�cient of variation 3.8±9.7%) over a concen-
tration range of 5000±50 ng/ml. A Waters Model 600 W multi-
solvent delivery system with a Waters U6 K injector was coupled to
a Model 996 UV-Vis PDA detector (Waters Chromatography Di-
vision, Milford, Mass.). The LC separations were performed using
a mobile phase of acetonitrile-methanol-triethylamine-water
(70:20:0.01:9.99 v/v/v/v). The pH of the mobile phase was 7.5 and
the mobile phase ¯ow rate was 1.3±1.5 ml/min. giving a retention
time of 7±9 min for tamoxifen and 6±7 min for NDMT on Nova
Pack C18 columns (150±3.9 mm ID; Waters Chromatography
Division). The column e�uent was analyzed in the wavelength
range 220±340 nm with a photodiode-array detector. Peak area
measurements were computed on a Millenium 2010 Work Station
(Waters Chromatography Division). The UV-Vis limit of detection
for tamoxifen in canine serum was approximately 4±5 ng/ml.

Doxorubicin was analyzed by HPLC-derived methodologies as
previously described in canine serum at the laboratory of one of the
investigators [10]. Serum doxorubicin values were ®tted to a two-
compartment model for an i.v. infusion, with no lag time and ®rst-
order elimination (PK Analyst; Micromath Scienti®c Software, Salt
Lake City, Utah). The equation used to ®t the data was:

C(T) � AeÿaTstar � BeÿbTstar ÿAÿaTime ÿ BÿbTime

where Tstar (any time point greater than i.v. (infusion time)) �
Time)Ti.v. and Tstar � 0 for T < Ti.v. Derived quantities in-
cluded AUC (ng/ml min)1), and AUMC (ng/ml min)1 min)1).
Calculated quantities included MRT (AUMC/AUC, min), Cl
(dose/AUC, ml/min kg)1), Vss (MRT*Cl, ml/kg), half-life (T1/2)
(0.693* Vd/Cl, min), and Cmax (C(TI), ng/ml).

A two-sided Student's t-test was used to determine the likeli-
hood that the pharmacokinetic parameters were di�erent between
the various treatment groups. A Boneferroni correction for re-
peated measures was applied to the data. P-values of <0.05 were
considered statistically signi®cant.

Results

Peak plasma tamoxifen and NDMT concentrations in-
creased linearly with dose in the dogs (Fig. 1). Plasma
concentrations of these two metabolites combined were
6±11 lM at an oral dose of 600 mg/m2 twice daily for 7
days. Peak plasma tamoxifen concentrations varied be-
tween dogs but reached a steady state in each individual
by 4±7 days (data not shown). The only toxicity ob-
served in this group was transient diarrhea in two dogs.

Mean doxorubicin AUC values were not signi®cantly
di�erent in the ®rst three treatment groups (doxorubicin
alone, or combined with tamoxifen at 300 mg/m2 or
600 mg/m2 every 12 h for 7 days), although serum
concentration-time pro®les suggested an increase in
doxorubicin retention when tamoxifen was administered
at 600 mg/m2 every 12 h (Fig. 2). Tamoxifen adminis-
tered at 600 mg/m2 every 12 h decreased the Cl and Vd

of doxorubicin (Table 1). The half-life of doxorubicin
was also decreased as a result of a substantially greater
decline in Vd relative to Cl. The AUC of doxorubicin at
0.625 mg/kg (a 50% dose reduction) in combination
with tamoxifen at 600 mg/m2 every 12 h for 7 days was
signi®cantly reduced from that of doxorubicin admin-
istered alone at 1.25 mg/kg or administered at 1.25 mg/
kg with tamoxifen (300 or 600 mg/m2 every 12 h for 7
days). Plasma concentrations of tamoxifen/NDMT in
the tumor-bearing dogs were similar to values obtained
in normal dogs not treated with doxorubicin (Fig. 1 and
Table 1). No signi®cant enhancement of doxorubicin
toxicity other than partial anorexia and diarrhea was
noted in the normal dogs. Neutropenia remained con-
sistent throughout all courses of treatment in these
normal dogs with the exception of the low-dose doxo-

