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Abstract to prostate cancer cells. The peptide portion of the drug is cleaved

by prostate-specific antigen (PSA), a protease expressed by

A peptide-doxorubicin conjugate (1) is a drug candidate that has prostate cells. PSA-mediated cleavage of the peptide allows the
been evaluated for the treatment of prostate cancer. During the active metabolites doxorubicin and leucine-doxorubicin to enter
high-performance liquid chromatographic (HPLC)—fluorescence the cells and exert cytotoxic effects. The peptide conjugate (I) was
analysis of clinical samples for compound I and its two known shown to selectively kill PSA producing prostate cancer cells both
metabolites [doxorubicin (11) and leucine-doxorubicin (111)], in tissue culture and in nude mice with xenografts (2) and was
additional metabolites are observed in postdose human plasma evaluated for the treatment of prostate cancer (1).

extracts. Using neutral loss, precursor, and product ion tandem mass
spectrometric (MS-MS) experiments, two of these metabolites are
identified as doxorubicinol (1V) and leucine-doxorubicinol (V),

the active 13-hydroxy metabolites of doxorubicin and
leucine-doxorubicin, respectively. A third metabolite,

A high-performance liquid chromatographic (HPLC)- fluores-
cence method for the determination of I, doxorubicin (II), and
leucine—doxorubicin (III) in plasma was developed for supporting
human pharmacokinetic studies (3). During the analysis of post-

7-deoxydoxorubicinol aglycone (VI), is detected using dose plasma samples, chromatographic peaks from three
single-ion monitoring at m/z 399 in the negative ionization mode. unknown metabolites (peaks A, B, and C in Figure 2) were
The product ion mass spectrum of this metabolite contains a major observed. Unlike other minor metabolite peaks, metabolites A, B,
fragment at m/z 351, resulting from the loss of water and and C were observed consistently and appeared to have long half

formaldehyde from the pseudomolecular ion. An HPLC-MS-MS
method for simultaneous analysis of 11, 111, 1V, V, and VI is developed

utilizing gradient HPLC with a combination of positive/negative QPP
ionization MS in the multiple reaction monitoring mode and "'0“
monitoring the appropriate MS-MS transitions. Using this Ogp O 6
methodology, rat, dog, and human plasma metabolite profiles are o o
compared and found to be qualitatively similar. Simultaneous o M ‘fL o A S cH,
fluorescence and MS detection experiments confirm that the peaks o Sj AR oH
observed in the HPLC—fluorescence chromatograms of plasma "

extracts correspond to each of the five metabolites (1I-VI). Peptide-doxorubicin conjugate (1)
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Prostate cancer is the second leading cause of cancer deaths R r Tz
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among men in the United States (1). The clinical cytotoxic regi- fj) h cij o
mens now in use are limited by systemic toxicity. CompoundI | o, W . NJ\/\<
(Figure 1), a peptide—doxorubicin conjugate was designed to o on TR,
deliver the conventional cytotoxic drugs doxorubicin and Doxorubicin (IT) Leucinedoxorubicin (I11)

leucine-doxorubicin (I and III, respectively, Figure 1) selectively Figure 1. Peptide doxorubicin conjugate (I) and its active metabolites, dox-

orubicin (Il) and leucine—doxorubicin (Ill).
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lives. Two potential difficulties in the identification of metabolites
A, B, and C by tandem mass spectrometry (MS-MS) were low
plasma concentrations and the unavailability of purified metabo-
lites from in vitro sources or synthetic reference standards.

Published methods have described the analysis of II, III, and
metabolites in biological fluids utilizing HPLC with fluorescence
detection (3,5,6). In one publication (5), leucine—doxorubicin (III)
and six human plasma metabolites of III were simultaneously
assayed by an HPLC—fluorescence method. The metabolites were
separated by isocratic HPLC and identified by HPLC retention
time. The difficulty with this approach was that not all the poten-
tial metabolites were chromatographically separated and that
structural information about metabolites was not obtained
during the analysis to confirm the identities of the metabolites.
Another paper (7) reported the analysis of II and a single metabo-
lite in human plasma using HPLC-MS, but the structure of the
metabolite was not confirmed by MS-MS.

