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Preface to ”Nutrition and Cancer”

Defining better nutritional interventions for those at risk of malnutrition has been a passion of mine

ever since I started research, which is why I am excited to bring forward this Special Issue focused

on nutrition and cancer. The development and treatment of cancer presents a complex interaction

between tumor and host. The provision of nutrients not only enables the maintenance of nutritional

status, but also provides substrates and signals for immunity, tumor metabolism and the protection of

the host from treatment toxicities. Unique elements in the diet can help to tip the metabolic balance in

favor of the host by acting on multiple pathways concurrently, both enhancing the host’s ability to

fight the tumor and endure cancer treatment while simultaneously attenuating tumor growth. This

Special Issue includes articles that highlight the role of certain dietary components in the prevention of

cancer and host response during cancer treatment.

Fat is one dietary element that has been explored for its role in cancer development. While the bulk

of these studies have been observational or experimental, the evidence assembled suggests that dietary

lipids behave uniquely to prevent or promote cancers. Of particular interest are the n-3 fatty acids,

consisting of linolenic acid, eicosapentaenoic acid and docosahexaenoic acid. These fatty acids are

most widely recognized for their anti-inflammatory properties that attenuate cancer progression while

also enhancing host immune responses. Several articles in this Special Issue focus on the n-3 fatty acids

and the mechanisms involved in cancer prevention, providing a harmonious accompaniment to the

reviews of the epidemiological evidence.

An additional aspect of cancer development is the role of adipose tissue, which has an expanded

role beyond energy storage, contributing to the whole body metabolism. Adipose tissue is a source

of and responds to inflammatory signals that may be involved in tumor development. This Special

Issue also provides reviews on various aspects of adipose tissue in relation to cancer development and

progression.

The contributors to this Special Issue are well recognized leaders in the field of cancer and have

unique areas of focus including metabolism, immunology, biochemistry, epidemiology and nutrition.

Each contribution highlights the latest research in these areas and what is known about fat and cancer.

Vera Mazurak 
Special Issue Editor
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Abstract: Omega-3 fatty acids (n-3 FA) may have beneficial clinical and immune-modulating effects
in surgical patients. In a randomized, double-blind, prospective, placebo-controlled trial, 148 patients
referred for elective colorectal cancer surgery received an n-3 FA-enriched oral nutritional supplement
(ONS) providing 2.0 g of eicosapentaenoic acid (EPA) and 1.0 g of docosahexaenoic acid (DHA) per
day or a standard ONS for seven days before surgery. On the day of operation, there was a significant
increase in the production of leukotriene B5 (LTB5) (p < 0.01) and 5-hydroxyeicosapentaenoic acid
(5-HEPE) (p < 0.01), a significant decrease in the production of leukotriene B4 (LTB4) (p < 0.01) and
a trend for a decrease in the production of 5-hydroxyeicosatetraenoic acid (5-HETE) (p < 0.1) from
stimulated neutrophils in the active group compared with controls. There was no association between
LTB4 values and postoperative complications. In conclusion, oral n-3 FA exerts anti-inflammatory
effects in surgical patients, without reducing the risk of postoperative complications.

Keywords: colorectal cancer; omega-3 fatty acids; immunomodulation; fish oil; leukotrienes

1. Introduction

Patients undergoing surgery are at risk of developing complications in the postoperative period [1–
3]. This is believed to be partly caused by changes in the immune response following surgery [4]. Thus,
initially, a hyper-inflammatory response followed by a phase of relative immune incompetence occurs
in relation to major surgery [5].

The pathophysiological changes are complex, but may be driven by excessive production of
various lipid mediators, including the very potent pro-inflammatory leukotriene B4 (LTB4) produced
from the omega-6 fatty acid (n-6 FA) arachidonic acid (AA) present in cell membranes.

Nutrients 2014, 6, 4043–4057 1 www.mdpi.com/journal/nutrients
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Among factors known to influence the clinical course of patients after surgery are nutritional status
and specific biologically active nutrients [2,6–10] that might include the marine omega-3 fatty acids (n-3
FA) with the main biologically active n-3 FAs being eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). Consumption of fish and fish oils oil increases the concentration of EPA and DHA in
blood, cells and tissues [11,12] and alters the physical properties of cell membranes and the function
of membrane proteins, including receptors, transporters and signalling proteins [13,14]. n-3 FA are
incorporated into cell membranes in competition with the more abundant n-6 FA, AA, at the expense
of the latter. AA may be liberated by phospholipases from cell membranes and induces leucocytes to
produce the pro-inflammatory LTB4 and the side product, 5-hydroxyeicosatetraenoic acid (5-HETE).
In contrast, leukotriene B5 (LTB5) and the side product, 5-hydroxyeicosapentaenoic acid (5-HEPE),
derived from EPA [15], have considerably less potent biological activities in comparison to LTB4 [15,16].
Replacement of n-6 FA with n-3 FA in membranes of immune active cells may therefore lead to reduced
formation of pro-inflammatory compounds, and by this, and other [5,12] mechanisms, n-3 FA may
decrease infectious complications after surgery [7,17–20]. The influence of enteral feeds, including
n-3 FA on AA-derived eicosanoids (e.g., LTB4), has been the subject of much attention [5,21–23].
Several studies have indicated that n-3 FAs modulate the generation of inflammatory eicosanoids in
gastrointestinal surgical patients [24–26] and may help to counteract the surgery-induced decline in
antigen-presenting cell activity [20] and T-cell cytokine production [27].