Fig. 1 Peak plasma tamoxifen and NDMT following oral admin-
istration of tamoxifen citrate to seven dogs at the doses indicated
(clear bars NDMT, gray bars tamoxifen, black bars combined
values) Values are means (�SD)

Fig. 2 Serum doxorubicin pro®les for seven normal dogs treated
with doxorubicin alone, and doxorubicin combined with tamoxi-
fen. (solid line 1.25 mg/kg doxorubicin alone i.v. over 1 h), long-
dashed line 1.25 mg/kg doxorubicin i.v. over 1 h plus 300 mg/m2

tamoxifen orally every 12 h for 7 days, short-dashed line (1.25 mg/
kg doxorubicin i.v. over 1 h plus 600 mg/m2 tamoxifen, dotted line
(0.625 mg/kg doxorubicin i.v. over 1 h plus 600 mg/m2 tamoxifen
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rubicin treatment (treatment four) where, as expected,
nadir neutrophil counts were not reduced as much as
with the three previous, full-dose treatments. Thus, there
was no evidence for cumulative neutrophil toxicity or
irreversible bone marrow stem cell depletion.

The median age of 19 dogs enrolled in the phase I
study was 9.5 years; there were 11 males and 8 females
representing numerous breeds. Of these 19 dogs, 13 had
nonHodgkins lymphoma, 2 had metastatic melanoma
and 1 each had squamous cell carcinoma, prostatic
carcinoma, osteosarcoma and mast cell tumor. Doxo-
rubicin was administered to nine dogs, mitoxantrone to
four, cisplatin to three, carboplatin to two and vincris-
tine to one. Five dogs were treated with tamoxifen at
150 mg/m2 every 12 h for 7 days, 5 were treated at
300 mg/m2, 12 were treated at 600 mg/m2 and 1 was
treated at 1200 mg/m2. Four dogs had the dose of
tamoxifen increased to the next dose level and were re-
treated. Dose-limiting gastrointestinal toxicity occurred
in approximately 50% of dogs treated at 600 mg/m2.
Diarrhea accompanied by anorexia developed 3±5 days
following chemotherapy administration. All a�ected
dogs required symptomatic management of diarrhea and
two required ¯uid replacement therapy. Myelosuppres-
sion was consistent between tamoxifen dose groups in
frequency and no dog developed severe myelosuppres-
sion. One dog developed ataxia and paresis following
tamoxifen at 1200 mg/m2 which resolved after the drug
was discontinued.

Similar plasma concentrations of tamoxifen and
NDMT were observed in the tumor-bearing dogs as
were observed in the normal dogs, although greater
variability existed (Fig. 3). Doxorubicin serum concen-
tration vs time curves are shown for three dogs treated
®rst with doxorubicin alone followed by combined
treatment with doxorubicin and tamoxifen (Fig. 4).

Discussion

We determined that oral administration of tamoxifen to
normal dogs and to tumor-bearing dogs receiving full-
dose chemotherapy resulted in plasma values su�cient
to modify Pgp function in vitro. Steady-state accumu-

lation of tamoxifen occurred between days 2 and 5 of a
7-day dosing regimen in normal dogs and future studies
should include similar oral dosing periods at 600 mg/m2

every 12 h to achieve tamoxifen concentrations com-
patible with in vitro Pgp inhibition. Greater variability
in plasma values were observed in tumor-bearing dogs
compared with normal dogs due, most likely due to
decreased bioavailability in some of these older dogs.
The tamoxifen/NDMT values are generally within the
range required for in vitro Pgp modulation, although
dose adjustment based on individual tamoxifen/NDMT
plasma monitoring would be ideal.

Gastrointestinal toxicity and reversible neurotoxicity
limit high-dose (e.g. 600 mg/m2 every 12 h) oral
tamoxifen escalation in dogs. Although similar dose-
limiting neurotoxicity has been observed in humans,
gastrointestinal signs have not been reported to be as
frequent as observed here. Tamoxifen administered
orally at less than maximal doses (<600 mg/m2 every
12 h) may interact through non-MDR pathways and
in¯uence cytokine or immune activities in the host.
Tamoxifen doses required to produce such e�ects appear

