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Abstract Purpose: Structure, growth, and function of
the blood vessels in breast tumors are markedly different
from those in normal breast tissue due to changes in the
production of growth factors such as vascular endo-
thelial growth factor (VEGF), vasoactive substances
such as endothelin-1 (ET-1) and cytokines. The role of
ET-1 in breast tumor angiogenesis is not adequately
understood. Studies have shown that the expression of
proET-1, proET-3, and ETpg receptors is increased in
breast tumor. However, it is unclear whether there are
any changes in ET-1-induced vascular responses in
breast tumor. Hence, in the present study we investi-
gated systemic hemodynamics and regional circulatory
effects of ET-1 in rats with breast tumors. Methods:
Female Sprague-Dawley rats weighing 180-200 g were
divided into the following groups: (1) normal rats treated
with saline (n=26), (2) tumor-bearing rats treated with
methylnitrosourea (MNU) (n=6), (3) normal rats treated
with saline plus the specific ETg receptor antagonist
BQ 788 (n=5), and (4) tumor-bearing rats treated
with MNU plus BQ 788 (#=5) Tumor development
was monitored by regular palpation and measurement of
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tumor size. Once tumors had reached approximately
2-4 cm in diameter, the rats were anesthetized with
urethane (1.5 g/kg i.p.) and their cardiovascular param-
eters were measured using a radioactive microsphere
technique. Simultaneously, blood perfusion to the
breast tissue was also measured using a laser Doppler
technique. Results: ET-1 produced a significant in-
crease in mean arterial pressure in normal and tumor-
bearing rats. Blood flow to the tumor tissue increased
significantly in response to ET-1 as compared to breast
tissue in normal rats. This response was accompanied
by a concomitant decrease in vascular resistance in
the tumor tissue. These results were confirmed by
laser Doppler flowmetry, which showed a significant
increase in blood perfusion to breast tumor compared
to normal breast tissue. This increase in blood per-
fusion was attenuated by pretreatment with BQ 788,
suggesting an ETg receptor-mediated vasodilator
action of ET-1 in rat breast tumor. Conclusions: The
results indicate that ET-1 induced an increase in
blood flow to breast tumor tissue mediated through
ETg receptors.

Keywords Breast cancer - Endothelin - BQ 788
(N-cis-2,6-Dimethylpiperidinocarbonyl-L-gamma-
methylleucyl-p-1-methoxycarbonyltrptophanyl-p-Nle) -
Rat - Blood flow

Introduction

The development of breast cancer is a complex process
involving a combination of factors, such as environ-
mental and genetic factors. One of the extensively
studied breast tumor models is the chemically induced
rat mammary carcinogenesis model [9, 18, 19, 39, 54].
Chemically induced mammary tumorigenesis in rats may
not be an accurate representation of the human mam-
mary tumor growth process but this model seems to
most closely resemble human cancer [41].
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Chemically induced rat mammary carcinogenesis is
commonly achieved by the administration of 7,12-dim-
ethylbenzene(a)anthracene (DMBA) [37] or N-methylni-
trosourea (MNU) [37]. Tumors induced by DMBA or
MNU have different morphological characteristics. Tu-
mors induced by MNU are more localized to the breast
and are less likely to metastasize [25]. Therefore, in the
present study, MNU was chosen as the chemical agent for
the specific induction of breast tumors in rats. These tu-
mors can be benign with fibroadenomas and papillomas
or they can be malignant [54]. Rats have six pairs of
mammary glands, one in the cervical, two in the thoracic,
one in the abdominal and two in the inguinal regions [4,
54]. Virgin rats treated with MNU develop more tumors
in the thoracic region than the abdominal region [40].

