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Summary. The influence of ranitidine on the pharmaco-
kinetics and toxicity of doxorubicin was studied in six fe-
male New Zealand white rabbits. Plasma pharmacokinetic
data were first obtained from rabbits given 3 mg/kg dox-
orubicin. After 1 month, the same rabbits were treated
with ranitidine, 2.5 mg/kg or 25 mg/kg, before and during
doxorubicin administration. The plasma doxorubicin
assays to determine pharmacokinetic parameters were
repeated. Drug toxicity was evaluated using complete
blood counts, and hepatic function was measured using
a "“C-aminopyrine breath test. High-dose ranitidine in-
creased the total exposure to doxorubicin (area under the
curve of doxorubicin alone = 1.44+0.88 uM-h/ml vs
4.49+235uM-hr/ml for doxorubicin given with high-
dose ranitidine; P=0.06). Low-dose ranitidine did not al-
ter doxorubicin pharmacokinetics. Exposure to doxorubi-
cinol was altered by either high-dose or low-dose raniti-
dine. "“C-Aminopyrine half-life was altered by a raniditine
dose of 25 mg/kg (aminopyrine half-life after placebo con-
trol = 97+6 min as against aminopyrine half-life after
ranitidine = 121£7 min; mean + SEM; P <0.02). Low-
dose ranitidine did not exacerbate doxorubicin-induced
myelosuppression. High-dose ranitidine enhanced doxoru-
bicin-induced erythroid suppression while sparing the my-
eloid series. At cytochrome P-450-inhibitory doses, raniti-
dine’s effects upon doxorubicin plasma pharmacokinetics
are similar to those previously seen with cimetidine. These
changes did not appear to alter drug detoxification and are
not related to microsomal inhibition of doxorubicin detox-
ification. Low doses of ranitidine do not alter doxorubicin
plasma pharmacokinetics or toxicity in rabbits.

Introduction

Treatment of cancer patients with antineoplastic agents in
conjunction with a variety of other drugs may result in the
occurrence of drug-drug interactions that can potentially
alter the therapeutic index of the antineoplastic drug [29].
Many cancer patients receiving antineoplastic drug ther-
apy are concurrently treated with histamine-2 (H,) block-
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ers, known cytochrome P-450 inhibitors, for prevention of
or therapy for peptic or duodenal ulceration, gastritis, or
reflux esophagitis. Based upon the hypothesis that phar-
macologic cytochrome P-450 inhibitors should inhibit the
metabolism of doxorubicin and doxorubicinol to their re-
spective aglycone metabolites, we previously investigated
the effect of cimetidine on doxorubicin pharmacokinetics
in a controlled setting in rabbits [5]. We found increased
doxorubicin concentrations in rabbits pretreated with
cimetidine compared with paired controls. The plasma con-
centrations of metabolites were unchanged. Had cimeti-
dine effectively blocked microsomal doxorubicin metabo-
lism, we should have seen increased doxorubicinol con-
centrations and some increase in doxorubicin concentra-
tions. We have seen such patterns with enhanced drug tox-
icity after sublethal hepatocellular necrosis induced with
allyl alcohol [6].

Ranitidine differs chemically from cimetidine in that it
possesses a furan ring in place of the imidazole nucleus of
cimetidine. It is 5—10 times more potent as an inhibitor of
gastric acid secretion than cimetidine [9]. This enhanced
potency does not extend to hepatic microsomal inhibition
[3, 16, 21], as ranitidine possesses less affinity for hepatic
cytochrome P-450 enzymes [3, 21].

This study was designed to investigate the influence of
two different doses of ranitidine on the pharmacokinetics
and toxicity of doxorubicin. We hypothesized that raniti-
dine at therapeutic doses would not alter hepatic oxidative
function or the metabolism of doxorubicin in a rabbit
model. At very high doses, we hypothesized that ranitidine
would produce changes in doxorubicin pharmacokinetics
and metabolism similar to those found with cimetidine.

