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Cardiac safety and antitumoral activity of a new nitric oxide
derivative of pegylated epirubicin in mice

Luca Santucci®, Andrea Mencarelli®, Barbara Rengab, Daniela Ceccobelli®,
Gianfranco Pasut®, Francesco M. Veronese®, Eleonora Distrutti®

and Stefano Fiorucci®

The use of epirubicin is limited by the risk of a dilatory
congestive heart failure that develops as a consequence of
induction of a mitochondrial-dependent cardiomyocyte
apoptosis. In a previous in-vitro study, we have provided
evidence that a new formulation of pegylated epirubicin-
bearing moieties that release nitric oxide, named BP-747,
exerted a potent antitumoral activity against a colon cancer
cell line, which was completely devoid of cytotoxic activity
against cardiomyocytes. The aim of this study was to
investigate the antitumoral and cardiotoxic profile of
BP-747 in Caco-2 and SKOV-2 tumor-bearing mice.
Epirubicin-induced cardiomyopathy was detected by
clinical (survival, weight loss), anatomical (heart weight
loss) and biochemical evaluations (measurement of serum
troponin and creatine phosphokinase levels). The
antitumoral activity was investigated by the measurement
of tumor diameters and weight. In comparison with free
epirubicin and pegylated epirubicin, BP-747 showed more
potent antineoplastic effects, as demonstrated by the 95%
reduction of tumor volume. Moreover, while administration

Introduction

Anthracyclines, such as doxorubicin and epirubicin (EPI),
are clinically effective and widely employed antineoplastic
drugs used in the treatment of hematologic malignancies,
including leukemia and lymphoma, and solid tumors, such
as breast cancer [1,2]. Their use, however, is limited by the
risk of a delayed, life-threatening and irreversible form of
dilatory congestive heart failure, with a mortality that
exceeds 50% within 2 vyears [3-5]. Mechanistically,
anthracycline-induced cardiomyopathy involves the genera-
tion of free radicals [6-10] and selective inhibition of
cardiac-specific genes involved in cardiac development and
function, such as CARP and SERCA2 [11-13], leading to
extensive cardiomyocyte apoptosis.

A body of evidence suggests that modifications of existing
anthracyclines might be an effective strategy for generat-
ing effective drugs with reduced cardiotoxicity [14].
Liposome encapsulation of pegylated (PEG) doxorubicin
is an effective method, and several preclinical and clinical
comparative studies have demonstrated that this deriva-
tive is less cardiotoxic than the free drug and also
provides comparable or better objective clinical responses
[15,16]. The different safety profile of liposome PEG
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of epirubicin and pegylated epirubicin resulted in the
development of a severe anthracycline cardiomyopathy,
BP-747-treated mice were virtually devoid of clinical and
biochemical signs of cardiotoxicity. The present data
provide evidence that addition of a nitric oxide-releasing
moiety to pegylated epirubicin confers a new and
unique cytotoxic profile to the drug. Anti-Cancer Drugs
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doxorubicin is probably related to its modified pharma-
cokinetic, resulting in a reduced cardiac uptake and in a
longer plasma half-life of doxorubicin [17,18].

Nitric oxide (NO) protects endothelial cells and cardio-
myocytes from apoptosis induced by oxidative stress and
doxorubicin [19-24] and increases the antitumoral
activity of several agents, including doxorubicin [25],
cisplatin [26], melphalan [27], fludarabine [28] and
nonsteroidal antiinflammatory drugs [29,30]. In the
search of a new approach to limit anthracycline cardio-
myopathy, we hypothesized that a PEG conjugate of EPI-
bearing moieties that release NO would result in a new
chemical entity (NO-PEG-EPI, named BP-747) that
possesses either the advantage of drug pegylation and the
cardio-protective and antitumoral properties of NO. We
have previously shown that, in comparison with free EPI
and pegylated EPI (p-EPI), BP-747 exerts a more potent
antitumoral activity against the colon cancer cell line
Caco-2, while sparing both endothelial cells and cardio-
myocytes from EPI-induced cell apoptosis [31]. In this
study we have investigated whether BP-747 maintains
these properties also # wvivo using two experimental
models of solid cancer in mice.
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Materials and methods

Drug and animals

EPI was purchased from Tide Corporation (Hangzhou,
PRC). BP-747 was synthesized as detailed elsewhere
[31]. BALB/c and nude Swiss mice were from Charles
River Laboratories (Monza, Italy), and were maintained
under specific pathogen-free conditions in the Animal
Care Facility of the University of Perugia. Protocols were
approved by the Animal Study Committees of the
University of Perugia according to governmental guide-
lines for animal care.

