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Abstract. The obesity epidemic is associated with increases 
in the incidence of several types of cancer, including 
colorectal cancer, and is associated with poor outcomes for 
patients. Adipose tissue is considered biologically active and 
represents a plausible link between cancer and obesity due to 
the many factors that it secretes. In the present study, human 
adipose tissue was cultured in vitro and predifferentiated 
adipocyte secretome [preadipocyte (PAS)] and differentiated 
adipocyte secretome (DAS) were collected. Quantification of 
interleukin-6 (IL-6), leptin and hepcidin in the DAS medium 
was compared to the PAS medium. Fold change levels of 
hepcidin, leptin and IL-6 in DAS (2.88±0.28, 12.34±0.95 
and 31.29±1.89 fold increases) were significantly higher 
compared to these in PAS (p=0.05). The SW480 colorectal 
cancer cells were co-cultured with DAS in the presence or 
absence of leptin, IL-6 or hepcidin inhibitors and cellular 
viability and proliferation assays were performed. The culture 
of SW480 with DAS increased the cell proliferation and 
viability by 30 and 15% (p=0.02 and p=0.03) respectively, 
which was reversed in the presence of inhibitors. Challenging 
the SW480 cells with IL-6 or hepcidin significantly elevated 
colonocyte‑secreted leptin (p=0.05). Challenging the SW480 
cells with leptin or hepcidin resulted in elevated levels of 
colonocyte-secreted IL-6 (p=0.05). Similarly, challenging 
cells with either IL-6 or leptin markedly elevated the level of 
secreted hepcidin (p=0.05) and this was associated with an 
induction in colonocyte iron levels in both cases. Collectively, 

these data revealed that adipocyte-secreted factors can ulti-
mately modulate colonocyte iron levels and phenotype.

Introduction

A quarter of adults worldwide are classified as obese [(body 
mass index (BMI), ≥30 kg/m2)] (1), with projections that this will 
increase to a third of all adults by 2020. Traditionally, obesity 
has been associated with a plethora of pathologies including 
type 2 diabetes and cardiovascular disease. Currently, numerous 
studies have reported evidence of an association between 
obesity and cancer risk and mortality in some cancers including 
breast (2), endometrial (3) and colorectal. Meta-analyses have 
described the risk of colorectal cancer, the third most common 
cancer in the UK, to be increased by an estimated 25% in the 
overweight (BMI, 25-30 kg/m2) and 50% in obese men (4,5).

The underlying molecular and cellular mechanisms in 
obesity-mediated colorectal carcinogenesis are yet to be eluci-
dated, however, accumulating evidence reveals the involvement 
of hormone-mediated mechanisms in this process. Leptin is 
a major hormone produced by adipose tissue and circulating 
serum leptin levels correlate directly with body fat mass. 
Leptin levels are up to 5-fold higher in obese compared to 
normal individuals (6). Several studies revealed that elevated 
leptin levels are associated with increased adenoma and 
colorectal cancer risk (7,8) and have been reported to induce 
cellular proliferation, motility and invasiveness in colorectal 
cell models (9). Furthermore, Fenton et al (10) suggested that 
leptin drives tumourigenesis through the autocrine produc-
tion of interleukin-6 (IL-6) a cytokine which is similarly 
strongly implicated in colorectal tumourigenesis. Studies 
revealed increased human serum levels of IL-6 in colorectal 
cancer patients (11) whilst a murine study revealed that IL-6 
signalling is involved in tumour formation and administration 
of antibodies against IL-6R has been shown to inhibit tumour 
growth (12). This is further supported by Becker et al (13) who 
demonstrated that suppression of tumour progression in colon 
cancer can be achieved by inhibiting IL-6 trans-signalling.

In addition to leptin inducing an increased expression of 
IL-6, leptin is also able to induce the expression of hepcidin 
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(the master regulator of iron metabolism), as demonstrated 
using an in vitro hepatic model (14). Notably, human studies 
revealed that direct IL-6 infusion also increases circulating 
hepcidin levels (15). This is particularly interesting for two 
reasons. Firstly, dysregulated cellular iron metabolism has 
been linked with colorectal cancer and studies reveal that 
cellular iron excess amplifies Wnt signalling (16-21) which 
is the major oncogenic signalling pathway in the colon. 
Secondly, obesity is commonly associated with low serum 
iron concentrations (22-24), with hepcidin likely mediating 
this obesity-associated anaemia. Hepcidin facilitates its effects 
by binding to the cellular iron efflux protein, ferroportin and, 
in the context of normal human physiology, this acts to cause 
sequestration of iron within the reticuloendothelial system and 
blocking of duodenal iron transport (25). As well as high body 
iron levels, inflammation and infection can also induce hepcidin 
expression through the action of the cytokine IL-6 (25). In 
addition, systemic levels of IL-6 are also associated with the 
low-grade inflammation reported in obese patients (26) and 
therefore, obesity and adipokines are potentially contributing 
to, through hepcidin and cellular iron, oncogenic progression 
in colonocytes.