The development of tumor vasculature has been
extensively studied. Tumors that grow beyond the size
of a few millimeters require a constant nutrient supply
and therefore their own vascular bed and blood flow
[10]. Recruitment of new vasculature from preexisting
blood vessels is defined as angiogenesis. Without con-
stant nourishment from these developing blood vessels
the tumors would become hypoxic and subsequently
die. Therefore, the tumor vasculature has been a target
of cancer therapy for a long time [10]. Tumor blood
vessels develop in a very different way from normal
vasculature and have different properties. Single-lay-
ered epithelial cells are the first hastily formed tumor
blood vessels. It has been suggested that these blood
vessels are recruited when the tumor secretes certain
growth factors such as vascular endothelial growth
factor (VEGF) in response to hypoxic conditions [23].
These newly formed tumor blood vessels do not have a
smooth muscle layer or innervation [29, 36, 57]. Tu-
mors also incorporate mature blood vessels that possess
all their autoregulatory functions [29]. Normal tissue
vascular tone is governed by a host of endogenous
factors such as H', K ', Ca’", pO,, pCO,, and nitric
oxide (NO), as well as other regulatory substances such
as endothelin (ET-1) [24, 46].

ET-1 is a potent vasoconstrictor and contributes sig-
nificantly to the regulation of vascular tone [11, 61]. In
breast cancer tissue ETp receptors are found on stromal
fibroblast cells [5, 34]. ETs have been found to be mito-
genic to fibroblasts [53], melanocytes, vascular smooth
muscle and endothelium [3, 35, 52]. Alanen et al. have
shown an increase in ET-1, ET-3 and ETg receptor
expression in breast carcinoma [1]. It has been shown that
both ET-1 and ET-3 cause an increase in VEGF, which is
an important angiogenic factor [26, 32, 35]. Thus an in-
crease in ET-1 would promote tumor growth. Increases in
ET-1 levels in breast tumors have been shown in several
studies[1, 21,31, 33, 59, 60]. However, this is the first study
in which the effects of ET-1 on systemic hemodynamics
and blood circulation in the breast tumor tissue have been
investigated.

Materials and methods
Animals

Female Sprague-Dawley rats (Harlan Company, Madison, Wis.)
weighing 180-200 g were used. All animals were housed, three to a
cage, at the Biological Research Laboratories, UIC, under con-
trolled conditions (23 £ 1°C, 50+ 10% humidity) and under artifi-
cial light (06001800 h). The animals were given food and water ad
libitum. The experiments were done only after the animals had been
acclimatized to the environment for at least 4 days. The protocols
for the experiment were approved by the Animal Care Committee
of the University of Illinois at Chicago, and all animals were used
as per the rules and guidelines of the American Association for
Accreditation of Laboratory Animal Care (AALAC).

Drugs

MNU was purchased from Ash Stevens, Detroit, Mich. BQ 788
(N-cis-2,6-dimethylpiperidinocarbonyl-L-gamma-methylleucyl-p-1-
methoxycarbonyltrptophanyl-p-Nle), a specific ETg receptor an-
tagonist, and ET-1 were obtained from the American Peptide
Company, Sunnyvale, Calif. BQ 788 was dissolved in saline and
ET-1 was dissolved in 0.1% albumin.

Experimental protocol

MNU (50 mg/kg i.p.) or saline (1 ml/kg i.p.) was administered to
female rats and from the 4th week onwards rats were regularly
palpated for identification of breast tumors. Once tumors reached
2-4 cm in diameter the experiments were begun. Tumors of 2-4 cm
in diameter took approximately 3 months to develop.

The following groups were studied to evaluate the effect of ET-1
infusion on systemic hemodynamics and blood circulation in the
mammary tissue of normal and tumor-bearing rats:

1. Normal (saline-treated) rats (n=06) receiving a 30-min infusion
of ET-1 (50 ng/kg per min).

2. Tumor-bearing (MNU-treated) rats (n=206) receiving a 30-min
infusion of ET-1 (50 ng/kg per min).

The following groups were studied to evaluate the role of ETg
receptors on systemic hemodynamic and blood flow changes in the
mammary tissue induced by ET-1 infusion in normal and tumor-
bearing rats:

1. Normal (saline-treated) rats (n=>5) receiving a 20-min infusion
of BQ 788 (0.5 pmol/kg) min followed by a 30-min infusion of
ET-1 (50 ng/kg per min).

