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ABSTRACT

An experimental model of mild, subchronic doxorubicin cardiotoxicity
in mice was investigated by monitoring changes of biochemical parame
ters related to cell response against oxidative stress in both liver and
heart. A specific increase of the lactate dehydrogenase isoenzyme typical
of the heart was observed for doxorubicin-treated mice. Lipid peroxida-
tion, as evaluated by malondialdehyde determination, and catalase activity
were greatly increased in heart and unaffected in liver. On the other hand,
these changes can be considered as indicative of early heart damage
induced by doxorubicin. Glutathione, glutathione peroxidase, and 6-
phosphogluconate dehydrogenase values were not significantly altered by
the treatment and glucose-6-phosphate dehydrogenase increased in both
liver and heart. Administration of fructose-l,6-bisphosphate strongly
reduced the increase of plasma lactate dehydrogenase, heart lipid per-
oxidation, and heart catalase while no effect on the diagnostically irrele
vant increase of glucose-6-phosphate dehydrogenase was observed. The
inhibitory effect on the onset of biochemical modification typical of early
subchronic doxorubicin cardiotoxicity may be related to stimulation of
ATP synthesis by fructose-l,6-bisphosphate and is therapeutically prom
ising in view of the lack of toxicity of fructose-l,6-bisphosphate as a
drug.

INTRODUCTION

Cytotoxic effects of DXR3 have found a wide and useful

application in cancer chemotherapy. A great deal of evidence
points to disparate biochemical mechanisms as possible candi
dates to explain these effects: direct DNA attack by base inter
calation (1); oxygen free radical-mediated DNA cleavage (2);
direct action on membranes (3), possibly mediated by interac
tion with either membrane lipids (4) or proteins (5-7); and
production of the DXR semiquinone by one-electron reduction
of the drug in mitochondria and microsomes (8-11), resulting
in subsequent reaction with molecular oxygen and release of
reactive products of incomplete oxygen reduction (OÃ,OH â€¢,
H2O2, hereafter referred to as oxyradicals). The last mechanism
is particularly important as far as DXR-induced cardiotoxicity
is concerned (12-14). In fact, the heart has a greater suscepti
bility to oxidative stress than other tissues because of its rela
tively lower activity of enzymes that remove oxyradicals, such
as Superoxide dismutase, catalase, and glutathione peroxidase
(15).

In the present work some biochemical parameters, which are
related to the cell oxidative damage, have been investigated in
an animal model of subchronic DXR treatment, F-1,6-P2, a
metabolic intermediate which stimulates glycolysis and ATP
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synthesis when administered at pharmacological doses (16, 17),
was tested as a possible protective agent against DXR cardi
otoxicity. In fact, heart damage by DXR is known to be asso
ciated with an impairment of mitochondrial functions including
ATP synthesis (18). A possible protection was taken into con
sideration also in view of other effects of F-1,6-F2 which may
be of relevance in this context, such as inhibition of DXR-
induced histamine release (19) and inhibition of oxyradical
generation by PMNLs (20).

MATERIALS AND METHODS

Animals

CD-I mice of either sex (Charles River Italia, Calco, Italy) were
purchased at about 15 g of weight and monitored prior to the experi
ments until they reached the fixed weight of 19-21 g. They were fed
with a standard laboratory diet and water ail libitum in a controlled
environment.

Chemicals

DXR was kindly supplied by Farmitalia Carlo Erba, Milan, Italy. F-
l.iil'. (Esafosfina) was supplied by Biomedica Foscama, Rome, Italy.

Glutathione reducÃase,NADPH, NADP, NADH, reduced and oxidized
glutathione, G-6-PDH and 6-P-GDH were purchased from Boehringer,
Mannheim, West Germany. 5,5-Dithio-(2-nitrobenzoic acid) was pur
chased from Fluka, Buchs, Switzerland. 2-Thiobarbituric acid was
obtained from Merck, Darmstadt, West Germany. All other reagents
were of the highest purity available from commercial sources.