To date, the mechanism through which these different 
factors influence colonocyte behaviour and interact in 
colonic model systems has not been studied. Consequently, 
to dissect out the role of these factors in obesity-driven carci-
nogenesis we have recreated an in vitro model whereby we 
can analyse what omental adipocytes secrete and how the 
specific analytes, leptin, IL-6 and hepcidin, function and 
influence colonocyte behaviour.

Materials and methods

Patient samples
Human adipose tissue. Ethical approval for the use of human 
adipose tissue was provided by the University of Birmingham 
Human BioRepository Centre  (11-068) and all patients 
provided informed written consents to providing adipose 
tissue for the present study.

Human serum samples. Patients (n=163) attending 
Wolverhampton Hospital between 2006-2008 for colonos-
copy as part of the National Colorectal Screening Programme 
had blood collected and stored prior to their examination for 
colorectal cancer. Of these 163 patients, 73 (45%) were subse-
quently identified with neoplasia comprising 51 patients (70%) 
with high risk adenomas and 22  (30%) with cancers. The 
remaining 90 patients (55%) included 39 patients (43%) with 
low risk polyps and 51 (57%) without abnormalities. Detailed 
socio-demographics (BMI, smoking, alcohol intake, gender, 
age, ethnicity), use of non-steroidal anti-inflammatory drugs, 
comorbidity, symptoms and outcome data were available 
for all participants. Ethical approval for this aspect of the 
study was attained by the Black Country Research Ethics 
Committee  07/H1202/72 Warwickshire Local REC and 
Birmingham, East, North and Solihull REC. All patients 
provided informed written consents.

Human adipocyte cultures. Human adipose tissue from the 
greater omentum of patients undergoing colorectal surgery 
was collected and following the removal of blood vessels and 

connective tissue, samples were minced and incubated at 37˚C 
for 1 h in 2 mg/ml Collagenase II (Sigma-Aldrich, Irvine, 
UK) in Dulbecco's modified Eagle's medium (DMEM/F-12; 
Thermo Fisher Scientific, Ashford, UK) with gentle agitation. 
Following digestion, filtration and centrifugation (5 min at 
1,500 rpm) the cell pellets were washed twice in serum-free 
medium. The preadipocyte cell pellet was then resuspended 
in growth medium DMEM/F-12 supplemented with 10% 
foetal calf serum (FCS; PAA Laboratories, Somerset, UK) 
supplemented with 100 U/ml penicillin and 0.1 mg/ml strep-
tomycin (Thermo Fisher Scientific) and plated into 12-well 
tissue culture plates (CellBIND; Corning, Cambridge, UK) 
and incubated at 37˚C with 5% CO2 as standard. Upon 
reaching 70% confluency the growth medium was removed 
and 1 ml of serum-free DMEM/F-12 was added overnight. 
The serum‑free medium was collected the following day, 
centrifuged to remove cellular debris and filtered (0.22 µm) 
and used as the control (PAS) in our subsequent experi-
ments. The cells were then cultured with 1 ml differentiation 
medium (DMEM/F12 with L-glutamine; PAA Laboratories) 
containing 10% FCS, 100 U/ml penicillin, 0.1 mg/ml strep-
tomycin, 33 mM biotin (Sigma-Aldrich), 17 µM pantothenate 
(Sigma-Aldrich) and 0.2  nM T3 (Sigma-Aldrich) which 
had 167 nM insulin (Sigma‑Aldrich), 1 µM hydrocortisol 
(Sigma‑Aldrich, UK) and 0.5 µM 1-methyl-isobutylxanthine 
(IBMX; Sigma-Aldrich) added prior to use. After four days, 
the medium was removed and fresh differentiation medium 
(without IBMX) was applied to the cells until the adipocytes 
had fully differentiated (~14 days). Once differentiated, the 
cells were washed and placed in serum-free DMEM/F-12 
medium overnight and then the medium was collected [differ-
entiated adipocyte secretome (DAS)] and subsequently used 
in the experiments.

