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Introduction 

Doxorubicin (Adriamycin, Adria Laboratories) has the 
widest spectrum of antitumor activity of all chemotherap- 
eutic agents and is used with a high degree of efficacy in 
many human cancers. It is probably the most utilized anti- 
tumor drug worldwide, and a majority of patients needing 
systemic treatment for cancer receive doxorubicin (DOX) 
at some time during their clinical course. The major obsta- 
cle to its use is its cumulative dose-limiting cardiotoxicity. 
Great effort has been expended to discover means of amel- 
iorating, preventing, or at least delaying the onset of this 
cardiotoxicity. One method has been to create DOX ana- 
logs that cause less cardiotoxicity. Concomitant with this 
search for less cardiotoxic analogs is a search for analogs 
that may be administered orally or that have greater anti- 
tumor efficacy, especially for human cancers such as mela- 
noma and colon carcinoma that are insensitive to DOX. 

In the last decade a number of anthracycline analogs 
have been synthesized or isolated. One of these agents (ep- 
irubicin) has been developed to the point where it is com- 
mercially available in Europe and Canada. Others are un- 
dergoing clinical trials. 

Developments in this field of anthracycline analogs are 
rapid and sometimes confusing. Many new analogs have 
been placed in clinical trial and others have been dropped 
because of inferiority in various respects. We review in 
depth four of these analogs (epirubicin, esorubicin, idaru- 
bicin, and menogaril) that are of current high interest and 
then review in a briefer fashion analogs in disuse and 
those with promise for the future. 

Historical development of anthracyclines 

In the mid-1950s, Farmitalia Research Laboratories of Mi- 
lan, Italy, initiated a program to study anticancer com- 
pounds produced by novel strains of microbes isolated 
from soil [51]. This effort began as an outgrowth of work in 
the U. S. successfully isolating the actinomycins, a group 
of compounds that interfered with cell division and had 
antitumor efficacy. In 1957, a colony of Streptomyces that 
produced a red pigment was grown from a soil sample col- 
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lected at the Castel del Monte, near the city of Andria in 
southeastern Italy. This microbe produced an antibiotic 
that was named daunomycin (Daunii was the name of a 
pre-Roman tribe in southeastern Italy). Antitumor activity 
of  this new agent was demonstrated in preclinical testing 
by Di Marco et al [35] in 1963. 

At about the same time, Dubost and colleagues at the 
French firm of Rh6ne Poulenc, S. A. isolated an antitumor 
substance that they named rubidomycin (derived from ru- 
bis, the French word for ruby [42]. In 1963-1964, clinical 
testing of both agents was initiated in their respective 
countries of origin, and antitumor responses were seen in a 
variety of cancers, especially acute myelogenous leukemia 
[105]. By 1967, French clinical investigators began observ- 
ing acute and chronic cardiac toxicity produced by rubi- 
domycin [74, 89]. Rubidomycin and daunomycin were 
found later to be the same substance, and the designation 
was changed to daunorubicin (DNR). 

The Farmitalia group (led by Di Marco and Arca- 
mone) began inducing mutations of  the new Streptomyces 
species (S. peucetius) hoping to create variant strains that 
might produce other useful antibiotics [51]. One strain had 
a blue-green color in its aerial mycelium and was named 
variety caesius for this color [51]. A new compound, 14-hy- 
droxydaunomycin, was produced by this Streptomyces 
subspecies [51] and it was named Adriamycin, after the 
Adriatic Sea which is only a few miles from the site where 
the original soil sample had been collected. 

Antitumor activity of this new drug in animal systems 
was demonstrated by 1968 [36]. Some of these studies indi- 
cated greater activity for Adriamycin than DNR. Adria- 
mycin was quickly introduced into clinical trials in 1968 at 
the Istituto Nazionale Tumori in Milan by Bonadonna 
and proved to be highly active [13]. Studies in the United 
States began soon thereafter, and the remarkable antitu- 
mor efficacy observed by Bonadonna was confirmed [101]. 
In 1974, only 6 years after initial clinical use, the U.S. 
Food and Drug Administration approved Adriamycin 
(DOX) for marketing. 

There is a difference of only a single hydroxyl group 
between the chemical structures of DNR and DOX, mole- 
cules with otherwise very complex structures. Yet, despite 
only a minor difference in chemical structure, there is a 
marked difference in their antitumor efficacy. For exam- 
pie, DOX is active against a wide spectrum of carcinomas 
and sarcomas, but DNR has little activity in such cancers 
[1051. 
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The clinical success of  DOX and this disparity in spec- 
trum of  antitumor effect resulting from a minor molecular 
change has been the impetus for a diligent search for other 
effective or less toxic anthracycline analogs. The creation 
of  analogs with less acute toxicity and/or  less chronic 
cardiac toxicity has been a particular goal of  investigators 
at Farmitalia. Three of  the analogs (epirubicin, esorubicin, 
and idarubicin) to be discussed were developed by this 
group. 

The Upjohn Co. of Kalamazoo, MI has been instru- 
mental in developing another anthracycline analog, me- 
nogaril. Menogaril is a semisynthetic derivative of  the nat- 
urally-occurring anthracycline antibiotic, nogalamycin, 
which is produced by Streptomyces nogalater. This organ- 
ism had an odor in culture of black walnuts. The name was 
derived from nogal, Spanish for walnut and ater, Latin for 
black or dark. Nogalamycin was evaluated as an antitu- 
mor agent 20 years ago but was discarded as being too tox- 
ic [79]. In the mid-1970's the Upjohn Co. initiated a pro- 
gram for modifying the parent compound in an attempt to 
create a clinically useful analog. One analog synthesized, 
7-con-O-methylnogarol (later renamed menogaril), had 
striking antitumor efficacy in animal systems [79]. In 1984 
it was brought into clinical trials under joint Upjohn and 
National Cancer Institute sponsorship. 

Analog creation and development 

Anthracycline analogs have been both obtained trom Iun- 
gi isolated from soil samples and rationally synthesized. 

An example of the former is the discovery of carminomy- 
cin by Soviet Union investigators. This antibiotic was de- 
rived from the mycelia of a new actinomycete species iso- 
lated from a random soil sample [50]. A variation on this 
method is to subject the parent Streptomyces organisrh to 
various techniques that induce mutations and genetic code 
modifications so that random new compounds are created. 
This procedure was used to create DOX from a mutant 
strain of the Streptomyees that originally produced D N R  
[51]. The ability to synthesize DOX de novo has facilitated 
chemical modifications at the biologically active sites on 
the parent molecule [5]. The DOX analogs under discus- 
sion were created in this manner. 

Many modifications have involved the C-9 side chain 
of the anthracyclines (Fig. 1). There are several reasons for 
this [3]. First, substitutions at this site are relatively easy to 
accomplish chemically. Second, substitutions on the C-14 
methyl group create DOX derivatives such as esters and 
substituted amine analogs. Third, this side chain is prob- 
ably not involved in important drug-receptor interactions. 
Fourth, the minor, and critical, change in the molecule 
that created DOX from DNR occurred at the C-14 site on 
this side chain. 

Another major site for modifications has been the ami- 
nosugar side chain at C-7 (Fig. 1). This aminosugar in the 
structure of DNR and DOX was named daunosamine 
when it was first identified [4]. Analogs developed by mod- 
ifying the sugar moiety could have great therapeutic pro- 
mise, because tissue distribution, cellular uptake, and in- 
tracellular distribution of the anthracyclines depend on the 
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structure and stereochemistry of the carbohydrate side 
chain [3]. Analogs with isomeric configurational differ- 
ences from the parent anthracyclines and analogs with 
structural changes have both been synthesized. 

The third major area of structure modification has 
been in the anthraquinone rings. Variations in these parts 
of the molecule could modify the stability of the anthra- 
cycline-DNA complex, the selectivity towards receptor 
molecules, or the redox potential [31. Ring D has been the 
site of most modifications because of the simplicity of such 
structure modification during synthesis of the parent com- 
pound. 

Chemists have synthesized in excess of 1000 anthracyc- 
line analogs, but only a very few have undergone clinical 
testing. All such new compounds are first evaluated for an- 
titumor efficacy in preclinical systems, and many are dis- 
carded at this step because of inferior activity compared to 
DOX [26]. If  equivalent antitumor activity is seen, the 
agent is then tested for cardiotoxicity in rodents in equiac- 
tive antitumor doses and equimyelotoxic doses. Some are 
discarded at this stage as offering no advantage, either 
qualitatively or quantitatively, in toxicity, especially cardio- 
toxicity. 

The criteria for selection of a new analog for clinical 
testing are superior preclinical antitumor activity to 
doxorubicin and no greater cardiotoxicity or at least 
equivalent antitumor activity and less cardiotoxicity. Un- 
ique physical properties, such as the possibility of oral ad- 
ministration, would also generate interest in an analog. 
The biologic activity of the antitumor anthracyclines is re- 
lated to their ability to complex with DNA and cause inhi- 
bition of enzymes required for DNA replication and tran- 
scription. Thus, DNA synthesis and repair and RNA syn- 
thesis are compromised. New analogs of interest must also 
be nearly equivalent to DOX in their ability to bind DNA 
and to inhibit DNA and RNA synthesis [38]. 

