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Abstract

Acute myeloid leukemia (AML), a rapidly progressing hematopoietic malig-
nancy, can only be cured hopefully by hematopoietic stem cells transplanta-
tion (HSCT). Before HSCT, we usually exert effects by attempting certain re-
gimens to induce these tumor cells to death. Administered in AML patients,
the classic “3 + 7” intensive induction regimen including anthracyclines and
cytarabine is recommended by guidelines worldwide. However, conventional
regimens consist of anthracyclines, a category of drug limited by cumulative,
dose-related, progressive myocardial damage and congestive heart failure oc-
curs when its total doses break through the cut-off. Based on this background,
mitoxantrone (MIT), an anthraquinone, was developed to a new form to re-
duce cardiotoxicity. Meanwhile, the nanomedicine, mitoxantrone liposome
(Lipo-MIT), was characterized by improved bioavailability and limited toxic-
ity. This drug has great therapeutic potential, but different side effects. We
conclude the overall history and development of MIT and Lipo-MIT, which
show controversial efficacy of MIT compared to doxorubicin and therapeutic
potential of Lipo-MIT. This article reviewed the application of MIT and lipo-
some forms in adult AML patients.
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1. Introduction

AML is a form of cancer that is characterized by infiltration of the bone marrow,
blood, and other tissues by proliferative, clonal, abnormally differentiated, and
occasionally poorly differentiated cells of the hematopoietic system [1]. Accom-
panied by changes of cytogenetics, gene mutations, cluster of differentiation,

morphology and one or multiple lineage cytopenia, most patients have poor
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prognosis in the early years. These leukemia stem cells were shown to reside at
the apex of a cellular hierarchy that initiates and maintains the disease, exhibit-
ing properties of self-renewal, cell cycle quiescence, and chemoresistance. In the
mid-1990s, both groups, the Italian and French groups, discovered an identical
novel compound at much the same time, and they finally gave it the name, dau-
norubicin [2]. But unfortunately, daunorubicin was demonstrated to have cyto-
toxic and cardiotoxic effect in 1964 and 1967, respectively [3] [4]. Therefore,
doxorubicin, trade name Adriamycin™, the 14-hydroxy derivative of daunomy-
cin, was discovered and displayed superior spectrum of anticancer activity [5]
[6] [7]. Though conditions were different between two research, results reported
that estimated cumulative 7% to 26% of the recipients would experience dox-
orubicin-related congestive heart failure at a cumulative dose of 550 mg/m? [8]
[9]. As an analog of daunorubicin, doxorubicin exposed similar cardiotoxic ef-
fect which was paid enough attention to. Obvious flaws made researchers modify
the structure of the drug to reduce myocardial toxicity without anticancer activ-
ity losses. Consequently, Murdock et al noted a lead compound, 1,4-bis-[[2-
(dimethylamino)ethyl]-amino]-9,10-anthracenedione, which have been used as
dyes or pigments because of their high chemical, photochemical and thermal
stability [10] [11]. In 1979, Murdock et al modified this lead compound and
discovered mitoxantrone, trade name Novantrone™, which showed significant

objective results in subsequent leukemia trials [12].

2. Clinical Application

With aggressive induction chemotherapy (usually cytarabine and daunorubicin),
complete remission (CR) rates fluctuate between 50% and 80% in AML patients,
but this number reduced to less than 30% in relapsed patients after salvage regi-
men [13] [14]. MIT causes slightly reduced cardiotoxicity than doxorubicin and
showed comparable anticancer activity [2] [15]. Thereby, mitoxantrone is enrolled
in various regimens consisting of inducing and intensive consolidation chemo-
therapy to treat AML. Meanwhile, mitoxantrone is applied in multiple sclerosis,
advanced breast cancer, hormone-resistant prostate cancer and ovarian cancer
[16] [17] [18] [19]. In newly diagnosed AML patients, combining MIT (bolus or
continuous infusion) with etoposide is an effective first-line therapy [20]. Plenty
of literature research data supported that treatment regimens of AML including
MIT showed better CR rates than conventional DNA topoisomerase II poison,
daunorubicin. Patients with high-risk AML, defined as those with advanced age,
relapsed/refractory disease, unfavorable molecular and cytogenetic abnormalities,
therapy-related myeloid neoplasm (t-MN) and multiple medical co-morbidities
tend to respond poorly to standard cytarabine and daunorubicin induction thera-
py and have a poor prognosis. In the research by Sarah M. Larson et al [21],
combining high-dose cytarabine with MIT was administered in 78 cases with
high-risk AML and 45% of them achieved CR, 9% of them died during induc-