The aim of this study was to obtain direct structural informa-
tion on the three unidentified plasma metabolites of compound I
through the use of HPLC-MS-MS and to determine if they corre-
sponded to the doxorubicin or leucine-doxorubicin metabolites
reported in the mentioned papers. Also described is the develop-
ment of a gradient HPLC-MS-MS methodology used to compare
human metabolite profiles with those of animals (rats and dogs)
used in preclinical safety studies.

Experimental

Chemicals

Compound I was obtained from the Chemical Data Department
of Merck Research Labs (Rahway, NJ). The HCI salt of IT was pur-
chased from Sigma (St Louis, MO) and of III was synthesized by
Dr. Garsky (Medicinal Chemistry, MRL, West Point, PA).
Doxorubicin aglycone, a potential metabolite, was synthesized by
mild acid hydrolysis of doxorubicin (4). Ten milligrams of dox-
orubicin was dissolved in 2 mL of 1% HCI and heated for 6 h at
65°C. The insoluble aglycone was washed with water, dried, and
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Figure 2. HPLC—fluorescence chromatogram of a 2.5-h postdose human

plasma extract after 1.V. dosing with | under chromatographic conditions
described in the literature. Unknown metabolites are indicated as peak A, B,

and C; IS is the internal standard used in method.
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redissolved in dimethyl sulfoxide. Acid hydrolysis of I and III
yielded the same product when assayed by HPLC with fluores-
cence detection. All HPLC solvents were obtained from Fisher
Scientific (Hampton, NH). All other reagents were of ACS grade
and were used as received.

Plasma samples

Human plasma samples (024 h postdose) were obtained from
2 patients dosed intravenously with I (225 mg/M2). Plasma from 3
rats and 2 dogs dosed intravenously with 40 mg/kg and 5 mg/kg,
I respectively, was obtained from Preclinical Drug Metabolism
(West Point, PA). All plasma samples were prepared for analysis by
C-8 solid-phase extraction (SPE) as described in the literature (3).

Instrumental
Chromatography for HPLC-MS-MS analysis (A)

The HPLC system consisted of a PerkinElmer (Norwalk, CT)
series 200 autosampler and two microflow pumps.
Chromatography was performed on a Keystone Scientific
(Bellefonte, PA) Betabasic C-8 (2.1 x 100 mm) column at a flow
rate of 0.2 mL/min and a temperature of 35°C. A linear gradient
composed of two components was used for the analysis.
Component A was 10mM ammonium acetate buffer (pH 4.5) and
component B was 90:10 acetonitrile-water (v/v). The following
gradient profile was used: 100% A (0-1 min), linear gradient from
100% A to 60% A (1-7 min), and 60% A (7-9 min). Component B
was pumped at 100% for 1 min at the end of each run to wash out
the column. The sample injection volume was 20 pL.

Chromatography for the combined HPLC-fluorescence and
MS-MS experiments (B)

The HPLC system in these experiments consisted of a
PerkinElmer series 200 autosampler and 2 microflow pumps. A
PerkinElmer LC240 fluorescence detector was used.
Chromatography was performed on a Keystone Scientific
Betabasic C-8 (3 x 100 mm) column at a flow rate of 1 mL/min
and a temperature of 35°C. An 80:20 (fluorometer-MS) flow split
was maintained at the column outlet. Fluorescence was mea-
sured at an excitation wavelength of 480 nm and an emission
wavelength of 560 nm. A step gradient composed of two compo-
nents was used for the analysis. Component A was 10mM ammo-
nium acetate buffer (pH 4.5) and component B was 90:10
acetonitrile-water (v/v). Component A was pumped for 5 min and
the column was washed with 90% acetonitrile (component B) for
1 min. The 1-min wash was needed to elute I and to maintain con-
sistent retention times. The column was equilibrated for 5 min
before the next injection. The sample injection volume was 20 pL.

