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Abstract

Angiogenesis is important in tumor growth, progression and metastatic dissemination. Vascular endothelial growth factor

(VEGF) is one key factor in promotion of breast cancer angiogenesis. VEGFs are bioactive in the extracellular space where they

become available to the endothelial cells. Phytoestrogens such as lignans have been shown to alter breast cancer incidence and

be cancer-protective in rats. We show that supplementation of 10% flaxseed, the richest source of mammalian lignans, to nude

mice with established human breast tumors reduced tumor growth and metastasis. Moreover, flaxseed decreased extracellular

levels of VEGF, which may be one mechanistic explanation to the decreased tumor growth and metastasis. q 2002 Elsevier

Science Ireland Ltd. All rights reserved.
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1. Introduction

The incidence of breast cancer differs in various

populations of the world and migrant studies indicate

that the difference is largely attributable to environ-

mental factors rather than genetics [1,2]. The plant-

based diets with high contents of phytoestrogens such

as lignans and isoflavonoids have been proposed to be

responsible for the low breast cancer incidence in

Asian women but the mechanisms are unexplored.

Experimental animal studies have supported the

epidemiological data and shown a chemopreventive

effect of phytoestrogens on mammary, colon, and skin

tumors [3,4]. Administration of phytoestrogens to

newborn rats delays the onset of mammary cancer

after carcinogen treatment and exposure to lignans

induces structural changes in the highly proliferative

terminal buds leading to atrophy of the mammary

gland [5–7]. Flaxseed (FS) is the richest source of

secoisolariciresinol diglycoside (SDG), the main

precursor of mammalian lignans. Colonic bacteria

converts SDG to the two major mammalian lignans,

enterodiol (ED) and enterolactone (EL) [8,9].

Angiogenesis, the generation of new capillaries

from preexisting vessels, is one of the most important

events in tumor growth, progression and metastatic

dissemination [10,11]. Vascular endothelial growth

factor (VEGF) appears to be a key factor in promotion

of tumor angiogenesis and in breast cancer VEGF

mRNA expression is increased compared to adjacent

normal breast tissue [12]. Moreover, high VEGF

levels correlate with poor prognosis and decreased

overall survival for both node-positive and node-

negative breast cancer patients [13,14]. VEGFs are

bioactive as freely diffusible proteins in the extracel-
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lular space where they become available to the

endothelial cells, and it has been suggested that the

soluble isoform has greater angiogenic and tumori-

genic properties than the heparin bound isoforms [15].

The estrogen receptor-negative human breast carci-

noma cell line, MDA-MB-435, has been shown to

develop metastasis in lymph nodes, lungs, and other

visceral organs after tumor formation in the mammary

fat pad in nude mice [16–18]. In contrast to other cell

lines, which exhibit a low metastatic ability, MDA-

MB-435 tumors produce distant metastases in 80–

100% of recipients and is therefore a tool for analysis

of the cellular and molecular basis of the metastasis of

advanced breast cancer [19].

The objective of this study was to determine

whether a diet supplemented with FS to nude mice

with established MDA-MB-435 tumor explants

affected tumor growth, metastasis, and extracellular

VEGF.

2. Materials and methods

2.1. Cell line and animals

The estrogen receptor-negative MDA-MB-435

human breast cancer cell line was obtained from Dr

Janet Price, Department of Cell Biology, M.D. Ander-

son Center, Houston, TX. The cells were maintained

in Iscove’s modified Dulbecco’s medium supplemen-

ted with 5% fetal bovine serum, plus penicillin and

streptomycin (Sigma, St. Louis, MO).

Twenty female athymic nude mice (NCR-nu/nu),

3–4 weeks of age, were purchased from Simonsen

Laboratories (Gilroy, CA) and maintained in a micro-

isolator within a pathogen free isolation facility. They

were fed with sterilized diet and autoclaved water ad

libitum. Surgical procedures were performed under

aseptic conditions in a laminar flow hood. The

University of Toronto Animal Care Committee

approved all animal work.