Experimental Procedure

Drug Administration Protocol. Animals were randomly divided into
two groups, one of which was treated with F-1,6-P2 (750 mg/kg b.w.),
while the other one was treated with identical volumes of 0. l S M NaCl.
Animals were injected i.p. every day at S-day intervals until sacrifice
(animals were not treated during the weekend). Twenty min after the
daily injection of either F-1,6-P2 or NaCl, DXR (2 mg/kg b.w.) was
administered i.p. twice a week, for 1-4 weeks, up to a final maximum
cumulative dose of 16 mg/kg b.w., 53.4 mg/m.2 In order to have a final

number of 10 animals for each of the 4 weeks of treatment and to assay
biochemical parameters within 24 h after animal death the following
procedure was adopted: 16 animals were randomly divided into two
groups, one for the DXR + NaCl treatment and another one for the
DXR + F-1,6-P2 treatment. Two animals of each treatment group were
sacrificed after 1, 2, 3, and 4 weeks of DXR administration. This
administration protocol was repeated five times until the number of 10
animals for each week of both treatment groups was reached. The
control values of the various parameters were defined as the values that
were determined in 20 animals which did not receive any treatment.

Collection of Samples and Biochemical Assays. Mice were sacrificed
by decapitation. Blood was collected in heparinized tubes and centri-
fuged at 500 x g for 10 min. Plasma was used for the determination of
LDH activity (21) and characterization of LDH isoenzymes (22).
Hearts and livers were quickly removed, extensively washed with ice-
cold 0.15 M KC1, and then frozen in liquid nitrogen within 3 min after
animal death. Homogenization in ice-cold 0.15 M KC1 in an Ultra
Turrax homogenizer (Janke & Kunkel) at the maximum speed of 12,000
rpm/min gave 10% homogenates (w/v). Aliquots were withdrawn for
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protein determination (23), hemoglobin determination (24), and lipid
peroxidation analysis. The hemoglobin content was less than 0.1% (w/
v) indicating that the extent of contamination by erythrocytes was
irrelevant. Total lipid peroxidation was estimated by the TBA test (25)
and expressed as nmol MDA/g protein using a molar extinction coef
ficient of 1.53 x 105/M/cm at 533 nm wavelength. 1% Triton X-100

was added to the samples for the other assays. Total SH group reactivity
was determined by DTNB reaction (21) and was taken as a good
approximation for the GSH content of various tissues, other thiols
being present at much less concentration than GSH in all tissues
examined (26); G-6-PDH, 6-P-GDH, Se-dependent GSH peroxidase
and catalase were assayed according to Beutler (21) directly in homog-
enates, after a proper dilution that depended on the enzyme and tissue
examined, ranging from 1:1 for heart and liver G-6-PDH, 6-P-GDH,
and Se-dependent GSH peroxidase to 1:250 for liver catalase. Enzyme
activities were expressed as units (I I: /Â¿molsubstrate consumed/min/g
protein. All assays were carried out spectrophotometrically with a
Beckman DU-8 instrument in single hearts or livers of each animal.
I I )l I isoenzymes were determined in plasma by electrophoresis on
cellulose acetate strips and densitometric analysis of the electrophoretic
band (22). AUCs of the different LDH isoenzymes were calculated with
an LKB 2202 Ultroscan Laser Densitometer.

Statistical analysis of the data was performed with the Wilcoxon
rank-sum test for independent samples. AUC comparisons for the
different LDH isoenzymes were performed with the Newman-Keuls
test, which is more suitable for statistical analysis of areas.

