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It has been reported that the 9-aminoanthracycline amrubicin shows good efficacy in human
tumor xenograft models. We studied the disposition and metabolism of amrubicin in mice, in com-
parison with those of doxorubicin. Amrubicinol, a 13-hydroxy metabolite of amrubicin, which is
10 to 100 times more cytotoxic than amrubicin, was detected as a major metabolite in blood and
tissues, and aglycones of amrubicin were also detected. A pharmacokinetic study revealed that
amrubicin had a smaller distribution volume and a shorter half-life than doxorubicin. In several
normal tissues, the levels of amrubicin and amrubicinol were lower than those of doxorubicin. In
contrast, the tumor levels of amrubicinol in the mice treated with amrubicin were higher than
those of doxorubicin in the mice treated with that drug, in tumors that are sensitive to amrubicin.
These results suggest that the potent therapeutic activity of amrubicin is caused by the selective
distribution of its highly active metabolite, amrubicinol, in tumors.
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Anthracycline anticancer agents such as doxorubicidevels of amrubicin, amrubicinol and its aglycones. We
are among the most important drugs in the treatment oéxamined the plasma and tissue levels of amrubicin and
solid tumors. A novel 9-aminoanthracycline, amrubicin, aamrubicinol in mice treated with amrubicin and compared
completely synthetic anthracycline drigexhibited anti-  them with those of doxorubicin in doxorubicin-treated
tumor activity superior to that of doxorubicin in human mice. The results suggest that the toxicity and efficacy of
tumor xenograft models all nine human tumors tested amrubicin are greatly influenced by the distribution of
showed significant responses to amrubicin. Relative taamrubicinol.
doxorubicin, amrubicin was significantly more effective in
five tumor lines, less potent in two, and equipotent in theyATERIALS AND METHODS
others. Clinical studies currently being conducted on
malignant lymphoma, non-small cell lung carcinoma, Chemicals Amrubicin hydrochloride, «)-(7S,99-acetyl-
small cell lung carcinoma, and superficial bladder carci-9-amino-7-[(2-deoxyB-D-erythro-pentopyranosyl)oxy]-
noma show the activity of amrubicin to be very prom- 7,8,9,10-tetrahydro-6,11-dihydroxy-5,12-naphthacenedi-
ising 34 one hydrochloride (SM-5887), and its derivatives, amru-