The aim of the present study was to evaluate the production of LTB4, 5-HETE, LTB5 and 5-HEPE
from stimulated neutrophils after seven days of preoperative treatment with an n-3 FA-enriched
oral nutritional supplement (ONS) in patients undergoing colorectal cancer surgery and to study
the possible impact on clinical outcome. Furthermore, the correlation between LTB4 values and
postoperative complications was investigated.

2. Materials and Methods

2.1. Study Design

This was a sub-study of a randomized, double-blind, prospective, placebo-controlled single-centre
interventional trial involving 148 participants (Figure 1) awaiting colorectal cancer surgery [28].
Participants were recruited consecutively from the outpatient clinic of the Department of Surgical
Gastroenterology, Aalborg University Hospital. All eligible participants were asked to participate.

Exclusion criteria were diabetes mellitus, consumption of >5 alcoholic drinks per day, emergency
surgery, inability to understand the spoken and written information in Danish, untreated psychiatric
conditions, pregnancy or breast-feeding, reduced kidney function (plasma creatinine > 130 μmol/L),
use of n-3 FA supplements, anticipated poor compliance, immunosuppressive diseases and
participation in another clinical trial.

After providing oral and written informed consent, participants were randomly assigned to
treatment with n-3 FA (active treatment) or control (a standard ONS without marine n-3 FA), 200 mL
twice per day (morning and afternoon) for 7 days before surgery. Randomization was performed using
sealed non-transparent envelopes containing the randomization number and kept at the investigation
site according to CONSORT (Consolidated Standards of Reporting Trials) guidelines [29]. The active
and the control ONS cartons looked identical and had identical taste and scent (coffee). The main
investigator and a study nurse enrolled the participants at the outpatient clinic and randomly assigned
them to active treatment or control. The participants, carers, investigators and other researchers were
blinded to treatment allocation throughout the study. The investigators had no access to the code until
after completion of the study. Statistical analyses were completed before the code was broken.

Information collected included demographic data, tumour location and American Society of
Anaesthesiologists (ASA) risk score [30]. All patients underwent standard Nutritional Risk Screening
(NRS 2002) [31]. A food questionnaire focusing on consumption of seafood on a monthly basis was
completed at baseline.
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The study was approved by the regional ethics committee (N-VN-20050035) and conducted
according to the Hong Kong amendment to the Declaration of Helsinki. The trial was registered at
ClinicalTrials.gov: ID NCT00488904 [32].

2.2. Intervention

Participants in the active or control group received the ONS as a sip feed (200 mL twice a day
morning and afternoon) for 7 days before surgery. The feeds (Supportan®) were isocaloric (1.5 kcal/mL)
and isonitrogenous (Table 1) and were provided by Fresenius Kabi (Bad Homburg, Germany). Both
feeds contained the same amounts of carbohydrate, protein, total fat and n-6 FA (Table 1).

Figure 1. Patient flow through the study.
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Table 1. Daily intake of energy and nutrients from the n-3 FA-enriched and the control oral
nutritional supplement.

Daily dose Control n-3 FA (Active)

Energy (kcal) 600 600
Protein (g) 40 40

Carbohydrate (g) 49.6 49.6
Fat (g) 26.8 26.8

EPA (g) 0 2
DHA (g) 0 1

Total n-6 FA (g) 3.3 3.3

Fat content of the supplement was comprised of medium chain triglycerides, sunflower oil and
safflower oil. The active supplement also contained additional fish oil at a level to achieve 2 g EPA and
1 g DHA per day (Table 1). Participants were provided with the sip feeds at inclusion, to consume twice
a day for 7 days at home before hospitalization. A questionnaire regarding compliance preoperatively
was completed, and good compliance was defined as self-reported consumption of at least 12 of the
14 ONS cartons before surgery.

2.3. Isolation of Blood Neutrophils

Blood was drawn in the fasting state on the day of the surgery. Neutrophils were separated from
anticoagulated (K-EDTA 1.6 mg/mL) blood layered on top of PolymorphprepTM (AXIS-SHIELD PoC
AS, Rodeloekka, Norway) and separated by a one-step centrifugation technique at 450 g for 40 min.
Neutrophils were harvested and washed twice in tissue culture medium (RPMI 1640, Sigma-Aldrich,
Ayrshire, UK), at ambient temperature and centrifuged for 10 min at 520× g. Subsequently, neutrophils
were counted and red cells eliminated by the addition of ice-cold 0.2% saline for 35 s. Next,
1.6% ice-cold saline was added in order to obtain an isotonic 0.9% concentration, followed by
centrifugation at 300× g at 5 ◦C for 5 min, which was repeated once. Neutrophils were then washed in
a phosphate buffer containing glucose and human albumin (PBS) and resuspended in PBS adjusting the
concentration to 1 × 107 neutrophils/mL PBS. Isolated neutrophils were stored at −80 ◦C until analysis.