RESULTS

Effects of Doxorubicin Administration on Biochemical Param
eters of Oxidative Damage in Heart and Liver. The effects of
DXR administration protocol were studied by monitoring some
biochemical parameters that are related to cell oxidative stress,
such as total lipid peroxidation, GSH, GSH peroxidase, cata
lase, G-6-PDH, and 6-P-GDH. The results obtained with liver
and heart homogenates are reported in Tables 1 and 2. Total
lipid peroxidation was dramatically increased in heart through
the entire DXR treatment period. The highest value (88.64
nmol MDA/g protein) was recorded at 4 weeks and was more
than three times the basal value of untreated animals (/'<().()!).

In liver the changes observed did not reach statistical signifi
cance beside two single values, for lipid peroxidation (third

week) and G-6-PDH (fourth week), respectively. A slight, but
significant, increase of G-6-PDH activity was observed in heart
at all weeks of DXR treatment, while 6-P-GDH activity was
unaffected. No significant changes in GSH peroxidase were
detected, while a marked increase of catalase activity was ob
served in heart, where this enzyme activity at the fourth week
of DXR administration was 2.5 times the value determined in
untreated animals (P < 0.001).

In summary, the results show a steady and parallel increase
of MDA and catalase in heart during the 4 weeks of DXR
treatment, while G-6-PDH was twice the value of untreated
animals after 1 week of DXR administration, reaching a plateau
value in the second week.

Effect of DXR Administration on Plasma LDH. Fig. 1 shows
that DXR administration induced a significant increase of
plasma LDH activity, which was assayed as a marker of tissue
damage, at all weeks of the experimental protocol (P < 0.001,
with respect to value of untreated animals). Analysis of electro
phoretic patterns (Table 3) showed that the heart isoenzyme
(LDHi) increased significantly at all times of DXR administra
tion (P < 0.001) with maximal rise in the first week. On the
contrary, the liver isoenzyme (LDH5) increased only at the final
stage of DXR treatment (P < 0.01).

Effects of I--1,6-1' on Biochemical Markers of Doxorubicin

Cardiotoxicity. Table 2 reports the values of the myocardial
parameters of cell oxidative stress of mice treated with DXR +
F-1,6-P2, as compared with the values of the parameters of
DXR + NaCl-treated animals.

The data show that F-1,6-P2 inhibited the changes induced
by DXR treatment in biochemical parameters related to oxi
dative damage. At 4 weeks of DXR + F-1,6-P2 administration
the values of heart lipid peroxidation and heart catalase activity
were, respectively, 2 and 1.7 times lower than those observed
with the DXR + NaCl treatment at the same time (P < 0.001).
The increase of myocardial G-6-PDH activity during DXR
treatment was not inhibited by the administration of F-1,6-P2.
This result indicates that the protective effect of F-1,6-P2 is
selective for the parameters that are more specifically related
to oxidative damage of the heart (see Table 2).

Table 3 reports the values of LDH isoenzymes, in both DXR

Table 1 Protective effects ofF-I,6-Pi on alterations induced by subchronic DXR administration of liver parameters related to the redox state of the tissue
All animals received DXR 2 mg/kg body weight i.p. twice a week for 1, 2, 3, and 4 weeks. One group received F-1,6-PÂ¡i.p. 750 mg/kg/day while the control group

received equal volumes of 0.15 M NaCl. F-1,6-P2 or NaCI were injected 20 min before DXR administration. Animals were sacrificed 3 days after the last dose of
DXR.

Total lipid peroxida-
Treatment Weeks of tion (nmol MDA/g

group treatmentprotein)DXR

+ NaCl 0(;V=l(N

=2(N

=3(N

=4(AT-DXR

+ F- 1,6-P2 0 (N=1

(N=2(N

=3(N

=4(/V

=20)10)10)10)10)20)10)10)10)10)7.38Â°(2.92)10.22(5.18)8.17(3.85)10.99*(4.02)8.04(1.91)7.38(2.92)8.47(3.96)8.37(3.82)8.68(1.54)8.56(3.09)GSH