MS conditions

MS analyses were performed on PE Sciex (Toronto, Canada)
API-3000 MS using a turbo ionspray interface (TISP) at a source
temperature of 300°C. Positive ion analyses typically employed
ionizing, orifice, and collision voltages of 4800, 30, and =165 V,
respectively. In the negative ionization mode, the ionizing, ori-
fice, and collision voltages were —3280, 80, and 28 V, respectively.

Sample preparation
Plasma was prepared for analysis using C-8 SPE columns. One
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half milliliter of plasma was diluted with an equal volume of water
and applied to a conditioned 50-mg, 1-mL C-8 SPE cartridge
(Varian, Walnut Creek, CA). After washing with 1 mL water and 1
mL 10% methanol, residual wash solvent was removed by cen-
trifugation of the cartridge at 2000 x g for 1-2 min. After transfer
to a 13- x 100-mm glass tube, 1 mL elution solvent (0.5M ammo-
nium hydroxide in methanol) was added and the column was cen-
trifuged at 500 x g for 1-2 min. The column was then discarded
and the eluate evaporated in a Turbo-Vap evaporator (Zymark,
Hopkinton, MA) at a temperature of 40°C using a stream of
nitrogen. After 10 min, the tube was promptly removed from the
evaporator. The residue was dissolved in 150 pL sample solvent
(90:10, v/v, mobile phase A-water) and transferred to an autosam-
pler vial containing a glass, limited-volume insert. The vial was
capped and placed in an autosampler tray for injection.

Results and Discussion

Reduced metabolites of doxorubicin and
leucine—doxorubicin

Initially, extracts of human plasma were screened for pep-
tide-doxorubicin conjugate metabolites by HPLC-MS in the pos-
itive ionization mode. In order to maximize sensitivity, Q1
scanning was not used. Instead, specific ions corresponding to
known doxorubicin and leucine-doxorubicin metabolites (5,6)
were monitored. Total ion chromatograms of predose plasma
extracts contained many nondrug-related peaks, and no obvious
differences were noted between extracts of pre- and postdose sam-
ples. Because neutral loss of the aglycone moiety (MW = 414)
dominated the (positive) product ion spectrum of III (Figure 3,
m/z 657 to 243) and II (m/z 544 to 130, mass spectrum not
shown), neutral loss (of 414) experiments were performed on the
extracts as a more selective screen for metabolites. Only two
metabolites corresponding in molecular weight and HPLC reten-
tion time to doxorubicin (II) and leucine—doxorubicin (III) were
detected in this experiment. Product ion mass spectra of the pro-
tonated molecules of these metabolites were practically the same
as those of synthetic standards. Metabolites of II and III had been
reported in which the 13-keto group of the aglycone was metabol-

ically reduced to an alcohol (doxorubicinol and leucine— doxoru-
bicinol) (Figure 4, IV and V, respectively) (5,6). Because metabo-
lites of I containing a reduced aglycone moiety might be expected
to undergo a neutral loss of 416, additional HPLC-MS-MS exper-
iments (neutral loss of 416) were performed to selectively detect
this type of molecule. In this case, two new metabolites were
observed (Figure 5). The metabolites, M-1 and M-2, eluted at 3.02
and 3.96 min, respectively. Examination of the Q1 spectrum of M-
1 revealed that the (m/z) value of the protonated molecule was 2
amu greater than that of II. Likewise, the (m/z) value of the pro-
tonated molecule of M-2 was 2 amu greater than that of III, sug-
gesting that the metabolites detected in the neutral loss
experiment were indeed doxorubicinol (IV) and leucine- doxoru-
bicinol (V).