2.4. Analysis of Leukotrienes, 5-HEPE and 5-HETE

The neutrophil suspension (0.9 mL of 1 × 107 granulocytes/mL PBS) was prewarmed to 37 ◦C,
and CaCl2, MgCl2 and calcium ionophore (A23187) at a final concentration of 10 μM were added
to initiate stimulation. After 10 min, the reaction was terminated by the addition of 100% ice-cold
ethanol, and the mixtures were centrifuged at 4 ◦C at 700× g. The supernatant was stored at −80
◦C for later analysis. C18 cartridges (Sep-Pak VAC RC, Waters Co., Milford, MA, USA) were used
for the extraction of leukotrienes (LT), 5-HEPE and 5-HETE. The ethanol mixture was thawed and
centrifuged, and international standard prostaglandin B2 (PGB2) and trifluoroacetic acid were added.
The cartridges were conditioned and equilibrated using methyl formate, 100% ethanol and water.
The acidified sample was loaded onto the cartridge, washed with 15% ethanol, water and hexane
and eluted with methyl formate. The solvent was evaporated to dryness under nitrogen, and the
sediment was dissolved in the mobile phase (31% H2O, 27% methanol, 42% acetonitrile and 0.025%
trifluoroacetic acid).

Analysis was performed by high pressure liquid chromatography (Dionex Ultimate LPG-3400A)
on an Acclaim RSLC 2.1 mm × 100 mm C18 column (Dionex Corporation, Sunnyvale, CA, USA).
Concentrations were calculated using the internal standard and response factors. The response factors
were calculated by analysis of a non-stimulated neutrophil suspension after the addition of known
amounts of standards of LTB4, LTB5, 5-HETE and 5-HEPE, as well as an internal standard (PGB2).
Samples were extracted and analysed using high performance liquid chromatography, and eventually,
the recovery factors were calculated.
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2.5. Granulocyte Fatty Acid Analysis

Blood was drawn in the fasting state on the day of surgery. Granulocytes were prepared as
described previously [33]. FA profiles were determined by gas chromatography using a Varian
3900 gas chromatograph, CP-8400 autosampler and CP 8414 autoinjector (Varian, Middelburg, The
Netherlands), as well as a flame ionization detector. In split injection mode, a CP-sil 88.60-m × 0.25-mm
capillary column (Varian, Middelburg, The Netherlands), temperature programming from 90 to 205
◦C, a constant flow rate of 1.0 mL/min and helium carrier gas were used. Results for individual FAs
are expressed as a percentage of the total FA content.

2.6. Statistical Analysis

The basic characteristics of the trial population were analysed with Fisher’s exact test for
categorical variables and unpaired t-tests for continuous variables. Differences between treatment
groups were analysed using unpaired t-tests. If variances differed between groups, Welch’s
approximation was used. The distribution of continuous data was analysed for normality. As the
values for 5-HEPE, 5-HETE and LTs were right skewed distributed, log transformed observations
were analysed, and these were normally distributed. Distributions of 5-HEPE, 5-HETE and LT were
described with median and inter-quartile range (IQR). Relative differences between groups in medians
were calculated by exponentiation of the differences between log-transformed means. Associations
between LTB4 values and postoperative complications were analysed using logistic regression. The
associations between log-transformed LT values 5-HEPE and AA, EPA and AA/EPA were analysed
using linear regression. Analyses were performed blinded to treatment groups. The active and control
groups were not identified until after the statistical analyses had been conducted. All p-values were
two-tailed, and differences were reported with 95% confidence intervals (CI). p-values below 0.05 were
considered significant. All analyses were performed using Stata version 11.2 (StataCorp, 2009; Texas
City, TX, USA).

3. Results

3.1. Participants Characteristics

All eligible participants (n = 610) were asked to participate, but 230 participants were not
included. This was due to a change in clinical practice during the study, such that many patients
were offered surgery within a five-day period, which did not allow for participants to complete the
seven-day intervention. Furthermore, some participants did not meet the inclusion criteria (201), and
31 participants declined to participate. Baseline characteristics of the included vs. the non-included
participants did not differ.

A total of 148 consecutive patients (68 females, 80 males; mean age 71 (range 41–89) years) were
included in the study. The majority of participants had open surgery; laparoscopic resection was only
performed in nine patients in the control group and nine in the n-3 FA group. Participant characteristics
did not differ between treatment groups (Table 2).

5
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Table 2. Characteristics of patients in the control and active groups.

Variable Control (n =
74)

Active (n = 74) p

Demographic data

Age, years, mean (SD) 71 (10) 69 (11) 0.164
Sex (male/female) 36/38 44/30 0.248
Body weight, kg, mean (SD) 76 (19) 77(17) 0.570
Height, cm, mean (SD) 169 (11) 171 (9) 0.301
BMI, kg/m2, mean (SD) 26 (5) 26 (5) 0.651
Weight loss * (n) 19 11 0.068
Clinical characteristics
Smoking/non-smoking (n) 11/60 17/54 0.292
Unknown smoking status 3 3
Cancer location
Colon/rectum (n) 40/34 38/36 0.869
Surgical procedure 0.977
Right hemicolectomy + transverse colon (n) 16 17
Left hemicolectomy + sigmoid colon (n) 10 12
Laparoscopic resection of sigmoid colon (n) 9 9
Low anterior resection of rectum or
abdominoperineal resection

28 30

Colectomy (n) 4 3
Other rectum resection (n) 7 3
Nutritional status ** 0.089
No risk (NRS score <3) (n) 23 34
At risk (NRS score ≥3) (n) 50 39
Unknown (n) 1 1

Notes: There were no significant differences between groups (p > 0.068); BMI, body mass index; * defined as loss of
more than 5% of body weight; ** defined according to NRS 2002 [31].

