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Further studies are needed to confirm these findings.
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INTRODUCTION

The anthracycline antibiotic, DOX, has been
widely and successfully employed for the treat-
ment of various types of cancers [1]. The useful-
ness of DOX has been limited due to its dose-
related myocardial toxicity [9] and the develop-
ment of tumour drug resistance [10,23]. Several
antineoplastic agents including cisplatin, hy-
droxyurea, DOX and relaxin, have been shown
to stimulate NO production [2,19,26]. It has been
demonstrated that tumour cells are susceptible
to NO cytostasis [27].

Nitric oxide may influence several aspects
of tumour biology including modulation of cell
growth, apoptosis, differentiation, angiogenesis
and metastatic capability [27]. NO exerts this ac-
tion through several mechanism, including inhi-
bition of DNA synthesis [20], mitochondrial res-
piration [28] and cytochrome P-450 activity [33]
and an interference with iron-sulfur proteins
[22]. NO also enhances cellular oxidative injury
[17] and may affect DOX metabolizing enzymes
or cellular drug efflux pump mechanisms in-
cluding p-glycoprotein (p-gp) expression [13].
This latter protein is hypothesized to be an ac-
tive transporter that uses the energy from ATP
to pump DOX out of cells, reducing its intracel-
lular concentrations and hence, toxicity and ac-
tivity [5,15,16]. The effect of DOX-induced NO
production on p-gp function is not studied yet.
Therefore, this study has been initiated with the
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Background: Doxorubicin (DOX) is an anthracycline
antibiotic with broad spectrum antineoplastic activity
against different types of experimental and human tu-
mours. However, the optimal usefulness of this important
anticancer drug has been limited due to the development
of tumour cell drug resistance. Several anticancer drugs in-
cluding cisplatin, hydroxyurea and DOX have been shown
to stimulate nitric oxide (NO) production, which has been
demonstrated to affect several aspects of tumour biology.

Purpose: This study has been initiated to determine if
DOX stimulates NO production in EAC-cells and if so,
whether NO interferes with p-glycoprotein (p-gp) function
and to determine if DOX-stimulated NO production con-
tributes to DOX's cytotoxicity in vivo against solid Ehrlich
carcinoma (SEC).

Materials and methods: To achieve these goals, the in
vitro and in vivo effects of DOX and the nitric oxide syn-
thase (NOS) inhibitors, aminoguanidine (AG) and NG-
nitro-L-arginine-methyl ester (L-NAME) on the growth of
SEC, NO production, rhodamine 123 (RD 123) accumula-
tion and endothelial nitric oxide synthase (eNOS) were
studied in EAC-cells.

Results: A single dose of DOX (10 mg/kg i.p.) result-
ed in significant decrease in tumour volume and signifi-
cant increase in serum NO level. Administration of AG
(100 mg/kg i.p.), or L-NAME (100 mg/kg i.p.) one hour
prior to DOX, significantly decreased DOX-induced NO
production and attenuated doxorubicin's effect on tumour
volume. Treatment with L-NAME or AG alone induced an
insignificant change in NO production. Incubation of
EAC-cells with AG or L-NAME resulted in significant de-
crease in NO production, endothelial nitric oxide synthase
(eNOS) activity and RD 123 accumulation. The addition
of AG or L-NAME to DOX-incubated cells resulted in sig-
nificant decrease in NO production and RD 123 accumula-
tion compared to DOX alone.

Conclusion: This study suggests that NO may contrib-
ute to DOX's antitumour activity. Increased NO produc-
tion by DOX may decrease p-gp function with the conse-
quent increase in DOX accumulation in EAC-cells.
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and the fifth and sixth groups received single
dose of AG (100 mg/kg, i.p.) or L-NAME (100
mg/kg) one hour prior to a single dose of DOX
(10 mg/kg, i.p.), respectively. Two weeks later.
the tumour volume was measured using a Ver-
nir caliper according to the formula of Osman
et al. [18].

Tumour volume (mm3) = 0.52 AB2

Where A and B are the major and the minor
axes, respectively.

Mice were anesthetized with ether and blood
samples were obtained by heart puncture for de-
termination of NO levels in serum.

Determination of nitric oxide:
Nitric oxide levels were determined in ser-

um and culture supernatant according to the
method of lgnarro et al. [8] which measures ac-
cumulation of stable NO end product, nitrite.
This assay is based on the diazotisation of sul-
fanilic acid with nitric oxide at acidic pH and
subsequent coupling with N-(10 naphthyl)-
ethylene diamine to yield an intensely coloured
product that is measured spectrophotometrical-
ly.