Toxicity studies

Tumor-free BALB/c mice (6-8 mice per group) were used
to compare the toxicity of single high doses of EPI, p-EPI
and BP-747. Sterile solutions of the drugs in 0.9% (w/v)
NaCl were administered intraperitoneally as a single
bolus injection of 10 or 20 mg/kg equivalent amount of
EPI. Body weight and mortality were recorded daily for 28
days. At the end of the study period, surviving mice were
killed, and blood and hearts were harvested.

Histological analysis

Mice were killed, and their hearts were immediately
removed and fixed in 10% buffered formalin, dehydrated
in graded ethyl alcohol, and embedded in paraffin.
Sections of 4 um thickness were stained with hematox-
ylin/eosin (H/E) or Sirius red (0.1% solution in saturated
aqueous picric acid). The H/E-stained sections were
analyzed under light microscopy for histopathological
assessment. The degree of lesions on microscopic cross-
sections of the heart was graded semi-quantitatively
according to Working ez a/. [17] from 1 to 4: grade 1: very
slight degree of change (scattered, single myocardial
fibers affected); grade 2: slight degree of change
(scattered small groups of altered myocardial fibers
throughout the myocardium); grade 3: moderate degree
of change (disseminated myocardial fiber change with
occasional focal unaffected areas); grade 4: marked degree
of change (confluent groups of affected fibers, most
myocardial fibers affected). For the Picrosirius red
staining, the sections were stained with 0.1% Sirius red
F3BA and 0.25% Fast green FCE

Serum troponin and creatine phosphokinase
measurements

Myocardial injury was detected by measuring cardiac
troponin and creatine phosphokinase (CPK) levels in
serum from venous blood samples. The blood samples
were centrifuged, and the serum was stored at —80°C
until assayed. Serum cardiac troponin and CPK levels
were measured using a Hitachi 717 automatic analyzer
(Hitachi; Tokyo, Japan).

Measurements of heart caspases 3, 8 and 9
Mice were killed and hearts were removed; they were
then homogenized in cell lysis buffer with a tissue

homogenizer. The homogenated tissue was washed with
lysis buffer, and 250 pg of these lysates was evaluated for
caspases 3, 8 and 9 activities using specific assay kits (for
caspases 3 and 8: Caspase Apoptosis Detection Kit, Santa
Cruz, California, USA; for caspase 9: ApoAlert Caspase
Assay Kit, Clontech, Palo Alto, California, USA).

TUNEL assay

Terminal transferase dUTP nick end-labeling (TUNEL)
assay was performed to detect apoptosis in cardiac
sections. Briefly, after pretreatment with proteinase K
(20 pg/ml) and 3.0% hydrogen peroxide, paraffin-fixed
slides were treated with a digoxigenin—dN'TP complex for
1 h at 37°C (ApopTag Plus Peroxidase in Situ Apoptosis
Detection Kit; Chemicon International, Temecula, Cali-
fornia, USA). This complex binds to free 3-OH termini of
nucleosome-sized DNA fragments that are formed during
apoptosis and it is detected by anti-digoxigenin conjugate
antibody. The bound complex was stained with a 3,3'-
diaminobenzidine-based substrate. The slides were
counterstained with 0.5% methyl green in 0.1 mol/l
sodium acetate, dehydrated in xylene, mounted and
examined by light microscopy. Mouse mammary tissue
served as a positive control.

Murine solid tumor models

The human colon cancer cell line Caco-2 and the human
ovarian cancer cell line SKOV-2 were purchased from
American Type Culture Collection (Rockville, Maryland,
USA) and were cultured in RPMI 1640 supplemented
with 10% fetal calf serum at 37°C in a 5% CO,
atmosphere. Caco-2 or SKOV-2 cells were injected
subcutaneously in the left dorsal flank (1 x 10° cells per
mouse) of 6- to 8-week-old Swiss nude male and female
mice, respectively. Mice were monitored daily and tumor
volume was measured with a caliper using the following
formula: volume (mm?®) = length x width?/2. When the
tumors had grown to about 5x 5mm size, mice were
randomly allocated in the treatment groups (6-8 animals
per treatment group) such that the average volume of
tumor in all the groups was about 100 mm’. Mice were
then treated intraperitoneally for 4 consecutive weeks
with saline, EPI (5 mg/kg/week), p-EPI (5 mg/kg/week
equivalent amount of EPI) or BP-747 (2.5 and 5 mg/kg/
week equivalent amount of EPI). Body weight, mortality
and tumor size were recorded until day 28, at which time
surviving mice were killed and blood, heart and tumor
were harvested.