3.2. Fatty Acid Composition of Neutrophils

Neutrophil EPA and DHA were significantly higher, and AA and linoleic acid was significantly
lower in the group receiving n-3 FA than in the control group (Table 3) [28].

The food questionnaire indicated an average dietary intake of n-3 FA of 0.6 g per day, with
no difference in preoperative intake between groups (p = 0.770). None of the included participants
received more than 150 mg of anti-inflammatory drugs daily. Both supplements were well tolerated
with no adverse effects reported. Nine participants randomized to active treatment and 10 participants
in the control group did not receive the allocated intervention for reasons listed in Figure 1.

Preoperatively, 63 of 65 participants in the active group were compliant compared with 56 of 64
participants in the control group (p = 0.266). Two participants died in each group. In the active group,
death was caused by pneumonia and a myocardial infarction, whereas the participants in the control
group died from septicaemia and sudden cardiac death.

6
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Table 3. Granulocyte fatty acids on day of operation in the control and active groups.

Weight% of Total FA Content

Control Active

EPA 0.54 (0.42–0.74) 2.10 (1.83–2.55) *
DPA 0.54 (0.42–0.74) 2.11 (1.83–2.55) *
DHA 1.31 (1.10–1.57) 1.61 (1.34–1.84) *

Total n-3 FA 2.44 (1.98–2.97) 5.95 (5.20–6.75) *
Arachidonic acid 12.51 (11.65–13.19) 11.61 (10.67–12.48) *

Linoleic acid 8.94 (8.24–9.49) 9.42 (8.72–10.19) **

Notes: Values are the median (IQR); FA, fatty acid; ONS, oral nutritional supplement; EPA, eicosapentaenoic acid;
DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; * p < 0.001; ** p < 0.05 versus the control group.

3.3. Production of Mediators from Neutrophils

Furthermore, compared to neutrophils from controls, those from participants in the n-3 FA group
showed a significantly higher (by 176% and 306%, respectively) production of LTB5 (p < 0.001) and
5-HEPE (p < 0.001) (Table 4).

Table 4. Formation of leukotrienes (LT) and side products (5-HEPE; 5-HETE) from activated neutrophils
according to treatment group.

Eicosanoids Control Active % Difference

LTB5 5.8 (4.9–7.6) 17.5 (13.5–22.8) 176 *** (143–215)
LTB4 186.8 (156.8–230.7) 163.5 (136.6–199.9) −12 *** (−21–−3)

5-HETE 293.1 (246.5–357.8) 273.7 (221.8–320.7) −7 * (−14–−0)
5-HEPE 34.2 (25.7–55.3) 154.7 (122.4–190.4) 306 *** (255–364)

LTB4/LTB5 31.8 (25.0–40.1) 9.6 (7.8–11.4) −68*** (−72–−65)

Notes: Data are the median (IQR) ng/107 neutrophils and the percentage of difference between estimated medians;
*** indicates p < 0.01; * indicates p < 0.1; ng/107 = nanogram/107 neutrophils.

Conversely, in the active group, neutrophils showed a significantly lower (by 12%) production
of LTB4 (p < 0.001) and a trend towards lower (by 7%) production of 5-HETE (p = 0.059). LTB4/LTB5

was significantly different between groups (by 68%) (p < 0.001) (Table 4). There was no statistically
significant difference in clinical outcomes (total number of complications, infectious complications,
non-infectious complications, intensive care unit stay, mortality, readmissions and hospital stay)
between groups, as reported previously [28].

There was no statistically significant association between the values of the proinflammatory LTB4

production and any clinical outcome, including total number of complications (p = 0.524), infectious
complications (p = 0.660) and non-infectious complications (p = 0.307) (Table 5). The ratio LTB4/LTB5

did not have a statistically significant association with the total number of complications (p = 0.707),
infectious complications (p = 0.711) and non-infectious complications (p = 0.143) (Table 4).

However, There were strong associations between the content of AA and EPA in neutrophils and
production of LTB4 and LTB5 (Figure 2) (all p < 0.01).

These graphs illustrate that the higher the content of EPA in the cell membranes, the higher the
production of LTB5. Furthermore, it can be seen that the higher the content of AA in cell membranes,
the lower the production of LTB5. Furthermore, there were strong associations between AA/EPA in
neutrophils and LTB4 and LTB5 production (both p < 0.01) (results not shown) and between AA, EPA,
AA/EPA and 5-HEPE production (all p < 0.001) (results not shown).
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Figure 2. Associations between log-transformed AAg (AA content in the cell membranes of the
granulocytes) and EPAg (EPA content in the cell membranes of the granulocytes) in the neutrophils, as
well as the formation of LTs (LTB4 and LTB5 (ng/107)) by neutrophils, illustrated using scatter plots
with regression lines and confidence bands added. Control group, red dots; active group, blue dots.