Detection of rhodamine 123 accumulation in
EAC-cells:

The accumulation of RD 123 which moni-
tors the function of p-gp in EAC-cells was de-
termined according to Ludescher et al. [14]. This
method depends on the fluorescent properties of
RD 123 dye which is transported by the mem-
brane efflux pump, p-gp. In brief, EAC-cells
were withdrawn from tumour-bearing mice,
washed, counted and 2 x 106 EAC-cells were
then resuspended in 2 ml RPMI medium and in-
cubated with one of the following treatments:
(1) DOX (1000 uM), (2) AG (1000 uM), (3) L-
NAME (1000 uM), (4) DOX plus AG, (5) DOX
plus L-NAME and (6) Saline. Two hours later,
NO was measured in the supernatant and RD
123 accumulation was measured in the cell pel-
let. 200 ng/ml RD 123 was added to each tube
and incubated at 37˚C for 1 hour. At the end of
the incubation time, cells were washed twice
with 2 ml cold PBS. For accumulation of RD
123, EAC-cells were resuspended in 2 ml cold
PBS and the fluorescence intensity was quanti-
tated spectrofluorometrically (SFM 25 Kontron,
Italy) using excitation and emission wave
lengths 470 and 590 nm, respectively.

following specific aims: (1) to determine if
DOX stimulates NO production in EAC-cells
and if so, whether or not NO interferes with p-
gp function and (2) to determine whether or not
DOX-stimulated NO production contributes to
DOX's cytotoxicity in vivo against solid Ehr-
lich carcinoma (SEC). To achieve these goals,
the in vivo and in vitro effects of DOX and the
nitric oxide synthase (NOS) inhibitors, amino-
guanidine (AG) and NG-nitro-L-arginine-
methyl ester (L-NAME) on the growth of SEC,
NO production, Rhodamine 123 (RD 123) ac-
cumulation and endothelial NOS (eNOS) were
studied in EAC-cells.

MATERIALS AND METHODS

Animals and tumours:

Female Swiss albino mice, weighing 20-22g
were obtained from the animal house of the Na-
tional Cancer Institute (NCI), Cairo University.
Animals were allowed free access to standard
diet and water ad libitum. A line of Ehrlich as-
cites carcinoma (EAC) cells was supplied
through the courtesy of Dr.C. Benckhuijsen,
Amestrerdam, the Netherlands since 1982 and
maintained in our laboratory by weekly I.P.
transplantation of 2.5 X 106 cells/mouse.

Materials:
Doxorubicin (Farmitalia, Carlo Erba, Italy)

was a generous gift from NCI drug store. Ami-
noguanidine (AG) and NG-nitro-L-arginine-
Methyl ester (L-NAME) were Sigma products.
All other chemicals used were of the highest
analytical grade.

Effects of DOX, AG, L-NAME and their
combination on the growth of SEC:

The effects of AG and L-NAME on the anti-
tumour activity of DOX were evaluated in
mice-bearing SEC. In brief, a total of 60 female
mice were used and divided at random into 6
groups, 10 animals each. 2x106 EAC-cells were
transplanted subcutaneously in the right thigh
of each mouse. One hour later, mice received
one of the following treatments according to the
protocol reported by Lind et al. [13]. The first
group received normal saline (0.5 ml/200 g,
i.p.), the second group received single dose of
DOX (10 mg/kg, i.p.), the third and fourth
groups received single dose of AG (100 mg/kg,
i.p.) or L-NAME (100 mg/kg, i.p.), respectively
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and 50% decrease in NO production and signif-
icant decrease (34% and 46%) in RD 123 accu-
mulation compared to DOX alone (Table 2).

Fig. (3) shows the effect of DOX, AG, L-
NAME and their combination on eNOS level in
EAC-cells. Incubation of EAC-cells with DOX
resulted in significant increase (36%) in eNOS
compared to the control level. Both AG and L-
NAME significantly decreased the effect of
DOX on eNOS by 53%.

Determination of endothelial NOS activity in
EAC cells:

In brief, EAC-cells were withdrawn from tu-
mour-bearing mice, washed, counted and 2 x
106 EAC-cells were then resuspended in 2 ml
RPMI medium and incubated with one of the
following treatments: (1) DOX (1000 uM), (2)
AG (1000 uM), (3) L-NAME (1000 uM), (4)
DOX plus AG, (5) DOX plus L-NAME and (6)
Saline. Two hours later, EAC-cells were mixed
with cell lysis buffer, then the level of eNOS
was measured in the supernatant using ELISA
technique according to the method of Salter et
al. [24].