Real-time reverse transcription-polymerase chain
reaction

After killing the mice, the hearts and tumors were
removed, weighed, immediately snap-frozen in liquid
nitrogen and stored at —80°C until assayed. Total RNA
was processed directly to cDNA by reverse transcription
with Superscript III (Invitrogen, Milan, Italy). Quantifi-
cation of the expression of mouse genes in heart tissue
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was performed by quantitative reverse transcription
polymerase chain reaction (RT-PCR), using the following
sense and antisense primers: CARP, 5'-gccaaggacagagaag-
gagac-3' and 5'-tgcgagagtrcttgtaggeat-3’ and SERCA-2, 5'-
gtggaacctetgeegeteat-3’  and  5'-acgeacccgaacacccttat-3'.
Quantification of the expression of human genes in colon
carcinoma tissue was performed by quantitative reverse
transcription-polymerase chain reaction (RT-PCR), using
the following sense and antisense primers: survivin:
5'-acatctgtcacgttctecacac-3’  and  5'-atccatcatcttacgeca-
gact-3'; Bel-2: 5-atgtgtgrggagagegreaa-3’ and 5-atcac-
caagtgcacctacce-3'; Bax: 5'-ggggacgaactggacagtaa-3’ and
5'-cagttgaagttgecgtcaga-3'; galectin-1: 5'-gacgctaa-
gagettegtget-3’ and 5'-gcacacctctgeaacactte-3’' and p53:
5'-gttccgagagetgaatgagg-3’ and 5'-tctgagteaggecctectgt-3'.
All PCR primers were designed using PRIMER3-OUT-
PUT software using published sequence data from the

National Center for Biotechnology Information database.
Total RNA was isolated from specimens by TRIzol
reagent (Invitrogen). One microgram of purified RNA
was treated with DNase 1 for 15 min at room tempera-
ture, followed by incubation at 95°C for 5min in the
presence of 2.5mmol/l ethylenediaminetetraacetic acid.
The RNA was reverse transcribed with Superscript 11
(Invitrogen) in 20pl reaction volume using random
primers. For quantitative RT-PCR, 100 ng of template
was dissolved in a 25pl containing 0.3 pmol/l of each
primer and 12.5 pl of 2XZ SYBR Green PCR Master mix
(Bio-Rad, Hercules, California, USA). All reactions were
performed in triplicate and the thermal cycling conditions
were as follows: 2 min at 95°C, followed by 50 cycles of
95°C for 10s and 60°C for 30s in an iCycler iQ
instrument (Bio-Rad). The mean value of the replicates
for each sample was calculated and expressed as the cycle
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Effect of BP-747 on anthracycline cardiomyopathy. BALB/c mice (10 per group) were given saline, free EPI (10 or 20 mg/kg), p-EPI (10 or 20 mg/kg
equivalent amount of EPI) or BP-747 (10 or 20 mg/kg equivalent amount of EPI) as a single intraperitoneal bolus injection and followed for 21 days to
evaluate mortality (a) and weight (b). At the end of the study period, surviving mice were killed, and heart weight (c) and serum cardiac enzymes (d)

were determined. *P<0.05 versus saline and BP-747-treated animals. **P<0.05 versus all groups. EPI, epirubicin; p-EPI, pegylated epirubicin;

CPK, creatine phosphokinase.
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Fig. 2

<

Histological score

Effect of BP-747 on anthracycline-induced heart pathological changes. Hematoxylin/eosin stained histological sections of the left ventricular

myocardium from a saline-treated mouse (a; original magnification, x 200) and from a mouse killed 21 days after the administration of 20 mg/kg free
EPI. Note the cytoplasmic vacuolization (arrows) (b; original magnification, x 200). (c) Histological score of heart harvested from mice killed 21 days
after drug administration (six to eight mice per group). *P<0.05 versus all groups; **P<0.05 versus EPI and p-EPI-treated mice. (d—g) Sirius red
staining of heart collagen content. Original magnification, x 200. BALB/c mice were given saline, free EPI (20 mg/kg), p-EPI (20 mg/kg equivalent
amount of EPI) or BP-747 (20 mg/kg equivalent amount of EPI) as a single intraperitoneal bolus injection and killed 21 days after drug administration.