Culture of colorectal cell lines. Authenticated SW480 
colorectal cancer cells (American Type Culture Collection, 
Manassas, VA, USA) were routinely cultured with growth 
medium (DMEM; Thermo Fisher Scientific) containing 
10%  FCS supplemented with 100  U/ml penicillin and 
0.1 mg/ml streptomycin. Only cells of low passage (>p25) were 
used in all experiments. For experiments involving the use of 
adipocyte conditioned medium upon the SW480 cells reaching 
70% confluency, the cells were challenged with either the DAS 
or with the control (PAS) in the presence or absence of inhibi-
tors of leptin (anti-human leptin/OB antibody MAB398; R&D 
Systems, Abingdon, UK) used at a final concentration of 3.2 ng/
ml; IL-6 (anti-human IL-6 antibody 500-P26G; Peprotech, 
London, UK) used at a final concentration of 0.1 ng/ml; or 
hepcidin (hepcidin antagonist peptide) as previously described 
by Kaplan et al (27) (RR-FDCITTGYAYTQGLSGSILS-RR; 
Alta Biosciences, Birmingham, UK) used at a concentration 
of 1 µM and the effect on cellular viability (MTT assay) 
and proliferation (BrdU assay) was determined, as detailed 
below. When assessing the effects of the individual proteins 
(IL-6, leptin and hepcidin) upon the SW480 cells reaching 
70% confluency, the cells were challenged either with leptin 
(Peprotech) used at a final concentration of 60 ng/ml, IL-6 
(Peprotech) used at a final concentration of 10 ng/ml or human 
hepcidin (Alta Biosciences) used at a final concentration of 
1 µM in the presence or absence of the respective inhibitors 
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described above. The controls for these experiments included 
growth medium alone, with and without inhibitors.

Viability and proliferation assays
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] assay. At the end of the culture period 10 µl of 
MTT (Sigma-Aldrich) (5 mg/ml in PBS) solution was added 
to each 100 µl of culture medium/well of the 96-well plate. 
The plates were incubated for 3 h, after which the medium was 
aspirated and replaced with 100 µl of DMSO (Sigma‑Aldrich) 
to dissolve the accumulated formazan crystals and then the 
absorbance was read at 490 nm. Optical densities were used to 
calculate the percentage of viability with respect to the control.

BrdU proliferation assay. BrdU assays were performed 
according to the manufacturer's instructions (Roche Applied 
Science, Burgess Hill, UK). Briefly, the cells were labelled 
with BrdU, fixed and DNA-denatured with FixDenat solution. 
The cells were then incubated with anti-BrdU and the immune 
complexes were detected using a TMB substrate reaction with 
the reaction product assessed at 490 nm as described above.

Antibody-array. PAS and DAS were compared using the 
Human Adipokine Antibody Array 1 (RayBiotech; Insight 
Biotechnology Ltd., Wembley, UK), which was carried out 
according to the manufacturer's instructions. The film was then 
scanned to create an electronic version using Bio-Rad GS-800 
densitometry scanner and analysed using Quantity  One 
analysis software version 4.6.7 (basic) (Bio-Rad, UK).

Leptin, hepcidin and IL-6 ELISAs. The secretomes from 
the SW480 cells, the PAS (control) and the DASs, were all 
assessed for leptin, hepcidin and IL-6 using ELISA. Human 
IL-6 Quantikine ELISA and human leptin Quantikine ELISA 
(D6050 and DLP00, respectively; R&D Systems) were carried 
out according to the manufacturer's instructions. For the 
hepcidin ELISA, the secretomes were extracted using the S-500 
extraction kit (Peninsula Laboratories, Belmont, CA, USA) 
and then, the hepcidin levels were quantified using peptide 
enzyme immunoassay (S-1328.0001; Peninsula Laboratories, 
Belmont, CA, USA) using protocol IV from the manufacturer's 
instructions. The leptin and IL-6 ELISAs were similarly used 
to assess the levels in the human serum samples according to 
the manufacturer's instructions. However, the hepcidin levels 
in the human serum samples were assessed using a mass 
spectrometry-based Hepcidin assay described below. The 
levels of transferrin and haemoglobin in the human samples 
were assessed by the Biochemistry Department (University 
Hospitals Birmingham NHS Foundation Trust).

Serum hepcidin assay. The sera were diluted 1 to 5 in 8 M 
urea (Sigma-Aldrich), 1% CHAPS (Sigma-Aldrich), 25 mM 
ammonium bicarbonate (Sigma-Aldrich) and 50  ng/ml 
stable isotope labelled synthetic HEP25 (Alta Bioscience, 
Birmingham, UK) was added. The samples were then 
diluted 10-fold in 25  mM ammonium bicarbonate and 
100 µl applied to Cu2+ loaded IMAC ProteinChip arrays 
(Bio-Rad, Dalkeith, UK). Following washing with 25 mM 
ammonium bicarbonate sample spots were coated with 
saturated sinapinic acid (Sigma-Aldrich) and analysed using 
an ultraflextreme MALDI (Bruker, Germany) instrument in 

linear mode. Hepcidin concentrations were calculated from 
the peak intensity ratio of endogenous/exogenous hepcidin 
(at m/z 2790.4 and 2800.4, respectively).