Materials and methods

Materials. Doxorubicin hydrochloride was purchased
from Adria Laboratories, Inc. (Columbus, Ohio). HPLC-
grade tetrahydrofuran (THF) was obtained from Fisher
Laboratories of Allied Industries (Pittsburgh, Pa). A 0.1%
(w/v) ammonium formate buffer was prepared daily, ad-
justing the pH to 4.0 with formic acid (Fisher certified),
and filtered and degassed using a 0.45 um Millipore filter
(Milford, Mass). Chemical extraction of doxorubicin and
its metabolites from plasma was accomplished using Fish-
er certified chloroform, 2-propanol, and ammonium sul-
fate. *C-Aminopyrine was obtained from Research Prod-
ucts International (Mt Prospect, Ill). Aquasol was obtain-
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ed from New England Nuclear (Boston, Mass). Ranitidine
(25 mg/ml) and placebo consisting of carrier solution for
ranitidine (phenol 5 mg/ml, 0.96 mg/ml monobasic potas-
sium phosphate and 2.4 mg/ml dibasic potassium phos-
phate buffers) were supplied by Glaxo, Inc (Research Tri-
angle Park, NC).

Synthesis of doxorubicin metabolites. Doxorubicinol, dox-
orubicin aglycone, doxorubicinol aglycone, 7-deoxydox-
orubicin aglycone, and 7-deoxydoxorubicinol aglycone
were synthesized according to the published work of Taka-
nashi and Bachur [27]. Identity of the standards was con-
firmed by mass spectroscopy. Purity was confirmed by the
presence of a single peak on HPLC at published retention
times [4], indicating at least 98% purity at this sensitivity.

Rabbits. Female white New Zealand rabbits weighing
3—4 kg were obtained locally and housed in clean individ-
ual cages in the animal care facility at the Nashville Veter-
ans Administration Medical Center. The quarters are su-
pervised by an Animal Care Committee as required under
U. S. Federal regulations. Procedures for the study were re-
viewed and approved by a veterinarian and the local Re-
search and Development Committee prior to the study.
Rabbits were allowed unlimited food and water.

14 C-Aminopyrine breath test. This test, used as an indicator
of hepatic cytochrome P-450 activity, was adapted from
the rat model (Fig. 1) [11]. Rabbits were given 0.5 uCi
14C-aminopyrine i.v. and secured in a restrainer. A venti-
lated glass hood covered the head and was connected to
suction to provide one-way flow of expired '*CO, from the
hood into the collection apparatus. The collection appara-
tus consisted of a sulfuric acid trap for breath dehydration
and 20 ml scintillation vials containing 10 ml methanol-
ethanolamine (2:1 v/v) for *CO, collection. The expired
14C0, was collected over nine 20-min fractions (total 3 h).
Then 5ml scintillation fluid and S ml methanol were
added to each collection vial. The samples were counted in
an Isocap/300 liquid scintillation system (Searle Analytic,
Des Plains, Il).

The elimination rate constant, k, was obtained from
the slope of a logarithmic linear regression of counts per
minute against time. The half-life was calculated by the
equation t, = 0.693/k,. The variability between days in
the calculated half-life for an individual animal was mini-
mal. Variability between individual rabbits was substantial

Table 1. Study schema: doxorubicin and ranitidine in rabbits

and required paired controls for normalization. Statistical
differences in half-lives and elimination rate constants
were analyzed using the Wilcoxon signed rank test [14].

Study protocol. The protocol for study is shown in Table 1.
All studies were performed in groups of paired New Zea-
land white rabbits. Treatment *C-aminopyrine breath test
results were compared with those recorded in paired con-
trols. The first paired group of six doxorubicin-treated rab-
bits received a low ranitidine dose, 2.5 mg/kg every 12 h.
This dose was chosen as equivalent to a standard intrave-
nous human dose. A standard i.v. human dose ranitidine is
200 mg/day [20]. Assuming a ‘70-kg’ man, this is a dose of
2.86 mg/kg per day. We estimated the scale-down dosing
factor from humans to rabbits to be a factor of 3 on the
basis of the work of Freireich et al. [18]. The equivalent
rabbit dose would be 8.57 mg/kg per day. The low-dose
group of rabbits received a total of 5 mg/kg per day. The
second group received the high ranitidine dose, 25 mg/kg
every 12 h. This dose was chosen after studies described
above had demonstrated inhibition of cytochrome P-450
function as documented by “C-aminopyrine breath test
(Fig. 2).

Doxorubicin assay. Blood specimens 3 ml in volume were
obtained in heparinized (green top) tubes as outlined in
Table 1. Blood samples were immediately centrifuged at
4° C. The plasma supernatant was removed and frozen at
—20° C until assayed. All samples were assayed within 3
weeks of their collection. The specimens were extracted in
chloroform:isopropanol (1:1 v/v) and assayed by high-
performance liquid chromatography and fluorescence de-
tection according to a previously published procedure [4].
This procedure was altered by the use of a 15-cm nBonda-
pak phenyl column (Waters Associates, Milford, Mass) in
place of a 30-cm pBondapak phenyl column.

