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Does iron have arole in breast cancer?
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Abstract

Oestrogen and family history are two of the most important risk factors for breast cancer. However,
these risk factors cannot explain the differences in the incidence and recurrence of breast cancer
between premenopausal and postmenopausal women. In this paper | propose that, in premenopausal
women, an iron deficiency caused by menstruation stabilises hypoxia inducible factor-1a, which
increases the formation of vascular endothelial growth factor. This mechanism results in
premenopausal women being more susceptible to angiogenesis and, consequently, leads to a high
recurrence of breast cancer. Conversely, increased concentrations of iron in post menopausal women,
as a result of menstrual cessation, contribute to a high incidence of breast cancer via oxidative-stress
pathways. Although the focus of this Personal View is on iron, this by no means negates the roles of
other known risk factors in breast-cancer development. Characterisation of the role of iron in breast
cancer could potentially benefit patients by decreasing recurrence and incidence and increasing
overall survival.

Introduction

In developed countries, breast cancer is one of the leading causes of cancer-related death in
women. Other than family history, oestrogen is the most significant and well-characterised risk
factor for breast cancer. Oestrogen alone, however, cannot explain the differences in breast-
cancer recurrence, aggressiveness, and incidence between premenopausal and postmenopausal
women. In this paper, | propose that iron—a growth nutrient that has equal importance to
oestrogen in female metabolism and development—and the changes in its concentration during
menopausal transition, might have a key role in the development and recurrence of breast
cancer in women.

Biology of the menopause

The menopause is a natural ageing process during which a woman loses her reproductive
ability. In premenopausal women, complex interactions between hypothalamic-pituitary-
ovarian (HPO) glands result in the pituitary gland stimulating the ovaries to mature and release
an egg every month.12 When the eggq is not fertilised, the endometrial matrix prepared for egg
fertilisation is shed in the form of blood (figure 1). The average blood loss during menstruation
is 35 mL per month with 10-80 mL considered healthy.3 Because of this blood loss,
premenopausal women have a higher dietary requirement for iron to prevent iron deficiency
than men or postmenopausal women. In general, iron concentrations are much lower in
premenopausal women than in postmenopausal women.+® Ferritin, an iron-storage protein
with a capacity of binding up to 4500 atoms of iron, and transferrin, an iron-transport protein

Correspondence to: Dr Xi Huang, Department of Environmental Medicine and NYU Cancer Institute, NYU School of Medicine, New
York, NY 10016, USA, xi.huang@nyumc.org.

Conflicts of interest: The author declared no conflicts of interest.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang

Page 2

with two binding sites for iron, are much less saturated in premenopausal women than in
postmenopausal women.87 Thus, in young, premenopausal women, systemic oestrogen
concentrations are high and iron concentrations are low.

As women become older, their ovaries contain fewer eggs to release and menstruation becomes
irregular. The dynamics of the HPO hormones change greatly from cyclic to static patterns and
serum concentrations of oestrogen significantly diminish.8 Many women have physiological
changes during and after the menopause. One of the first physiological changes is the cessation
of menstruation, leading to increased concentrations of iron. Thus, the natural biological
situation in postmenopausal women is the reverse of that in premenopausal women—ie, low
systemic oestrogen concentrations and high iron concentrations. Although ovarian oestrogen
is no longer an endocrine factor in postmenopausal women, oestrogen is produced locally in
the breast tissue by aromatase cytochrome P450 (the product of CYP19A1) Despite the
decline in serum oestrogen concentrations after the menopause, breast tissue 17p-oestradiol
SEZ) concentrations in pre menopausal and postmenopausal women do not significantly differ.

0 Prostaglandin E2 increases intracellular cyclic AMP concentrations and stimulates
oestrogen blo?/nthesrs as a consequence of overexpression of cyclooxygenase type Il (COX-2)
in the breasts.