It is reported that the major metabolites of anthracy-bicinol hydrochloride (diastereoisomeric  mixture),
cline are C-13-hydroxy alcohol and aglycoRedle found  amrubicin aglycone, amrubicinol aglycone, 7-deoxyamru-
that the 13-hydroxy alcohol, amrubicinol, showed aboutbicin aglycone, and 7-deoxyamrubicinol aglycone were
10 to 100 times higher activity in an vitro cell growth  prepared by Sumitomo Pharmaceuticals Co. (Os#ka).
inhibition assay using 17 human tumor cell lifehis Doxorubicin hydrochloride was purchased from Kyowa
characteristic of amrubicin distinguishes it from doxorubi- Hakko Co. (Tokyo). The chemical structures of amrubi-
cin, daunorubicin, epirubicin and also idarubicin. Kuffel cin, amrubicinol, and doxorubicin are shown in Ref. 19.
et al showed that doxorubicinol, daunorubicinol and epi- Animals and tumors Male BALB/c mice, 9 week old,
rubicinol were 7-52 times less active than the respectivevere purchased from Charles River Japan Inc. (Kana-
parent drugs, and that idarubicinol was essentially equipogawa). Female 4-week-old BALB/c nude mice were sup-
tent to idarubicin against three human tumor cell lines irplied by CLEA Japan Inc. (Tokyo). The animals were
growth inhibition assay8. Generally, aglycones and the maintained under standard laboratory conditions.
13-hydroxy metabolites of anthracyclines show low cyto- The nude mice received subcutaneous transplants of
toxic activity® ® but in the case of idarubicin, the pathway human tumor xenografts (stomach cancer: 4-1ST, pro-
of metabolism to idarubicinol was not inactivatitigin vided by the Central Institute for Experimental Animals,
this paper we present methods for determining the tissuKanagawa) into the right flank and were used for tissue
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distribution studies when the tumors were palpable (abouf-212 column (Sumika Chemical Analysis Service,
5-15 mm in diameter). Aqueous solutions of amrubicinOsaka). The mobile phase consisted of M sodium 1-
hydrochloride or doxorubicin hydrochloride were injected heptanesulfonate, 2.3 Mh acetic acid :tetrahydrofuran:
intravenously at the maximum tolerated dose (MTD) ofdioxane (15:2:6) pumped at a flow rate of 1 ml/min.
25 or 12.5 mg/kg, respectively. The eluate was monitored with a fluorescence detector
Three BALB/c mice for each time point were anesthe-at an excitation wavelength of 465 nm and a detection
tized with ether, and blood samples were obtained bywavelength of 560 nm. Doxorubicin was analyzed with a
heart puncture at 0.5, 1, 3, 10, 30 min and 1, 2, 4, 8 ang-Bondapack phenyl column (Sumika Chemical Analysis
24 h after treatment; in another experiment, the tumor an&ervice). The mobile phase consisted of 0.0BEICOOH
tissues (heart, liver, kidney, lung, small intestine and bongpH 3.0):CHCN (65:35), and the flow rate was 1.3 ml/
marrow) were removed from 2 or 3 mice at 2, 5 and 24 hmin. Fluorescence was detected at 550 nm with an excita-
after treatment. The plasma was separated from blootlon wavelength of 470 nm. The quantitative analysis was
cells by centrifugation at 3,0@¢0for 20 min. Bone mar- performed using external standard methods.
row cells were removed from the femur. All samples werePharmacokinetic analysis A pharmacokinetic analysis
stored at-80°C until drug extraction and quantitative of the disappearance of amrubicin from plasma was per-
analysis. formed according to a three-compartment open model
Assay of drugs and metabolites in plasma and tissues (Fig. 1)!? The experimental results, represented by the
Plasma and tissues from the amrubicin- or doxorubicin-average of the concentrations of three animals per time
treated mice were analyzed by Matsushita’s method wittpoint, were analyzed by means of the MULTI progf@m.
modifications!® Plasma was diluted 1:9 in OMI NH,-
HCI (pH 9.0), 9% NaCl and 5% bovine serum albumin ResuLTS
(BSA), and blood cells and tissues were homogenized in
the same buffer as described above (1:19) with a Polytroetermination of the tissue level of amrubicin and its
homogenizer (Kinematica, Luzern). One hundred micro-metabolites Methods for determining the tissue levels of
liter aliquots of serially diluted standard solutions contain-amrubicin and its metabolites were studied in order to
ing amrubicin and metabolite were added to 1 ml aliquotslarify the pharmacokinetics of amrubicin. Generally,
of diluted plasma or tissue homogenate to obtain a calianthracycline compounds are metabolized to aglycones
bration curve. and compounds reduced at the 13-C ketone group. We
The samples were then extracted with 7 ml oftherefore synthesized aglycones and 13-hydroxy deriva-
chloroform:MeOH (2:1) with shaking for 30 min at room tives related to amrubicin, and set up procedures for quan-
temperature. After centrifugation, the organic layer wastitative analysis by HPLC. We found the optimum HPLC

evaporated at 35°C under an 8bs flow. The dried sam-
ples were dissolved in 20d@ of MeOH and 20Qul of 50
mM NaH,PQ, (pH 3.0) containing 2% (CHNCI:CH,CN

conditions for measuring simultaneously all of the metab-
olites mentioned above. These 6 compounds were clearly
separated using this system. Fig. 2a shows the chart of

(73:27). One hundred microliters of the solution wasstandard samples. To check the specificity of signals, we
injected into a high-performance liquid chromatographyanalyzed control tissues using this system. We did not
(HPLC) system (Shimadzu, Kyoto) with a Sumipax ODSfind any interfering peaks in the chromatographic chart.
Fig. 2b shows the chart of extracts from normal mouse
heart without administration of drugs. Fig. 2c shows a
typical chart of an extract of heart from an animal given
amrubicin. We also measured the levels of amrubicin and
its metabolites in other tissues, and the results are
described below.

Input

N4

K21 K13 Analysis of blood levels of drugs in non-tumor-bearing
1I p— I = | II mice given amrubicin intravenously Amrubicin was
K12 K31 administered via the tail vein of non-tumor-bearing mice.