Epirubicin 

One of the most extensively developed analogs thus faI: is 
epirubicin (EPI). It is now marketed in Canada and Eu- 
rope under the trade name Farmorubicin. A New Drug 
Application has been submitted to the Food and Drug Ad- 
ministration for marketing in the U. S. 

Arcamone and colleagues reported the synthesis of this 
analog in 1975 [5, 6]. It is the archetype of the analogs 
created by configurational changes in the daunosamine. It 
is an epimer of DOX which has an equatorial instead of an 
axial configuration of the hydroxyl group in the C-4' posi- 
tion 1 (Fig. 1). Except for this positional difference in a 
single hydroxyl group, it is structurally identical to DOX. 

It was selected for further development because its pre- 
clinical antitumor efficacy was equal to DOX, and it had 
less cardiotoxicity in several animal species [5, 27, 54]. 
Studies using in vitro human tumor cell cloning assays in- 
dicated that the cytotoxicity of EPI was equivalent to that 
of DOX and was not qualitatively different [27, 54]. Sim- 
ilarly, comparative studies in transplantable mouse tumor 

I The carbon atoms in the daunosamine are designated with a 
prime notation to differentiate them from the carbon atoms in 
the rest of the molecule. 

lines showed that EPI had antitumor activity equivalent to 
or greater than DOX is nearly all systems [27]. The same 
was true in human tumor xenograft testing. Cardiac toxici- 
ty studies were performed in several rodent species [27, 
48]. Histopathological studies in rabbit hearts indicated 
qualitative similarities of cardiac damage between EPI and 
DOX, but a quantitative scoring system demonstrated a 
25% lesser degree of toxic effect for EPI [28]. Similar histo- 
logical comparisons of cardiac toxicity in mice also 
showed a significant reduction of toxicity with EPI [48]. 
Other studies, using the isolated guinea pig heart, cultured 
mouse heart cells, and ECG testing comparisons in rats, 
uniformly demonstrated lesser degrees of cardiotoxicity 
from EPI, although cardiac effects still occurred [5, 28, 48]. 
These observations of equivalent antitumor activity and 
reduced cardiac toxicity compared to DOX indicated a 
promising advantage in therapeutic index for EPI. 

Phase I clinical testing of EPI began at the Istituto Na- 
zionale Tumori in 1"977 [15]. Two years later U. S. clinical 
testing was initiated at Memorial Sloan Kettering Cancer 
Center [94]. The schedule chosen for phase I trials was bo- 
lus drug administration at 21-day intervals. The most com- 
monly employed schedule for DOX was used for its ana- 
log. 

The tolerable dose level achieved in both studies [15, 
94] was 70-90 m g / m  2, with the lower dose being used for 
patients with compromised marrow reserve. Myelosup- 
pression was dose-related with blood count nadirs occur- 
ring about 10 days after each dose, identical to the effect 
of DOX. However, compared to the effects of DOX there 
were fewer episodes of nausea and vomiting and fewer pa- 
tients with marked alopecia. 

Pharmacokinetics 

Although there appears to be little difference in antitumor 
efficacy in animals between EPI and DOX, the epimeriza- 
tion of the hydroxyl group at C-4' seems to cause differ- 
ences in their pharmacokinetics. Studies in both animals 
and man have demonstrated that the metabolism and 
excretion of EPI are different from DOX, a possible ex- 
planation for the differences in toxicity [48]. 

Biliary excretion is the main route of elimination for 
both EPI and DOX and their metabolites. Hepatobiliary 
metabolism studies in rats showed that lesser amounts of 
unchanged EPI are excreted, whereas more reduced me- 
tabolite (4'-epi-doxorubicinol or epirubicinol) is excreted, 
compared to DOX [19]. These studies indicate that EPI is 
more extensively metabolized than DOX. Weenen et al. 
[103] studied the pharmacokinetics of patients treated with 
EPI and compared the results to reports of similar DOX 
analyses. They showed that EPI is also rapidly metabo- 
lized in human beings and that the terminal elimination 
phase is about one-half that of DOX. Robert and col- 
leagues [90] also observed this faster plasma clearance of 
EPI. 

EPI may be eliminated more quickly because it forms 
large quantities of metabolites by glucuronidation of the 
daunosamine moiety. Weenen and co-investigators [104] 
have shown that EPI and epirubicinol form glucuronides 
that are excreted in the urine. In contrast, DOX is not me- 
tabolized into such glucuronides. Formation of glucuro- 
nides facilitates the excretion process of many substances 
[104]. 
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Table 1. Antitumor responses to epirubicin 

Cancer No. of patients No. of patients Response References 
evaluable responding" rate (%) 

Breast 
Single drug 25 15 60 14, 62, 92 
(no prior CT) 
Single drug 122 29 24 14, 16, 23, 62, 63, 92 
(prior CT) 
Combination 82 37 45 2 
(CEF) 

Non-Hodgkin's lymphoma 
Single drug 11 10 91 73 
(no prior CT) 
Single drug 18 11 61 2, 16, 22, 23, 73 
(prior CT) 

Colorectal 
Single drug 60 1 2 59, 80, 8l, 106 
(no prior CT) 
Single drug 69 1 1.4 59, 80, 81,106 
(prior CT) 

Melanoma 
Single drug 40 3 7.5 10, 102 
(no prior CT) 
Single drug 25 1 4 10, 72, 102 
(prior CT) 

Soft tissue sarcomas 
Single drug 75 11 15 84 
(no prior CT) 

Hepatocellular 
Single drug 18 3 17 58 
(no prior CT) 

Renal 
Single drug 13 0 0 47 
(no prior CT) 
Single drug 8 0 0 47 
(prior CT) 

Gastric 
Single drug 24 4 17 93 
(no prior CT) 

Pancreatic 
Single drug 34 8 24 107 
(no prior CT) 

Non-small cell lung 
Single drug 42 3 7 65 
(no prior CT) 
Single drug 33 1 3 65 
(prior CT) 

CT, chemotherapy; CEF, cyclophosphamide, epirubicin, 5-fluorouracil 
Complete + partial responses 

Phases H and I I I  studies 

A large number  of  phase II  studies with EPI have been 
completed during the past 6 years. Some trials randomized 
patients to treatment with EPI vs DOX or another anthra- 
cycline. EPI has shown anti tumor activity in a broad spec- 
trum of malignancies similar to DOX (Table 1). A few 
phase I I I  trials incorporating EPI in combinat ion regi- 
mens also have been conducted. 

Breast Cancer. EPI has been tested as a single drug in trials 
compar ing its activity to other anthracyclines (Table 1). 
Most studies involved patients who had received either no 

prior chemotherapy or treatment with a regimen not con- 
taining an anthracycline. The therapeutic results from 
several studies are pooled in Table 1. The response rate in 
patients who had received prior chemotherapy was much 
lower than among patients who had not. The doses of  EPI 
used in these studies varied from 75 to 90 m g / m  2 [14, 62, 
63, 92]. 

The randomized comparative trials of  EPI vs DOX in 
advanced breast cancer at the doses chosen indicate that 
the response rates are equivalent [14, 61, 63]. A few pa- 
tients treated initially with EPI were later treated with 
DOX when their cancers progressed [92]. However, only 
one of  12 patients so treated responded, suggesting that 
there is cross-resistance between these two drugs, but the 



small  number  of  patients s tudied limits the val idi ty of  this 
point.  

The combina t ion  of  cyc losphosphamide ,  DOX,  and 
5-fluorouracil  (CAF)  produces  the highest response rate 
and best survival in metastat ic  breast  cancer [22], and this 
regimen is p robab ly  the one most  widely favored for this 
stage of  disease. Substi tut ion of  EPI  for DOX in this regi- 
men (CEF) has been compared  to C A F  in a randomized  
trial  conducted in France  [2] in patients who had not  re- 
ceived pr ior  chemotherapy  for advanced  disease (Table 1). 
The doses of  each drug were equal in the two regimens;  
the dose of  each anthracycl ine  was 50 m g / m  2. The re- 
sponse rates for C E F  (45%) and C A F  (43%) were identical ,  
as were the mean durat ion of  response and the number  of  
complete  remissions. Thus, whether used as first-line or 
second-l ine treatment,  as a single agent or in an effective 
combinat ion  regimen, EPI appears  equivalent  to DOX in 
ant i tumor activity for metastat ic  breast  cancer. 

Other cancers. Table 1 lists selected studies employing EPI 
in other tumors.  EP! is active in the same tumors  (e.g., 
lymphoma,  sarcoma,  hepatoma)  and inactive in the same 
tumors  (colorectal,  melanoma,  renal) as DOX. As in breast  
cancer,  a randomized  trial of  EPI vs DOX,  using equal 
doses in 150 patients with advanced  soft tissue sarcomas 
[84], demonst ra ted  that the two analogs had equivalent  an- 
t i tumor efficacy; the response rate for DOX was 24% and 
for EPI 15% (p=0.21).  In a crossover t reatment  analysis 
only two of  24 patients fail ing to respond  to EPI  re- 
sponded  to DOX [84], again suggesting that  cancers are 
general ly cross-resistant to these two drugs. 

Toxicity. It is clear that  EPI and DOX have a similar spec- 
t rum of  ant i tumor activity. EPI  is an effective substitute 
for DOX in the t reatment  of  breast  cancer  when used ei- 
ther as a single agent or in the C E F  combinat ion.  I f  the 
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two drugs have equal efficacy, EPI must provide  a 
meaningful  advantage  in its toxici ty spectrum to be useful 
clinically. 