EPI, epirubicin; p-EPI, pegylated epirubicin.

threshold (Cr); cycle number at which each PCR reaches
a predetermined fluorescent threshold, set within the
linear range of all reactions. The amount of gene
expression was then calculated as the difference (ACt)

between the G value of the sample for the target gene
and the mean Cr value of that sample for the endogenous
control (glyceraldehyde-3-phosphate  dehydrogenase).
Relative expression was calculated as the difference
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Effect of BP-747 on anthracycline-induced cardiomyocyte apoptosis. TUNEL staining in ventricles from BALB/c mice treated with saline (a,
magnification x 200), 20 mg/kg free EPI (b and ¢, magnification x 200 and x 400, respectively), 20 mg/kg p-EPI (d, magnification x 200) and
20 mg/kg BP-747 (e, magnification x 200). (f) Effect of BP-747 on anthracycline-induced heart caspases activation. *P<0.05 versus saline and BP-
747-treated mice. (g) Effect of BP-747 on heart CARP and SERCA2 mRNA expression. Mice were injected with a single dose of saline, 20 mg/kg
free EPI, p-EPI and BP-747, and killed after 21 days. Data are the mean + SE of four to six mice per group. *P<0.05 versus saline and BP-747-
treated mice. **P<0.05 versus all groups. EPI, epirubicin; p-EPI, pegylated epirubicin.

(AACt) between AC+ values of the test control sample
for each target gene. The relative expression level was
expressed as 2AACt:

Statistical analysis

All values in the figures and text are expressed as
mean * SE. The variation between data sets was tested
with analysis of variance and the significance was tested
with unpaired #-tests, with a Bonferroni modification for
multicomparison of data. Differences were considered
significant when P < 0.05

Results

Effect of BP-747 on anthracycline cardiomyopathy

We have first investigated the heart toxicity of a single
injection of high doses of EPI, p-EPI and BP-747 in
normal, tumor-free, BALB/c mice. Mice treated with free
EPI (10 and 20mg/kg) developed severe signs of
anthracycline cardiomyopathy, characterized by signifi-
cant mortality (Fig. 1a), loss of body weight (Fig. 1b),
general lethargy, ascites and hepatic enlargement. More-
over, EPI administration caused a 40-50% reduction of
heart weight (from 196 = 8 mg in saline-treated mice to
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In-vivo antitumor effects of BP-747. Nude Swiss mice bearing Caco-2 (a and b) or SKOV-2 (c and d) xenografts were randomly allocated in the

treatment groups (eight animals per treatment group) such that the average volume of tumor in all the groups was about 100 mm?. Mice were then
treated intraperitoneally for 4 weeks with saline, free EPI (5 mg/kg/week), p-EPI (6 mg/kg/week equivalent amount of EPI) or BP-747 (2.5 and 5 mg/
kg/week equivalent amount of EPI). One week after the administration of the last dose, mice were killed, and tumor excised and weighed. Data are
the mean £ SE of six to eight mice per group. *P<0.05 versus saline-treated mice; **P<0.05 versus all groups. EPI, epirubicin; p-EPI, pegylated

epirubicin.

114 = 25 mg and 105 = 20 mg in mice treated with 10 and
20 mg/kg EPI, respectively, P < 0.01) (Fig. 1¢), and 30%
reduction of heart/body weight ratio (data not shown) in
comparison to saline-treated mice. Serum troponin and
CPK levels were markedly increased by EPI treatment
(Fig. 1d). In comparison with free EPI, p-EPI showed a
safer cardiotoxic profile; however, a significant cardiomyo-
pathy was still evident as demonstrated by the marked
reduction in heart weight (Fig. 1¢), and increased serum

levels of troponin and CPK (Fig. 1d). Conversely, BP-747-
treated mice showed no clinical and anatomical signs of
anthracycline cardiomyopathy (Fig. la—c) and normal
serum cardiac enzyme levels (Fig. 1d).