The animals were killed by bleeding from the heart under
ether anesthesia at different times after the drug adminis-
tration. The plasma and blood cell levels of amrubicin and
metabolites after the intravenous injection of amrubicin

2

Elimination

Fig. 1. Three-compartment open model. |, central compartmen
II, rapidly equilibrated peripheral compartment; I, slowly
equilibrated peripheral compartment. The data were fitted to th
following equation:C=Ae™+Be+De™, whereC is the plasma
concentration of drug.
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Yare shown in Fig. 3. Amrubicinol was detected in the
plasma and blood cells until 8 h after administration,
showing that amrubicin was metabolized to its 13-
hydroxy alcohol and aglycones, as found for other anthra-



Tissue Distribution of Amrubicinol

4 5 100000
2
a 3 a
6 ED 10000
1 5
: E
? 1000
=
»
W
—A Y T 7 p—
g 100
|
b a
10 ! : . . : :
0 100 200 300 400 500
Time after administration(min)
. Fig. 3. Plasma and blood cell levels of amrubicin and amrubici-
- ! nol in mice. Amrubicin hydrochloride was administered to mice
at a dose of 25 mg/kg, i.v. Plasma and blood cell levels were
c assayed by HPLC methods. amrubicin in plasma (ng/enl),
1 amrubicinol in plasma (ng/ml)A  amrubicin in blood cells (ng/
0), A amrubicinol in blood cells (ng/g). Bars represent SD
3 around the means of values from three mice.
4
5 6 Table I. Pharmacokinetic Parameters of Amrubicin in Mice
Parameters Amrubicin
t,,.2 (0) (h) 0.012
. . . t,,,” (B) (h) 0.27
Fig. 2. HPLC chromatogram of typical sample. a: Typical t,2 () (h) 1.6
HPLC elution pattern for a standard mixture of amrubicin and ¢ (liters/hikg) 1.7
its metabolites. Column: Sumipax ODS A-212. Mobile phase: 4 Vo liters/k 32
mM sodium 1-heptanesulfonate, 2.3/nacetic acid-dioxane-tet- (liters/kg) '
o AUCY (ugh/ml) 14

rahydrofuran (15:6:2). Detection: excitation 465 nm, emission
560 nm. Peak 1, amrubicin; peak 2, amrubicin aglycone; peak 3Plasma levels were simulated by a three-compartment open
amrubicinol; peak 4, amrubicinol aglycone; peak 5, 7-deoxyam-model as shown in the following equati®@=Ae™+Be+De™.
rubicin aglycone; peak 6, 7-deoxyamrubicinol aglycone (two @) t,,, half-life of the drug.

peaks). b: Blank chromatogram from heart extract before admind) Vd, apparent volume of distribution at the steady state.
istration of amrubicin. ¢: Chromatogram of heart extract from c) Cl, plasma clearance.

mice after administration of amrubicin. d) AUC, area under the plasma concentration-time curve.

cyclines® Amrubicinol aglycone, 7-deoxyamrubicin agly- subcutaneously, and amrubicin or doxorubicin was admin-
cone and 7-deoxyamrubicinol aglycone were also detecteibtered via the tail vein at the MTD as mentioned in
in plasma and blood cells (data not shown). The plasmdMaterials and Methods.” It was reported that this tumor
levels of amrubicin were almost equal to the blood cellcell line is very susceptible to amrubicin. The minimum
levels until 8 h, but higher levels of amrubicinol in the treated/control (T/C) % value of tumor volume was 4%
blood cells than in the plasma were observed. The pharfor amrubicin and 26% for doxorubicthFig. 4 shows the
macokinetic parameters are summarized in Table |. Wéevels of amrubicin, amrubicinol and total aglycones in
found that the tissue distribution volume was 3.2 liters/kgtissue samples excised at 2, 5 or 24 h after amrubicin
and the half-life of they phase was 1.6 h. administration. In the tumor tissues, the levels of amrubi-
Analysis of tissue levels of drugs in tumor-bearing cinol at 2 or 5 h after administration were higher than 7.2
mice given amrubicin or doxorubicin intravenously A ug/g, and the amrubicinol level at each time point was
human tumor, 4-1ST, was transplanted into nude miceabout half the total level of amrubicin and its metabolites.
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Fig. 4. Tissue levels of amrubicin, its metabolites and doxorubicin in tumor-bearing mice. The plots represent the meatia@emcentr

of amrubicin (O ), amrubicinol@ ), and aglycones of amrubicin () after administration of amrubicin hydrochloride (25 mg/kg), and
of doxorubicin @ ) after administration of doxorubicin (12.5 mg/kg). The drug concentration in bone marrow cells is shown as ng

1@ cells. Bars represent SD around the means of values from two or three mice. Mice that received amrubicin or doxorubicin were
killed at 2, 5 or 24 h after injection of drugs. Amrubicin, its metabolites, and doxorubicin were extracted from tissuatyaed lay

HPLC as described in “Materials and Methods.”