Compound (I)

|

seve R

0O OH O

o oH QA oH
QO )
O O OH O

o
Leucine-doxorubicin Doxorubicin

an ‘\?”JKN:\( an ‘jw

OH
o oH HQ oM o on MY oH

0. O OH O O O OH O

Leucine-doxorubicinol «™\¢ 'NJK/\( Doxorubicinol N\ "INK,
R,

W) & ) &

N /

o o4 HQ oH
N 3
QO T
N
O O OH H
7-Deoxydoxorubicinol aglycone

v

Figure 4. Chemical structures of metabolites of compound | and proposed
metabolism pathways.
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Figure 3. Product (positive) ion mass spectrum of synthetic
leucine-doxorubicin ().
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Figure 5. Analysis of human postdose extract by gradient HPLC-MS-MS in
the positive ion, neutral loss mode. Total ion chromatogram; masses of M-1

and M-2 were 546.5 and 659.3, respectively.
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In order to confirm the identities of the metabolites, product
ion MS of M-1 (m/z 546) and M-2 (m/z 659) were recorded. The
MS of M-1 contained fragment ions at 72/z 399 and 130 (Figure
6A). The fragment ion at m/z 130 corresponded to the
(unchanged) amino sugar portion of doxorubicinol (IV) and the
fragment at m/z 399 corresponded to the reduced aglycone.
Similarly, the product ion MS of M-2 (Figure 6B) contained a
major fragment at m/z 243 corresponding to the amino
sugar-leucine portion of leucine-doxorubicinol (V) and a frag-
ment at 72/z 399 consistent with a reduced aglycone.

Stereochemistry of doxorubicinol

The metabolic reduction of doxorubicin to doxorubicinol by a
mammalian aldo-keto reductase creates a new chiral center at
carbon 13 (IV, Figure 4). This enzymatic reduction was reported
to be stereoselective, producing only one of the two possible
stereoisomers (8). A high resolution HPLC—fluorescence method
was used in our laboratory to confirm that compound I was
metabolized to a single diastereomer of doxorubicinol (unpub-
lished data).
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Figure 6. Positive product ion mass spectra of M-1 (Peak A, Figure 2) and
M-2 (Peak B, Figure 2) and proposed structure of M-1 and M-2.
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Aglycone metabolites

As mentioned in the Introduction section, three unidentified
metabolites of I (Figure 2, peaks A, B, and C) were observed in
postdose plasma assayed by a clinical HPLC—fluorescence assay.
Although synthetic doxorubicin aglycone (Figure 7) coeluted
with peak C under the same chromatographic conditions, this
was insufficient evidence to establish the identity of the metabo-
lite. Because of the low metabolite concentration in plasma, con-
ditions for the sensitive detection of doxorubicin aglycone by
HPLC-MS were optimized before attempting to identify the
metabolite by this technique. Q1 spectra of the synthetic aglycone
were recorded in the positive and negative ionization modes. The
positive ion MS contained a pseudomolecular ion at m/z 415 of
low intensity. By comparison, the negative ion Q1 spectrum had
amore intense [M-H]- at m/z 413. This suggested that the nega-
tive ionization mode would be better suited for the detection of
aglycone metabolites. The improved stability of the negative
pseudomolecular ion was attributed to the acidity of the
molecule’s two phenolic hydroxyl groups.

Human plasma extracts were then analyzed by gradient HPLC
(see Instrumental section, chromatographic condition A) with
negative ion MS detection. In order to maximize sensitivity and
selectivity, the instrument was not operated in the scanning
mode. Instead, four selected ions were monitored (m/z 413, 415,
397, and 399), corresponding to doxorubicin aglycone, doxorubi-
cinol aglycone, 7-deoxydoxorubicin aglycone, and 7-deoxydox-
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C. 7-Deoxydoxorubicin aglycone (MW = 398)

D. 7-Deoxydoxorubicinol aglycone (MW = 400)

Figure 7. Structures of possible aglycone metabolites.
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orubicinol aglycone, respectively (Figure 7). These molecules
were previously reported as aglycone metabolites of Il and III (5,6)
and were considered here as potential metabolites of compound I.