2.2. Experimental design

The mice were acclimatized for 1 week, while

being fed the basal diet (BD). They were anesthetized

with ketamine/xylazine and MDA-MB-435 cells

(1 £ 106 in 50 ml of culture medium) were injected

into the surgically exposed right-sided thoracic

mammary fat pad. The inoculation sites were palpated

at weekly intervals. The maximum diameters and

perpendicular diameter of the palpable mammary fat

pad tumors were measured and the surface areas were

calculated by the following equation (L/2 £ W/

2 £ 3.14). At week 8, mice were randomized into

two groups, such that the mean body weight and

tumor size in each group were the same, and fed for

6 weeks with either BD or 10% FS diet. Palpable

tumor size was monitored weekly as before.

At necropsy, the body and mammary fat pad tumor

weights were recorded. The extent of macroscopic

metastasis was assessed using a dissecting microscope

at 40 £ magnification.

2.3. Diets

Two different diets were prepared: BD, which is

based on AIN93G [20] modified to contain 20%

corn oil, or BD supplemented with 10% ground FS

(Linott variety; Omega Products, Melfort, Saskatche-

wan, Canada). The FS diet was corrected for the FS’s

contribution to fat, carbohydrate and protein compo-

nents so that the two diets were isocaloric. Both diets

were prepared by DYETS Inc. (Bethlehem, PA) and

sterilized by gamma irradiation by Isomedix Corp.

(Whitby, Ontario, Canada).

2.4. Microdialysis equipment and experiment

Microdialysis is a minimal invasive technique that

allows continuous sampling of the extracellular fluid

in a specific organ or tissue [21,22]. Diffusion of low

molecular substances over the dialysis membrane is

almost complete at low flow rates [21]. However, for

larger molecules such as VEGF the recovery over the

membrane decreases. To estimate the recovery of

VEGF, probes were calibrated in vitro by dialysis of

VEGF standard solutions; the mean recovery at room

temperature was 4 ^ 0.06% at a flow rate of 2 ml/min.

After a 30 min equilibration period the levels of

VEGF did not change over time for a period of 5 h

when the flow rate was constant. However, the in vitro

recovery can only be an estimate of the in vivo recov-

ery since other factors such as tissue pressure and

temperature will affect the diffusion of substances.

Therefore, all microdialysis values are given as origi-

nal data without re-calculations.

Fourteen weeks after the tumor cell injections tumor-
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bearing mice, ten in each group, were anesthetized with

an i.p. injection of ketamine/xylazine and thereafter kept

anesthetized by repeated s.c. injection with 25% of the

initial dose of ketamine/xylazine. A heating pad main-

tained body temperature. A small skin incision was

made and microdialysis probes (CMA/20, 0.5 mm

diameter; PES membrane length 4 mm, 100 kDa cut-

off, CMA/Microdialysis, Stockholm, Sweden) were

inserted into tumor tissue and sutured to the skin. The

complete length of the 4 mm membrane was situated in

tumor tissue, i.e. all tumors were larger than 4 mm. The

probes were connected to a CMA/102 microdialysis

pump (CMA/Microdialysis, Stockholm, Sweden) and

perfused at 2 ml/min with a physiological solution

containing 147 mmol/l Na1, 4 mmol/l K1, 2.3 mmol/l

Ca21, and 156 mmol/l Cl2. After a 30 min equilibration

period, the outgoing perfusate was collected for 4 h on

ice and stored at 270 8C for subsequent analysis.

2.5. VEGF analysis

All samples were analyzed using a commercial

quantitative immunoassay kit for human VEGF

(Quantikine, human VEGF; R&D systems, Minnea-

polis, MN). According to the manufacturer this kit

measures the soluble VEGF 165 and 121 isoforms

and the sensitivity is less than 5 pg/ml; intra-assay

and inter-assay precision is 4.5–8.8%. All samples

were assayed in duplicate in the same assay and the

intra-assay precision given by the manufacturer was

confirmed in our lab.