2. Tumor-bearing (MNU-treated) rats (n=135) receiving a 20-min
infusion of BQ 788 (0.5 umol/kg) followed by a 30-min infu-
sion of ET-1 (50 ng/kg per min).

Systemic hemodynamic and regional circulation parameters
were determined at baseline, and 30, 60 and 120 min after infusion
of ET-1 (50 ng/kg per min). Since the ET-1 infusion was carried out
for 30 min, the 30-min data show the effect of ET-1 and the 60- and
120-min data indicate the duration of the ET-1 effect.

Surgical preparation

Rats were anesthetized with urethane (1.5 g/kg i.p.) (Sigma
Chemicals, St. Louis, Mo.). All surgical areas were shaved and
cleaned with alcohol swabs. The left femoral vein was cannulated
(PE 50 tubing; Clay Adams, Parsippany, N.J.) for drug admin-
istration. The left femoral artery was cannulated (PE 50 tubing)



and was used for withdrawal of reference blood samples in
the microsphere studies using a withdrawal pump (Model 22;
Harvard Apparatus, South Natick, Mass.). The right femoral
artery was cannulated (PE 50 tubing) and connected to a Gould
P23 ID pressure transducer for recording the blood pressure on a
Grass P7D polygraph (Grass Instrument Company, Quincy,
Mass.) through a 7PI preamplifier. The heart rate (HR) was re-
corded through a 7P4B Grass tachograph (Grass Instrument
Company) triggered from blood pressure signals. The right car-
otid artery was exposed and a PE 50 tube was guided through the
common carotid artery into the left ventricle. The presence of
the cannula in the left ventricle was confirmed by recording the
pressure on the Grass polygraph using a Statham P23 DC pres-
sure transducer (Grass Instrument Company). When the cannula
reached the left ventricle, the diastolic pressure dropped to zero.
In order to keep the blood pO,, pCO, and pH constant, and to
avoid the effect of respiration on blood pressure and HR, animals
were kept on constant-rate artificial respiration by inserting an
endotracheal cannula connected to a rodent ventilator (Model
683; Harvard Apparatus).

Determination of systemic hemodynamics and regional circulation

Systemic hemodynamics and regional blood circulation were
determined using a procedure described previously [12, 13, 47]. At
each measurement, a thoroughly mixed suspension of approxi-
mately 100,000 microspheres ng:tl um diameter) labeled with
46S¢ (scandium), ''*Sn (tin), '*'Ce (cerium), or *’Nb (niobium)
(New England Nuclear Corporation, Boston, Mass.) in 0.2 ml
saline was injected into the left ventricle and flushed with 0.3 ml
saline over a 15-s period. In order to calculate the blood flow,
arterial blood was withdrawn at a rate of 0.5 ml/min through the
right femoral artery. Blood was withdrawn for 90 s starting about
5-10 s before the microsphere injection. At the end of the ex-
periment the animals were killed with an overdose of pentobar-
bital sodium. All the tissues and organs were dissected out,
weighed and placed in vials. The radioactivity in the standards,
the blood samples and the tissue samples were counted in a
Packard Minaxi Auto-Gamma 5000 series gamma counter
(Packard Instruments, Downers Grove, Ill.) with preset windows
discriminating the isotope energies. The following parameters
were calculated: (1) cardiac output (CO) [(radioactivity inject-
edxwithdrawal rate of arterial blood)/radioactivity in sampled
arterial blood], (2) stroke volume (SV, CO/HR), (3) total
peripheral resistance (TPR, mean arterial pressure (MAP)/CO),
(4) regional blood flow [(radioactivity in tissuexwithdrawal rate of
arterial blood)/radioactivity in sampled arterial blood], and (5)
regional vascular resistance (MAP/regional blood flow). The
data were calculated using computer programs described
previously [45].