Ferrozine assay for iron quantification. The SW480 cells were 
co-cultured with IL-6 or leptin as above-mentioned. At the end 
of the culture period, the cells were lysed in HEPES‑saline 
lysis buffer [150 µl, 10 mM, pH 7.4, NaCl 0.9% (w/v)]. A ferro-
zine stock solution was prepared by mixing sodium acetate 
(17 mM, 13.8 g), L-sodium ascorbate (4.6 mM, 0.91 g) and 
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid 
monosodium salt hydrate (0.18 mM, 0.09 g) (all Sigma-Aldrich) 
into DI H2O (122 ml). The cell lysate was thoroughly mixed 
and 90 µl was aspirated and mixed with a trichloroacetic solu-
tion [200 µl, 20% (w/v)], which was then heated at 100˚C for 
10 min and then centrifuged at 12,000 rpm for 5 min to pellet 
the protein precipitate. The supernatant was aspirated and 
200 µl was added to 600 µl ferrozine stock solution and mixed 
thoroughly and the absorbance was read on a plate reader at 
λ=550 nm. All results were standardised to protein content 
using a protein assay kit (Thermo Fisher Scientific).

Statistical analysis
In vitro analyses. For the majority of analyses it is necessary 
to perform Mann-Whitney U tests to determine the equality of 
medians on the unmatched data as this test requires no assump-
tions regarding the data distributions or variances. Unpaired 
2 sample t-tests were performed, following normality and 
equal variance testing and in instances where variances were 
not determined, the unequal option in Stata was invoked.

Serum analyses. Three subcategories of patient data 
were used for subsequent analysis: patients with no abnor-
mality (n=51), patients with polyps (n=90) and adenocarcinoma 
patients (n=22). In order to measure the strength and direction 
of association that exists between the parameters of interest 
[haemoglobin (Hb), BMI, leptin, IL-6 and hepcidin] Kendall's 
Tau-b correlation coefficients were calculated. This nonpara-
metric method was selected as, although the parameter data is 
continuous in structure, the data are not normally distributed 
and sample sizes are relatively small for some patient subcat-
egories (e.g. adenocarcinoma, n=22). Scatter plots and linear 
prediction plots were produced to allow visualisation of the 
relationships between parameters.

To determine significant differences in mean measure-
ments between the patient subcategories, regression analyses 
were performed as the underlying assumptions of normality, 
homogeneity of variance and equal sample sizes were unmet 
in the data tested and to avoid multiplicity in testing. Dummy 
variables were employed for each subcategory within the 
regression. Wald tests were subsequently performed after each 
regression to complete the comparison analysis. A signifi-
cance level of 5% was used throughout. Statistical analyses 
were performed using Stata software version 12.1 (StataCorp, 
College Station, TX, USA).

Results

Validation of an in vitro adipocyte culture model. Initially an 
in vitro model of human adipocytes was established and analysis 
performed to determine whether these mature adipocytes were 
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functional. The cultured human adipocytes were characteristic 
of mature differentiated adipocytes as indicated by the 
abundance of lipid filled vesicles (Fig. 1A and B) compared to 
the preadipocytes (control) (Fig. 1C). To assess whether these 
adipocytes were able to secrete adipokines, an antibody array 
was performed on the DAS and initial screening indicated 
that an array of adipokines/cytokines was expressed including 
IL-6, leptin, ENA-78, IL-8, PAI-1 and Ang-2 (data not shown). 
To further accurately quantitate the levels of IL-6, leptin and 
hepcidin, separate ELISAs were performed on the secretomes 
and as anticipated, both leptin and IL-6 were increased by 
29- and 12-fold, respectively compared to the undifferentiated 
control secretomes (leptin, p=0.05; IL-6, p=0.04). Furthermore, 
hepcidin was also increased 3-fold compared to the control 
(p=0.05) (Fig. 1D).