2.6. Statistics

The data are expressed as means ^ SEM. Student’s

t-test, Fisher’s exact test, and simple regression were

used as appropriate. P , 0:05 was considered as

statistically significant.

3. Results

3.1. Body weight and food consumption

No significant difference in initial body weight,

food intake or body weight change were recorded

between the treatment groups. Weights of major

organs, such as the liver, heart, spleen, kidney,

ovary and uterus, adjusted to body weight, were not

significantly different (data not shown).

3.2. Tumor growth

Tumor growth rate, the effect of treatment over

time, was significantly lower in tumors exposed to

10% FS, i.e. 10.2 ^ 2.4 vs. 16.6 ^ 1.7 mm2/week in

the BD group (P , 0:05, n ¼ 10 in each group) (Fig.

1). None of the tumors in the flax group went into

complete regression but all had a slower growth rate

than the tumors in the BD group.

3.3. Metastasis

The incidence of macroscopic distant metastasis,

lungs, distant lymph nodes, and other organs was

significantly decreased in mice fed with 10% FS, i.e.

1/10 compared to 7/10 in the BD group (P , 0:05)

(Table 1). The number indicates animals with one to

several metastases.

3.4. Effects of 10% FS on extracellular release of

VEGF

The levels of VEGF in extracellular fluid were

decreased in FS-exposed tumors compared with BD

tumors, i.e. 10 ^ 3 vs. 22 ^ 8 pg/ml. However, the

difference was statistically significant only in the

large tumors .2.5 g, i.e. 5 ^ 5 pg/ml in the FS
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Fig. 1. Effects of a diet supplementation of 10% FS on tumor growth

of MDA-MB-435 human breast cancer xenografts in nude mice.

Eight weeks after tumor cell injection into mammary fat pads the

mice were randomized to two groups receiving either BD or a

supplement with 10% FS. The tumor growth rate was decreased

in mice fed with 10% FS (P , 0:05, n ¼ 10 in each group).



group compared to 60 ^ 10 pg/ml in the BD group

(P , 0:05, n ¼ 3 in each group) (Fig. 2).

3.5. Association between extracellular VEGF and

tumor size

Comparison of the extracellular VEGF with tumor

size revealed a significant correlation between the

parameters in the BD diet group (P , 0:05), but not

in the FS group (Fig. 3A,B).

4. Discussion

In this study we show that a dietary supplementa-

tion with 10% FS decreased the tumor growth rate and

metastasis of estrogen receptor-negative breast tumor

explants in athymic nude mice. Moreover, we show,

for the first time, that the extracellular levels of VEGF

in large tumors were significantly lower after a FS diet

compared to BD.

VEGF acts on endothelial cells by stimulating cell

proliferation, migration, and tubular organization and

increases vascular permeability [23]. To exert its

effect VEGF has to be secreted into the extracellular

fluid. Several isoforms of human VEGF containing

121, 165, 189, and 206 amino acids are produced

from a single gene as a result of alternative splicing

[24]. The various isoforms differ in the affinity for

heparin and heparin-like molecules, which affect

their bioavailability [25]. Previous assessments of

VEGF protein have been performed by immunohisto-

chemistry or immunoassay of tissue extracts and these

measurements appear to correlate with microvessel

density at least in invasive ductal carcinoma of the

breast [26,27]. However, VEGF 121, considered to

be the most potent stimulator of angiogenesis in

vivo and the predominate isoform in primary human

breast cancer, diffuses freely into the extracellular

space from the cells producing it and cannot be

detected by immunostaining of tumor sections

[15,28]. The longer isoforms of VEGF may be

released in soluble bioactive form by proteolytic clea-

vage [23]. This cleavage may be especially important

in tumors where the local microenvironment generally

express a high proteolytic activity [29]. Clearly, a

direct measurement of VEGF locally in the tumor

would be more accurate for measurement of bioactive
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Fig. 2. Effects of a diet supplementation of 10% FS on extracellular

levels of VEGF in MDA-MB-435 human breast cancer xenografts

in nude mice, measured with microdialysis. Large tumors exposed

to 10% FS had decreased levels of VEGF compared to tumors

exposed to BD (P , 0:05, n ¼ 3 in each group). The inset shows

the difference in tumors of all sizes.