Quantitation. A standard curve for each assay was pre-
pared from pooled rabbit plasma. The ratio of known dox-
orubicin peak areas to a 0.05 nmol/ml daunorubicin inter-
nal standard was calculated, and a linear regression analy-
sis of this ratio against known doxorubicin concentrations
was calculated. Concentrations of doxorubicin and its
metabolites were calculated from the standard curve
using their ratios of peak area to daunorubicin internal
standards.

Day

1 2 3 4 5. 28 29 30 31 32 33
Doxorubicin 3 mg/kg 3 mg/kg
Ranitidine X X X X
Pharmacokinetic study | | F {
14C-Aminopyrinebreath test X X X X X X X X X X

Ranitidine administered i.v. 1 h prior to doxorubicin and every 12 h for 72 h, 25 mg/kg in six rabbits, 2.5 mg/kg in six rabbits
Pharmacokinetic study: 3-ml blood specimens drawn after doxorubicin administration at 5 and 15 min, 1, 2, 4,8, 12,24,36,48 and 72 h

CBC Obtained on days 1, 5, 6,7, 8,9, and 28, 33, 34, 35, 36, 37



Pharmacokinetics. Doxorubicin concentrations were fit by
means of the nonlinear curve-fitting program MLAB to
the equation:

C(t) = Ae™™ + Be P,

where C(t) is the plasma concentration over time, t; A and
B are constants; and a and [ are linear elimination rate
constants. A 1/(concentration)’ weighting function was
used for curve fitting. The area under the curve (AUC) was
calculated for doxorubicin by the log-trapezoidal rule to
infinity. Clearance, Cl, was calculated by:

Cl = D,/AUC,

where D, is the administered dose. Volume of distribution
at steady state, Vd,,, was calculated by a noncompartmen-
tal method:

Vd,, = D, (AUMC)/AUCY,

where AUMC is the area under the moment curve [2].
Areas under the curve for metabolites were calculated by
the log-trapezoidal rule. The Wilcoxon signed rank test
was used to test for statistical significance [14].

CBC Assay. Complete blood count (CBC), including white
blood cell count, hemoglobin, hematocrit, and platelet
count was assayed on an ELT-800 (Ortho Diagnostics,
Raritan, NJ) system used in the clinical laboratories.

Results

14 C-Aminopyrine breath test — Ranitidine dose response
relationship

The effect of ranitidine dose upon '*C-aminopyrine half-
life was evaluated in four previously untreated rabbits. The
results shown in Fig. 2 reveal inhibition of cytochrome
P-450 aminopyrine demethylation activity at high raniti-
dine doses. A dose of 6 mg/kg suggests a trend towards in-
hibition (P <0.09); however, inhibition was statistically
significant at 25 mg/kg.

"4 C-Aminopyrine breath test associated with the
administration of doxorubicin with and without ranitidine

Aminopyrine half-life was not altered by administration of
3 mg/kg doxorubicin (Fig. 4). During concomitant high-
dose ranitidine and doxorubicin treatment, '*C-aminopy-
rine excretion was delayed compared with that in paired
controls given doxorubicin alone. During low-dose raniti-
dine pretreatment and doxorubicin, '*C-aminopyrine
excretion was unchanged compared with paired controls
of doxorubicin alone (Fig. 4B). *C-Aminopyrine excre-
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Fig. 1. Hepatic aminopyrine metabolism
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Fig. 2. Cytochrome P-450 activity as measured by “*C-aminopy-
rine breath test for increasing dose of ranitidine pretreatment

tion on day 3 of high-dose ranitidine and doxorubicin
dropped from 60% to 20% of control. This suggests some
evidence of enzyme induction after repeated high raniti-
dine doses.

Doxorubicin and metabolite pharmacokinetic studies

Doxorubicin pharmacokinetic parameters after high- and
low-dose ranitidine treatment and paired controls are list-
ed in Table 2. Doxorubicin plasma concentration-versus-
time plots are shown in Fig. 4. No significant changes in
doxorubicin or doxorubicinol pharmacokinetics were
found with low-dose ranitidine treatment. A trend suggest-
ing a significant increase in doxorubicin AUC with a de-
crease in volume of distribution is observed after high-
dose ranitidine treatment. Doxorubicinol and 7-deoxydox-
orubicinol aglycone areas under the curve were not affect-
ed by high-dose ranitidine. We co-chromatographed a
7-deoxydoxorubicin aglycone standard [4] but did not find
this metabolite in our analysis of rabbit plasma.