Table 5. Associations between LTs production by neutrophils and clinical outcome described by odds
ratio (OR), CI and p-values for a unit change in LTB4 and LTB4/LTB5, respectively.

LTB4 LTB4/LTB5

OR CI p OR CI p

Infectious complications 1.00 1.00–1.01 0.660 1.00 0.97–1.03 0.711
Non-infectious complications 1.00 0.99–1.00 0.307 0.98 0.94–1.00 0.143
Total number of complications 1.00 0.99–1.00 0.524 1.00 0.98–1.03 0.707

4. Discussion

In this prospective randomized, double-blind, single-centre, placebo controlled study, it was
demonstrated that seven days of enteral supplementation with 3 g of EPA + DHA daily resulted in a
higher neutrophil production of LTB5 and a lower production of LTB4 compared to the control group. In
addition, there was a higher neutrophil 5-HEPE production and a trend to lower production of 5-HETE
in the active group compared to the control. While the differences in LTB4 and LTB5 production indicate
an anti-inflammatory action of the supplement, it is unknown whether the difference in formation of
5-HETE and 5-HEPE between groups is of clinical relevance. However, 5-HETE enhances lymphocyte
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proliferation, whereas 5-HEPE only has one-tenth the potency of 5-HETE regarding this [34]. Thus, the
current study demonstrates that preoperative supplementation with n-3 FA for one week can modulate
immune function, assessed as the production of lipoxygenase mediators, in participants admitted for
elective colorectal cancer surgery. However, this was not associated with a decrease in postoperative
complication rates [28].

The strengths of the present study are that it was a randomized, prospective, relatively large
clinical study, was double-blind, with an identical appearance for the sip feed cartons, the taste of n-3
FA was undetectable and that compliance was acceptable. Furthermore, the study population was
relatively homogenous.

One limitation of the present study is that we only had data on eicosanoid formation from the
day of surgery, whereas postoperative changes would also have been of interest. The short duration
of the intervention (seven days) may have limited the incorporation of n-3 FA and the decrease
of AA in neutrophils and, thereby, limited the impact on LTB4 production, but a longer period of
supplementation was not possible, as participants were operated on soon after cancer diagnosis.
However, we showed in earlier publications that 3 g of n-3 FA for seven days before surgery was
sufficient to assure significant incorporation of n-3 FA into neutrophils and into colonic tissue [28,35].
The required sample size was based on a reduction in postoperative infection rates from 30% to 10%
and was calculated to be 148 participants in all, but we were only able to analyse data from 129 of these.
A final limitation is the discrepancy between the number of eligible (610) and analysed participants
(129) due to a change in clinical practice during the study, such that many patients were offered surgery
within a five-day period, which did not allow for participants to complete the seven-day intervention.

Our findings are consistent with the results from three recent studies in humans [24,36,37].
In a prospective double-blind study, Wang et al. [37] randomized 64 participants with a need for
postoperative parenteral nutrition after surgery into two groups. The study population was a mix
of surgical patients (22 gastric cancers; 29 colonic cancers; 13 with other digestive diseases). They
received either fish oil containing lipid emulsion (a mixture of soybean oil, MCT and fish oil) as part
of the intravenous regimen, or a mix of soybean oil and MCT for 5 days after surgery. There was a
significant increase in the neutrophil LTB5/LTB4 ratio but no effect on clinical outcome, infectious
complications and bleeding events. Grimm et al. [36] randomized 33 participants undergoing major
abdominal surgery into two groups in a prospective double-blind study to receive parenteral nutrition
providing either a fish oil containing lipid emulsion (a mixture of soybean oil, MCT, olive oil and fish
oil) or soybean oil for five days after surgery. The study population was again a mix of surgical patients.
The initial production of LTB4 and LTB5 by neutrophils was similar in both groups. The production of
LTB5 from neutrophils was significantly increased, and the release of LTB4 was decreased, though not
significantly, in the participants receiving fish oil. The length of hospital stay was significantly shorter
in the intervention group. Finally, Köller et al. [24] conducted a prospective double-blind randomized
study with 30 participants undergoing colorectal surgery. Participants received parenteral nutrition,
providing either a fish oil containing lipid emulsion (a mixture of soybean oil, MCT and fish oil) or
soybean oil for five days post-surgery. This study also found a significant increase in LTB5 production
by leukocytes in the fish oil group, but without a concomitant decrease in LTB4 production. These
three studies all made use of intravenous (IV) nutrition given postoperatively. The present study,
which used enteral nutrition given preoperatively, agrees with these earlier findings of increased LTB5

production and decreased LTB4 production after fish oil provision, but with limited clinical impact.
Some earlier studies have reported beneficial effects of oral n-3 FA supplementation in