Breast blood perfusion measurement by laser Doppler flowmetry

The blood perfusion to the mammary gland of the rats was mea-
sured using laser Doppler flowmetry (LDF) as described previously
[50, 51]. The animals were shaved around the nipples. The skin
surrounding the mammary glands was dissected out as a lambeau
about 6 cm wide and 4 cm long. A standard model fiber-optic
probe was applied to the surface of the lambeau and secured to the
tissue by double-stick tape. It was placed in a metal holder and
taped down to prevent movement. It was then connected to a
Periflux PF2b 4000 laser Doppler flowmeter (Perimed, Stockholm,
Sweden). The time constant was set to 1.5 s and the bandwidth was
set to 4 kHz.

Statistical analysis
All data are presented as means = SEM. Data were analyzed using

analysis of variance followed by Duncan’s test. A level of P<0.05
was considered significant.
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Results

Effect of ET-1 on systemic hemodynamics in normal
and tumor-bearing rats

The baseline systemic hemodynamic parameters in nor-
mal (saline-treated) rats were: MAP 111.1 £4.8 mmHg,
CO 268.6+17.6 ml/min, SV 0.87+0.06 ml, TPR
419.6+24.37 mmHg min mI”', and HR 3125+
20.2 beats/min. In normal rats a significant increase in
MAP was observed at 30 min (14.5%, P<0.05) and a
decrease at 120 min (17.8%, P <0.05) following ET-1
administration. TPR was increased at 120 min (49.2%,
P <0.05). CO was decreased at 60 and 120 min (22.9%
and 42.5%, respectively; P<0.05) following ET-1
administration. SV was decreased at 60 and 120 min
(20.9% and 36%, respectively; P <0.05). There was no
significant change in HR (Fig. 1).

The baseline systemic hemodynamic parameters in
tumor-bearing (MNU-treated) rats were similar to those
in normal rats. A significant increase in MAP was ob-
served at 30 and 60 min (19.1% and 15.3%, respectively;
P<0.05) following ET-1 administration. TPR was in-
creased at 30, 60 and 120 min (73.9%, 39.7% and
71.4%, respectively; P <0.05) following ET-1 adminis-
tration. CO was decreased at 30, 60 and 120 min
(29.4%, 16.7% and 36.1%, respectively; P <0.05). SV
was decreased at 30, 60 and 120 min (31.1%, 17.9% and
32.1%, respectively; P <0.05). There was no change in
HR (Fig. 1).

Effect of ET-1 on blood flow and vascular resistance
in breast tissue of normal and tumor-bearing rats

No change in blood flow to the breast tissue of normal
rats was observed following ET-1 administration, but
there was a significant decrease (18.61%, P <0.05) in
vascular resistance at 60 min (i.e. 30 min after the end of
the ET-1 infusion) in the breast tissue of normal rats
(Fig. 2).

There were significant differences between the blood
flow and the regional vascular resistance in the breast
tissue of tumor-bearing and normal rats. A significant
increase (153%, P<0.05) in blood flow to the breast
tissue of tumor-bearing rats as compared to the value in
normal rats was observed 60 min following ET-1 ad-
ministration. Vascular resistance in tumor-bearing rats
was significantly different at baseline (102%, P <0.05)
and at 60 min (147%, P <0,05) following ET-1 admin-
istration as compared to the value in normal rats.

Effect of ET-1 on blood perfusion in breast tissue
of normal and tumor-bearing rats as measured by LDF

Figure 3 shows the changes in perfusion, concentration
of moving blood cells (CMBC) and velocity of red blood
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Fig. 1 Effect of ET-1 on sys-
temic hemodynamics of normal
and tumor-bearing rats.
*P<0.05 compared to baseline,
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cells (RBC) in the breast tissue of tumor-bearing and
normal rats. Blood perfusion in the breast tissue of
normal rats did not change following ET-1 administra-
tion. Perfusion in the breast tissue of tumor-bearing rats
30 min following ET-1 administration was increased
significantly (176%, P <0.05) compared to the value in
normal rats. This increase in perfusion had returned to
baseline by 60 and 120 min following ET-1 administra-
tion in tumor-bearing rats.