There have been at least five studies [2, 14, 61, 63, 84] 
in which the two analogs were prospect ively and randomly  
compared.  These trials provide  the best  means to compare  
acute and chronic toxicities. Table  2 outlines the five stud- 
ies. It is impor tan t  to note the drug doses used in each trial 
and  to remember  that equimyelotoxic  doses for EPI  are 
approximate ly  20 m g / m  2 greater than DOX [15, 63, 94]. 

In  some of  the uncontrol led  phase II  studies, EPI ap- 
peared to cause less a lopecia  and vomit ing than DOX [10, 
16, 73]. Table 2 provides  details concerning toxicity of  
these two compounds  in randomized  comparisons.  There 
is var iabi l i ty  in the frequency of  a lopecia  and vomiting,  
which may be part ly due to differences in the investigators '  
def in i t ions  of  what  constitutes "severe" degrees of  either 
side effect. However,  in only two studies [2, 84] was there a 
statistically significant difference, and in these studies the 
differences could be explained by the fact that  equimolar  
doses of  the drugs were used rather than equally myelotox-  
ic doses. The studies by Jain and colleagues [63] and Hor-  
tobagyi  et al. [61] were the only ones that  employed  equally 
myelotoxic  doses, and  in both studies there were no differ- 
ences in acute toxicity between the two agents. 

The frequency of  acute and chronic cardiac  effects was 
also similar (Table 2), and the numbers  of  pat ients  sustain- 
ing serious toxici ty were small for both  drugs. Jain et al. 
[63] showed that  the median  cumulat ive dose pr ior  to de- 
ve lopment  of  cardiotoxici ty  was much higher for EPI than 
DOX,  a var iance that  cannot  be accounted for solely by 
the 25 m g / m  2 higher scheduled dose of  EPI. Also, al- 
though episodes of  congestive heart  failure occurred from 
both drugs, the dose range at which this occurred was 
456-600 m g / m  2 for DOX and 1035-1234 m g / m  2 (twice as 
much) for EPI [63]. 

Table 2. Randomized trials of doxorubicin vs epirubicin: comparison of toxicities 

Trial Drug dose No. of No. of patients with 
design and schedule patients 

Severe Vomiting Acute Chronic 
alopecia cardio- cardio- 

toxicity toxicity ~ 

Refer- 
ence 

Comments 

DOX 75 mg/m 2 q21d 21 100% 72% 4 5 14 
EPI 75 mg/m 2 q21d 21 100% 53% 4 2 

DOX 60 mg/m 2 q21d 29 35% 67% - 5 63 
EPI 85 mg/m 2 q21d 25 50% 58% - 4 

DOX 75 mg/m 2 q21d 75 37% 94% ~ 2 2 
p=0.05 84 

EPI 75 mg/m 2 q21d 75 26% 77% ~ 0 2 

DOX 60 mg/m 2 CI q21d 16 - 3 
EPI 90 mg/m 2 CI q21d 24 "Similar . . . .  Similar" - 2 61 
EPI 90mg/m 2 bolus q21d 18 - 3 

CAFDOX 50mg/m 2 q21d 66 63% 7 - 3 4 
p=0.001 2 

CEF EPI 50 mg/m 2 q21d 75 33% -1 - 0 0 

Percentage change in 
instrument testing of 
cardiac function was 
greater for doxrubicin 

Median dose to deveb 
opment of cardiotoxicity 
for EPI was 935 mg/m 2, 
for DOX 468 mg/m 2 

CI, continuous infusion x 48 h; EPI, epirubicin; DOX, doxorubicin; CAF, cyclophosphamide, doxorubiein (Adriamycin), 5-fluorouracil 
a Defined as biopsy or instrument test finding of cardiac dysfunction indicative of cardiomyopathy, or congestive heart failure 
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Comments 

The increase in therapeutic index for EPI suggested in the 
preclinical studies has been partially validated in clinical 
studies. There seems little doubt that EPI has a spectrum 
of antitumor activity that is qualitatively and quantitative- 
ly equivalent to DOX. It is less certain that there is an ad- 
vantage in reduced acute toxicity when the two agents are 
administered in doses that produce equivalent myelotoxi- 
city. Doses lower than maximally tolerated levels for either 
agent are associated with fewer acute side effects. 

The study by Jain et al. [63] is pivotal in assessing any 
advantage for EPI with regard to cardiotoxicity. Using 
their data, one can calculate that a patient theoretically 
could receive three more doses of EPI than DOX before 
there is a high risk of  cardiomyopathy 2. This additional 
time on treatment could be beneficial to patients whose 
metastatic cancers are responding. I f  EPI were used as ad- 
juvant therapy, concern for chronic cardiotoxicity would 
be reduced because this form of treatment is usually ad- 
ministered for only 6 months or fewer. Adjuvant therapy 
studies of primary breast cancer using EPI are in progress 
in France. 

EPI's advantage in therapeutic index over DOX is 
modest, but apparently real. Whether the agent will be ap- 
proved for marketing in the U. S. is not known; at present 
its use is restricted to clinical trials. 

Esorubicin 

Arcamone and coworkers have synthesized analogs with 
other modifications of  the daunosamine moiety. In 1976 
they reported [7] the synthesis of an analog in which a hy- 
droxyl group is deleted from the C-4' position (Fig. 1). 
This compound was initially named 4'-deoxyadriamycin 
by Arcamone and was subsequently designated 
deoxydoxorubicin. Its adopted name is now esorubicin 
(ESO), a derivation from its Italian language name, 
4'-d esossidoxorubicina. With the exception of the hydrox- 
yl group deletion from C-4', it is structurally identical to 
DOX. 

The initial antitumor testing of this agent in animals in- 
dicated a possible advantage over DOX [7] and further 
studies were pursued. Casazza et al. [31] compared ESO to 
DOX and found that ESO was generally equivalent to or 
more potent than DOX against various mouse tumors and 
was notably more active in colon 38 adenocarcinoma. The 
weekly treatment schedule appeared to be the most effec- 
tive [31]. 

Others [52, 53, 87] have also observed activity of  this 
agent in murine colon cancer lines. DOX-resistant human 
colon cancer xenografts have responded to ESO [52], and 
so have carcinogen-induced colon cancer lines [87]. In 
comparison with 5-fluorouracil and carmustine (BCNU), 
ESO was more active than either agent in xenografts of hu- 
man colon and rectal cancers [53]. Such leads suggested 
that ESO might have activity against human colon cancer. 
I f  this were borne out in clinical trials, ESO would be a 
particularly interesting analog, because DOX and EP1 are 
inactive in this cancer. 

Cardiotoxicity studies of ESO also heightened interest 
in this analog. Casazza and colleagues [29] tested various 

2Assuming 100% dose each course and using the median dose to 
development of cardiotoxicity (63), one could give eight courses 
of DOX (468 -- 60 = 8) and 11 courses of EPI (935 + 85 = 11) 

doses of DOX, EPI, and ESO in rabbits using chronic dos- 
ing schedules. At equimyelotoxic doses, ESO caused no 
heart lesions whereas DOX caused marked histological ab- 
normalities in the heart. In comparison to DOX and EPI, 
studies by the same group [29] showed that ESO also 
caused much less cardiotoxicity in mice. There are two 
possible mechanisms responsible for the lesser cardiac tox- 
icity. One possibility is the inability of ESO to inhibit the 
fast-exchanging calcium compartment in myocardium [82]. 
Alternatively, ESO does not generate oxygen-containing 
free radicals [34], which may be a mediator of anthracyc- 
line cardiotoxicity. 

ESO was introduced into phase I studies in 1982 under 
the joint sponsorship of the National Cancer Institute and 
Adria Laboratories, the U. S. subsidiary of Farmitalia Car- 
lo Erba. Two dosing schedules were tested, every 21 days 
and weekly, primarily the former [45, 91, 96, 98]. 

ESO has a lower LDl0 (8.5 mg/kg) in mice than DOX 
[49] and the LDs0 at 30 days of ESO was about one-third 
that of  DOX [29]. Thus, initial doses in the phase I trials 
were 5-20  m g / m  2, with the lower dose being used in the 
weekly schedule. Dose escalations to about 30 m g / m  2 giv- 
en at 21-day intervals and 17.5 m g / m  2 given weekly were 
achieved, and these doses were recommended for phase II 
trials [45, 49, 91, 96, 98]. Slightly lower doses (25 m g / m  2 
and 15 m g / m  z respectively) were recommended for pa- 
tients with limited marrow reserve [49, 96, 98]. Acute toxi- 
city in the phase I trials paralleled that of DOX as far as 
myelosuppression was concerned, but there was appreci- 
ably less gastrointestinal disturbance and alopecia [45, 49, 
91, 96, 98]. Two instances of premature ventricular con- 
tractions were observed [49], but these were not clearly 
drug-induced. Otherwise, no acute cardiac events were 
seen. There was no evidence of cumulative cardiotoxicity 
in a group of six patients who had total ESO doses of 
200 m g / m  2 or more [45]. 

Although antitumor responses occur infrequently in 
phase I trials, Ferrari et al. [45] saw partial remissions in 
six of the 43 patients who received a drug dose near the 
maximally tolerated level. Responses occurred in patients 
with breast and colon cancers, among others. 