gastrointestinal surgery patients. Wachtler et al. [26] analysed leukocyte function in 40 participants
undergoing major upper gastrointestinal surgery in a placebo-controlled double-blind study. One
group received an n-3 FA-enriched (0.33 g/100 mL) oral supplement, also containing arginine
and ribonucleic acid, and the other group received a standard control supplement for five days
preoperatively. There was a significantly higher production of LTB5 from neutrophils in the intervention
group when compared to controls. However, no changes in LTB4 were evident in the intervention
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group. The authors reported a low number of postoperative complications. In another study, Shimizu et
al. [38] gave 12 children with ulcerative colitis 1.8 g EPA orally per day for two months. LTB4 production
by leucocytes and colonic mucosa were assessed before and after the intervention. Biopsies were taken
from the rectal mucosa during sigmoidoscopy before and after initiation of EPA supplementation.
After two months of supplementation, there was a decrease in LTB4 production by leucocytes and
colonic mucosa, while no information regarding LTB5 production was given.

IV administration of n-3 FA ensures a quicker incorporation of the presumed active substances
(n-3 FA) into the membranes of immune cells [39,40]. However, this format is not feasible in the
pre-operative setting. ONSs are less expensive and enable the use of the gut prior to surgery. Two
studies providing IV n-3 FA for five days post-operatively did not show any decrease in the production
of LTB4 [24,36]. Importantly many of these studies did not provide explicit information about the
amount of n-3 FA given.

In the present study, seven days of oral supplementation with 3 g of n-3 FA daily ensured
significant incorporation of EPA into neutrophils and a significant decrease in the formation of LTB4.
However, to achieve an anti-inflammatory response meditated by n-3 FA, it is probably more important
that the formation of the AA-derived LTB4 is suppressed than an increase in LTB5. Despite this, there
was no effect on clinical outcome in the current study. One explanation for this may be that n-3 FA
incorporation was not sufficiently high. A higher n-3 FA dose or a longer duration of intervention
could have had an impact on clinical outcome. The ratio LTB4/LTB5 was 68% lower in the active
group, which is a considerable decrease, but still did not have any effect on clinical outcome.

One other important factor may be that the nutritional status of the patients, evaluated by NRS
2002, was generally good for most participants. A weight loss of more than 5% of body weight was
only detected in 23% of participants entering the study. This could account for the lack of clinical
improvement with the n-3 FA-enriched ONS, since it is likely that malnourished participants might
benefit the most from ONS and from oral n-3 FA.

5. Conclusions

In summary, the current study shows that an ONS providing 3 g of n-3 FA daily for seven days
before surgery was able to induce a significant decrease in the formation of the pro-inflammatory LTB4

from neutrophils with a simultaneous increased production of LTB5. A decrease in the formation of
5-HETE, though not significant, and a significant rise in 5-HEPE was also seen. However, the clinical
consequences of these changes are unknown. Associations between values of LTB4 or LTB4/LTB5 and
postoperative complication rates were not seen. This indicates either that the changes observed were
too small or that the formation of LTs from activated neutrophils is not an important determinant of
surgical complications. Whether a longer period (months) of n-3 FA intake could be of a benefit for
patients operated on for colorectal cancer regarding shorter stay in hospital or longer survival needs to
be investigated in larger trials.

Abbreviations

AA arachidonic acid
ASA American Society of Anaesthesiologists
BMI body mass index
CI confidence intervals
DHA docosahexaenoic acid
EPA eicosapentaenoic acid
5-HEPE 5-hydroxyeicosapentaenoic acid
5-HETE 5-hydroxyeicosatetraenoic acid
IV intravenous;
IQR inter-quartile range
LT leukotrienes
LTB4 leukotriene B4
LTB5 leukotriene B5
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n-3 FA n-3 fatty acids
n-6 FA n-6 fatty acids
MCT medium-chain triglycerides
ng nanograms
NRS 2002 Nutritional Risk Screening
ONS oral nutritional supplement
OR odds ratio
PBS phosphate-buffered saline
PGB2 prostaglandin B2
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Abstract: Prostate cancer (PCa), the most commonly diagnosed cancer and second leading cause
of male cancer death in Western societies, is typically androgen-dependent, a characteristic that
underlies the rationale of androgen deprivation therapy (ADT). Approximately 90% of patients
initially respond to ADT strategies, however many experience side effects including hot flashes,
cardiotoxicity, metabolic and musculoskeletal alterations. This review summarizes pre-clinical and
clinical studies investigating the ability of dietary supplements to alleviate adverse effects arising
from ADT. In particular, we focus on herbal compounds, phytoestrogens, selenium (Se), fatty acids
(FA), calcium, and Vitamins D and E. Indeed, there is some evidence that calcium and Vitamin D
can prevent the development of osteoporosis during ADT. On the other hand, caution should be
taken with the antioxidants Se and Vitamin E until the basis underlying their respective association
with type 2 diabetes mellitus and PCa tumor development has been clarified. However, many other
promising supplements have not yet been subjected large-scale clinical trials making it difficult to
assess their efficacy. Given the demographic trend of increased PCa diagnoses and dependence
on ADT as a major therapeutic strategy, further studies are required to objectively evaluate these
supplements as adjuvant for PCa patients receiving ADT.