The CMBC in tumor-bearing rats was increased sig-
nificantly (54%, P <0.05) at 60 min following ET-1
administration as compared to the value in normal rats.
CMBC had returned to baseline at 120 min following
ET-1 administration. The velocity of RBC had increased

120 min

significantly (252%, P <0.05) at 30 min following ET-1
administration as compared to the value in normal rats.
By 120 min after ET-1 administration the velocity of
RBC in tumor-bearing rats had returned to the baseline
value.

Effect of BQ 788 on ET-1-induced changes in blood
perfusion in breast tissue of normal and tumor-bearing
rats as measured by LDF

Figure 4 shows the effect of BQ 788 on changes induced
by ET-1 in blood perfusion, CMBC and velocity of RBC
in tumor-bearing and normal rats. Blood perfusion in
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Fig. 2 Effect of ET-1 on blood flow and regional vascular
resistance in breast tissue of normal and tumor-bearing rats.
*P<0.05 compared to baseline, #p<0.05 compared to normal

the breast tissue of normal rats did not change signifi-
cantly following BQ 788 or ET-1 administration. How-
ever, perfusion in the breast tumor tissue of tumor-
bearing rats was decreased significantly at 30 min
(25.25+5.7%, P<0.05) and 60 min (25.17+2.8%,
P<0.05) following ET-1 administration in BQ 788-
pretreated rats. Pretreatment with BQ 788 attenuated
the increase in perfusion induced by ET-1 in tumor-
bearing rats. No difference between the perfusion in
breast tissue of tumor-bearing and normal rats was
observed following ET-1 administration in BQ 788-
pretreated rats.

The baseline CMBC in tumor-bearing rats was sig-
nificantly higher than in normal rats (42.4%, P <0.05).
However, following BQ 788 administration there was no
difference in CMBC between tumor-bearing and normal
rats. There was no difference in velocity of RBC between
the two groups.
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Fig. 3 Effect of ET-1 on perfusion, CMBC and velocity of blood
cells in breast tissue of normal and tumor-bearing rats. P <0.05

compared to normal

Discussion

In the present study we evaluated the effect of ET-1 on
systemic hemodynamics and blood flow to the breast
tissue of normal and tumor-bearing rats. ET-1 is a
powerful vasoconstrictor [61]. It belongs to a family of
peptides approximately 21 amino acids long. At least
two forms of ET receptors exist and they are known as
ETA and ETg. ET4 receptor has a higher affinity for ET-
1 but ETg receptor has equal affinity for both ET-1 and
ET-3[2, 17, 42]. ET-1 has complex cardiovascular effects
[27, 48]. When administered to anesthetized and venti-
lated rats an immediate decrease followed by a sustained
increase in blood pressure is observed [22]. It has been
found that ET4 receptors are responsible for the vaso-
constrictor responses and that ETp receptors are re-
sponsible for the vasodilatory actions of ET-1 [28]. ET-1
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Fig. 4 Effect of BQ 788 on ET-l-induced changes in blood
perfusion, CMBC and velocity of blood cells in breast tissue of
normal and tumor-bearing rats. *P <0.05 compared to baseline,
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administration results in an increase in blood flow to
skin tumors possibly due to the vasodilatory actions of
ETg [6]. If there is an increase in ET-1 and ETy receptors
in breast tumors, we would anticipate similar results in
blood flow to breast tumors of rats.

It is known that ET-1 stimulates angiogenesis by
promoting production of VEGF [8, 11, 43, 44]. ET-1 is
increased in many cancer tissues such as breast carci-
noma [59], breast phyllode tumor [60], prostate carci-
noma [31], liver carcinoma [21] and some meningiomas
[33]. ET receptor expression varies between different
cancers [31]. This is the first study to determine changes
in ET-1-induced vascular responses in breast tumor.
The method used in this study is a well-established

radioactive microsphere technique to study systemic
hemodynamics and regional blood circulation [13, 14,
15, 16].