Table 1

Effect of 10% FS diet on distant metastasis in nude mice with MDA-

MB-435 human breast tumor xenograftsa

Diet Metastasis (%) No metastasis

BD 7/10 (70) 3/10 (30)

10% FS 1/10 (10) 9/10 (90)

a Athymic nude mice were injected with MDA-MB-435 human

breast adenocarcinoma cells into the mammary fat pad. Eight weeks

after tumor cell injection the mice were randomized into two groups

with similar tumor size and body weight. One group was fed with

BD while the other was supplemented with 10% FS. Six weeks after

diet supplementation the mice were killed and the number of metas-

tases was assessed by a dissecting microscope and later confirmed

by histology. There was a statistically significant difference in the

incidence of metastasis between the groups. Fisher’s exact test was

used for statistical analysis (P , 0:05).



protein released by the tumor. Our results indicate that

microdialysis is a useful technique for detection of

VEGF in tumor tissue in vivo.

Hypoxia seems to be an important stimulus for indu-

cing VEGF mRNA expression in human mammary

tumors mainly through hypoxia-inducible factor-1

(HIF-1) [30,31]. Moreover, increased levels of HIF-1

alpha have been associated with more aggressive breast

tumors [32]. Our results show that in the BD group

VEGF correlated significantly with tumor size which

suggests that the larger the tumor the more hypoxia

has developed with subsequent increased VEGF

production. The slower tumor growth rate after FS expo-

sure may have prevented the development of tumor

hypoxia, which could explain the decreased levels of

VEGF in those tumors.

Another regulator of angiogenesis is estrogen. It

has been shown that estrogen modulates angiogenesis,

both under physiological and pathological conditions,

mainly via effects on endothelial cells [33]. In the

female reproductive tract, where angiogenesis is a

normal physiologic event, as well as in endometrial

and breast cancer, VEGF expression is regulated by

sex steroids and an estrogen responsive element in the

gene for VEGF has been identified [34,35]. In animal

models and in vitro the mammalian lignans ED and

EL, which are produced after FS diet, have been

shown to inhibit aromatase and stimulate production

of sex-hormone-binding globulin, which is hypothe-

sized to lead to a reduction of endogenous estrogen

levels and lengthening of the estrous cycle [36–38].

Moreover, it has been shown that EL and genistein

inhibit angiogenesis in vitro by decreased prolifera-

tion and migration of endothelial cells and decreased

levels of VEGF in tumors [39,40]. Thus, a diet of FS

could affect angiogenesis and VEGF production both

by direct cellular effects and indirectly by reducing

the endogenous estrogen production.

In a previous study, we have shown that 10% FS

can inhibit breast cancer growth and metastasis

by downregulation of expression of insulin growth

factor-1 and epidermal growth factor receptor [41].

The present study suggests that the slow tumor

growth rate seen in the mice after a FS diet may

also be attributed to its effect on tumor angiogenesis.

We conclude that diet supplementation with FS given

to nude mice with established human breast cancer

xenografts reduced the tumor growth rate and the devel-

opment of distant metastasis. We also report decreased

extracellular levels of VEGF in FS-exposed tumors,

which may be one mechanistic explanation to both the

reduced growth rate and the decreased incidence of

metastasis. Further studies should focus on the in vivo

effects of mammalian lignans on solid human tumors

where microdialysis may prove to be a useful tool in

providing data on molecular events of tumors in situ.
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