Histological injury

Histology of the hearts from EPI-treated animals revealed
the typical findings associated with anthracycline
cardiomyopathy in humans: myocyte loss, myofibrillar



Cytotoxic profile of a new NO derivative of epirubicin Santucci et al. 7
Fig. 5
(a) (b) 190+
— 110+
©
0
@
0
£ 100+
—_ 2]
[ 5}
S —a— EPI 5.0 mg/kg/week >
@ 0ad | & p-EPI 5.0 mg/kg/week 3:/ 90 1
N <
—0—BP-747 2.5 mg/kg/week _% - Saline
—0—BP-747 5.0 mg/kg/week = 80- —a— EPI 5.0 mg/kg/week
0.2 —n— p-EPI1 5.0 mg/kg/week
—o— BP-747 2.5 mg/kg/week
0.0- 704 |—0— BP-747 5.0 mg/kg/week =
r T T T T T T T I T T T T
0 4 8 12 16 20 24 28 0 7 14 21 28
* Time (days) T Time (days)
Drugs Drugs
(c) ) - o1
2500 0.15
200 -
i T
180 T 2000 §
160 B} .
B - 010 £
£ e s 1500 o1 ?Em
= 1204 * 2 £
X =
3 1001 o) g
E 804 1000 - S
§ r0.05 =
T 60+
40 1 500 A
20
0 0- ~0.00

—— Saline = EP| 5.0 mg/kg/week === p-EPI 5.0 mg/kg/week == BP-747 2.5 mg/kg/week == BP-747 5.0 mg/kg/week

Effect of chronic administration of BP-747 on anthracycline cardiomyopathy. Swiss nude mice bearing Caco-2 xenografts were treated for 4 weeks
with saline, free EPI (5 mg/kg/week), p-EPI (5 mg/kg/week equivalent amount of EPI) or BP-747 (2.5 and 5 mg/kg/week equivalent amount of EPI).
Mice were followed for 28 days to evaluate mortality (a) and weight (b). At the end of the study period, surviving mice were sacrificed, and heart
weight (c) and serum cardiac enzymes (d) determined. *P<0.05 versus saline and BP-747-treated animals. **P<0.05 versus all groups. §£<0.05
versus EPI and BP-747-treated mice. EPI, epirubicin; p-EPI, pegylated epirubicin.

degeneration and extensive cytoplasmic vacuolization
(Fig. 2b). Lesions were observed in almost all examined
areas (Fig. 2¢). These changes were partially attenuated
by EPI pegylation, while BP-747-treated mice were
devoid of significant histological damage (Fig. 2c). In
addition, Sirius red staining demonstrated a significant
attenuation of heart fibrosis in both p-EPI- and BP-747-
treated mice when compared with mice treated with
20 mg/kg free EPI (Fig. 2d-g).

Effect of BP-747 on cardiomyocyte apoptosis and heart
CARP and SERCA2 expression

Confirming previous studies EPI administration resulted
in a marked increase of apoptotic, TUNEL-positive,

ventricle cells (Fig. 3b and c¢). A similar pattern was
observed in animals exposed to p-EPI (Fig. 3d). In
contrast, the number of TUNEL-positive cells in BP-747-
treated mice was similar to that of control mice (Fig. 3e).
Consistent with the results of the TUNEL assay, EPI and
p-EPI caused a robust induction of caspases 3, 8 and 9
activities (Fig. 3f), an effect that was not observed in
animals treated with BP-747 (Fig. 3f).

Confirming previous studies, we found that EPI admin-
istration downregulates both CARP and SERCAZ mRNA
expression, two of the genes that are specifically
modulated in anthracycline-induced cardiomyopathy.
CARP and SERCAZ2 downregulation was only partially
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Effect of BP-747 on p53, Bax, Bcl-2, survivin and galectin-1 mRNA colon tumor expression. Swiss nude mice bearing Caco-2 xenografts were
treated for 4 weeks with saline, free EPI (6 mg/kg/week), p-EPI (5 mg/kg/week equivalent amount of EPI), or BP-747 (5 mg/kg/week equivalent
amount of EPI). One week after the last injection of the drug, mice were killed, and tumor excised, immediately snap-frozen in liquid nitrogen and
processed for RNA extraction as described in Materials and methods. Data are the mean * SE of four to six mice per group *P<0.05 versus saline
and BP-747-treated mice. **P<0.05 versus EPI and p-EPI-treated mice; §£<0.05 versus all groups. EPI, epirubicin; p-EPI, pegylated epirubicin.

prevented by EPI pegylation (Fig. 3g). In contrast,
BP-747 completely protected against EPI-induced
downregulation of heart CARP and SERCAZ mRNA
expression (Fig. 3g).