This indicated that amrubicinol was a major metabolite inmouse model, despite the lower tissue distribution of
the tumor tissue of amrubicin-treated mice. However,amrubicin, we examined the pharmacokinetics of its
amrubicinol was not a major component in the normal tis-metabolites.

sues except kidney, with levels of less than fgglg. We We detected amrubicinol and aglycones as well as the
observed that the clearance rates of amrubicinol from tisparent compound in plasma and blood cells. The ratio of
sues, especially from tumor tissues, were lower than thosamrubicinol to amrubicin levels in plasma was about 0.1
of amrubicin. The tumor level of doxorubicin (3.8/g at  from 1 h after administration. As for other anthracyclines,
5 h) was lower than that of amrubicinol (8:6/g at 5 h), it was reported that the plasma concentration of daunoru-
but in normal tissues the concentrations of doxorubicinbicinol exceeded that of daunorubicin from 6 h after
were considerably higher than those of amrubicinol. Foradministration in the rdf) and that the area under the
example, the kidney levels of amrubicinol and doxorubi-concentration curve (AUC) of idarubicinol in plasma of

cin were 6.1 and 28g/g at 5 h, respectively. patients was greater than that of idarubteitf) These
data indicate that the ratio of the 13-hydroxy metabolite to
DISCUSSION the parent compound of amrubicin in plasma is lower than