Infusion of 50 ng/kg per min of ET-1 caused a bi-
phasic response in blood pressure: an immediate but
short-lasting decrease followed by a sustained increase.
These results are in accordance with those of previous
studies [20, 30, 38, 56]. ET-1 produced a marked pressor
response in both normal and tumor-bearing rats, which
was accompanied by a significant decrease in SV and
CO. TPR significantly increased in both normal and
tumor-bearing rats and may explain the observed pres-
SOT response.

Baseline blood flow to the breast tumor tissue of tu-
mor-bearing rats was higher than blood flow in normal
animals. This has been observed in an earlier study and
may be due to the recruitment of new blood vessels in
the tumor [55]. Blood flow to the breast tumor following
ET-1 administration was significantly increased com-
pared to that observed in the breast tissue of normal
rats. LDF showed an increase in blood perfusion to the
breast tumor, confirming the increase in blood flow
observed in the breast tumor tissue following ET-1 ad-
ministration. The increase in blood perfusion could have
been due to an increase in either the velocity of RBC or
CMBC or both. At the end of ET-1 infusion an increase
in velocity of RBC was observed while 30 min after ET-
1 infusion an increase in CMBC was observed.

We also tested the hypothesis that the observed in-
crease in blood flow in response to ET-1 may be due to
ETg-mediated vasodilation. Studies have shown that
ET-1 and ETg receptor expression is augmented in
breast cancer tissue [1, 59]. BQ 788 is a specific ETy
receptor antagonist. It inhibits binding to ETg receptors
with an ICsq value of 1.2 nM. In the present study we
used BQ 788 to determine the role of ETg receptors in
ET-1-induced vasodilation in the breast tumor. It was
found that pretreatment with BQ 788 significantly at-
tenuated the increase in blood flow induced by ET-I,
indicating that ETy receptors are involved in ET-1-in-
duced vasodilation. Blood flow changes were determined
following pretreatment with BQ 788 in normal and tu-
mor-bearing rats. In the doses used there was a small
statistically insignificant increase in basal blood perfu-
sion in the tumor-bearing rats. We cannot comment
based on the present results on whether BQ 788 affected
baseline breast tumor blood flow. Separate studies will
be performed to determine the effect of BQ 788 on basal
blood flow.

The expression of ETg receptors is significantly
higher in the endothelial cells than in the smooth muscle
cells and is regulated by various growth factors and
cytokines [49]. Normal breast tissue has a higher level of
ETg than of ET, receptors [1] and it is possible that
during breast cancer ETy receptors are over-expressed
and contribute to maintaining blood flow to the tumor
tissue. As tumors grow they recruit new blood vessels to
supply nutrients. This could be by incorporation of ex-
isting vessels into the tumor or by the creation of new



blood vessels [7]. Studies have shown that new vessels
have different physical properties from normal vascula-
ture. Unlike normal vessels, these vessels do not have
any smooth muscle layers or any innervation. They
consist only of single layers of endothelial cells.

In summary, the present study clearly demonstrates
the infusion of ET-1 produced an increase in blood flow
and a decrease in vascular resistance of breast tumor
tissue and this increase in blood flow could be blocked
by the ETg receptor antagonist, BQ 788. We suggest
that the increased blood flow observed in rat breast tu-
mor may be due to increased ETg receptors. Therefore,
blockade of these receptors could reduce blood flow to
the tumors. The clinical significance of these findings are
that ETg receptor antagonists could be used to reduce
blood supply to breast tumor tissue and thereby help to
reduce growth of the tumor, while ETy receptor agonists
could be used to increase blood flow selectively to the
breast tumor and increase delivery of anticancer drugs to
the tumor tissue.
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