Effect of the adipocyte secretome on colonocyte cell viability 
and proliferation. Assessment of the viability and of the 
proliferation of the colorectal cancer cell line SW480 was 

performed using MTT and BrdU assays, respectively (Fig. 2). 
Following culture with DAS there was a significant increase in 
cellular viability compared to cells challenged with the control 
alone (p=0.02) (Fig. 2A). This was also mirrored at the level 
of cellular proliferation (p=0.03) (Fig. 2B). Supplementation 
of DAS with leptin, IL-6 and hepcidin inhibitors resulted 
in suppression of cellular viability compared to DAS alone: 
DAS with leptin inhibitor, p=0.002; DAS with IL-6 inhibitor, 
p=0.002; and DAS with hepcidin inhibitor, p=0.0008. Similar 
findings were observed in the levels of cellular proliferation, 
resulting in suppression in cultures supplemented with the 
inhibitors compared to those with DAS alone: DAS with leptin 
inhibitor, p=0.007; DAS with IL-6 inhibitor, p=0.0005; and 
DAS with hepcidin inhibitor, p=0.009 (Fig. 2B).

To further clarify the role of IL-6, leptin and hepcidin 
in colonocyte viability, all three factors were supplemented 
into basal growth medium. Challenging the SW480 cells with 
either IL-6 (p=0.003), leptin (p=0.01) or hepcidin (p=0.01) 
resulted in significant increases in colonocyte viability and as 
expected, incubation with the respective inhibitor reversed the 
pro-viability effect back to basal levels in all cases: IL-6 with 
IL-6 inhibitor, p=0.005; leptin with leptin inhibitor, p=0.003; 
and hepcidin with hepcidin inhibitor, p=0.05 (Fig. 3).

Figure 1. Brightfield images of adipocytes and quantification of IL-6, 
leptin and hepcidin in adipocyte secretome. (A) Mature human adipocytes 
(x4 magnification). (B) Mature human adipocytes with evidence of lipid filled 
vesicles (x20 magnification). (C) Immature preadipocytes (x10 magnifica-
tion). (D) Fold change in the secreted levels of IL-6, leptin and hepcidin in 
DAS compared to PAS, the latter normalised to 1. Error bars denote ± SEM 
with * indicating statistical significance (p<0.05, n=3). DAS, differentiated 
adipocyte secretome; PAS, predifferentiated adipocyte secretome.

Figure 2. Cell viability and proliferation of colorectal carcinoma SW480 
cells challenged with either DAS, ±  leptin, IL-6 or hepcidin inhibitors. 
Controls included cells in preadipocyte secretome. Cells were then subjected 
to (A)  assessment forcellular viability by an MTT assay and (B) cellular pro-
liferation using a BrdU assay. Error bars denote ± SEM and n=3. Statistical 
significance is denoted by * and ** which represent p<0.05 and p<0.005 respec-
tively, when compared to the control. DAS, differentiated adipocytes secretome.
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Complex interplay between IL-6, leptin and hepcidin. To 
determine whether these three factors regulate the expression 
of each other, each individual factor was supplemented into 
culture medium and the levels of the other two factors were 
evaluated (Fig. 4). Challenging with IL-6 or hepcidin signifi-
cantly elevated colonocyte secreted leptin (p=0.05). Similarly, 
challenging with leptin or hepcidin resulted in elevated levels 
of colonocyte secreted IL-6 (p=0.05) (Fig. 4B). Furthermore, 
it was found that IL-6 and leptin markedly elevated the level of 
secreted hepcidin (p=0.05) (Fig. 4C).

Leptin and IL-6-induced cellular viability and proliferation 
were blocked by hepcidin inhibition. To ascertain whether 
the previously observed leptin and IL-6-mediated increases 
in cellular proliferation were, in part, a function of hepcidin 
action, the SW480 cells were challenged with leptin or IL-6 in 
the presence or absence of the hepcidin antagonist (Fig. 5A). 

As expected, leptin and IL-6 both significantly increased 
cellular proliferation (leptin, p=0.05; IL-6, p=0.03) and this 
induction was ablated with the addition of the hepcidin antago-
nist, indicated by a non-statistically significant difference in 
mean values (p=0.81) (Fig. 5A). To further assess whether 
the proliferative effect of leptin and IL-6 impact on cellular 
iron metabolism, the cells were cultured in the presence of 
either IL-6 or leptin and the levels of cellular iron were deter-

Figure 3. Cell viability of the colorectal carcinoma SW480 cells challenged 
with either, IL-6, leptin or hepcidin ± the respective inhibitor. The control 
cells were grown in growth medium alone. The cells were then subjected to 
assessment for cellular viability by an MTT assay. Error bars denote ± SEM 
and n=3. Statistical significance denoted by * and ** which represent p<0.05 
and p<0.005 respectively, when compared to the control.