Fig. 3 Peak plasma tamoxifen and NDMT in tumor-bearing dogs
following oral administration of tamoxifen every 12 h for 7 days at
the following doses (closed circles 150 mg/m2, n � 3; closed
squares 300 mg/m2, n � 5; closed triangles 600 mg/m2, n � 6;
open symbols mean values obtained throughout the 7th day of
dosing for each dose group). Values are means (�SD)

Table 1 Pharmacokinetic disposition of doxorubicin administered
alone (1.25 mg/kg as a 1-h i.v. infusion) or doxorubicin (1.25 mg/
kg or 0.625 mg/kg as a 1-hr i.v. infusion) combined with tamoxifen

(300 or 600 mg/m2 orally every 12 h for 7 days) in seven normal
dogs. Samples for doxorubicin and tamoxifen were taken on day 7
of the tamoxifen oral dosing schedule. Values are means (�SD)

Doxorubicin
(1.25 mg/kg)

Doxorubicin (1.25 mg/kg)
+ tamoxifen (300 mg/m2)

Doxorubicin (1.25 mg/kg)
+ tamoxifen (600 mg/m2)

Doxorubicin (0.625 mg/kg)
+ tamoxifen (600 mg/m2)

AUC (mg/ml min)1) 14.1 (7.8) 10.8 (2.7) 18.9 (8.7) 3.8 (1.1)*
MRT (min) 3.64 (0.5) 2.95 (0.5) 2.47 (.45) 2.94 (0.5)
CL (ml/min kg)1) 107.6 (43) 121 (26) 78.7 (31)* 179 (44)*
Vd-ss (ml/kg) 377.7 (122) 357 (95) 189 (72)* 527 (161)*
Cmax (ng/ml) 235.2 (130) 179.6 (45) 313 (145) 62 (19)*
Half-life (min) 2.52 (.33) 2.1 (0.34) 1.7 (0.3)* 2.0 (0.4)
Tamoxifen + NDMT
(lmol)

± 2.5 (1.1) 6.8 (2.0) 6.4 (3.4)

*P < 0.05 vs doxorubicin-alone group
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to be safe in dogs when used in short dose cycles.
Chronic, high-dose oral tamoxifen should be evaluated
further.

The oral dose of tamoxifen associated with plasma
tamoxifen/NDMT concentrations su�cient to inhibit
Pgp in humans is reported to be approximately 150±
250 mg/m2 every 12 h, approximately 25±40% the dose
required in dogs [26, 35]. The di�erence in prescribed
dose necessary to achieve similar plasma exposure may
be due to di�erences in gastrointestinal physiology in
dogs compared to humans (reduced absorption due to
more rapid gastrointestinal transit) or a more rapid
biometabolism and elimination of tamoxifen. Tamoxifen
metabolism has been reported in normal dogs and ap-
pears to be metabolized and excreted by pathways sim-
ilar to those reported for humans [12]. In both species
the compound is metabolized by hydroxylation and
methylation, glucuronide conjugation and biliary ex-
cretion followed by extensive enterohepatic circulation.
Therefore, reduced gastrointestinal absorption of
tamoxifen would most likely account for the large dif-
ference in maximally tolerated dose in dogs compared to
that in humans. It is interesting to speculate that the Pgp
expression of the intestinal mucosa may be greater in
dogs than in humans and thus, a higher quantity of drug
would be required to saturate and overcome the Pgp
barrier of the mucosal lining cells in dogs.

The pharmacologic implications of Pgp expression in
the intestinal tract has been the subject of recent re-
search. Some MDR compounds administered orally
have low bioavailability that may be due, in part, to
intestinal Pgp activity. For example, Schinkel has re-
ported that the addition of PSC 833, a competitive in-
hibitor of Pgp, substantially increases serum
concentrations of orally administered Taxol in mice [31].
Schinkel demonstrated that modi®cation of Pgp-speci®c
metabolism results in decreased intestinal and biliary
clearance. Thus, the manipulation of Pgp function in
normal tissue may be useful for numerous compounds
with limited bioavailability.