Toxicity

Neither dose of ranitidine significantly altered WBC or
platelet count nadirs when compared with control (Table
3). Small but statistically significant decreases in hemoglo-
bin and hematocrit nadirs after high-dose ranitidine treat-
ment were observed.
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Fig. 3A, B. ""C-Aminopyrine breath test in rabbits treated with ranitidine and doxorubicin. All groups of animals served as their own
breath test controls. On the 3 days immediately before administration of ranitidine or doxorubicin or both, '“C-aminopyrine breath tests
were performed as baselines. On each day of and following drug treatment, the breath test was repeated. Excreted *CO, half-life for a
day was divided by the baseline value from each of six rabbits in the group. The percentage difference from baseline was then calculated
over six animals. A Mean percentage differences from baseline in six rabbits receiving doxorubicin * high-dose ranitidine pretreatment;
B mean percentage differences from baseline in six rabbits receiving doxorubicin + low-dose ranitidine pretreatment

Discussion

The hepatic microsomal enzyme system is of central im-
portance in drug metabolism and detoxification. Hista-
mine-2 (H,) blockers such as cimetidine and ranitidine in
certain situations are known inhibitors of this enzyme sys-
tem. Clinically, ranitidine at therapeutic doses not alter the
disposition of propanolol [15, 24, 25], lidocaine, pheny-
toin, diazepam and atenolol [25]. Changes in the pharma-
cokinetics of theophylline, fentanyl, midazolam, warfarin,
metaprolol and niefedipine have been caused by raniti-
dine’s inhibition of cytochrome P-450 [25]. The clinical sig-
nificance of altered pharmacokinetics for most of these
drugs has not been demonstrated. Midazolam [21] and co-

Table 2. Doxorubicin and doxorubicinol pharmacokinetic parameters

balamin [21] interact with ranitidine via inhibition of ab-
sorption. Procainamide [21] interacts with rantidine via in-
hibition of renal secretion.

One aim of this study was to determine whether or, if
so at what dose ranitidine inhibits cytochrome P-450 activ-
ity in rabbits. We employed the '“C-aminopyrine breath
test as a useful means of assessing hepatic cytochrome
P-450 enzyme function in vivo. The choice of this test was
based upon several considerations. First, standard bio-
chemical hepatic function tests, such as aspartate transfer-
ase (AST), alkaline phosphatase, or bilirubin, are often
nonspecific indicators of hepatic damage which do not re-
liably test function [8, 24]. Second, tests using nontoxic
compounds that are biotransformed and hepatically ex-
creted improve our ability to measure hepatic function

DOX AUC tlh K Clqg Vs Doxorubicinol AUC
(UM - h/ml) (h) (h-h (I/min per kg) Vkg) (WM - h/ml)
Low-dose ranitidine
DOX 3.0 mg/kg 1.50+0.80 30.0+£10.8 0.025 £ 0.007 0.076 £0.035 131 +£42 1.16£1.04
DOX 3.0 mg/kg 2.74£2.34 40.3+£31.9 0.023 £0.009 0.048 +0.022 99+25 2.73+£1.62
+RAN 2.5 mg/kg
P >0.25 >0.25 >0.25 0.16 0.22 0.22
High-dose ranitidine
DOX 3.0 mg/kg 1.44+0.88 37.1+£13.9 0.021+0.008 0.058 +£0.049 20089 1.47£1.16
DOX 3.0 mg/kg 4.49 +235 31.8x+12.7 0.025+0.011 0.014+0.005 56+21 1.91£0.59
+RAN 25 mg/kg
P 0.06 >0.25 0.5 0.06 0.031 0.22

DOX, Doxorubicin; RAN, ranitidine. Values are means = SD
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Fig. 4A, B. A Doxorubicin plasma concentration-time curves obtained from paired studies with and without standard-dose ranitidine
pretreatment (2.5 mg/kg); B Same as A except high-dose ranitidine pretreatment (25 mg/kg)

rather than cellular necrosis. Finally, '*C-aminopyrine was
specifically chosen from a large group of compounds used
to assess hepatic function (e.g., *C-phenacetin, '*C-galac-
tose, *C-antipyrine, '*C-diazepam) [25] because of the
large clinical experience with '*C-aminopyrine [10, 22, 23].
Even though high-performance liquid chromatographic
analysis of serum antipyrine metabolites may be an im-
provement over breath test analyses [10, 28], our ability to
obtain frequent blood specimens from rabbits was limited.
The '*C-aminopyrine breath test provided a precise nonin-
vasive measurement of hepatic function while meeting the
needs ofanimal care. Our data showed that ranitidine inhi-
bits aminopyrine N-demethylation in the rabbit at a dose
of 25 mg/kg.