tion. Combining high dose cytarabine with MIT was proved to be an effective
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and well tolerated alternative to standard dose cytarabine with an anthracycline
in unfavorable prognosis population. Similar research showed that MIT 8 - 12
mg/m” per day yielded higher CR rates compared with DNR at doses of 30 - 50
mg/m?* [22] [23]. In the research by Lowenberg et al [23], 247 patients were
enrolled in MTZ group, 242 patients were enrolled in DNR (daunorubicin) group.
In this study, MTZ chemotherapy schedule provided for better complete re-
sponse rates (MTZ 47% vs DNR 38%), however, overall survival and DFS prob-
abilities did not improve. Marconi et al [24] collected data of 55 patients who
had an AML relapse or chemotherapy resistance received MEC (mitoxantrone,
etoposide, cytarabine) chemotherapy. Twenty-five patients (45.4%) achieved CR
and four patients (7.3%) died, which showed similar outcomes like above. Fran-
co Mandelli et al. [25] found that patients had similar CR rates (69%) in three
groups (ARA + ETO + DNR/MXR/IDA), but the disease-free survival and sur-
vival from CR were longer in the mitoxantrone and idarubicin arms than in the
daunorubicin arm (37%, 37%, 29%). In some other literature of higher evidence,
meta-analysis by Lei Deng et al [26] showed that compared to daunorubicin,
mitoxantrone can significantly improve CR and DFS in patients of all ages.
However, death rates during induction therapy and overall survival were proved
to be no differences between the two drugs. It was interesting to note that the CR
rate for mitoxantrone was significantly higher than that of daunorubicin in the
ratio of daunorubicin dose to mitoxantrone dose (D/M) < 4 subgroup during
induction therapy. In contrast, there was no difference in CR rate in the D/M > 4
subgroup. Part of favorable regimens in treating AML patients are collected in
the following Table 1, and the application of this drug may need further break-
through.

As expected, some other research revealed that MIT just plays a limited role,
and its advantages should not be overestimated. By monitoring the left ventricu-
lar mechanics of 86 AML patients and data analysis, shaikh et a/ [27] found that
high-dose MIT therapy was associated with an excellent remission rate but with
a significantly increased risk of clinical and subclinical early cardiotoxicity and
heart failure. It happened that there was a similar case, Anderson ef al [28] ana-
lyzed data from a total of 328 patients from 66 institutions over a 4-year period.
The results showed that CR rates in patients treated with ME (mitoxantrone,
etoposide) and AD (cytarabine, daunorubicin) were 34% and 43%, respectively.
Independent prognostic analysis found that patients treated with ME induction
regimen had poorer survival performance than those treated with AD regimen
and this fact indicated that AD regimen cannot be rudely replaced by ME regi-
men. In another study by Rowe ef al [29], three hundred and sixty-two older
adults with previously untreated AML were randomized to a subgroup of dau-

norubicin, idarubicin or mitoxantrone with a standard dose of cytarabine.

3. Nanomedicine

Liposomes, discovered in the 1960s by Dr. Alec D. Bangham, have been investigated
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Table 1. Part of favorable research about mitoxantrone.

Reference No.of Dose CR rates Drug-related  Characteristics Time range
patients (mg/m?) (number) death rates of AML patients
(number)
Sarah M. Larson 78 ARA 3 g/m’ daily for 2 days, 45% (35) 9% (7) High-risk 2001.5-2008.7
[21] MXR 60 mg/m? daily for 2
days
Marconi et al. 55 MEC-6/5/4 for 1 or 2 45.4% (25)" in 7.3% (4) R/R 2009.1-2018.6
[24] course(s) the 1¥ course
Franco Mandelli 2157 Cytarabine 25 mg/m? DNR 68.7% DNR8.9% (64), NA 1993.11-1999.12

etal [25]

immediately followed by 100 (495/721),
mg/m’ daily for 10 days plus MXR 69.8%
etoposide 100 mg/m? daily for (502/719),
5 days plus DNR 50 mg/m* or IDA 66.9%
MXR 12 mg/m? or IDA 10 (480/717)

MXR 10.0% (72),
IDA 10.3% (74)

mg/m? daily on days 1, 3, 5.