Oimol/g
protein)11.33(2.41)11.88(3.59)10.56(2.98)11.13(2.59)11.41(2.23)11.33(2.41)10.08(2.66)10.95(2.28)10.62(2.24)10.07(1.59)G-6-PDH(U/gprotein)3.89(1.42)4.37(1.59)4.60,2.25)4.15(1.79)5.84*(2.15)3.89(1.42)3.40(1.44)3.60(1.64)3.32(1.14)3.48(1.30)6P-PDH(U/gprotein)3.67(1.28)3.92(1.33)4.09(1.98)3.27(1.38)4.50(0.84)3.67(1.28)3.25(0.89)3.26(1.20)3.15(1.14)3.11(1.33)GSH

peroxi
dase

(U/gprotein)7.08(2.54)10.15(3.19)10.63(2.69)12.87(4.30)12.21(4.30)7.07(2.54)10.84(2.46)10.16(2.55)12.46(3.94)13.84(4.04)Catalase

[10~3x(U/g

protein)]187.16(45.91)209.41(43.45)173.10(72.94)196.84(69.38)200.25(50.68)187.16(45.91)179.36(40.42)195.54(34.40)187.98(29.37)174.54(52.06)

" Mean; SD in parentheses.
* Significantly different from the basal value (P < 0.01).
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Table 2 Protective effects ofF-l,6-Pi on alterations induced by subchronic DXR administration of heart parameters related to the redox state of the tissue
All animals received DXR 2 mg/kg body weight i.p. twice a week for 1, 2, 3, and 4 weeks. One group received F-1,6-P2 i.p. 750 mg/kg/day while the control group

received equal volumes of 0.1 S M NaCl. I 1.6 I' or NaCI were injected 20 min before DXR administration. Animals were sacrificed 3 days after the last dose of

DXR.

Treatment Weeks of
grouptreatmentDXR

+ NaCI 0 (/V=20)1

(N-10)2(N=

10)3

(N =10)4(;V=

10)DXR

+ F-1,6-P2 0 (A7=20)1

(N=10)2(N

=10)3(N~

10)4(N=

10)Total

lipid peroxida-
tion (niiidl MDA/g

protein)27.86"(7.56)47.83*(5.37)54.29*(5.01)

83.90*(23.79)88.64*(9.52)27.86(7.56)33.S37(9.05)36.44b,g(4.72)37.32'(15.69)43.82*''(12.12)GSH

(xmol/g
protein)2.16(0.65)2.93(1.01)3.46(1.01)

1.81(0.62)2.85(0.81)2.16(0.65)2.53(0.57)2.45(0.69)2.32(0.84)3.09(0.91)G-6-PDH

(U/gprotein)1.28(1.00)2.44'(1.18)2.93*(1.18)

2.13''(0.82)2.34'(0.93)1.28(1.00)1.91(0.86)2.23"(1.00)2.11'(0.44)2.28'(0.83)6-P-GDH

(U/gprotein)2.29(1.22)3.11(1.41)3.42(1.81)

2.79(1.32)3.02(1.23)2.29(1.22)2.67(1.36)3.08(1.43)2.93(1.40)2.92(1.32)GSH

peroxi-
dase

(U/gprotein)7.48(1.96)9.42(3.17)8.76(3.28)

8.17(2.53)8.05(2.71)7.48(1.96)6.30(1.32)5.77(1.20)6.01(1.14)7.00(1.14)Catalase[IO~3x(U/g

protein))4.91(2.97)9.45*(3.62)8.89'(4.37)

12.50*(2.25)13.38*(1.67)14.75(8.31)23.14'(10.90)25.80*(10.29)20.55d,g(4.67)23.92*''(6.32)