that of daunorubicin or idarubicin. Together with the 13-
In this report we present the pharmacokinetics of amruhydroxy metabolite, aglycones of amrubicin were also
bicin. The tissue distribution volume was 3.2 liters/kg, detected in tissues, as in the case of daunorubiéilhe
and the half-life of they phase was 1.6 h. It was reported level of amrubicinol in the blood cells was higher than
that the distribution volume of doxorubicin was about 36that in plasma. We found that the blood cells showed
liters/kg and the half-life of thg phase was about 17 h in some metabolic activity to convert amrubicin to amrubici-
mice treated with doxorubicin at a dose of 5 mdgA&kg. nol [unpublished result]. Therefore, we suggest that a part
These data indicated that amrubicin accumulated in thef amrubicinol in the blood cells is produced in the cells.
tissues at a lower level than doxorubicin. In fact, tissueThus, amrubicin is metabolized to amrubicinol and agly-
pharmacokinetic experiments confirmed the lower tissuecones, like daunorubicin and idarubicin, but amrubicinol
distribution of amrubicin compared with doxorubicin, is less susceptible to further metabolism or is retained in
considering that the dose of amrubicin was twice that oftissues for a longer period than the 13-hydroxy metabo-
doxorubicin. To elucidate the reason for the better effi-lites of daunorubicin and idarubicin. It is noteworthy that
cacy of amrubicin than of doxorubicin in a tumor-bearinga level of amrubicinol higher than that of the parent com-
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pound was detected in the 4-1ST tumor tissues (Fig. 4bicinol. Comparing the normal tissue levels with tumor
Bovenet al found that daunorubicin was easily metabo- tissue levels for each drug, we found a more selective dis-
lized to daunorubicinol, and the AUC of daunorubicin andtribution of amrubicinol than of doxorubicin in the
that of daunorubicinol in tumor xenografts in nude micetumors. We therefore conclude that the selective distribu-
were almost the sanié,while Cusacket al reported that tion of amrubicinol in tumors is an important factor in the
the AUC of daunorubicin was rather lower than that ofhigher efficacy of amrubicin than doxorubicin in this
daunorubicinol in rat&? In the case of doxorubicin, doxo- experimental therapeutic model using human tumor
rubicinol was found at low levels in plasma, normal tis- xenografts in nude mice.
sues and tumor tissu&s.In contrast, the amrubicinol Recent evidence suggests that the 13-hydroxy metabo-
levels were higher in tumor tissue than in normal tissueslite of anthracycline contributes to its cardiotoxicity.” 29
after the administration of amrubicin to mice bearing Cusacket al. reported that cardiac dysfunction was asso-
tumors which were sensitive to amrubicin, as shown inciated with the cardiac concentration of daunorubicinol
this report. These data suggest that the 13-hydroxy metaliput not that daunorubicin, and also showed that a higher
olite of amrubicin is more selective for tumors than is thatinhibition rate of C& uptake into cardiac sarcoplasmic
of daunorubicin or doxorubicin, and less of it is trans-reticulum vesiclesex vivois produced by daunorubicinol
ferred to normal tissues. We found that the amrubicinolthan by daunorubicif? The heart level of daunorubicinol
levels were lower in tumor tissue than in kidney afterafter 24 h was reported to be considerably higher than
administration of amrubicind?? Therefore the selective that of daunomycif? but here we found the heart level of
distribution of amrubicinol to tumors after administration amrubicinol to be lower than that of the parent compound.
of amrubicin seemed to be due to the high production ofVe suspect that the lower cardiotoxiéityof amrubicin
amrubicinol in the tumor tissue, but not to the high uptakewas caused by the lower distribution of the 13-hydroxy
of amrubicinol formed in normal tissues. metabolite, as well as the parent compound, in the heart.
In our previous study, the antitumor activity of amrubi- Of particular interest is the lower amrubicinol level in
cin was found to be superior to that of doxorubicin in anormal tissues (especially in the heart) than in tumor tis-
system of human tumor xenografts transplanted into nudsue. It is noteworthy that the tumor level of the sum of
mice? Compared with doxorubicin, amrubicin was signif- amrubicin and its metabolites was higher than that of dox-
icantly more effective in five tumors, less potent in two, orubicin. This suggests that unchanged amrubicin is selec-
and equipotent in two others. We attempted to elucidatéively accumulated in the tumor, though this could not be
the reason for this efficacy of amrubicin by examining itsconfirmed because the 4-1ST tumor had high metabolic
pharmacokinetic behavior in tissues. It has been reportedctivity in the present experiments.
that the activities of metabolites of doxorubicin are less In conclusion, we found that the active metabolite of
than one-tenth of that of the parent compound in theamrubicin is more selective for tumors than doxorubicin
growth inhibition of various human tumor cell linesdt is and is less distributed in normal tissues. Amrubicin thus
thus likely that doxorubicin itself contributes mainly to appears to be a very promising anticancer drug, the toxic-
the cytotoxicity. We found that amrubicinol, in contrast, ity of which can be easily controlled because of the lower
was more than ten times more active than the parent conglistribution of the active metabolite in normal tissues, and
pound and was almost as active as doxorubitiwitro,® the antitumor activity of which is high because of the
and the levels of amrubicinol in all tissues except bonehigher level of active metabolite in the tumor.
marrow and plasma were more than 10% of the total of
amrubicin and its metabolites in this study. ConsideringackNOWLEDGMENTS
these data, we think that it is appropriate to compare the
tissue level of amrubicinol with that of doxorubicin in  The authors are grateful to Ms. Y. Takenaka and Ms. Y.
order to evaluate the cytotoxic effects of amrubicin andMatsumura for their expert technical assistance.
doxorubicin. The tumor level of amrubicinol was higher
than that of doxorubicin (Fig. 4), whereas the normal tis{Received May 6, 1998/Revised July 27, 1998/Accepted August
sue levels of doxorubicin were higher than those of amru3, 1998)
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8765434&form=6&db=m&Dopt=b     
8765434&form=6&db=m&Dopt=b     
9849585&form=6&db=m&Dopt=b     
9849585&form=6&db=m&Dopt=b     
8371139&form=6&db=m&Dopt=b     
8371139&form=6&db=m&Dopt=b     
8441996&form=6&db=m&Dopt=b     
8441996&form=6&db=m&Dopt=b     
8441996&form=6&db=m&Dopt=b     
9387044&form=6&db=m&Dopt=b     
9387044&form=6&db=m&Dopt=b     
9387044&form=6&db=m&Dopt=b     
4017162&form=6&db=m&Dopt=b