While the pharmacokinetic profile of doxorubicin and
its major metabolite, doxorubicinol, was unchanged by
therapeutic ranitidine doses (2.5 mg/kg), high ranitidine
doses (25 mg/kg) significantly increased doxorubicin

AUC and decreased the steady-state volume of distribu-
tion. No changes in doxorubicinol concentrations or AUC
were found with high-dose ranitidine treatment.

The doxorubicin pharmacokinetic data are consistent
wih our previous work with cimetidine [5]. As with cimeti-
dine, doxorubicin plasma exposures were increased in the
animals receiving cytochrome P-450 inhibitory doses of
ranitidine. Doxorubicin and 7-deoxydoxorubicinol agly-
cone exposures were not altered by ranitidine. We did not
detect any 7-deoxydoxorubicin aglycone in the plasma.
This metabolite, in our experience, is more commonly seen
in humans than in rabbits.

It is possible to interpret data from our studies in at
least two ways. First, the cytochrome P-450 isozyme asso-
ciated with aminopyrine demethylation [13] may be asso-
ciated with those parts of the mixed function oxidase sys-
tem that metabolize the more lipophilic moiety doxorubi-
cin to the aglycone rather than the more hydrophilic me-

Table 3. Doxorubicin-induced toxicity as measured by blood count nadirs

WBC Nadir Hemoglobin nadir Hematocrit nadir Platelet nadir
(x 103/pl) (g/dl) %) (x 103/pl)
Low-dose
DOX 3.0 mg/kg 51£13 9.1+0.5 323£22 130+73
DOX 3.0 mg/kg 47+0.6 8.5+0.3 29.6+1.8 75+26
+RAN 2.5 mg/kg
High-dose
DOX 3.0 mg/kg 44+1.1 9.0+0.7 304+2.2 101 50
DOX 3.0 mg/kg 44+09 8.7+0.6* 28.7+2.8*% 65+51
+RAN 25 mg/kg
Mean = SD

* P <0.05; WBC, White blood count; DOX, doxorubicin; RAN, ranitidine
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tabolite, doxorubicinol. Hence, we see evidence of alter-
ation of doxorubicin metabolism directly to the aglycone,
but no evidence of change in detoxification of doxorubici-
nol. Second, the cytochrome P-450 isozyme associated
with aminopyrine N-demethylation is not involved in de-
toxification of doxorubicin or doxorubicinol to the agly-
cone. Reductive cleavage of the anthracycline glycoside
bond is mediated by cytochrome P-450 reductase [1, 26].
We favor the latter explanation. The increase in circulating
doxorubicin concentration could be due to (1) inhibition
of tissue aldehyde-ketone reductase [17] by H,-blockers
causing a block in the formation of doxorubicinol at pe-
ripheral tissues; (2) inhibition of select cytochrome P-450
isoenzyme which could be involved in doxorubicin reduc-
tion but not reductive cleavage of the glycosidic linkage;
(3) an alteration in anthracycline volume of distribution
caused by the H, blocker; or (4) inhibition of hepatic
excretion of doxorubicin by ranitidine. No data, to our
knowledge, are available to favor any of these hypotheses.

Finally, we found no changes in white blood cell or
platelet count nadirs in the animals treated with cyto-
chrome P-450-inhibitory doses of ranitidine. Significant
decreases in red cell parameters suggest a possible direct
toxic effect on the red cell series by ranitidine or increased
sensitivity of the red cell series to the combined toxic ef-
fects of high doses of ranitidine and anthracyclines. Other
H, receptor antagonists (cimetidine, metiamide, burima-
mide) have been associated with myelosuppression [19].
Ranitidine rarely, if ever, causes myelosuppression. How-
ever, it is conceivable, at very high doses or in conditions
of severe hepatic excretory impairment [7], with its struc-
tural similarities to other H,-blockers, that ranitidine may
cause myelotoxicity. Increased exposure (twice that of
paired controls) to doxorubicin without a concomitant in-
crease in doxorubicinol concentrations does not appear to
cause increased toxicity to the myeloid series. These data
suggest that increased concentrations of doxorubicin alone
may not be the only or most important predictor of myelo-
toxicity. Evaluation of plasma doxorubicin metabolite [12]
exposure may also provide important clues to the drug
pharmacodynamics in individuals.
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