" Mean; SD in parentheses.
* Significantly different from the basal value (P< 0.001).
' Significantly different from the basal value (P < 0.025).
''Significantly different from the basal value (/"< 0.05).
' Significantly different from the basal value (/' < 0.01).
' Significantly different from group treated with DXR + NaCI (P < 0.01).
* Significantly different from group treated with DXR + NaCI (P < 0.001).
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Fig. 1. Dependence of total plasma LDH activity on DXR treatment in mice
treated with DXR + NaCI and DXR + F-1,6-P2. The basal value (â€¢)(0 weeks)
was determined on 20 untreated animals. Each value at further times (1, 2, 3, and
4 weeks) was determined on groups of 10 animals treated with DXR -I-NaCI (â€¢)
or with DXR + F-1,6-P2 (A). Mean values, with standard deviations indicated by
bars, are reported. Statistical significance, /' < 0.001 at each time point. For
drugs administration protocol and experimental conditions see "Materials and
Methods."

+ F-1,6-P2- and DXR + NaCl-treated animals while Fig. 1
reports the effect of DXR + F-1,6-P2 or DXR + NaCI admin
istration on total plasma LDH activity. The heart 11)11, isoen-
zyme in DXR + F-l,6-P2-treated animals was significantly less,
at all weeks of DXR administration, than in the DXR + NaCl-
treated animals (P < 0.01), while a similar effect was observed
for the liver LDH5 only at the third (P < 0.05) and fourth (P <
0.01) weeks of the DXR + NaCI treatment. In the same time,
total plasma LDH activity of DXR + F-l,6-P2-treated mice
resulted in significantly different values from the values of DXR

+ NaCl-treated mice at all weeks of DXR administration (P <
0.001), being, at the fourth week of DXR treatment, 1.4 times
lower than the corresponding value of the DXR + NaCI group
(Fig. 1).

DISCUSSION

It is generally accepted that biochemical parameters related
to oxidative tissue damage are appropriate in monitoring DXR
toxicity in vivo. In fact, evidence has been reported for the
depletion of liver and heart glutathione by DXR (27) and for
the selective inactivation of heart Se-dependent GSH peroxi-

dase upon acute treatment in mice (IS). The available data
suggest that differential acute organ toxicity of DXR might be
explained by a specific drug-related decrease of cardiac GSH
peroxidase activity (28), in addition to the intrinsic overall
deficiency of antioxidative biochemical defense in the heart
(IS). Lipid peroxidation is considered to play an important role
in DXR cytotoxicity both in vitro (5, 29, 30) and in vivo (12,
29), especially in the case of acute cardiotoxicity (12). There
fore, the effects of DXR on lipid peroxidation, GSH level, and
some enzyme activities related to IM)., metabolism and
NADPH turnover of heart and liver were investigated in mouse,
using a dosing schedule of 2 mg/kg b.w., i.p. twice a week, up
to a maximum cumulative dose of 16 mg/kg b.w., 53.4 mg/m2.

This administration protocol is known to produce low but
significant cardiotoxicity as determined by morphological alter
ations (31) and it was purposely adopted in order to evaluate
the protective role of F-1,6-P2 in a model of mild DXR cardi
otoxicity. In fact, F-1,6-P2 is a metabolic intermediate which is
also effective in the regulation of metabolic fluxes (32) and any
prevention of DXR-induced damage by its use as a drug is more
likely to be effective at the initial stages of injury. The rationale
for testing F-I,6-P2 is that it can interfere with the mechanism
of DXR-induced cardiotoxicity at a number of levels: inhibition
of DXR-induced histamine release (19), inhibition of oxyradical
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Table 3 Effect ofF-I,6-Pi on the changes induced in plasma LDH isoenzymes by subchronic DXR administration
All animals received DXR 2 mg/kg body weight i.p. twice a week for 1, 2, 3, and 4 weeks. One group received F-1,6-P2 i.p. 750 mg/kg/day while the control group

received equal volumes of 0.15 M NaCl. F-1,6-P2 or NaCI were injected 20 min before DXR administration. Animals were sacrificed 3 days after the last dose of
DXR. Basal values of the various parameters were determined in 20 untreated animals. Different AUCs of LDH isoenzymes are expressed as percentage of total.