Statistical analysis:
Differences between obtained values (mean

± SEM, n = 6) were tested for significance us-
ing the student t-test. In all data analyses, p val-
ues of 0.05 or less were considered significant.

RESULTS

Fig. (1) demonstrates that mice receiving
DOX had tumor volume 61.5% smaller than in
control mice. Tumor volume in mice receiving
AG and DOX were nearly 1.5 fold the tumor
size in mice receiving DOX alone. Administra-
tion of L-NAME before DOX decreased the tu-
mor volume significantly by 54% of the control
value. On the other hand, treatment with AG or
L-NAME alone had no significant effect on tu-
mor volume.

Fig. (2) shows that serum nitrite level was
significantly increased by 67% of the control
value after DOX treatment. Pretreatment with
AG or L-NAME significantly decreased the ni-
tric oxide production by 32% and 44% com-
pared to DOX group, respectively. Treatment
with L-NAME or AG alone induced an insignif-
icant decrease in serum nitrite level.

Tables (1 & 2) show the relationship be-
tween NO production and RD123 accumulation
in EAC-cells 2 hours after incubation with
DOX, AG, L-NAME. Incubation of EAC-cells
with either AG or L-NAME resulted in signifi-
cant 62% and 88% decrease in NO production,
respectively (Table 1). Similarly, the accumula-
tion of RD 123 in EAC-cells is decreased by
44% and 30% after AG and L-NAME, respec-
tively (Table 1). The addition of AG or L-
NAME to DOX-incubated cells resulted in 27%

Table (1): Effect of AG and L-NAME on nitrite produc-
tion and RD 123 accumulation in EAC-cells.

Animals
groups

Nitrite
(µM)

Mean fluorescence ng
RD 123 accumulation /

2X106 cells/60 min

Control

AG

L-NAME

0.8±0.06

0.3±0.01*

0.1±0.01*

11.6±1.01

6.5±1.03*

8.1±0.08*

Data are presented as mean ± SEM (n=6).
* Indicates significant change from control group at p < 0.05.
AG           = aminoguanidine.
L-NAME = L-arginine-methyl ester.

Table (2): Effect of DOX, DOX plus AG and DOX plus
L-NAME on nitrite production and RD 123 ac-
cumulation in EAC-cells.

Animals
groups

Nitrite
(µM)

Mean fluorescence ng
RD 123 accumulation /

2X106 cells/60 min

DOX

AG + DOX

L-NAME + DOX

11.96±0.51

8.79±0.50#

73.50%

5.94±0.25#

49.67%

95.00±4.05

63.00±3.23#

66.32%

52.00±4.05#

54.74%

Data are presented as mean ± SEM (n=6).
# Indicates significant change from DOX group at p < 0.05.
DOX
AG
L-NAME

= Doxorubicin.
= Aminoguanidine.
= L-arginine-methyl ester.
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Fig. (1): Effect of DOX, AG, L-NAME and their combination on
the growth of solid Ehrlich carcinoma in mice. The dose of
DOX, AG and L-NAME were 10 mg/kg, 100 mg/kg and 100
mg/kg, respectively. Data are presented as mean±SEM (n=6).
a indicates significant change from control group, b indicates

significant change from DOX group and ab indicates differ-
ence from a and b at p < 0.05.

DISCUSSION

Doxorubicin is the single most effective
chemotherapeutic agent in the treatment of dif-
ferent types of cancer [7]. DOX cytotoxicity
may involve several mechanisms including the
generation of reactive oxygen intermediates,
DNA fragmentation and programmed cell death
[21]. Evidence suggested that nitric oxide (NO)
may play diverse roles in DOX's antitumour ac-
tivity as well as its cardiotoxicity [13,29].

Fig. (2): Effect of DOX, AG, L-NAME and their combination on
serum nitrite accumulation in mice. Data are presented as
mean ± SEM (n=6).
a indicates significant change from control group, b indicates

significant change from DOX group and ab indicates differ-
ence from a and b at p < 0.05.

Fig. (3): Effect of DOX, AG, L-NAME and their combination on
endothelial nitric oxide synthase (eNOS) in EAC cells. Data
are presented as mean ± SEM (n=6).
a indicates significant change from control group, b indicates

significant change from DOX group and ab indicates differ-
ence from a and b at p < 0.05.