Figure 4. Quantification of leptin, IL-6 or hepcidin in the conditioned medium of the SW480 cells after being challenged with either leptin, IL-6 or hepcidin. 
(A) IL-6 or hepcidin challenge and the levels of leptin measured compared to non-stimulated cells. (B) Leptin or hepcidin challenge and the levels of IL-6 
measured compared to control. (C) Leptin and IL-6 challenge and the levels of hepcidin measured compared to control. Error bars denote ± SEM and statistical 
significance (n=3) is denoted by * which represents p<0.05, compared to the control.

Figure 5. Proliferation and cellular iron content of the SW480 cells after adipo-
kine challenge. (A) The SW480 cells were challenged with either leptin or IL-6 
in the presence or absence of the hepcidin antagonist. The control cells were 
grown in growth medium alone. Cells were then subjected to assessment for 
cellular viability by an MTT assay. (B) The SW480 cells were challenged with 
leptin or IL-6 in the presence of iron (ferrous sulphate). The control cells were 
grown in growth medium supplemented with iron alone. The cells were then 
subjected to assessment of total cellular iron concentrations using a ferrozine 
assay. Error bars denote ± SEM and n=3. Statistical significance is denoted by 
* and ** which represent p<0.05 and p<0.005 respectively, when compared to 
the control.
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mined (Fig. 5B). Culturing with either IL-6 or leptin resulted 
in an induction in cellular iron levels (IL-6, p=0.0007; leptin, 
p=0.01).

Relationship between BMI, IL-6, leptin and hepcidin in human 
serum samples. To investigate the relationship between human 
clinical obesity (BMI ≥30 kg/m2), IL-6, leptin and hepcidin, 
163 well-characterised human serum samples were collected 
from patients undergoing colonoscopy for suspected colonic 
disease. Table I reports the means and standard deviations of 
the combined patient data for BMI, leptin, IL-6, hepcidin and 
haemoglobin.

Investigating the combined data of the 163  patients, 
there were correlations between BMI and IL-6 (Kendall's 
Tau-b=0.14, p=0.01), BMI and leptin (Kendall's Tau-b=0.42, 
p<0.001) and BMI and hepcidin (Kendall's Tau-b=-0.10, 
p=0.05). Serum hepcidin did not correlate with IL-6 or leptin, 
but did positively correlate with haemoglobin levels (Kendall's 
Tau-b=0.15, p<0.001). In addition, there was a positive 
correlation between leptin and IL-6 (Kendall's Tau-b=0.10, 
p=0.05)  (Table  II). Subanalyses were also performed on 
patient samples with: no disease, presence of polyps and 
presence of adenocarcinoma. In the group with no disease 
the only positive correlation was between hepcidin and 
haemoglobin (Kendall's Tau-b=0.34, p=0.03). In the group 
with polyps, positive correlations were observed for BMI 
and leptin (Kendall's Tau-b=0.4, p<0.001) and hepcidin with 
haemoglobin (Kendall's Tau-b=0.17, p=0.03). Finally, in the 
adenocarcinoma group, hepcidin correlated with haemoglobin 
(Kendall's Tau-b=0.34, p=0.03). Scatter plots were produced 
to visualise the data (not included) with one interesting 
relationship observed between leptin and hepcidin in the 
adenocarcinoma patient subcategory (Fig. 6). Although no 
statistically significant correlation was determined (Kendall's 
Tau-b=0.24, p=0.127), the plot reveals a possible different 
trend (positive) in this group of patients in comparison with 
the data from the polyp- and no abnormality‑patient data. 
However, due to the small sample size (n=22) further investi
gation is necessary to determine if this observation is a real 
trend in this patient group or artefactual.

Finally, regression analysis was used to compare the 
mean levels of BMI, Hb, hepcidin, IL-6 and leptin in 
the various groups. Results indicated that the BMI was 
significantly lower in the adenocarcinoma group compared 
to the normal and polyp groups (p=0.03 and p=0.01, 
respectively) (Table III). Haemoglobin in the polyp group 

was higher than that in the normal group (p=0.001) and the 
adenocarcinoma group (p<0.001). The latter likely explains 
why there is also a concomitant decrease in hepcidin 
levels in the adenocarcinoma group compared to the polyp 

Table I. Human serum sample analysis.

	 Age	 BMI	H b	H epcidin	 IL-6	 Leptin
	 (years)	 (kg/m2)	 (g/dl)	 (ng/ml)	 (ng/ml)	 (ng/ml)

Mean	 63	 29.76	 14.51	 36	 26.3	 2.01
SD	 60-73	 5.5	 1.4	 14	 18.3	 1.6

Means ± standard deviations (SD) of BMI, IL-6, leptin, hepcidin and 
haemoglobin in human serum samples (n=163). BMI, body mass 
index; IL-6, interleukin-6; Hb, haemoglobin.

Table II. Correlations in human serum samples.