Pharmacokinetics 

Formelli and colleagues [46] compared the pharmacokinet- 
ics of ESO and DOX in mice and observed that ESO was 
cleared from tissue (including the heart) faster than DOX 
at both equimolar doses and equivalent antitumor doses. 
This more rapid clearance of ESO was also seen in clinical 
studies. Stanton et al. [98] found that ESO had a rapid in- 
itial clearance, but then a very prolonged terminal elimina- 
tion phase. The initial phase clearance was significantly 
more rapid than DOX [98]. In contrast to EPI, there is li- 
mited metabolism of ESO to the alcohol metabolite, esoru- 
bicinol [39]. As discussed earlier with regard to EPI, the re- 
duced toxicity from ESO seen in preclinical studies may 
also be a function of decreased exposure to the drug. 

Phase H studies 

A number of phase II trials have been started, but many 
are not yet completed. Phase I I I  evaluations have not been 
started, pending completion of phase II  trials. Published 
trials to date are summarized in Table 3. Adequate num- 
bers of patients have been analyzed in only non-small cell 
lung cancer and possibly colon cancer. There were no re- 
sponders in patients with either cancer. Responses in pa- 
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Table 3. Antitumor responses to esorubicin 

Cancer No. of patients No. of patients Response References 
evaluable responding rate (%) 

Breast 
Single drug 4 0 
(no prior CT) 
Single drug 40 5 
(prior CT) 

Colon 
Single drug 20 0 
(no prior CT) 
Single drug 45 0 
(prior CT) 

Non-small cell lung 
Single drug 94 0 
(no prior CT) 
Single drug 7 0 
(prior CT) 

0 71 

12.5 18,71 

0 60 

0 60 

0 68,88 

0 68 

CT, chemotherapy 

tients with breast cancer (Table 3) have occurred [18], but 
the published data thus far suggest that the response rate is 
inferior to that obtained with DOX. 

Toxicity has been compared to that produced by DOX 
and the other analogs. Alopecia and vomiting have oc- 
curred much less often with ESO than DOX [18, 68, 71]. 
Bonfante and colleagues [18] noted significant changes in 
cardiac ejection fractions in four of 24 patients; none of 
these 24 patients had received an anthracycline previously. 
Three other patients (G. Sarosy, National Cancer Institute, 
personal communication) have had cardiac function ab- 
normalities after a cumulative dose of at least 150 mg/m 2. 

Comments 

The published data are too scanty to draw conclusions yet 
about the efficacy of ESO. However, it does appear that 
the promise of efficacy in colon cancer, portended by the 
preclinical data, has not been fulfilled. 

Cardiotoxicity appears possible with ESO, but the fre- 
quency and severity have not yet been determined. ESO 
definitely produces less toxicity that causes patient distress 
(alopecia and vomiting), but unless antitumor efficacy is 
nearly equivalent to DOX, ESO will offer no improvement 
in therapeutic index and probably will not be studied fur- 
ther. 

Idarubicin 

The perfection of techniques for de novo synthesis of an- 
thracyclines allowed the creation of analogs with modifi- 
cations of the D ring in the anthraquinone moiety. In 1976 
Arcamone and colleagues [8] synthesized new derivatives 
of DNR in which the methoxyl group at the C-4 position 
in ring D was deleted. Preclinical testing for antitumor ac- 
tivity indicated that one of these analogs, the anomer of 
4-demethoxy-daunorubicin, was worthy of further evalua- 
tion [100]. Subsequently, this analog was designated idaru- 
bicin (IDA), a derivation of its Italian language name, 
4-demetossidaunorubicina. The lack of the methoxyl 
group is its only structural difference from DNR (Fig. 1). 

Animal tumor studies compared the activity of IDA to 
the parent DNR. At doses 4 - 8  times lower than DNR, 
IDA had an equal or greater activity in L1210 leukemia 

and Gross leukemia [8]. It also had a markedly superior in- 
hibitory effect on cultured HeLa cells at lower concentra- 
tions compared to the parent compound [100]. Investiga- 
tions of the uptake in mouse embryo fibroblasts demon- 
strated that IDA uptake was much faster than that of DNR 
[100]. The greater antitumor activity of IDA at lower con- 
centrations may be related to this fact. DNA synthesis in 
mouse fibroblasts was inhibited equally by the two com- 
pounds [100]. 

Di Marco, Casazza, and colleagues [30, 37] investigat- 
ed the antitumor activity of orally administered IDA based 
on the hypothesis that the different spectrum of antitumor 
activity of this agent was related to a different pharmaco- 
logical behavior. Supino et al. [100] had demonstrated that 
IDA had a higher affinity for lipids than the other analogs 
which suggested that good oral absorption was possible. 
At an oral dose approximately 3.5 times higher than the in- 
travenous dose, oral IDA had activity in various murine 
leukemias equivalent to that of intravenous DOX or D N R  
[30, 37]. This was a salient observation, because an anthra- 
cycline that is effective orally would be a more convenient 
antitumor agent to use. In contrast, orally administered 
DOX and DNR are, respectively, inactive and less active 
in murine systems than intravenously administered drug 
[37]. 

Phase I studies of IDA were begun in 1980 [17]. Both 
the oral and intravenous routes of administration have 
been tested. The doses intially used were 1.5 m g / m  2 intra- 
venously and 6 mg /m 2 orally. The higher oral dose corre- 
sponded to the observations of Di Marco et al. [37] that a 
3.5 times greater dose orally was necessary to achieve anti- 
tumor efficacy equivalent to that of the intravenous route. 
This dose difference is possibly related to inefficiency in 
gastrointestinal drug absorption, but other factors may al- 
so play a role. Schedules tested were a single dose every 21 
days and a daily dose x 5 days. The maximally tolerated 
single dose for treatment of solid tumors was 12 m g / m  2 in- 

travenously and 40 m g / m  2 orally [9, 17, 57, 67]. The rec- 
ommended intravenous dose for treatment of acute leu- 
kemia is l0 m g / m  2 daily x 3 days [33]. 

Toxicities noted in the phase I studies paralleled those 
of DNR. Myelosuppression was the dose-limiting toxicity, 
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Table 4. Antitumor responses to idarubicin 

Cancer No. of patients No. of patients Response References 
evaluable responding b rate (%) 

ANLL 
Single drug 46 8 17 24, 33 
(prior CT) '~ 

Combination I 1 100 70 
(prior CT) ~' 

Combination I 0 10 100 25 
(no prior CT) 

Colorectal 
Single drug 14 1 7 56 
(no prior CT) 

Single drug 29 0 0 56 
(prior CT) 

Esophageal/gastric 
Single drug 12 1 8 44 
(no prior CT) 
Single drug 13 0 0 44 
(prior CT) 

Melanoma 
Single drug 11 0 0 99 
(no prior CT) 
Single drug 3 0 0 99 
(prior CT) 

Renal 
Single drug 14 0 0 95 
(no prior CT) 
Single drug 5 0 0 95 
(prior CT) 

Ovarian 
Single drug 17 0 0 55 
(prior CT) 

Non-small cell lung 
Single drug 18 0 0 66 
(no prior CT) 
Single drug 2 0 0 66 
(prior CT) 
Single drug (oral) 11 0 0 69 
(no prior CT) 
Single drug (oral) 19 0 0 69 
(prior CT) 

Breast 
Single drug (oral) 25 7 28 75 
(prior CT) 

Intravenous route unless otherwise specified 
ANLL, acute nonlymphocytic leukemia 
a Includes prior anthracyclines in most patients 
b Complete + partial responses 

Table 5. Selected toxicities observed from idarubicin in patients having no prior chemotherapy 

Reference No. of Patients Patients with 
patients with vomiting (%) noticeable alopecia (%) 

No. of patients with 
acute cardiac effects 

56 14 0 0 0 
99 11 NR 0 0 
95 19 43 10 0 
66 20 40 30 ! 

NR: The trial included previously treated and untreated patients; the degree of side effect was not recorded for the patient cohort with 
no prior treatment 
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with leukopenia being more common than thrombocyto- 
penia [9, 17, 33, 57, 67]. Alopecia occurred in only one- 
third of patients or fewer [9], in contrast to the nearly un- 
iform total alopecia that occurs from either DOX or DNR. 
The oral route caused a higher incidence of alopecia than 
the intravenous route in one study [9] but the opposite was 
true in another study [17]. The oral preparation caused 
significantly more vomiting than the intravenous route of 
administration [9, 17], and dividing the oral dose over 3 
consecutive days did not assuage this side effect [9]. 

Minor acute electrocardiographic abnormalities were 
observed in one study [17], again with the oral route caus- 
ing a greater incidence than the intravenous one. The pa- 
tients in this study were monitored for cardiac events by 
performing ECGs serially over several hours after drug ad- 
ministration. Chronic cardiotoxicity effects were also 
monitored in this trial by means of serial echocardio- 
grams, but no changes were seen in the few patients who 
received median cumulative drug doses of 72 m g / m  2 intra- 
venously and 262 mg /m 2 orally [17]. 