Data from this study demonstrated that DOX
increased NO production and decreased the
growth of solid Ehrlich carcinoma. These re-
sults are in good agreement with previous stud-
ies which reported increased NO accumulation
in a murine breast cancer cell line and during
development of DOX related cardiomyopathy
[9,13,25,32]. These results suggested that NO
may contribute to DOX's antitumour activity.
This hypothesis is confirmed by the data pre-
sented in this study which demonstrated that the
NOS inhibitors, AG and L-NAME, attenuated
DOX's effect on the growth of solid Ehrlich
carcinoma. NO is a multifunctional messenger
molecule derived from the amino acid L-
arginine in a reaction catalyzed by NOS [11].

DOX may stimulate nitrite accumulation ei-
ther directly or indirectly. The direct effect is
through stimulation of NOS activity. Vasquez-
Vivar et al. [30] reported that DOX undergoes
redox-cycling at the reductase domains of three
forms of NOS to produce NO and superoxide
anion. Haywood et al. [6] and Vejlstrup et al.
[31] observed high levels of NO production via
inducible NOS. Increased NO production was
due to increase of eNOS transcription and pro-
tein expression in bovine aortic endothelial
cells [9]. Our results showed that DOX in-
creased eNOS in EAC cells. The increase in ni-
trite accumulation may also be indirectly
through calcium release and increase hydrogen
peroxide formation induced by DOX [9]. Expo-
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47276, 2001.
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col., 14: 96-103, 1985.
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in mammals. Biochem. J., 298: 249-258, 1994.
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tumor cell ribonucleotide reductase by macrophage-
derived nitric oxide. J. Exp. Med., 174:761-767, 1991.

13- Lind S.D., Kontaridis M.I., Edwards P.D., Josephs
M.D., Moldawer L.L. and Copeland E.M.: Nitric ox-
ide contributes to adriamycin's antitumor effect. J.
Surg. Res., 69: 283-287, 1997.

14- Ludescher C., Thaler J., Drach D., Drach J., Spitaler
M., Gatringer C., Huber H. and Hofman J.: Detection
of activity of p-glycoprotein in human tumour sam-
ples using rhodamine 123. Br. J. Haematol., 82: 161-
168, 1992.

15- Nielsen D. and Skovsgaard T.: P-glycoprotein as mul-
tidrug transporter: A critical review of current multi-
drug resistant cell lines. Biochem. Biophys. Acta.,
1139: 169-183, 1992.

16- Nielsen D., Eriksen J., Maare C. and Skovsgaard T.:
P-glycoprotein expression in Ehrlich ascites tumour
cells after in vivo and in vitro selection with doxoru-
bicin. Br. J. Cancer, 78: 1175-1180, 1998.

17- Noronha-Dutra A.A., Epperlein M.M. and Woolf N.:
Reaction of nitric oxide with hydrogen peroxide to
produce potentially cytotoxic single oxygen as a mod-
el for nitric oxide-mediated killing. FEBS Lett., 321:
59-62, 1993.

18- Osman A.M., Sayed-Ahmad M.M., Khayyal M.T. and
El-Merzabani M.M.: Hyperthermic potentiation of
cisplatin on solid Ehrlich carcinoma. Tumori., 79:
268-272, 1993.
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sure of endothelial cells to hydrogen peroxide
[3] or calcium-mobilizing agents activates
eNOS by dissociating the membrane-bound
eNOS from caveolin [4]. Kalivendi et al. [9] re-
ported that DOX induced Ca2+ release and
H2O2 generation which are responsible for in-
crease of eNOS and NO production. DOX may
also stimulate nitrite accumulation indirectly
through the production of cytokines. However,
Lind et al. [13] reported that DOX stimulates
NO production through a mechanism that did
not involve cytokines. NO may affect cell pro-
liferation via non-apoptotic mechanisms such
as the inactivation of iron/sulfur-containing en-
zymes responsible for mitochondrial respiration
[27], or the inhibition of ribonucleotide reduc-
tase [12]. NO also enhances cellular oxidative
injury [17] and may affect DOX metabolizing
enzymes [13].

In this study, the effect of DOX-induced NO
production on p-glycoprotein function has been
performed by monitoring the accumulation of
RD 123 in EAC-cells. The observed decrease in
NO production (Table 2) and NOS activity
(Fig. 3) by NOS inhibitors, AG and L-NAME,
was parallel with the decrease in the accumula-
tion of RD 123 (Table 2) in EAC-cells. These
results suggest that NO may interfere with the
function and/or expression of p-glycoprotein. In
conclusion, this study suggests that NO may
contribute to DOX's antitumour activity. In-
creased NO production by DOX may decrease
p-gp function with the consequent increase in
DOX accumulation in EAC-cells.
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