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Summary Iron deficiency and anaemia are com-
mon in colorectal cancer. Replacement with oral
or intravenous iron effectively treats this deficiency.
However, mechanistic and population studies suggest
that excess iron promotes colorectal carcinogenesis.
Growing research into gut microbiota and dysbiosis
suggests one explanation for this association. Iron
is growth limiting for many pathogenic bacteria and
may promote a shift in the ratio of pathogenic to pro-
tective bacteria. This may increase the toxic bacterial
metabolites, promoting inflammation and carcino-
genesis. This has important implications as we seek
to correct anaemia in our patients.
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Introduction

Iron deficiency and iron excess both have important
implications for colorectal cancer (CRC). Iron is an
essential trace element, most commonly recognised
for its function when incorporated into haem pro-
teins to form haemoglobin. However, it is found in
all cells and involved in many cellular processes, act-
ing as a cofactor for enzymes, in iron-sulphur clus-
ters, haem groups (haemoglobin, myoglobin) and in
cytochromes essential for oxidative phosphorylation
in mitochondria [1]. Despite this ubiquity, excess iron
is highly toxic and judicious homeostasis is essential
to protect the human body from the damaging oxida-
tive effects of iron (see Fig. 4) [2].
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Iron deficiency

Iron deficiency in colorectal cancer results from an
imbalance of absorption versus demand for iron. This
results in the depletion of iron stores and finally an
iron-deficient state. 60% of patients with colorectal
cancer have iron deficiency at presentation [3].

The main mechanisms for development of iron de-
ficiency in colorectal cancer are pathological blood
loss from gastrointestinal bleeding due to the cancer
and functional iron deficiency, whereby normal iron
stores cannot be mobilised due to hepcidin-mediated
iron sequestration and restriction of iron induced by
chronic inflammation [4, 5].

Clinically this manifests as iron deficiency anaemia
and for those undergoing surgery, this anaemia in-
creases mortality, morbidity, length of stay and bloods
transfusions [6–8]. Further, blood transfusions are
themselves an independent risk factor for mortality,
morbidity and cancer recurrence [9, 10]. These dele-
terious outcomes reinforce the need to correct iron
deficiency in order to reduce these risks. This can
be achieved with oral (enteral) or intravenous (par-
enteral) iron, although concerns exist whether iron
supplementation may in fact be harmful.

Iron excess

From the 1980s onwards, a link between both dietary
iron and body iron stores causing colorectal cancer
had been proposed [2, 11–13]. Meat consumption
(especially red meat and processed meat) has been
associated with colorectal cancer [14].

Stevens et al. looked at a population of 14,000 adults
from 1971 that were followed up for between 10 and
13 years. They found that total iron binding capac-
ity was lower and transferrin saturation significantly
higher in men that developed cancer, suggesting high
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Fig. 1 Transferrin receptor 1 (TfR1) immunohistochemistry (ThermoScientific [USA], Biorbyt [UK],Novusbiologicals [USA] #13-
6800TfR1mouseAb1:200). aNormal humancolonicmucosademonstrating luminal apicalmembranousstaining for TfR1 (black
arrow). bHumancolorectal adenocarcinomademonstratingoverexpressionandmis-localisationofTfR1 (more intensecytoplasmic
stainingwithnopropensity for theapicalmembrane;©OliverNg,MedicalUniversity of Vienna, 2016)

Fig. 2 Divalentmetal transporter 1 (DMT1) immunohistochemistry (Biorbyt, UK#orb5976DMT1 rabbit Ab1:250)aNormal human
colonicmucosademonstrating luminal apicalmembranousstaining forDMT1 (black arrow)bHumancolorectal adenocarcinoma
demonstratingoverexpressionandmis-localisationofDMT1 (diffusecytoplasmic stainingwithnopropensity for theapicalmem-
brane;©OliverNg,MedicalUniversity of Vienna, 2016)

body iron stores increased cancer risk. No significant
difference was found in women [11].

Specifically in colorectal cancer, Nelson performed
a systematic review of 33 human studies examining
iron exposure and colorectal cancer risk. He con-
cluded that three quarters of studies support the as-
sociation of iron and increased colorectal cancer risk.
However, it is not clear whether excess dietary iron
(and hence bioavailable iron in the lumen of the gut)
or excess total body iron stores are most implicated in
the apparent increase in CRC [15].

Conversely, reduction in iron can decrease cancer
risk. As early as 1963, Weinberg proposed that the
body restricts iron from neoplastic cells in a simi-
lar way to microbial infection [16]. In 2008, Edgren
et al. examined the effect of repeated blood donation
(and hence iron loss) on cancer risk. They demon-

strated that iron loss of > 2.7 g compared to iron loss
of < 0.75 g decreased cancer risk (combined odds ra-
tio, OR = 0.70, 95% confidence interval, CI = 0.58 to
0.84) [17].

Further evidence linking molecular changes in iron
transport and colorectal cancer exists. Brookes et al.
[18] investigated iron transport in human colorec-
tal cancer. They demonstrated increased expression
of the iron import proteins duodenal cytochrome b
(DCYTB), divalent metal transporter 1 (DMT1) and
transferrin receptor (TfR1; Fig. 1 and 2). Furthermore,
iron export was reduced due to decreased expression
and abnormal localisation of hephaestin (HEPH) and
ferroportin-1 (FPN; [18]; Fig. 3). The net effect of these
changes would increase intracellular iron in tumour
cells.
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Fig. 3 Ferroportin (FPN) immunohistochemistry (Novusbiologicals [USA]NBPI21502 rabbit Ab1:500). aNormal humancolonic
mucosademonstrating cytoplasmic andstrongbasolateralmembranousstaining for FPN (black arrow).bHumancolorectal ade-
nocarcinomademonstrating andmis-localisationof FPN from thebasolateralmembrane (©OliverNg,MedicalUniversity of Vienna,
2016)