Modulation of Pgp in the blood-brain barrier by
tamoxifen and other classic chemomodulators is also
likely. One dog treated with tamoxifen at 1200 mg/m2

every 12 h for 7 days developed CNS signs consistent
with those reported in humans following high-dose
chemomodulator administration [35]. In addition to
tamoxifen, PSC 833 has been reported to produce CNS
toxicity at high doses when used as a chemomodulator
[7]. These neurologic signs are similar to central pontine
myelinolysis that has been reported following cyclo-
sporine administration for post-transplant immunosup-
pression [13]. The mechanism of this disorder is not
known but is associated with large ¯uctuations in cy-
closporine levels and signs generally resolve following
adjustment of the cyclosporine dose. Schinkel et al. have
demonstrated that MDR1a knockout mice exhibit un-
expected neurotoxicity after normal doses of ivermect-
ion [32]. Collie dogs are likewise susceptible to
ivermection neurologic toxicity, preventing the use of
this compound in some dogs of that breed [28]. Inter-
estingly, it has been suggested that Collie dogs sensitive
to ivermectin possess a mutated, nonfunctional Pgp

Fig. 4 Serum doxorubicin pro®les in three tumor-bearing dogs
following administration of 1.25 mg/kg doxorubicin alone (solid
lines) or combined with 600 mg/m2 tamoxifen every 12 h for 7 days
(dashed lines)
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(Thierry Pineau, personal communication). The neuro-
logic toxicity following Pgp inhibition from the exam-
ples cited above suggests that dogs are a useful model for
further investigation of the pharmacologic consequences
of Pgp-blocking agents.

The e�ect of tamoxifen on the pharmacokinetic dis-
position of full-dose doxorubicin in normal dogs is only
apparent at high oral doses of tamoxifen (�600 mg/m2

every 12 h). Reduced doxorubicin clearance did not
occur when tamoxifen was administered at lower doses.
The speci®c interactions between tamoxifen and doxo-
rubicin are not known, although both compounds have
complex e�ects on both P450 and non-P450 pathways. It
is likely that the reduced Vd was due to competing
protein binding between doxorubicin and tamoxifen.

The doxorubicin AUC was not signi®cantly altered
by high-dose tamoxifen although both Cl and Vd were
reduced signi®cantly. However, in this group of normal
dogs, the doxorubicin AUC increased approximately
30% in the high-dose tamoxifen group and individually,
AUC values increased in six of seven dogs. In the tumor-
bearing dogs marked variation in serum doxorubicin
pro®les resulted from tamoxifen cotreatment even
though the doxorubicin pro®les observed without
tamoxifen administration were similar (Fig. 4). As
mentioned above, studies in rodents have failed to
demonstrate changes in doxorubicin serum pro®les
when cyclosporine and PSC 833 are administered con-
currently [9, 15]. Doxorubicin was administered as a
bolus i.v. injection in those studies and the modulator
was administered intraperitoneally. Tissue doxorubicin
concentrations, however, were altered substantially,
particularly in the intestines, adrenal, and liver. These
®ndings should be con®rmed using a more clinically
relevant drug administration scheme. Such studies
would be possible in dogs.

It has been recommended that future Pgp chemo-
modulation trials evaluate equivalent AUC values of
the chemotherapeutic agent in order to directly assess
e�ects of the modulator on tumor response avoiding
confounding pharmacologic interference [24]. There-
fore, we evaluated an empirical 50% doxorubicin dose
reduction with high-dose tamoxifen. The resulting
doxorubicin AUC value was signi®cantly less than that
associated with the full-dose doxorubicin. Any inter-
action between doxorubicin and tamoxifen was not
apparently su�cient to result in equivalent doxorubicin
AUC. A 25% doxorubicin dose reduction may be a
more accurate initial dose adjustment for future studies
in dogs when doxorubicin is combined with high-dose
tamoxifen.

The results presented here indicate that dogs are a
potential model for evaluation and re®nement of Pgp
modulation strategies. Dogs are large enough to permit
extensive serum and tissue sampling and may be easily
imaged with radiolabeled Pgp substrates such as ses-
tamibi for noninvasive determination of normal tissue
Pgp modulation. The canine MDR1 gene is 95% ho-
mologous with the human MDR1 gene [34] and is

similarly expressed in some forms of cancer including
treatment-naive and relapsed nonHodkins lymphoma
[14, 23]. Carefully designed studies in this model could
obviate the pharmacologic issues and therefore directly
assess the primary Pgp inhibitory activity of chemo-
modulators.
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