Pharmacokinetics 

IDA is metabolized to a reduced alcohol, idarubicinol, in 
the liver [20]. Preclinical pharmacokinetic studies by Brog- 
gini and coworkers [201 indicate that IDA forms signifi- 
cantly lower amounts of the reduced alcohol than does 
D N R  and also has a much slower elimination rate. The 
slower elimination is probably due to the lower alcohol 
metabolite formation. In testing IDA via both the oral and 
intravenous routes, Broggini et al. [20] observed that this 
analog is retained in tissues and tumor in higher concen- 
trations and for longer half-lives than DNR, with a higher 
accumulation in tumor tissue than heart and spleen. Oral 
administration provided the highest tumor to organ con- 
centration ratio [20]. These observations imply that the 
pharmacology of IDA will provide it with a therapeutic 
advantage over DNR and that the oral route should be the 
more favorable one. 

Clinicopharmacologic studies also demonstrated pro- 
longed drug elimination and retention of the idarubicinol 
metabolite [9, 33]. Idarubicinol has equivalent antitumor 
efficacy to IDA in murine tumor systems [32]. This slow 
elimination and antitumor efficacy of a metabolite suggest 
that IDA could be a particularly potent anthracycline. 

Phases H and III  studies 

IDA has undergone extensive trial in disease-oriented 
studies. Table 4 lists the results from selected reports. 

DNR is highly active in acute leukemia and is an es- 
sential component in the initial treatment of acute leukem- 
ia, especially the nonlymphocytic type. In contrast, it has 
little or no activity in carcinomas [105]. The preclinical 
studies with IDA that suggested a therapeutic advantage 
over DNR have, so far, not been borne out in the clinical 
trials. Although the patient numbers are generally small in 
the trials listed in Table 4, the results from these studies 
suggest that IDA will not have an antitumor spectrum dif- 
ferent from that of DNR. A possible exception is breast 
cancer. 

All but two of the trials listed in Table 4 used the intra- 
venous route of administration. The oral route of adminis- 
tration has promise for greater antitumor efficacy, but 
most ongoing phase lI  trials using it are not yet complete, 
and to date only two studies [69, 75] have been reported. 

The complete remission rate in patients with ANLL 
who have had prior treatment (almost always including 
DOX or DNR) is 17% (Table 4). These data suggest that 
there may be some lack of cross-resistance between IDA 
and the parent analogs. However, the patient numbers are 
low, and this point needs further clinical testing. If  this is 
confirmed, then leukemia regimens for future testing 
might include both agents; for example, intravenous DNR 
in the induction therapy and oral IDA as part of mainte- 
nance therapy. 

There is as yet no well-defined efficacy advantage of 
IDA over DNR. Therefore, differences in toxicity become 
important. There have been no randomized comparisons 
of the two agents similar to those conducted of EPI vs 
DOX. However, the spectrum of reported acute and 
chronic toxicities has been similar to that of DNR [9, 17, 
24, 33]. Table 5 lists the degree of selected toxicities in 
those trials utilizing IDA as initial and sole chemotherapy. 
Alopecia, if it occurs at all, is mild in degree, and vomiting 
is also mild, occurring within several hours of drug admin- 
istration in 20%-40% of patients [56, 66, 95]. 

There are also no randomized prospective comparisons 
of the two routes of administration for IDA, but Bonfante 
et al. [17] compared the two routes in alternate patients 
consecutively. At dose levels producing approximately 
equal degrees of myelosuppression, the oral route caused 
more vomiting than the intravenous one. Others [9] have 
also noted such a difference. These results suggest that the 
only remarkable toxicity advantage for IDA over DNR is 
less alopecia. The emetic effect also appears to be less, but 
this advantage may be forfeited when the drug is adminis- 
tered orally. 

Comments 

The therapeutic advantage of IDA over D N R  appears to 
be marginal so far. There are leads that suggest some lack 
of cross-resistance between these analogs in acute leuke- 
mia and therapeutic activity of IDA in breast cancer. The 
increase in efficacy predicted by the preclinical studies has 
not been demonstrated so far in the clinical trials. How- 
ever, there has not been sufficient evaluation of oral IDA, 
nor have randomized comparisons of the two analogs been 
done. A multi-institutional group in the USA has recently 
begun a randomized trial comparing the two drugs, each 
in combination with cytosine arabinoside, as initial ther- 
apy in acute myelogenous leukemia. 

Differences in toxicity between IDA and DNR are also 
marginal. One advantage of IDA, less alopecia, may be 
lost if the drug is used in combination with other antitu- 
mot  agents. Both agents cause isolated instances of minor 
acute cardiac effects. Too few patients have been treated 
with cumulative IDA doses high enough to assess cardio- 
myopathy risks adequately. 

Menogaril 

The main impetus for development of the three previous 
analogs has been the need for an agent with equal antitu- 
mot  efficacy to, but less cardiotoxicity than, DOX. Other 
investigators have pursued a different direction and have 
emphasized development of analogs predicted to have bet- 
ter antitumor activity than DOX through either a greater 
antitumor spectrum or less generation of resistance. A sec- 
ondary, but still important, interest is less toxicity. Wiley 
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Table 6. Miscellaneous anthracyclines and their current status 

Name of drug Current status 

Aclarubicin 
(aclacinomycin) 

AD-32 

Carminomycin 

3'-Deamino-3'(3-cyano- 
-4-morpholinyl)doxorubicin 

4-Demethoxy-4'-0- 
-methyldoxorubicin 

Detorubicin 

5-Iminodaunorubicin 

Marcellomycin 

4'- 0-Tetrahydropyranyl 
adriamycin 

Zorubicin (rubidazone) 

Marketed in France and Japan. Phase 1I testing generally complete, clinical trials closed in U.S.; no clear 
advantage over DOX. Studies being pursued regarding activity as a cell maturation inducer [83] 

Initial clinical trials indicated drug formulation problems and toxicity [12]. No plans for further 
development 

Used in Russia and Eastern Europe. Phase 1I testing generally complete; no clear advantage over DOX. 
Clinical trials closed in U.S. 

Most potent doxorubicin analog in animal tumors yet synthesized [1]; in preclinical evaluation 

High antitumor activity, no cardiac toxicity, activity via oral route in animal tumors [86]; in preclinical 
evaluation 

Clinical trials being phased out in Europe and U.S. Synthesis is difficult, no advantage over DOX 

Has reduced cardiotoxicity [64]; in preclinical evaluation 

Phase I trials completed in Europe; myelosuppression was erratic [85]. No plans for further development 

In phase II testing in Japan and Europe [76]; clinical trials in U.S. to begin soon 

Clinical trials closed in the U.S. ; no advantage over DOX 

et al. [108] found that the nogalamycin analog menogaril  
(MEN) had superior anti tumor activity in P388 leukemia 
compared to DOX and some 20 other nogalamycin ana- 
logs and selected it for further study. The major  difference 
in chemical structure between M E N  and other anthracyc- 
lines is that in M E N  the aminosugar is connected to ring 
D and is attached via both carbon-oxygen and carbon-car- 
bon bonds (Fig. 1). There are several other lesser differ- 
ences too. 

A variety of  anti tumor efficacy studies in preclinical 
systems indicate that M E N  has a spectrum of  activity simi- 
lar to that of  DOX [79]. The only differences are that M E N  
is more active in colon tumor lines, and it is inactive in the 
human breast cancer xenograft. Moreover,  M E N  has anti- 
tumor activity when administered orally [77], which indi- 
cates a potential advantage for M E N  over DOX. There is 
suggestion of  possible cross-resistance in that M E N  was 
inactive against DOX-resistant P388 leukemia [77]. 

The biochemical mechanism of  action of  M E N  ap- 
pears to differ from the previously discussed anthracyc- 
lines. MEN accumulates in the cytoplasm, whereas DOX 
accumulates in the nucleus [11]. M E N  binds weakly to 
D N A ,  in contrast to DOX, and the two drugs also differ in 
their cell cycle effects [79]. 

The cardiotoxic potential of  M E N  was evaluated in 
rabbits by McGovren  and coworkers [78]. Cumulative drug 
doses of  2640-3700 m g / m  2 produced nonfatal, character- 
istic anthracycline lesions in the heart, whereas fatal cardi- 
omyopathy  occurred in control rabbits given DOX at cu- 
mulative doses of  only 7%-10% of the M E N  level. Since 
the optimal anti tumor dose of  DOX in preclinical studies 
is 8%-20% of the M E N  dose, it may be possible to use 
M E N  for a longer interval than DOX before cardiomyo- 
pathy becomes evident [78]. 

Phase I trials of  intravenous M E N  were begun in 1984, 
and several schedules were studied [21, 40, 41, 79, 97]. Two 
dose schedules have been recommended for phase II tri- 
als: (a) 160-200 m g / m  2 on day 1 ; (b) 140 m g / m  2 on days 1 
and 8. Both schedules are repeated every 28 days, because 
the white blood cell count nadir occurs at about day 16. 
No  anti tumor activity was seen in these phase I trials [21, 
40, 41, 97]. 

The dose-limiting toxicity is leukopenia. Other toxici- 
ties include anemia, mild to moderate alopecia, nausea 
and vomiting, and moderate to severe phlebitis at the infu- 
sion site [21, 40, 41, 97]. The latter problem was mitigated 
in one study [41] by keeping the infusion concentration un- 
der 1 mg/ml.  Brown et al. [21] did ECG monitoring for 
24 h during and after drug administration and observed no 
acute cardiac effects. Two patients received a cumulative 
drug dose of  1 3 4 0 - 1 5 0 0 m g / m  2 and had no change in 
cardiac function as determined by serial gated scans 
[21, 41]. 