Iron loading also increases Wnt-signalling, a ma-
jor oncogenic pathway in colorectal cancer cell line
models. However, this only occurs in mutant APC cell
lines (Caco-2 and SW480), while wild-type APC cell
lines (HEK-293 and human primary fibroblasts) show
no increase [19]. Further, in murine models deple-
tion of luminal iron reduces intestinal tumorigene-
sis and, conversely, increasing luminal iron strongly
promotes tumorigenesis. Of particular importance,
systemic iron replacement with an iron-depleted diet
did not promote tumorigenesis [20]. Murine ulcer-
ative colitis models similarly showed no increase in
colon carcinogenesis with systemic iron supplemen-
tation when compared to iron-enriched diets [21, 22].
In humans, healthy volunteers given oral iron sup-
plementation showed a 40% increase in free radical
production in faeces [23].

Iron and microbiota

One theory for why iron increases colorectal cancer
risk is that unabsorbed dietary iron promotes disrup-
tion of the gut microbiota (dysbiosis) causing a shift
in the ratio of protective to pathogenic bacteria [24].

Research in this field has increased during the
last 10 years, largely driven by advances in DNA
sequencing (especially of highly conserved hyper-
variable regions of the 16 S rRNA genes in bacteria),
which, combined with real-time quantitative PCR
techniques, allows characterisation and quantifica-
tion of microbiota biodiversity [25, 26].

Specific bacteria have been implicated in carcino-
genesis, including Streptococcus bovis, Bacteroides, En-
terococcus faecalis andClostridia [27–30]. These bacte-
ria produce genotoxic metabolites, such as hydrogen
sulphide and secondary bile salts, which likely pro-
mote inflammation and carcinogenesis [31, 32].

In contrast, gut protective Bifidobacterium longum
and Lactobacillus acidophilus appear to inhibit car-
cinogenesis by forming a protective barrier against
colonisation by pathogenic bacteria [33, 34]. Bifi-
dobacteriaceae bind iron to their surface reducing free
radical formation and bioavailable iron for pathogenic
bacteria [35]. Lactobacilli also appear to reduce the
mutagenic effects of bile acids [36]. Butyrate produc-
tion by these bacteria is also thought to be anti-car-
cinogenic and may be altered by dysbiosis [37].

Eradication of bacteria with antibiotic treatment or
breeding germ free mice in colitis-associated cancer
models significantly decreases the incidence of colon
cancer and alters gut microbiota [38, 39].

Iron is essential for growth, virulence and ability to
colonise the gut for many of the pathogenic bacterial
species [40]. Bacteria dependent on iron have iron-
binding siderophores that enable them to absorb free
iron or scavenge iron from haemoglobin or transfer-
rin. Importantly, the protective Lactobacilli bacteria
do not have siderophores and grow independently of
iron, instead requiring manganese for growth [41].

As a response to infection, iron-withholding strate-
gies (mediated through hepcidin) play a key role in
host defence [42]. Described as hypoferraemia of in-
flammation, this sequestration of iron inmacrophages
denies iron to invading microorganisms [43].

Anaemic African children supplemented with iron
demonstrate an increase in the ratio of pathogenic
enterobacteria compared to protective Bifidobacteria
and Lactobacilli, with an associated increase in in-
flammation [44, 45].

Further support for this theory is found in in vitro
and animal studies. Low-iron in vitro cultures of faecal
microbiota favour the growth of Lactobacillus species
and a decrease in Clostridium and Bacteroides species
[46]. Similar findings were seen in rat’s gut microbiota
with iron-deficient and replete diets [47]. Mice fed
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Fig. 4 Schematic overview
of iron-induceddysbiosis in
thecolonic lumen

iron-deprived diets also increased the population of
Lactobacilli in the gut [48].

Genetic modification of iron metabolism genes
in mice to increase (iron regulatory protein 2 ) or
decrease (hereditary haemachromatosis Hfe) iron re-
sulted in an abundance of beneficial Lactobacillus
species with IRP-2 knockouts and a predominant
Enterococcus faecium species in Hfe-/- mice [49].

The route of iron supplementation also appears to
be important. Werner et al. used a Crohn’s disease-
like ileitis mouse model and gave either iron sulphate-
containing diet or an iron-free diet, with or without
iron injections, for 11 weeks. They showed that an iron
sulphate-free diet prevented development of Crohn’s
ileitis through alteration of the composition of micro-
biota in the gut. Importantly, systemic iron repletion
via injections did not abrogate the protective effect of
luminal iron depletion [50].

These findings have recently been demonstrated in
humans as well. In a study that randomised inflam-
matory bowel disease patients to oral or intravenous
iron therapy for anaemia, those receiving oral iron
therapy showed a significant decrease in the abun-
dance of bacterial communities (especially in Crohn’s
disease) when compared with intravenous iron [51].

Clinical relevance

It is likely, that colonic microbiota and iron are only
a part of a more complex interplay of diet, immunol-
ogy and iron biology that play a role in colorectal car-
cinogenesis.

However, this acknowledgement that iron is proin-
flammatory has already gained recognition within
gastroenterology and the treatment of inflammatory

bowel disease with oral iron is not recommended in
active disease [52].

For surgeons and anaesthetists looking to optimise
their patient’s haemoglobin and correct iron defi-
ciency anaemia prior to surgery, we should now be
considering the harmful effects of high-dose oral iron.
Instead, we should be considering more bioavailable
low-dose preparations of oral iron or giving intra-
venous iron that avoids the gut altogether. Would this
avoid the harmful imbalance of colonic microbiota
that research suggests occurs when luminal iron is
abundant?
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