	H b	 BMI	 Leptin	 IL-6	H epcidin

All patients (n=163)
  Hb	 1.00	 -	 -	 -	 -
  BMI	 -0.07	 1.00
	 (0.15)	 -	 -	 -
  Leptin	 -0.11a	 0.42a	 1.00	 -	 -
	 (0.03)	 (< 0.001)
  IL-6	 -0.05	 0.14a	 0.10	 1.00	 -
	 (0.36)	 (0.01)	 (0.05)
  Hepcidin	 0.15a	 -0.10a	 -0.01	 -0.07	 1.00
	 (<0.001)	 (0.05)	 (0.78)	 (0.14)

No abnormality (n=51)
  Hb	 1.0	 -	 -	 -	 -
  BMI	 -0.21	 1.0	 -	 -	
	 (0.19)	
  Leptin	 0.05	 0.06	 1.0	 -	 -
	 (0.76)	 (0.72)
  IL-6	 0.1	 0.07	 -0.15	 1.0	 -
	 (0.55)	 (0.67)	 (0.34)
  Hepcidin	 0.34a	 -0.08	 0.24	 0.16	 1.0
	 (0.03)	 (0.63)	 (0.13)	 (0.31)

Polyps (n=39)
  Hb	 1.0	 -	 -	 -	 -
  BMI	 0.02	 1.0	 -	 -	 -
	 (0.77)			   -	 -
  Leptin	 -0.08	 0.40a	 1.0	 -	 -
	 (0.31)	 (<0.001)
  IL-6	 -0.05	 0.10	 -0.03	 1.0	 -
	 (0.51)	 (0.20)	 (0.70)
  Hepcidin	 0.17a	 -0.12a	 0.008	 -0.11	 1.0
	 (0.03)	 (0.12)	 (0.92)	 (0.16)	 1.0

Adenocarcinoma (n=73)
  Hb	 1.0	 -	 -	 -	 -
  BMI	 0.21	 1.0	 -	 -	 -
	 (0.19)
  Leptin	 0.05	 0.06	 1.0	 -	 -
	 (0.76)	 (0.72)
  IL-6	 0.1	 0.07	 -0.15	 1.0	 -
	 (0.55)	 (0.67)	 (0.34)
  Hepcidin	 0.34	 -0.08	 0.24	 0.16	 1.0
	 (0.3)	 (0.63)	 (0.13)	 (0.31)	

Kendall's Tau-b correlation coefficients for sera collected from all 
patients (n=163) and the subsets thereof; no abnormality (n=51), 
polyps (n=39) and adenocarcinoma (n=73). Top row represents 
Kendall's Tau-b correlation coefficients with the bottom row in paren-
thesis denoting the P-value (ap<0.05). BMI, body mass index; IL-6, 
interleukin-6; Hb, haemoglobin.
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group  (p=0.04). Consistent with previous data, IL-6 was 
significantly elevated in the adenocarcinoma group compared 
to the polyp and normal groups (p=0.0001 and p=0.003, 
respectively).

Discussion

Obesity is increasingly associated with risk and progression 
of colorectal tumourigenesis; however, the underlying 
mechanism remains to be elucidated. Previous studies have 
revealed that obesity is linked with increased circulating 
levels of IL-6 (11-13) and leptin (7-9) and indeed, this was also 
observed in our entire cohort of patients where BMI is highly 
correlated with circulating IL-6 and leptin. In the present 
study we revealed, as previous studies have, that human 
adipose tissue is a highly metabolically active organ secreting 
a plethora of adipokines/cytokines.

Notably, we demonstrated that in vitro primary mature 
human adipocytes, isolated from the greater omentum, secrete 
hepcidin along with the expected molecules IL-6 and leptin. 
This is consistent with the studies of Bekri et al (22) which 
demonstrated that human adipose tissue expresses hepcidin 
mRNA. The trigger for hepcidin expression in adipose tissue 
is unclear, although previous studies have implicated IL-6 

and hypoxia (22,28). The net effect of hepcidin expression in 
adipose tissue is likely to be multifaceted and may explain the 
associated poor iron status and low grade anaemia of chronic 
disease observed in obese individuals (22-24). This is illus-
trated in a study of patients undergoing bariatric surgery, where 
weight loss was associated with decreased serum hepcidin 
and improved functional iron profile (29). This association of 
systemic hepcidin with body iron status is further supported 
by our own patient data which reveal that hepcidin levels are 
related to haemoglobin levels.