Keywords: prostate cancer; androgen deprivation therapy; adverse effects; dietary supplements;
alternative therapies

1. Introduction

Prostate Cancer (PCa) is the most commonly diagnosed male cancer and the second leading cause
of cancer death among men in Western societies [1,2]. Radical prostatectomy or primary radiation
therapy are the preferred treatment modalities in men with locally confined PCa. For advanced
tumors or tumor recurring after primary surgery or radiation therapy the androgen receptor (AR)
and its signaling network are the prime targets of therapy. The androgen receptor orchestrates
crucial oncogenic factors in PCa etiology since androgens drive proliferation, differentiation, and
survival of benign and malignant prostate cells [3]. Hence, upon initial diagnosis, 80%–90% of PCa
are androgen-dependent [4], an observation that underlies the rationale of androgen deprivation
therapy (ADT), the current mainstay systemic treatment for advanced PCa [5]. Although highly
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effective, ADT is associated with considerable side effects that negatively affect the patient’s quality of
life [6,7]. These adverse events include hot flashes [8], metabolic effects such as an induced metabolic
syndrome (MetS) [9–12] including insulin resistance [13,14], cardiovascular (CV) diseases [15,16],
musculoskeletal side effects characterized by reduced lean body mass and muscle strength, and
osteoporosis [17–20] as well as depression and sexual dysfunction. Although several medical regimens
have been developed [21], their impact on minimizing ADT side effects and improving quality of
life is still under discussion. Recent statistics revealed an increasing use of complementary and
alternative substances by PCa patients [22]. Indeed, approximately one in four patients with PCa uses
at least one complementary or alternative method with the primary aim of ameliorating ADT-induced
adverse effects [23,24]. In particular, herbal and dietary supplements appeal to patients because they
are perceived as being “natural” with fewer side effects than prescription medicines. Despite the
widespread use of alternatives to medical treatment options, little is known about their safety, efficacy
and mechanism of action. The limitation of clinical studies investigating this issue leads to a lack of
information concerning the use of different types of alternative interventions. This article focuses on
the metabolic and musculoskeletal side effects of ADT, which are not alleviated by current treatment
strategies. In particular, we discuss several adjuvant dietary options including herbs, phytoestrogens,
selenium (Se), fatty acids (FA), calcium, and Vitamins D and E, whose use in the treatment of ADT
side effects is supported by scientific evidence derived either from cell-based models, animal models
or clinical trials.

2. ADT in the Treatment of PCa

The androgenic hormones testosterone (T) and 5α-dihydrotestosterone (DHT), which mediate
their action through the AR, are essential for normal prostate development but also contribute to
prostate tumor growth by regulating cell proliferation and differentiation. The concept of hormonal
manipulation using ADT to restrict PCa growth was first described in 1941 by Huggins and Hodges [25]
and is based on the observation that 80%–90% of PCa are androgen dependent. Since then, multiple
strategies have been established to reduce serum androgen levels or to interfere with their function
by inhibiting the AR. Current strategies for hormonal blockade used in the treatment of PCa have
been reviewed recently [26] and include bilateral orchiectomy, luteinizing hormone-releasing hormone
(LHRH) agonists or antagonists and anti-androgens (Figure 1 and Table 1).
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Figure 1. Mechanisms of action of androgen deprivation therapy (ADT) for blockage of the
hypothalamus-pituary axis.

Current ADT strategies used in the treatment of PCa include bilateral orchiectomy (surgical
castration), LHRH agonists or antagonists and anti-androgens (medical castration). (1) Bilateral
orchiectomy is the surgical removal of both testicles inhibiting the production of testicular testosterone
(T) and estradiol; (2) LHRH analogs reversibly decrease T production by the testis resulting in
the down-regulation of LHRH receptors and thus reduced levels of luteinizing hormone (LH),
follicle stimulating hormone (FSH) and T; (3) Anti-androgens (including flutamide, nilutamide, and
bicalutamide) may bind competitively to the AR in cells thereby inhibiting its activation, or (abiraterone)
block de novo androgen synthesis, both leading to apoptosis and reduced prostate tumor growth.
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Table 1. Treatment options for hormone reduction.

Modality Drug Mechanism Side Effects

Surgical Castration

Bilateral Orchiectomy - Surgical removal of
testicles, ↓T

Hot flashes, reduced
muscle mass and energy,
anemia and osteoporosis

Medical Castration

LHRH Interference

LHRH agonists
Leuproreline acetate

(Trenantone®, Eligard®)
Goserelin (Zoladex®)
Triptorelin (Trelstar®)

Histrelin (Vantas®)

LHRH receptor
downregulation after

initial flare, ↓LH, ↓FSH,
↓T

Hot flashes, reduced
muscle mass and energy,
anemia and osteoporosis,

flare phenomenon, CV
events, cardiotoxicity

LHRH antagonists
Degarelix (Firmagon®)

Blockade of LHRH
receptor, ↓LH, ↓FSH, ↓T

Hot flashes, reduced
muscle mass and energy,
anemia and osteoporosis,

CV events, histamine
release

Antiandrogens

Non-Steroidal
Flutamide (Eulexin®)

Bicalutamide (Casodex®)
Nilutamide (Nilandron®)
Enzalutamide (Xtandi®)