In-vivo antitumor activity of BP-747

The antitumor activity of BP-747 was investigated in
nude Swiss mice bearing Caco-2 or SKOVZ tumor
xenografts. After establishment of palpable tumors (mean
tumor volume 100 mm?) animals were randomly treated
with one of the investigational drugs at the indicated
doses for 4 weeks. At the dose of 2.5 and 5.0 mg/kg/week,
BP-747 reduced tumor volume and weight by 85 and 95%,
respectively (Fig. 4a and b; P < 0.01 versus free EPI and
p-EPI). Interestingly, 40% of mice treated with 5 mg/kg
BP-747 showed a complete regression of the palpable
tumor. Similar results were obtained in the SKOV-2
model of xenograft, where BP-747 displayed a significant
more potent antitumor activity in comparison with free
EPI and p-EPI (Fig. 4c and d).

As observed in the acute toxicity protocol, chronic
administration of free EPI in tumor-bearing nude mice
resulted in the development of clinical, anatomical and

biochemical signs of cardiomyopathy, that were only
partially reduced by drug pegylation (Fig. 5a—d). Again, in
mice treated with BP-747 the clinical, biochemical and
anatomical signs of anthracycline-induced cardiomyo-
pathy were virtually absent (Fig. 5a—d).

Finally we investigated the molecular mechanisms of
antitumoral activity of BP-747 in colon cancer xenografts.
In comparison with EPI and p-EPI, BP-747 administra-
tion increased mRNA expression of the proapoptotic
proteins Bax and p53, whereas it reduced the mRNA
expression of the antiapoptotic protein Bcl-2 (Fig. 6).
Confirming and expanding previous in-vitro results, we
found that EPI administration resulted in a robust
induction of survivin  mRNA expression, an antia-
poptotic protein involved in cancer resistance against
chemotherapy agents. In contrast, administration of
BP-747 resulted in a reduction of survivin mRNA
expression to levels significantly lower than control
(P<0.05) (Fig. 6). Finally, we found that BP-747
downregulated galectin-1 mRNA expression in colon
cancer tissue, a protein that has been correlated with
colon cancer growth and metastasis (P < 0.05 versus EPI
and p-EPI).
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Discussion

Anthracyclines are extensively used in the treatment of
solid cancers, including breast and ovarian cancer, and
hematological malignancies such as lymphoma [1,2]. The
clinical use of these agents, however, results in a
condition called ‘anthracycline cardiomyopathy’ in ap-
proximately 50% of patients [3]. Several formulations of
anthracyclines have been developed to improve their
delivery to tumors and to decrease cardiotoxicity [14].
One of the most investigated is PEG liposomal doxo-
rubicin and recently a commercial formulation has been
approved by the US Food and Drug Administration for
the treatment of ovarian cancer and Kaposi’s sarcoma
[32,33]. Here we report on the antitumoral and
cardiotoxic effects of a new anthracycline formulation in
which the doxorubicin derivative EPI is complexed to a
PEG molecule bearing NO-releasing groups [31]. As for
the PEG liposomal doxorubicin, the rationale for the use
of PEG in the BP-747 molecule was to prolong the plasma
half-life of EPI, and to increase the penetration and
accumulation of the chemotherapy agent into the
tumor [33]. In addition, the new formulation takes
advantage from the well-known cardio-protective and
antitumoral properties of NO [19-30]. In a preliminary
study we have found that BP-747 exerts a more potent
antitumoral activity in the colon cancer cell line Caco-2 in
comparison with free EPI and p-EPI, while it is virtually
devoid of cytotoxicity against endothelial cells and
cardiomyocytes [31]. Strikingly, here we demonstrate
that BP-747 shows a very safe cardiotoxic profile also
in vivo while providing a more potent antitumoral activity
in two experimental models of solid tumors in comparison
with free EPI or p-EPI. As mice treated with p-EPI
still developed a clinically relevant cardiomyopathy,
it can be concluded that the addition of the NO-releasing
molecule to the PEG backbone 1is necessary to
obtain a safe cardiac profile and confirms previous
studies demonstrating that doxorubicin-induced cardio-
myopathy is exacerbated in inducible NO synthase-
deficient mice [24].