Treatment LDH
groupisoenzymesDXR

+ NaCILDH,LDH2LDHjLDH,LDH,DXR

+ F-1,6-P2 LDH,LDH2LDH,LOHÂ«LDH,0

(N =20)34.6"(2.49)40.2(2.88)17.1(1.51)5.4(0.68)2.7(0.15)34.6(2.49)40.2(2.88)17.1(1.51)5.4(0.68)2.7(0.15)1(N=10)42.4*(1.86)36.2(1.91)14.0(1.01)4.4(0.28)3.0(0.12)34.8"(2.06)41.1(2.60)16.6(1.36)5.0(0.71)2.5(0.13)Weeks

oftreatment2(N=

10)44.6Â»(2.01)33.6(2.02)13.9(0.96)5.0(0.71)2.9(0.11)35.3"(1.96)39.7(2.58)17.0(1.24)5.4(0.83)2.6(0.12)3(W=10)46.8C(2.15)31.9(1.86)12.8(0.90)4.1(0.31)4.4*(0.11)36.0"(1.91)39.2(2.80)17.0(1.64)5.2(0.60)2.6'(0.10)4(N=10)48.2'(2.26)30.6(1.61)13.0(0.86)3.3(0.17)4.9*(0.13)39.Â»'-'(2.11)37.7(2.19)16.4(1.48)4.3(0.37)2.8'(0.14)

* Mean; SD in parentheses.
* Significantly different from the basal value (/' < 0.01).
c Significantly different from the basal value (/Â»<0.001).
"Significantly different from group treated with DXR + NaCI (P< 0.01).
' Significantly different from group treated with DXR + NaCI (P< 0.001).
1 Significantly different from the basal value (P < 0.05).

production by stimulated PMNLs (20), stabilization of mem
brane potential (17), and increase of ATP synthesis in different
cell lines (16).

The results reported in the present work confirm that various
biochemical parameters related to tissue antioxidative defense
can be considered as early markers of DXR-induced cardiotox-
icity in vivo. The MDA concentration of heart homogenates
was very much increased upon subchronic DXR administration,
in contrast to minimal MDA changes occurring in liver (Table
1). The rise of lipid peroxidation mirrored the increase of
plasma LDH, in particular the heart isoenzyme (Table 3).
Although the mechanism of DXR-induced cardiotoxicity is not
completely understood, several studies suggest that oxidative
injury to cell membrane lipids may be a primary source of
damage. This would originate from one-electron reduction of
the DXR quinone moiety by the electron transport chain of
heart mitochondria or sarcosomes, and consequent transfer of
the electron of molecular oxygen with production of Oj, H2O2,
and OH- (9, 11, 33). The in vivo protection against DXR-
induced heart damage by antioxidant molecules, such as ascor-
bate or a-tocopherol (12, 14, 34), is in line with the hypothesis
that oxygen free radicals are involved in the mechanism of
DXR cardiotoxicity. The results presented here suggest that
lipid peroxidation may play a crucial role in subchronic DXR-
induced cardiotoxicity, although conflicting data have recently
been reported (35, 36). It should be noted that cardiac lipid
peroxidation increased significantly (Table 2), although the
DXR dosage used in the experimental model selected in this
paper is able to produce only minimal morphological alterations
of myocardial tissue (31). Therefore, heart lipid peroxidation is
to be considered as an early event in DXR-induced cardiotox
icity, in line with the hypothesis of a primary role of free radical-
mediated oxidative damage in the pathogenesis of heart lesions.
On the other hand, in the model used here, neither GSH nor
GSH peroxidase, which form the major pathway for detoxifi
cation of H2O2 in cardiac tissue, were decreased by DXR
subchronic treatment, at variance with the case of acute DXR