Association between oestrogen and breast cancer

After family history, lifetime cumulative exposure to reproductive hormones, especially
oestrogen, is the most important risk factor for breast cancer. Early age at menarche, nulliparity,
late first full-time pregnancy, late menopause, and use of hormone replacement therapy (HRT),
are all linked to increased breast-cancer risk.12:13 Oestrogen affects the growth,
differentiation, and functlon of tissues of the female reproductive system—ie, the uterus,
ovaries, and breasts.14 In general, oestrogen exerts its carcinogenicity by several mechanisms,
including: its receptor-mediated hormonal activity; a cytochrome P450-mediated metabolic
activation, WhICh elicits direct genotoxic effects by increasing mutation rates; and the induction
of aneupI0|dy However, oestrogen alone cannot explain the age-related differences in
breast-cancer incidence between premenopausal and postmenopausal women. For example,
the incidence of breast cancer is higher in postmenopausal women than in premenopausal
women (441 vs 75 per 100 000), 16 hut serum circulating oestrogen concentrations are lower
in postmenopausal than in premenopausal women—eg, serum E2 is within the range of 0-110
pMol/L in postmenopausal women versus 275-1909 pMol/L in premenopausal women—and
breast-tissue oestrogen concentrations are comparable. The way in which an overall low
concentration of oestrogen contributes to a high breast-cancer incidence in postmenopausal
women is not completely understood.

Young women diagnosed with breast cancer are known to have a higher risk of dying from the
disease than older women because of the greater early recurrence and the increased
aggressiveness of tumours in this age group 9 After surfjerﬁl recurrence in premenopausal
women is twice as high as that in postmenopausal women, 1 and node- positive
premenopausal women with breast cancer have a substantially increased rlsk of recurrence
compared with node-positive postmenopausal women with breast cancer.22 The BRCAL
mutation, which is linked to family history and was originally thought to contribute to poor
outcome, has been shown to have no effect on breast-cancer mortality. 23 Specific risk factors
for this high breast-cancer recurrence in premenopausal patients have not been identified.

In view of these profound premenopausal and postmenopausal differences in iron
concentrations, | propose that the change in iron status from iron deficiency to iron load during
the menopausal transition contributes to the difference in breast-cancer incidence and
recurrence between premenopausal and postmenopausal women. Thus, in addition to the other
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known risk factors of breast cancer (eg, genetic factors [ie, BRCA1 and BRAC2], HRT, lifestyle,
pregnancy, and obesity), an imbalance in iron concentration should also be viewed as an
important risk factor, which might account for some unexplained findings.

Iron deficiency and breast-cancer recurrence in premenopausal patients

Angiogenesis is necessary for any tumour to grow beyond a certain volume, and has an
important role in tumour progression, malignancy, and recurrence.2423 This process is
regulated by several proangiogenic (eg, vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor) and antiangiogenic (eg, thrombospondin-1) factors produced by both
the tumour cells and the surrounding stroma.2° Cells buried in the centre of a tumour mass
receive inadequate oxygen and nutrient supplies as a result of few blood vessels to transport
them. This deprivation leads to a hypoxic cascade, in which hypoxia inducible factor-1a
(HIF-10) stabilises and upregulates genes stimulating angiogenesis, resulting in the formation
of a new vasculature, which penetrates into the tumour core.«/:

Angiogenesis and metastasis are intrinsically connected and antiangiogenic strategies have
been investigated for cancer treatment and the prevention of cancer recurrence and metastasis.
29,30 Experimental data suggest that the establishment and growth of metastases are linked to
soluble factors secreted from theﬁ)rimary tumour, followed by a spread of cancer cells through
the newly formed blood vessels. 9,30 VEGF is the most potent endothelial-cell mitogen and
also a regulator of vascular permeability. Previous retrospective studies on the association of
VEGF with relapse-free survival and overall survival have reported that patients with early-
stage breast cancer who have tumours with increased concentrations of VEGF have a higher
likelihood of recurrence or death than patients with low VEGF-producing tumours.31