Pharmacokinetics 

The major metabolic pathway of  M E N  is via demethyla- 
tion of the aminosugar instead of  the glucuronidation and 
alcohol formation that occurs with DNR,  DOX, and the 
other analogs [43]. Pharmacokinetic studies of  M E N  
showed two significant differences from DOX and the 
other analogs: a) only a small percentage o f  M E N  fluores- 
cent metabolites are present in plasma; b) no major  route 
o f  drug clearance is through urinary or biliary excretion of  
parent drug and its fluorescent metabolites [97]. The pre- 
cise route o f  clearance has not yet been determined. 

Phase H studies 

A number  of  institutions and cooperative groups began 
phase II  trials in 1985 with intravenous MEN,  and phase I 
trials with the oral route have also recently begun. 

Comments 

Since phase II trials have just begun, it is premature to 
assess the merits of  M E N  relative to other anthracyclines 
under  discussion or comment  on its anti tumor efficacy. 
Because of  the possible cross-resistance of  M E N  with 
other anthracyclines, virtually all ongoing phase II  trials 
exclude patients who have been previously treated with an 
anthracyline. 



Other  anthracyclines 

Table 6 is an account  of  anthracycl ines  that  have under-  
gone clinical testing over the past  decade or may in the 
near  future. Some of  these are commercia l ly  avai lable in 
some countries but  not  in the USA. Some have been tested 
clinically,  but  their  present  status can be character ized as 
" inact ive",  meaning that  there are no plans for further de- 
ve lopment  (at least in the USA) because they have no ad- 
vantage over DOX. Others that  demonstra te  advantages in 
precl inical  testing will go to clinical  trial in the near  future. 

Laborator ies  in Europe,  Japan,  and  the USA are conti- 
nuing to synthesize new anthracycl ine analogs.  Some are 
d iscarded after precl inical  testing and others have exten- 
sive clinical trials before it is de termined that  they have no 
advantage  over  DOX a n d / o r  D N R  and are discarded.  

Comments 

In this review we have surveyed the current  status of  an- 
thracycl ine analog development .  However ,  we have not  
addressed some of  the more fundamenta l  precl inical  and  
clinical  di lemmas.  Is the current  routine screen an efficient 
means of  identifying compounds  with either increased po- 
tency or activity? Will  the new in vitro human  clonogenic  
or  nonclonogenic  systems prove to be better? Are the cur- 
rent human xenograft  lines efficient predictors  of  clinical 
activity? Do the current  animal  cardiotoxici ty  models  pre- 
dict for relative grades of  clinical  toxici ty? 

At the clinical level, the definit ive question of  whether 
more p ro longed  schedules lead to an improved  therapeut ic  
index has not  been answered.  The efficiency in screening 
new analogs at the phase II  level has been improved  con- 
siderably.  However ,  r andomized  phase I I I  trials still need 
work  in the defini t ion of  exact endpoints  for cardiotoxici-  
ty. Also, designs assessing true clinical  cross-resistance 
pat terns  are rather weak. 

At this t ime, the only adequately evaluated analog to 
demonst ra te  an apparen t  advantage  over DOX is EPI,  and 
this advantage  is the modest  one that  it can be adminis-  
tered repeti t ively for a slightly longer time. The out look for 
ESO is not  optimistic,  as present  trials suggest no advan- 
tage in therapeut ic  index compared  to DOX. The out look 
for I D A  is still uncer ta in ;  it may  have a role in the treat- 
ment  of  certain malignancies.  Presently, most  studies in- 
volve use of  the intravenous formulat ion.  No potent ia l  ad- 
vantage of  the oral formula t ion  is yet being explored at the 
phase  I I I  level. M E N  is just  entering disease-oriented tri- 
als, and no predic t ions  about  its future are possible. Al- 
though no clear-cut clinical  advantage  has yet been de- 
f ined for any of  these analogs,  it is hoped  that the success 
of  Di Marco and colleagues in discovering DOX (a "better  
D N R " )  can be repeated by others searching for  a "better  
DOX".  

References 

1. Acton EM, Tong GL, Mosher CW et al. (1984) Intensely 
potent morpholinyl anthracyclines. J Med Chem 27: 
638-645 

2. Armand JP (1984) Phase II and phase III studies with 
equirubicin in breast cancer in France. In: Bonadonna G 
(ed) Advances in anthracycline chemotherapy: epirubicin. 
Masson, Milan, pp 75-82 

3. Arcamone F (1980) The development of new antitumor an- 
thracyclines. Med Chem 16:1-41 

195 

4. Arcamone F, Cassinelli G, Orezzi P et al. (1964) Daunomy- 
cin II. The structure and stereochemistry of daunosamine. J 
Am Chem Soc 86:5335-5336 

5. Arcamone F, Penco S, Vigevani A e t  al (1975) Synthesis 
and antitumor properties of new glycosides of daunomyci- 
none and adriamycinone. J Med Chem 18:703-707 

6. Arcamone F, Penco S, Vigevani A (1975) Adriamycin 
(NSC-123127): new chemical developments and analogs. 
Cancer Chemother Rep (3): 6:123-129 

7. Arcamone F, Penco S, Redaelli S et al. (1976) Synthesis and 
antitumor activity of 4'-deoxydaunorubicin and 4'-deoxy- 
adriamycin. J Med Chem 19:1424-1425 

8. Arcamone F, Bernardi L, Giardino Pet  al. (1976) Synthesis 
and antitumor activity of 4-demethoxydaunorubicin, 4-de- 
methoxy-7,9-diepidaunorubicin, and their 13 anomers. Can- 
cer Treat Rep 60:829-834 

9. Berman E, Wittes RE, Leyland-Jones Bet al. (1983) Phase I 
and clinical pharmacology studies of intravenous and oral 
administration of 4-demethoxydaunorubicin in patients 
with advanced cancer. Cancer Res 43:6096-6101 

10. Berman E, Casper ES, Howard Je t  al. (1984) Phase II trial 
of 4'-epi-doxorubicin in patients with advanced malignant 
melanoma. Cancer Treat Rep 68:679-680 

11. Bhuyan BK, McGovren JP, Crampton SL (1981) Intracellu- 
lar uptake of 7-con-O-methylnogarol and adriamycin by 
cells in culture and its relationship to cell survival. Cancer 
Res 41 : 882-887 

12. Blum RH, Garnick MB, Israel M (1979) Initial clinical 
evaluation of N-trifluoroacetyladriamycin 14-valerate (AD- 
32), an adriamycin analog. Cancer Treat Rep 63:919-923 

13. Bonadonna G, Monfarclini S, de Lena Met  al. (1969) Clini- 
cal evaluation of adriamycin, a new antitumour antibiotic. 
Br Med J 3:503-506 

14. Bonadonna G, Brambilla, Rossi A, et al. (1984) Epirubicin 
in advanced breast cancer. The experience of the Milan 
Cancer Institute. In: Bonadonna G (ed) Advances in an- 
thracycline chemotherapy: epirubicin. Masson, Milan, pp 
63-70 

15. Bonfante V, Bonadonna G, Villani F et al. (1979) Prelimi- 
nary phase I study of 4'-epi-adriamycin. Cancer Treat Rep 
63:915-918 

16. Bonfante V, Villani F, Bonadonna G (1982) Toxic and ther- 
apeutic activity of 4'-epi-doxorubicin. Tumori 68: 105-111 

17. Bonfante V, Ferrari L, ViIlani F et al. (1983) Phase I study 
of 4-demethoxydaunorubicin. Invest New Drugs 1: 
161-168 

18. Bonfante V, Rossi A, Brambilla C et al. (1985) Comparative 
activity and toxicity of adriamycin (ADM) and new anthra- 
cycline analogs in advanced breast cancer (abstract). Proc 
Am Assoc Cancer Res 26:165 

19. Broggini M, Colombo T, Martini Ae t  al. (1980) Studies on 
the comparative distribution and biliary excretion of doxo- 
rubicin and 4'-epi-doxorubicin in mice and rats. Cancer 
Treat Rep 64:897-904 

20. Broggini M, Italia C, Colombo T et al. (1984) Activity and 
distribution of iv and oral 4-demethoxydaunorubicin in 
murine experimental tumors. Cancer Treat Rep 68: 
739-747 

21. Brown TD, Donehower RC, Grochow LB et al. (1985) A 
phase I study of menogaril (MEN) in patients with ad- 
vanced cancer (abstract). Proc Am Soc Clin Oncol 4:32 

22. Bull JM, Tormey DC, Li S-H et al. (1978) A randomized 
comparative trial of adriamycin versus methotrexate in 
combination drug therapy. Cancer 41:1649-1657 

23. Campora E, Nobile MT, Sertoli MR et al. (1984) Phase II 
study of 4'-epi-doxorubicin in advanced breast cancer. 
Cancer Treat Rep 68:1285-1286 

24. Carella AM, Santini G, Martinengo Met  al. (1985) 4-deme- 
thoxydaunorubicin (idarubicin) in refractory or relapsed 
acute leukemias. A pilot study. Cancer 55: 1452-1454 



196 

25. Carella AM, Santini G, Giordano D et al. (1985) Idarubicin 
alone or in combination with citarabine and etoposide 
(3 + 3 + 5 protocol) in acute nonqymphoblastic leukaemia. 
Leukemia Res 9:631 