However, our study indicated that adipocytes can secrete a 
complex cocktail of factors which may also impact systemically 
on colorectal epithelial cells. Notably, we indicated that leptin, 
IL-6 and hepcidin can all increase colonocyte cell viability. 
Previous studies revealed that leptin may induce tumour angio-
genesis, reduce apoptosis, promote cell growth and migration 
of colon cancer cells in vitro (8,30,31), although, an in vivo 
murine study failed to show that leptin alone can drive intes-
tinal tumourigenesis (8). This is consistent with a prospective 
nested case-control study within the European Prospective 
Investigation into Cancer and Nutrition (EPIC) cohort (32). 
Conversely, other human epidemiological studies have indi-
cated a role for leptin in colorectal tumourigenesis (7,33-34). 
Thus, the role of leptin in colorectal carcinogenesis remains 
unclear.

Several studies reported an association between elevated 
levels of circulating IL-6 with the presence and stage of 
colorectal cancer; this is consistent with our observation that 
IL-6 is increased in the serum of cancer patients (11,35,36). 
The increased levels of IL-6 may be a consequence of 
adipose‑derived secretion of IL-6, low-grade chronic inflamma-
tion or perhaps due to the elevated IL-6 secretion by the tumour. 
Furthermore, in vitro studies demonstrated that challenging 
colorectal cell lines with IL-6 does induce a more aggressive 
phenotype, including features such as anchorage‑independent 
growth and increased invasiveness (12,36).

Additionally, in the present study we demonstrated that 
hepcidin can promote colonocyte cellular viability. The impor-
tance of hepcidin in modulating colonocyte cell fate is further 
supported by our data, which demonstrated that leptin and 
IL-6 mediated increases in colonocyte proliferation appear 
to be hepcidin dependent. This is exemplified by a complete 
abolishment in leptin/IL-6 effects in the presence of a previ-
ously described hepcidin antagonist (27). It is clear from our 
data that challenging the SW480 cells with IL-6 or leptin 
results in increased hepcidin expression. Whilst this may be 
expected in adipocytes and hepatocytes (14,15), this is the first 
time that such an observation has been made in the context of 
a tissue which does not express hepcidin endogenously. These 
observations may well shed light on previous studies which 
reveal de novo cancer tissue expression of hepcidin (18,37-39).

We predicted that local tumoural hepcidin expression in the 
colon, as previously reported (18), is likely to be a consequence 
of either local or systemic IL-6 and/or leptin, the latter being 
directly influenced by the extent of adiposity. Whether this pool 
of hepcidin contributes to systemic hepcidin is unclear, though 
from the serum analyses in the cancer group, hepcidin was 
actually suppressed compared to the polyp group. As such, it 
is likely that this reflects the significant suppression in haemo-
globin in the cancer group in comparison to the polyp group.

Table III. Mean levels of BMI, Hb, IL-6 and leptin in the sub-
divided groups.

Groups	 BMI	H b	H epcidin	 IL-6	 Leptin
	 (kg/m2)	 (g/dl)	 (ng/ml)	 (ng/ml)	 (ng/ml)

Normal	 29.4	 14.24	 79.37	 24.74	 2167
Polyps	 29.47	 14.96a	 91.64	 21.94	 1752
Adeno-	 27.41a,b	 13.95b	 72.0b	 34.73a,b	 2091
carcinoma

Normal (n=51), polyp (n=39) and adenocarcinoma (n=73) groups. 
Statistical significance is denoted by a and b which represent p<0.05 
when compared to the polyp and to normal group, respectively.

Figure 6. Association of leptin and hepcidin levels in sera from patients with 
i) no abnormalities (O), ii) polyps (x) and iii) adenocarcinoma (∆).
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Irrespective of the mechanism by which colorectal cancer 
cells express hepcidin, the net effect is likely to be a rise in 
intracellular iron; a consequence of a hepcidin mediated loss 
of ferroportin (25) and this is likely to impact in a plethora 
of ways including increasing the rate of DNA synthesis (as a 
consequence of iron being a rate limiting factor in the func-
tion of ribonucleotide function), ATP generation and cell 
cycle (40). In addition, in vitro and in vivo studies revealed that 
excess cellular iron amplifies the Wnt signalling and intestinal 
tumourigenesis (21,22).

In conclusion, our study confirmed that adipose tissue is 
a metabolically active organ which secretes leptin, IL-6 and 
hepcidin. Notably the expression of colonocyte IL-6, leptin 
and hepcidin are all interlinked. However, it is likely that 
hepcidin is central to the process of tumourigenesis allowing 
excess cellular iron to amplify Wnt signalling. A mechanism 
of ablating de novo tissue hepcidin expression may prove to be 
a novel platform for therapeutic intervention in obesity driven 
colorectal tumourigenesis in this patient group.
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