Iron deficiency is a relevant health issue in young women and affects 20% of non-pregnant
women aged between 16 and 49 years in industrialised countries and over 40% of all women
in developing countries.32-34 However, its relation with breast-cancer outcome has been
overlooked. Figure 2 shows how a concomitant deficiency in iron with high oestrogen
concentrations in young women can lead to increased VEGF formation, angiogenesis,
metastasis, and consequently, high recurrence. This scheme is based on the fact that, by
comparison with postmenopausal women, significantly higher concentrations of VEGF are
evident in the healthy breast tissue of premenopausal women.3% Moreover, a higher percentage
of VEGF-positive tumour cells have been shown to be present in premenopausal women than
in postmenopausal women, which is apparently associated with oestrogen-receptor-negative
tumours.36 Oestradiol can modulate VEGF concentrations in the breast by the classic
oestrogen-receptor pathway.3’7738 Indeed, metastatic-breast-cancer spread is more likely when
resection of the primary tumour is done in the high oestrogen and low progesterone follicular
phase of the menstrual cycle compared with the luteal phase of high progesterone and moderate
oestrogen.39’40 However, iron deficiency could be an additional important factor in enhancing
VEGF concentrations in premenopausal women. Iron deficiency is likely to increase HIF-1a
stabilisation and angiogenesis by two different mechanisms: by lowering concentrations of
HIF-degrading prolyl-4-hydroxylase because iron is a cofactor of this enzyme and by
decreasing oxygen tension (increased hypoxia) in the body as a result of the presence of fewer
red blood cells because of menstruation. HIF-1a prolyl-4-hydroxylase is an enzyme that
hydroxylates HIF-1a and is iron dependent.41 Iron deficiency prevents hydroxylation of the
proline and stabilises the HIF-lafrotein, which subsequently leads to increased VEGF
concentrations and angiogenesis. 2 Iron deficiency can also result in hypoxic conditions in
cancer tissue due to low haemoglobin concentrations in red blood cells. An association between
low haemoglobin concentrations and increased serum VEGF concentrations has been reported
in patients with cancer.#3 Because many premenopausal women are likely to be iron deficient,
lowered iron concentrations might contribute to angiogenesis, which could make
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premenopausal women with breast cancer more susceptible to breast-cancer recurrence than
post menopausal women.

Iron load and breast-cancer incidence in postmenopausal women

Many studies have suggested that a long lifetime exposure to oestrogen contributes to the
development of breast cancer in postmenopausal women.#4 However, although the incidence
of breast cancer is higher in postmenopausal than in premenopausal women, serum circulating
concentrations of oestrogen are lower in postmenopausal women and breast-tissue oestrogen
concentrations are comparable. These findings strongly suggest that factors other than
oestrogen contribute to the greater incidence of breast cancer in postmenopausal women.

Figure 2 shows that increased iron concentrations after the menopause could be an important
aetiological factor in the development of breast cancer in this population. Iron is well known
for catalysing Fenton/Haber-Weiss or autoxidation reactions, that lead to the formation of
reactive oxygen species (ROS) and lipid peroxidation, as well as their products, which give
rise to mutagenic aldehydyes, such as 4-hydroxyn0nena|.45v46 In conjunction with high local
concentrations of oestrogen in the breast from either endogenous (eg, increased COX-2) or
exogenous (eg, HRT use or intake of high-fat diet) sources, iron can catalyse the redox cycling
of catechol oestrogen metabolites quinone and semi-quinone, which generate ROS shown to
contribute to oestrogen-induced carcinogenesis.47 Redox cycling of the stilbene or steroid
oestrogen metabolites (eg, oestrone-3,4-quinone) can form superoxide anions, 8 which are
capable of reducing ferritin-bound Fe3* to Fe2* and, thus, cause iron release from ferritin
storage. In the presence of superoxide dismutase, the formed H,O, from this reaction can be
readily reduced by FeZ* to hydroxyl radical (-OH), the most potent oxidant. DNA mutation is
a crucial step in carcinogenesis and increased numbers of oxidative DNA lesions have been
noted in various tumours, strongly implicating such damage in the aetiology of cancer.49
Furthermore, oestrogen and iron have been known to activate oxidant-mediated signalling
through oxidative-stress pathways and promote cell proliferation. ROS produced within cells
can act as secondary messengers in intracellular signalling cascades, which induce and
maintain the oncogenic phenotype of cancer cells. 9 Signal-transduction pathways that are
known to be activated by ROS include the mitogen-activated protein kinase pathway, the AP-1
pathway, and the nuclear factor-xB pathway, which affect transcription of genes involved in
cell growth and transformation.®0 Therefore, an unhealthy diet or use of HRT can contribute
to the redox cycling of these oxidant-generating processes, which make this postmenopausal
population more susceptible to breast-cancer development.