26. Casazza AM (1979) Experimental evaluation of anthracyc- 
line analogs. Cancer Treat Rep 63:835-844 

27. Casazza AM, Guiliani FC (1984) Preclinical properties of 
epirubicin. In: Bonadonna G (ed) Advances in anthracyc- 
line chemotherapy: epirubicin. Masson, Milan, pp 31-40 

28. Casazza AM, Di Marco A, Bertazzoli C et al. (1978) Antitu- 
mor activity, toxicity, and pharmacological properties of 
4'-epi-adriamycin. In: Siegenthaler A, Lfithy R (eds) Cur- 
rent chemotherapy, vol 2. American Society of Microbiolo- 
gy, Washington, pp 1257-1260 

29. Casazza AM, Di Marco A, Bonadonna G et al. (1980) Ef- 
fects of modifications in position 4 of the chromophore or 
in position 4' of the aminosugar, on the antitumor activity 
and toxicity of daunorubicin and doxorubicin. In: Crooke 
ST, Reich SD (eds) Anthracyelines: current status and new 
developments. Academic, New York, pp 403-430 

30. Casazza AM, Pratesi G, Giuliani et al. (1980) Antileukemia 
activity of 4-demethoxydaunorubicin in mice. Tumori 66: 
549- 564 

3l. Casazza AM, Savi G, Pratesi G et al. (1983) Antitumor ac- 
tivity in mice of 4'-deoxydoxorubicin in comparison with 
doxorubicin. Eur J Cancer Clin Oncol 19:411-418 

32. Casazza AM, Barbieri B, Fumagalli Aet  al. (1981) Biologic 
activity of 4-demethoxy-13-dihydrodaunorubicin (4-dm- 
13-OH-DNR) (abstract). Proc Am Assoc Cancer Res 24: 
251 

33. Daghestani AN, Arlin ZA, Leyland-Jones B et al. (1985) 
Phase I and II clinical and pharmacological study of 4-de- 
methoxydaunorubicin (idarubicin) in adult patients with 
acute leukemia. Cancer Res 45: 1408-1412 

34. Dickinson AC, DeJordy JO, Boutin MG et al. (1984) Ab- 
sence of generation of oxygen-containing free radicals with 
4'-deoxydoxorubicin, a non-cardiotoxic anthracycline 
drug. Biochem Biophys Res Commun 125:584-591 

35. Di Marco A, Gaetani M, Dorigotti Le t  al. (1963) Studi 
sperimentali sull 'attivita' antineoplastica del nuovo anti- 
biotico daunomicina. Tumori 49:203-217 

36. Di Marco A, Gaetani M, Scarpinato B (1969) Adriamycin 
(NSC-123,127): a new antibiotic with antitumor activity. 
Cancer Chemother Rep (1) 53:33-37 

37. Di Marco A, Casazza AM, Pratesi G (1977) Antitumor ac- 
tivity of 4-demethoxydaunorubicin administered orally. 
Cancer Treat Rep 62:893-894 

38. Di Marco A, Zunino F, Casazza AM (1978) Comparison of 
biochemical and biological methods in the evaluation of 
new anthracycline drugs. Antibiotics Chemother 23:12-20 

39. Dodion P, Davis TA, Rozencweig M et al. (1985) Human 
pharmacokinetics of esorubicin (4'-deoxydoxorubicin). In- 
vest New Drugs 3:361-368 

40. Dodion P, Sessa C, Gerard Ne t  al. (1985) Phase I trial of 
menogaril (M) with a single dose schedule (abstract). Proc 
Am Soc Clin Oncol 4:26 

41. Dorr FA, Von Hoff DD, Kuhn JG et al. (in press) Phase I 
clinical investigation of 7-eon-O-methylnogaril, a new 
anthracycline antibiotic. Invest New Drugs 

42. Dubost M, Ganter P, Maral R et al. (1964) Rubidomycin: a 
new antibiotic with cytostatic properties. Cancer Chemo- 
ther Rep 4l: 35-36 

43. Egorin MJ, Van Echo DA, Whitacre MY et al. (1986) Hu- 
man pharmacokinetics, excretion, and metabolism of the 
anthracycline antibiotic menogaril (NSC 269148, 
7-OMEN) and their correlation with clinical toxicities. 
Cancer Res 46: 1513-1520 

44. Einzig A, Kelsen D, Cheng E et al. (1984) Phase II study of 
4-demethoxydaunorubicin in patients with adenocarcinoma 
of the upper gastrointestinal tract. Cancer Treat Rep 68: 
1415-1416 

45. Ferrari L, Rossi A, Brambilla C et al. (1984) Phase 1 study 
with 4'-deoxydoxorubicin. Invest New Drugs 2:287-295 

46. Formelli F, Pollini C, Casazza AM et al. (1981) Fluores- 
cence assays and pharmacokinetic studies of 4'-deoxy- 
doxorubicin and doxorubicin in organs of mice bearing 
solid tumors. Cancer Chemother Pharmacol 5:139-144 

47. Fossa SD, Wik B, Bae E, et al. (1982) Phase II study of 
4'-epi-doxorubicin in metastatic renal cancer. Cancer Treat 
Rep 66:1219-1221 

48. Ganzina F (1983) 4'-epi-doxorubicin, a new analogue of 
doxorubicin: a preliminary overview of preclinical and 
clinical data. Cancer Treat Rev 10:1-22 

49. Garewal HS, Robertone A, Salmon SEet al. (1984) Phase I 
trial of esorubicin (4'-deoxydoxorubicin). J Clin Oncol 2: 
1034-1039 

50. Gause GF, Brazhnikova MG, Shorin VA (1974) A new anti- 
tumor antibiotic, carminomycin (NSC-180024). Cancer 
Chemother Rep (1) 58:255-256 

51. Ghione M (1975) Development of adriamycin (NSC- 
123127). Cancer Chemother Rep (3) 6:83-89 

52. Giuliani FC, Kaplan NO (1980) New doxorubicin analogs 
active against doxorubicin-resistant colon tumor xenografts 
in the nude mouse. Cancer Res 40:4682-4687 

53. Giuliani FC, Zirvi KA, Kaplan NO et al. (1981) Chemo- 
therapy of human colorectal tumor xenografts in athymic 
mice with clinically active drugs: 5-fluorouracil and 
1-3-Bis-(2-chloroethyl)-l-nitrosourea (BCNU). Comparison 
with doxorubicin derivatives: 4'-deoxydoxorubicin and 
4'-O-methyldoxorubiein. Int J Cancer 27:5-13 

54. Goldin A, Venditti JM, Geran R (1985) The effectiveness of 
the anthracycline analog 4'-epidoxorubicin in the treatment 
of experimental tumors: a review. Invest New Drugs 3: 
3-21 

55. Hakes TB, Daghestani AN, Dougherty JB et al. (1985) 
Phase II study of 4-demethoxydaunorubicin in advanced 
ovarian carcinoma. Cancer Treat Rep 69:559-560 

56. Harper HD, Kemeny NE, Ahmed T et al. (1984) Phase II 
trial of 4-demethoxydaunorubicin in advanced coloreetal 
carcinoma. Cancer Treat Rep 618:689-690 

57. Hayat M, Hurteloup P, Parmentier C et al. (1984) Phase I 
trial of idarubicin (4-demethoxydaunorubicin) in adult 
acute leukemia. Invest New Drugs 2:375-379 

58. Hochster HS, Green MD, Speyer Jet  al. (1985) 4'-epidoxo- 
rubicin (epirubicin): activity in hepatocellular carcinoma. J 
Clin Oncol 3 : 1535-1540 

59. Holdener EE, Hansen HH, Host H et al. (1985) Epirubicin 
in colorectal cancer. A phase II study of the early clinical 
trials group (EORTC). Invest New Drugs 3:63-66 

60. Holdener EE, Cavalli F, Hansen HH et al. (1985) Phase lI 
trial of esorubiein in advanced colorectal cancer (abstract). 
Proc Am Soc Clin Oncol 4:93 

61. Hortobagyi G, Yap HY, Aboud Aet al. (1984) Doxorubicin 
(D) vs 4'-epidoxorubicin (4ED) for metastatic breast cancer 
(MBC): a prospective randomized study (abstract). Proc 
Am Soc Clin Oncol 3:121 

62. Hurteloup P, Cappelaere P, Armand JP et al. (1983) Phase 
II clinical evaluation of 4'-epi-doxorubicin. Cancer Treat 
Rep 67:337-341 

63. Jain KK, Casper ES, Geller NL et al. (1985) A prospective 
randomized comparison of epirubicin and doxorubicin in 
patients with advanced breast cancer. J Clin Oncol 3: 
818-826 

64. Jensen RA, Acton EM, Peters JH (1984) Electrocardiogra- 
phic and transmembrane potential effects of 5-imino- 
daunorubicin in the rat. Cancer Res 44:4030-4039 

65. Joss RA, Hansen HH, Hansen Met al. (1984) Phase II trial 
of epirubicin in advanced squamous, adeno- and large cell 
carcinoma of the lung. Eur J Cancer Clin Oncol 20: 
495-499 

66. Joss RA, Obrecht J-P, Alberto Pet al. (1984) Phase II trial 



197 

of 4-demethoxydaunorubicin in patients with non-small 
cell lung cancer. Cancer Treat Rep 68:563-564 