toxicity (15). The absence of GSH depletion in the present
model may be accounted for by the low DXR dosage allowing
GSH recovery via GSH synthetase and GSH reducÃase. The
absence of GSH peroxidase inactivation implies that some sort
of repair mechanism is operating under the subchronic regimen.
As a matter of fact, oxidative inactivation of this enzyme is
likely to be due to oxidation of the active site thiol, and
reduction by reducing cell systems can turn the enzyme back to
the active state (29, 37). On the other hand, the increase of
catalase activity seems to be very typical of this model. It may
indicate that the intrinsically catalase deficient myocardial tis
sue (15) is able to respond with a sort of adaptive enzyme
change to the increased fluxes of H2O2, which is expected to
occur under DXR treatment. Induction of catalase activity by
oxygen and oxygen radicals has already been reported (38, 39).
It is important to note that this effect was not observed in liver
where, on the other hand, no increase of lipid peroxidation
upon DXR administration was observed. Increase of heart
catalase seems therefore to monitor the subchronic DXR car
diotoxicity in a specific way. The slight increase of G-6-PDH,
on the other hand, was detectable in both heart and liver and
may be coincidental.

These considerations are relevant to the observed effects of
F-1,6-P2 in this model. Both MDA levels and catalase activity
of heart and LDH activity of plasma in DXR + F-l,6-P2-treated
mice were very close to the values of untreated animals. A
possible explanation of the prevention of biochemical altera
tions induced by DXR administration by F-1,6-P2 can be found
in the established effect of this molecule as an activator of
glycolysis (32) and ATP synthesis (16). In fact, a major altera
tion of cell functions produced by DXR is the impairment of
mitochondria! functions (18), which can be counteracted by the
increased ATP synthesis in the presence of F-1,6-P2. Recently,
it has been suggested that a particular case of mitochondria)
damage produced by oxyradicals is the myocardial tissue sub
jected to ischemia reperfusion (30). Under these conditions, the
decrease of ATP synthesis results in accumulation of hypox-
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anthine and, via liberation of Ca2+ from damaged mitochondria,

protease-mediated transformation of xanthine dehydrogenase
into xanthine oxidase. Both phenomena concur to yield a
greater flow or oxyradicals from oxidation of hypoxanthine by
xanthine oxidase (40).

Sustained ATP production in the presence of F-1,6-P2 may
block the hypoxanthine-xanthine oxidase cascade. In line with
this hypothesis, it has been shown that F-1,6-P2 displays a
positive pharmacological activity against ischemie damage in
duced in different animal tissues including heart (41-44). Since
DXR treatment is a comparable source of mitochondrial dam
age in myocardium as the ischemia-reperfusion syndrome, the
positive effect of F-1,6-P2 can be rationalized in terms of
maintaining high levels of ATP which may partially reduce the
damage deriving from impairment of mitochondrial functions
and perpetuation of oxyradical generation via the xanthine
oxidase cascade. Additional effects of increased ATP synthesis
in the presence of F-1,6-P2 which may contribute to the overall
protection against DXR-induced cardiotoxicity are the follow
ing: (a) F-1,6-P2 is a powerful inhibitor of DXR-induced his-
tamine release which has been shown to occur both in animals
and in humans and should be taken into account in the onset
of the early acute DXR cardiotoxicity (45). The inhibitory
activity of F-1,6-P2 is related to the maintenance of high con
centrations of intracellular ATP (19). (b) F-1,6-P2 inhibits
oxyradical generation by activated PMNLs by increasing ATP
synthesis. Activated PMNLs may be considered as another
major source of oxidative stress in DXR-treated animals (46).

It can be concluded that the reduction by F-1,6-P2 of DXR-
induced cardiotoxicity, as evaluated by biochemical parameters
of increased oxidative stress, may be related to the improvement
of energy-yielding processes which are able to suppress the
vicious circle induced by DXR redox activity in the heart. Thus,
F-1,6-P2 appears to be a pharmacological antidote for decreas
ing DXR cardiotoxicity which can ameliorate the anticancer
efficacy of this drug by reducing its side effects on heart metab
olism.
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