Lowenberg efal 489 DNR 30 mg/m?’ daily for 3 MTZ 46.6% MTZ21.1% Elder people 1986.4-1993.11
[23] days or MTZ 8 mg/m?® daily ~ (115/247), (52/247), DNR  (median age of 68

for 3 days, both plus ARA 100 DNR 38% 14.9% (36/242)  years)

mg/m’ daily for 7 days (92/242)

(repeat in two cycles),
followed by low-dose ARA 10
mg/m’ daily

Abbreviations: CR, complete remission; ARA, cytarabine; MXR, MTZ, mitoxantrone; MEC-6, mitoxantrone 6 mg/mz, etoposide
100 mg/m?, cytarabine 1 g/m’ daily for day 1 to day 6; MEC-5/4, same daily doses than MEC-6 but administered in a 5/4-day
schedule; R/R, relapse or resistant to conventional chemotherapy; DNR, daunorubicin; IDA, idarubicin.

in several pharmaceutical research as drug delivery systems [30]. By reason of
the pharmacokinetics and pharmacodynamics alternations, the encapsulation of
drugs inside liposomes improves their therapeutic effect [31]. Exploitation of the
enhanced permeability and retention (EPR) effect via administer of nanocon-
structs has been shown to consistently increase the fraction of the injected drug
dose that reaches the tumor tissue. In further explanation of that, pathological
tissue possessing more extravasation and deposition of macromolecular con-
structs thanks to larger fenestrations between the endothelial cells and thereby
reduces the level of systemic side effects [32] [33]. Obviously, the benefits of
these researches are seen in Doxil®, a liposomal formulation of doxorubicin [34].
Subsequently, CPX-351, a dual-drug liposomal encapsulation of cytarabine and
daunorubicin at a fixed 5:1 ratio, were recently approved by the US Food and
Drug Administration (FDA) for the treatment of adults with newly diagnosed
therapy-related AML or AML with myelodysplasia-related changes [35]. Despite
most research concentrated on liposomal doxorubicin and daunorubicin, there
were still several reports about Lipo-MIT. Li et al [36] encapsulated mitoxan-
trone into 60, 80 and 100 nm pegylated lipid vesicles and discovered that the
pegylated liposomal MIT (plm60) administered in KM mice showed at least 2 to
3 fold less toxic than free mitoxantrone (f-M). In L1210 ascitic tumor model, the
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accumulation of plm60 in almost all normal tissues markedly decreased but in-
creased in tumor zone conversely. Correspondingly, the half-life of plm60 was
also considerably increased, with a t,, of 16.2 - 19.0 h. This research certificated
that plm60 was the most valid dosage displaying a longest survival time com-
pared with plm80, plm100 and f-M. Meanwhile, antitumor efficacy of plm60 was
beyond f-M in vitro. Furthermore, the superior anticancer effect of liposomal
MIT than MIT and its dose-dependent activity saturation effect were mentioned
in a related article [37]. A dose-escalating phase I clinical trial of pegylated lipo-
somal mitoxantrone and conventional mitoxantrone injection (c-MI) was de-
signed to estimate safety and pharmacokinetics of plm60 [38]. Twenty patients
of various tumors were enrolled in this study. Only mild hematologic toxicities
were observed after plm60 injection at a dose of 10 mg/m® The toxicities in-
duced by plm60 at this dosage were less than c-MI. Two CR and one PR (partial
response) observed in non-Hodgkin’s lymphoma patients might remind of the
clue to potential efficacy. All three patients in c-MI group had stable disease.
Lipo-MIT was also applied in other fields, such as advanced breast cancer,
though there was no difference observed in ORR between two arms [19]. Com-
pared with MIT, Lipo-MIT showed a lower incidence of cardiovascular events
and myelosuppression, but higher incidence of anemia, skin hyperpigmentation
and fever. Lipo-MIT provided a different toxicity profile, which might be asso-
ciated with the altered distribution of the drug.

4. Conclusion

Though there were many treatment schedules including MIT, research yielded
separate conclusions. Some studies supported the efficacy of MIT, while others
had opposite results. Controversial efficacy of MIT compared to doxorubicin is
existing. We believe the comparison of this drug in different studies indicated
that a drug with a similar structure seems to be able to play a limited role in im-
proving the effect, and we must be cautious about the difference in experimental
results in different institutions. Liposomes are a promising evolutionary direc-
tion that provides higher drug dosage, lower toxicity, and better antitumor ef-
fect. Favorable research is limited to Lipo-MIT in leukemia cells in vivo. More

clinical trials are needed to estimate feasibility of Lipo-MIT in AML patients.
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