67. Kaplan S, Sessa C, Willems Y e t  al. (1984) Phase I trial of 
4-demethoxydaunorubicin (idarubicin) with single oral 
doses. Invest New Drugs 2:281-286 

68. Kaplan S, Sessa C, Joss R et al. (1985) Phase II trial of 
4'-deoxydoxorubicin in advanced non-small cell lung can- 
cer. Cancer Treat Rep 69:1337-1338 

69. Kris MG, Gralla RJ, Kelsen DP et al. (1985) Phase II trial 
of oral 4-demethoxydaunorubicin in patients with non- 
small cell lung cancer. Am J Clin Oncol (CCT) 8:377-379 

70. Lambertenghi-Deliliers G, Maiolo AT, Annaloro C et al. 
(1984) Complete remission in prolymphocytic leukemia 
with 4-demethoxydaunorubicin and arabinosyl cytosine. 
Cancer 54:199-201 

71. Leitner SP, Casper ES, Hakes TB et al. (1985) Phase II trial 
of 4'~deoxydoxorubicin in patients with advanced breast 
cancer. Cancer Treat Rep 69: 1319-1320 

72. Lopez M, Perno C-F, Papaldo Pe t  al. (1984) Phase II study 
of epirubicin in advanced malignant melanoma. Invest 
New Drugs 2 :315-317 

73. Lopez M, Di Lauro L, Ganzina F et al. (1985) Epirubicin in 
non-Hodgkin's lymphomas. Am J Clin Oncol (CCT) 8: 
151-153 

74. Macrez C, Marneffe-Lebrequier H, Ripault J e t  al. (1967) 
Accidents cardiaques observ6s au cours des traitements par 
la rubidomycine. Pathol-Biol 15:949-953 

75. Martoni A, Pacciarini MA, Pannuti F et al. (1985) Activity 
of 4-demethoxydaunorubicin by the oral route in advanced 
breast cancer. Eur J Cancer Clin Oncol 21 : 803-806 

76. Math6 G, Umezawa H, Tapiero H et al. (1985) Oriented 
phase II trial in advanced breast cancer of  4'-o-tetrahydro- 
pyranyl-adriamycin (THP-ADM), a non hair, non heart 
toxic anthracycline (abstract). Proc Am Soc Clin Oncol 4: 
71 

77. McGovren JP (1980) Activity of the anthracycline agent, 
7-con-O-methylnogarol (7-OMEN) administered orally to 
mice bearing P388 or L1210 leukemia. Cancer Treat Rep 
64:727-729 

78. McGovren JP, Neil GL, Denlinger RH et al. (1979) Chron- 
ic cardiotoxicity studies in rabbits with 7-con-O-methylnog- 
arol, a new anthracycline antitumor agent. Cancer Res 39: 
4849-4855 

79. McGovren JP, Nelson KG, Lassus M e t  al. (1984) Menoga- 
ril: a new anthracycline agent entering clinical trials. Invest 
New Drugs 2:359-367 

80. Meyers FJ, Lewis B, Mitchell E et al. (1985) Phase II trial of 
4"-epi-doxorubicin in advanced colorectal carcinoma: a 
Northern California Oncology Group study. Cancer Treat 
Rep 69:143-144 

81. Michaelson R, Kemeny N, Young C (1982) Phase II evalu- 
ation of 4'-epi-doxorubicin in patients with advanced color- 
ectal carcinoma. Cancer Treat Rep 66: 1757-1758 

82. Monti E, Piccinini F, Favalli L, et al. (1983) Role of the 
fast-exchanging calcium compartment in the early cardio- 
toxicity of  anthracycline analogs. Biochem Pharmacol 32: 
3303-3306 

83. Morin MJ, Sartorelli AC (1984) Inhibition of glycoprotein 
biosynthesis by the inducers of HL-60 cell differentiation, 
aclacinomycin A and marcellomycin. Cancer Res 44: 
2807- 2812 

84. Mouridsen HT, Somers R, Santoro A e t  al. (1984) Doxoru- 
bicin vs. epirnbicin in advanced soft tissue sarcomas. An 
EORTC randomized phase II study. In: Bonadonna G (ed) 
Advances in arthracycline chemotherapy: epirubicin. Mas- 
son, Milan, pp 95-103 

85. Nicaise C, Rozencweig M, DeMarneffe M et al. (1983) 
Clinical phase I trial with marcellomycin with a single-dose 
schedule. Eur J Cancer Clin Oncol 19:449-454 

86. Penco S, Casazza AM, Franchi G et al. (1983) Synthesis, 
antitumor activity, and cardiac toxicity of new 4-deme- 
thoxyanthracyclines. Cancer Treat Rep 67:665-673 

87. Pratesi G, Deschner EE (1984) The antitumoral activity of 
4'-deoxydoxorubicin compared to doxorubicin and 5-fluor- 
ouracil in methylazoxymethanol acetate-induced colon tu- 
mors in CF~ mice. Cancer 54 :18-24  

88. Ringenberg S, Propert K, Perry M e t  al. (1986) Deoxydox- 
orubicin (DxDx) in extensive non-small cell lung cancer 
(NSCLC) (abstract). Proc Am Soc Clin Oncol 5:174 

89. Ripault J, Weil M, Jacquillat C (1967) l~tude n6cropsique 
de quatre malades trait6s par la rubidomycine. Pathol-Biol 
15:955-957 

90. Robert J, Vrignaud P, Nguyen-Ngoc T et al. (1985) Com- 
parative pharmacokinetics and metabolism of doxorubicin 
and epirubicin in patients with metastatic breast cancer. 
Cancer Treat Rep 69:633-640 

91. Rozencweig M, Crespeigne N, Kenis Y (1983) Phase I trial 
with 4'-deoxydoxorubicin (esorubicin). Invest New Drugs 
1 : 309-313 

92. Rozencweig M, ten Bokkel Huinink W, Cavalli F et al. 
(1984) Randomized phase II trial of carminomycin versus 
4'-epidoxorubicin in advanced breast cancer. J Clin Oncol 
2:275-281 

93. Scarffe JH, Kenny JB, Johnson RJ et al. (1985) Phase II tri- 
al of epirubicin in gastric cancer. Cancer Treat Rep 69: 
1275-1277 

94. Schauer PK, Wittes RE, Gralla RJ (1981) A phase I trial of 
4'-epi-Adriamycin. Cancer Clin Trials 4 :433-437 

95. Scher HI, Yagoda A, Ahmed T et al. (1985) Phase-II trial of 
4-demethoxydaunorubicin (DMDR) for advanced hyper- 
nephroma. Cancer Cbemother Pharmacol 14:79-80 

96. Sessa C, Bosia L, Kaplan S e t  al. (1984) Phase I study of 
4'-deoxydoxorubiein given weekly. Invest New Drugs 2: 
369-374 

97. Sigman LM, Van Echo DA, Egorin MJ et al. (1985) Menog- 
aril (7-OMEN, NSC 269148) phase I study (abstract). Proc 
Am Assoc Cancer Res 26:170 

98. Stanton GF, Raymond V, Wittes RE et al. (1985) Phase I 
and clinical pharmacological evaluation of 4'-deoxydoxo- 
rubicin in patients with advanced cancer. Cancer Res 45: 
1862-1868 

99. Stanton G, Casper ES, Friedman B (1985) Phase II trial of 
4-demethoxydaunorubicin in patients with advanced malig- 
nant melanoma. Cancer Treat Rep 69:915-916 

100. Supino R, Necco A, Dasdia T et al. (1977) Relationship be- 
tween effects on nucleic acid synthesis in cell cultures and 
cytotoxicity of 4-demethoxy derivatives of daunorubicin 
and adriamycin. Cancer Res 37:4523-4528 

101. Tan C, Etcubanas E, Wollner N et al. (1973) Adriamycin - 
an antitumor antibiotic in the treatment of neoplastic dis- 
eases. Cancer 32: 9-17 

102. Torti FM, Porzig KJ, Gandara DR et al. (1984) Phase II tri- 
al of 4'-epi-doxorubicin in metastatic melanoma. Cancer 
Treat Rep 68 : 1509-1510 

103. Weenen H, Lankelma J, Penders PGM et al. (1983) 
Pharmacokinetics of 4'epi-doxorubicin in man. Invest New 
Drugs 1 : 59-64 

104. Weenen H, Van Maanen JMS, De Planque MM et al. 
(1984) Metabolism of 4'-modified analogs of doxorubicin. 
Unique glucuronidation pathway for 4'-epidoxorubicin. 
Eur J Cancer Clin Oncol 20:919-926 

105. Weiss RB, Bruno S (1981) Daunorubicin treatment of adult 
solid tumors. Cancer Treat Rep 65[Suppl 4]: 25-28 

106. Wils JA (1984) Phase II trial of 4'-epi-doxorubicin in metas- 
tatic colorectal carcinoma. Invest New Drugs 2:397-399 

107. Wils J, Bleiberg H, Blijham G e t  al. (1985) Phase II study of 
epirubicin in advanced adenocarcinoma of the pancreas. 
Eur J Cancer Clin Oncol 21:191-194 

108. Wiley PF, Johnson JL, Houser DJ (1977) Nogalamycin an- 
alogs having improved antitumor activity. J Antibiot 30: 
628-629 

Received June 24, 1986/Accepted July 21, 1986 