A number of in-vitro and in-vivo data support the notion
that EPI-induced cardiomyopathy is the result of cardio-
myocytes apoptosis [33]. Consistent with these findings,
we found that administration of free EPI resulted in
massive cardiomyocyte apoptosis; in contrast, in BP-747-
treated mice the number of TUNEL positive cells were
similar to control mice. This antiapoptotic effect was
correlated to a remarkable inhibition of heart caspases
activation by BP-747, in particular caspase 3 activation that
was completely inhibited. As NO inhibits caspases activa-
tion and apoptosis in several cellular systems through the
S-nitrosylation of critical cysteine residues on the protein
[34-39], we speculate that the inhibition of heart caspases
activation by BP-747 is mainly related to the NO-releasing
moiety of the molecule. Therefore, we conclude that

inhibition of apoptosis through the NO-dependent pre-
vention of heart caspases activation is the main mechanism
underlying the protective activity of BP-747 against
anthracycline-induced cardiomyopathy.

Several cardiac-specific genes that are involved in the
structural integrity and function of cardiomyocytes appear
particularly susceptible to anthracyclines [11-13]. Con-
firming previous results, here we found that in-vivo
administration of free EPI resulted in a marked down-
regulation of CARP and SERCA2 mRNA, which was only
partially prevented by drug pegylation. On the other hand,
BP-747 administration almost completely restores the
mRNA expression of these sarcomeric proteins, suggesting
a further cardioprotective mechanism against anthracy-
cline-induced cardiomyopathy. The mechanism through
which BP-747 prevents CARP and SERCA2 downregula-
tion is at the moment unknown; however, the NO-
releasing molecules seem to play a role also in this effect,
as suggested by the fact that EPI pegylation alone failed to
prevent mRNA downregulation and that the NO donor
dinitrosyl iron complex increases SERCAZ gene expression
in myocardial and skeletal muscles [40].

Whereas significant cardiotoxicity was not observed, BP-
747 showed a potent antitumoral activity in both models
of xenografts, confirming and strengthening the in-vitro
results [31]. It can be speculated that the different
cytotoxic profile of BP-747 in vivo is related to the ability
of NO to activate the mitochondrial pathway of apoptosis
selectively in highly proliferative cells, such as neoplastic
cells [41,42]. This is confirmed by the observation that in
cancer tissue harvested from BP-747-treated animals, the
levels of Bax and p5S3 mRNA was markedly upregulated,
while the levels of Bcl-2 mRNA were downregulated in
comparison with free EPI.

Survivin, a member of the inhibitors of apoptosis proteins
family that is expressed in most human tumor cells, is an
antiapoptotic protein that has been implicated in cancer
resistance against chemotherapy agents [43]. Interest-
ingly, survivin overexpression confers protection to cancer
cells from anthracycline-induced apoptosis and treatment
with antisense survivin renders neoplastic cells suscep-
tible to apoptosis induced by these drugs [44]. Consis-
tent with the findings obtained with NO donors in
human lung cancer cell lines [45] and with BP-747 in the
Caco-2 cell line [31], here we found that BP-747
downregulates mRNA survivin in colon cancer tissue,
suggesting that this effect may represent an additional
molecular mechanism underlying the potent antineoplas-
tic activity of this new anthracycline derivative. Finally,
we found that BP-747 exerted an interesting inhibitory
effect also on colon cancer galectin-1 mRNA expression.
As galectin-1 expression has been correlated to colon
cancer growth and metastasis [46,47], this effect may be
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part of the anticancer activity of BP-747 in colon cancer
xenograft growth.

In conclusion, in this study we have provided evidence
that the addition of an NO-releasing moiety to pegylated
EPI confers to the drug a new cytotoxic profile # vivo.
Indeed, while NO increases the antitumoral activity of
the chemotherapy agent, it confers protection against the
development of anthracycline cardiomyopathy, suggesting
a potential utility of this agent in human cancers.
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