Studying the association between iron imbalance and breast cancer

Generally, in-vivo rodent models of mammary cancer are appropriate vehicles for the study of
human breast cancer.2 In these models, many confounding factors from either endogenous
or exogenous sources can be controlled. In previous research, an ovariectomised mouse was
used as a model of menopause,52 in which serum oestradiol baseline concentrations were
substantially decreased compared with mice with ovaries, thus simulating one of the major
postmenopausal settings. However, an important aspect that has not been investigated is the
considerable difference in iron concentrations before and after menopause. Because
appropriate animal models concurrently mimicking menopausal conditions of oestrogen and
iron concentrations are absent, this iron-imbalance hypothesis is difficult to prove in a research
laboratory.

Breast cancer develops in women as a result of a combination of external and endogenous
factors, such as diet, socioeconomic status, and familial and genetic factors. Thus, identifying
one specific factor or mechanism responsible for the disease is complicated in human research.
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However, if iron deficiency is, in fact, responsible for increased angiogenesis and for breast-
cancer recurrence, supplementing young patients with breast cancer with iron before surgery
should lead to a decrease in angiogenic response, such as a decline in VEGF formation and, in
the long term, decreased relapse. Because iron supplementation is approved by the US Food
and Drug Administration, such a study should carry no investigational risks to the patients. If
an association between iron and breast-cancer recurrence is proven, a simple and inexpensive
clinical solution to breast-cancer recurrence can be provided for premenopausal patients.
Conversely, iron-chelation treatment could be proposed for postmenopausal patients.

Search strategy and selection criteria

Data for this Personal View were identified by searches of Medline, Current Contents,
PubMed, and references from relevant articles using the search terms “iron deficiency”,

“anaemia”, “iron overload”, “breast cancer”, “menopause”, and “angiogenesis”. Only
papers published in English were included. There were no date restrictions.

Conclusion

Iron imbalance is a unique physiological occurrence in women, which is likely to affect health
before, during, and after the menopause. The possibility exists that iron deficiency contributes
to the high recurrence of breast cancer in premenopausal women, whereas iron load might have
a role in the incidence of breast cancer in postmenopausal women. Understanding the role of
iron imbalance in breast cancer could lead to adjuvant therapeutic treatments, and potentially
benefit patients by decreasing recurrence and incidence and increasing overall survival.
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Figure 1. Lining of the uterus during menstruation
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Figure 2. Proposed mechanisms for increased breast-cancer recurrence in premenopausal women
(A) and for increased breast-cancer incidence in postmenopausal women (B)

Fe=iron. E2=17p-estradiol. pO,=partial pressure of oxygen. HIF-a1=hypoxia inducible
factor-1a. P4H=prolyl-4-hydroxylase. VEGF=vascular endothelial growth factor.
ER=oestrogen receptor. HQ= hydroquinone. SQ=semi-quinone. Q=quinine. SOD=superoxide
dismutase. HRT=hormone replacement therapy. ECM=extracellular matrix.
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