Extracted ion chromatograms of pre- and postdose samples
were compared in order to identify drug related peaks. No peak
corresponding to doxorubicin aglycone was found in extracted
ion chromatograms at m/z 413 of post dose plasma, indicating
that doxorubicin aglycone was not a metabolite of doxoru-
bicin—peptide conjugate 1. However, a single drug-related peak
corresponding in molecular weight to 7-deoxydoxorubicinol agly-
cone was observed in the extracted ion chromatogram at m2/z 399
of postdose plasma (M-3, Figure 8A). The product ion MS of M-3
(m/z 399) was recorded and is shown in Figure 9. The spectrum
contained a base peak at m/z 351 consistent with the loss of water
and formaldehyde (48 amu) from VI. It was concluded that
7-deoxydoxorubicinol (M-3, VI) was the metabolite that corre-
sponded to chromatographic peak C observed in the clinical
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Figure 8. Extracted negative ion mass chromatograms (m/z 399.3) of human
plasma extracts: postdose (A) and predose (B).

—Product (389): 6.07 rin from 03Mar2300-007 26063 ops.
351.2
2500

2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700 [M-HJ
600
500
400
300
200

100 I ﬂ |
310 320 330 340 350 360 370 380 390
m/z (amu)

Intensity (cps)

333.2 398.7

Figure 9. Product ion mass spectrum (m/z 399) and proposed structure of
metabolite M-3 (7- deoxydoxorubicinol aglycone, VI).

HPLC—fluorescence assay (Figure 2). This was later confirmed in
dual HPLC-MS-MS—fluorescence detection experiments (see
Combined HPLC—fluorescence and MS-MS experiments sec-
tion). Overall, these experiments confirmed that metabolite iden-
tification based on HPLC retention time alone is not sufficient
and that an MS-MS technique or other confirmatory technique
should be used to provide positive confirmation of the presence of
metabolites.

HPLC-MS-MS analysis of metabolites in plasma extracts
using positive/negative ion MRM detection

To achieve sensitive and selective detection of all metabolites in
a single chromatographic run, multiple reaction monitoring
(MRM) was used. The ionization mode was changed from positive
to negative ionization midway through the run so that 7-deoxy-
doxorubicinol aglycone (VI) could be detected in the negative ion-

Table I. MRM Transitions and lonization Modes Used for
the Detection of Metabolites of Compound |

HPLC retention lonization MRM transitions
Metabolite time* (min) mode (m/z)
\% 3.01 Positive 546.2 = 399.3
V 3.88 Positive 659.2 — 243.3
I 4.59 Positive 544.2 - 397.3
Il 5.56 Negative 655.0 >395.4
Vi 5.82 Negative 399.1 = 351.2

* Using chromatographic system A described in the Instrumental section.
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Figure 10. Total and extracted ion MRM chromatograms of metabolites of I in
6.5 h postdose human plasma.
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ization mode. The retention times of the metabolites and the
MRM transitions used for MS-MS detection are shown in Table I.
Total and extracted ion chromatograms of a (pooled) 6.5 h post-
dose human plasma extract are shown in Figure 10.

Comparison of human, rat, and dog plasma
metabolite profiles

Postdose human, rat, and dog plasma extracts of 1, 2, 4, 6, and
24 h were assayed by HPLC-MS-MS under the conditions
described previously. Relative to doxorubicin, the human samples
contained the highest concentrations of doxorubicinol (IV), fol-
lowed by the dog and rat samples. 7-Deoxydoxorubicinol aglycone
(VI) was found in the 2-6-h human and rat extracts, but was
barely detectable in dog plasma.

Combined HPLC—fluorescence and MS-MS experiments

In order to fully establish the correspondence between the
three metabolites observed in HPLC-fluorescence chro-
matograms from clinical studies (Figure 2, A-C) and those iden-
tified by MS-MS, HPLC analysis with simultaneous fluorescence
and MS-MS detection was utilized (see Instrumental section,
chromatographic conditions B). The same MRM transitions as
described in Table I were utilized. Fluorescence and total ion
chromatograms obtained from a pooled 6.5 h postdose human
plasma extract were recorded and compared. Peaks observed in
the HPLC—fluorescence chromatograms corresponded in reten-
tion time to each of the metabolites detected by the MS. This con-
firmed that the plasma metabolites identified by MS-MS
corresponded to peaks observed in HPLC—fluorescence chro-
matograms.

Conclusion

HPLC-MS-MS analysis in the neutral loss mode is a useful
technique for the selective detection of metabolites in complex
biological matrices if characteristic neutral loss masses can be
identified. In this work, MS-MS scanning for the neutral loss of
doxorubicinol aglycone (MW = 416) led to the detection of two
previously unknown reduced metabolites (IV and V) of compound
[ in post dose human plasma extracts.

A third metabolite, 7-deoxydoxorubicinol aglycone (VI), was
detected using HPLC-MS in the negative ionization mode.
Compound VI and doxorubicin aglycone (a potential metabolite)
coeluted with a metabolite peak observed in HPLC—luorescence
chromatograms of post dose plasma extracts, but HPLC-MS anal-
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ysis demonstrated that the samples contained compound VI, but
no doxorubicin aglycone.

An HPLC-MS-MS method for the separation and detection of
five metabolites of I was developed using MRM detection.
Metabolites II, IV, and V were monitored in the positive ionization
mode, while compounds III and VI were detected utilizing
MS-MS in the negative ionization mode. The method enabled a
qualitative comparison and profiling of metabolites present in
human, rat, and dog plasmas.

References

1. R. DiPaola, J. Rinehart, J. Nemunaitis, S. Ebbinghaus, T. Capana,
M. Ciardella, E. Rubin, N. Adams, A. Williams, M. Schwartz,
G. Winchell, K. Wickersham, P. Deutsch, and S. Yao.
Characterization of a novel prostate specific antigen activated pep-
tide-doxorubicin conjugate in patients with prostate cancer. J. Clin.
Oncol. 20(7): 1874-79 (2002).

2. D. DeFeo Jones, V. Garsky, B. Wong, D. Feng, T. Bolyar, K. Haskell,
D. Keifer, K. Leander, E. McAvoy, P. Lumma, J. Wai, E. Senderak,
S. Motzel, K. Keenan, M. Van Zwieten, J. Lin, R. Freidinger, ). Huff,
A. Olliff, and R. Jones. A peptide-doxorubicin ‘prodrug’ activated by
prostate-specific antigen selectively kills prostate tumor cells positive
for prostate-specific antigen in vivo. Nature Med. 6: 1248 (2000).

3. M.S. Schwartz and B.K. Matuszewski. Determination of a peptide-
doxorubicin, prostate specific antigen activated prodrug, and its
active metabolites in human plasma using high-performance liquid
chromatography with fluorescence detection; stabilization of the
peptide prodrug with EDTA. J. Chromatogr. B780(1): 171-82 (2002).

4. B. Sinha. Binding specificity of chemically and enzymatically acti-
vated anthracycline anticancer agents to nucleic acids. Chem.-Biol.
Interactions 30: 6777 (1980).

5. J. de Jong, C. Munniksma, W. Guerand, A. Bast, and W. Van der
Vijgh. Fully automated determination of a new anthracycline N-I-
leucyldoxorubicin and six metabolites in plasma by high-perfor-
mance liquid chromatography with on-line sample handling.
J. Chromatogr. 574: 273-81 (1992).

6. J.deJong, G. Geijssen, C. Munniksma, J. Vermorken, and W. van der
Vijgh. Plasma pharmacodynamics of a new prodrug N-I-leucyldox-
orubicin and its metabolites in a phase | clinical trial. J. Clin. Oncol.
10(12): 1897-1906 (1992).

7. F. Lachatre, P. Marquet, S. Ragot, J. Gaulier, P. Cardot, and J. Dupuy.
Simultaneous determination of four anthracyclines and three
metabolites in human serum by liquid chromatography-electrospray
mass spectrometry. J. Chromatogr. B 738: 281-91 (2000).

8. S. Penco, G. Cassinelli, A. Vigevani, P. Zini, G. Rivola, and
F. Arcamone. Daunorubicin aldo-keto reductases: Enantioface differ-
ential reduction of the side chain carbonyl group of antitumor anthra-
cyclines. Gazzetta Chimica Italiana 115: 195-97 (1985).

Manuscript accepted May 24, 2004.