Antagonizes AR in target
tissues, ↑T

Gynecomastia,
hepatotoxicity

(flutamide), visual and
respiratory disturbance
and alcohol intolerance

(nilutamide), GI
problems ,fatigue and

hot flushes
(enzalutamide)

Steroidal
Cyproterone acetate

(Androcur®, Cyprostat®)

Antagonizes AR in target
tissues, suppress LHRH

secretion, ↓LH, ↓T

Gynecomastia,
cardiovascular events,

fluid retention, GI
problems

Abiraterone acetate
(Zytiga®)

Inhibition of Cyp17A1
enzyme, suppresses T,

estrogen and
glucocorticoid
biosynthesis

Vomiting, GI problems,
swellings, weakness,

cough, high blood
pressure

LHRH, luteinizing hormone-releasing hormone; LH, luteinizing hormone; T, testosterone; AR, androgen receptor;
GI, gastrointestinal; CV, cardiovascular.

Although accompanied by fewer side effects than “medical castration”, the use of surgical bilateral
orchiectomy is currently limited in developed countries. Rather, medical-based approaches to achieve
castration levels of circulating androgens are preferred. In contrast to surgical castration, medical
castration using LHRH analogs reversibly decrease T production by the testis and are therefore the
preferred treatment modality. There are two different classes of LHRH analogs: LHRH agonists
and antagonists. LHRH agonists stimulate the LHRH receptors in the pituitary gland resulting in
a temporary increase in LH and FSH secretion, which in turn causes an initial rise in T production
(the so-called “flare phenomenon [27]”). However, constant LHRH stimulation leads to a negative
feedback loop resulting in the down-regulation of LHRH receptors and thus reduced levels of LH,
FSH and T. In contrast to LHRH agonists, LHRH antagonists competitively bind to their receptors in
the pituitary gland thereby blocking their activation by the natural ligand, inducing a rapid decrease
in LH, FSH, and T levels without any flare.

Anti-androgens differ mechanistically from the above-described castration therapies as they do
not alter androgen induction by direct modification of the hypothalamic-pituitary-gonadal axis in
the brain. Rather, most anti-androgens (including flutamide, nilutamide, and bicalutamide) bind
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competitively to the AR in cells inhibiting its activation, leading to apoptosis and reduced prostate
tumor growth. By contrast, abiraterone blocks de novo androgen synthesis via irreversible inhibition of
CYP17-A1, a rate-limiting enzyme that catalyzes the conversion of cholesterol to androgen and estrogen
precursors. The new-generation drugs abiraterone and enzalutamide have been developed during the
past 5 years [28] and thus knowledge concerning their side effects is still limited. Since serum T and
estrogen levels are maintained for all anti-androgen drugs that target the AR, hypogonadal side effects
are generally less pronounced [29]. However, anti-androgens are often used in combination with
LHRH analogs, thus this article will not discuss the side effect profile of anti-androgen monotherapy.

3. Adverse Effects of ADT

Frequent side effects of ADT that result in poor quality of life include hot flashes, metabolic effects
such as gynacomastia as well as an increased body mass index, insulin resistance, metabolic syndrome
(MetS), cardiovascular (CV) diseases, and musculoskeletal effects including reduced muscle mass,
osteoporosis, and also sexual dysfunction (summarized Table 2) [1,7,30–35] Of these adverse events,
metabolic and musculoskeletal effects are the most prevalent and distressing side effects reported by
patients [21].

ADT targets gonadal function. Consequently, hypogonadism is prevalent in PCa patients
undergoing ADT compared to those that undergo surgery and/or radiation therapy or compared to
age-matched controls [7]. Thus, ADT induces a profound hypogonadism, which in turn is responsible
for increased body mass index, increased fat mass, reduced lean body mass and muscle strength, and
osteoporosis. Besides the desired physiological consequences of ADT in reducing serum androgens,
hormonal castration is also associated with a decrease in circulating estrogens that are synthesized from
androgens by peripheral aromatization (Figure 2). Despite having normal to elevated serum T levels,
men with congenital aromatase deficiency (and thus, non-detectable serum estrogen levels) have a
high prevalence of osteoporosis, insulin resistance and metabolic syndrome (MetS) [36], an observation
that underscores the importance of estrogens in men. Moreover, it is decreased estrogen rather than
T levels that are responsible for decreased bone density, accelerated rate of bone loss, and increased
fracture incidence [37]. Thus, side effects induced by ADT leading to hot flashes, osteoporosis, MetS
and higher CV events are related to androgen as well as estrogen deficiencies [35,38]. However, the
relative contribution of T and estrogen to these adverse effects remains unclear.

ADT is associated with multiple adverse effects, many of which are related to androgen as well as
estrogen deficiency that occur as a result of treatment [30,35].
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Table 2. Summary of dietary supplements for the management of androgen deprivation therapy (ADT)
side effects.

Side Effect Postulated Management Efficacy Reference

Hot Flushes

Herbs

Black cohosh Minimal, ↓sweating symptoms,
may ↓hot flashes in women. [39,40]

Dong quai No benefit in women or men. [41]
Ginseng Minimal effects in women. [42]

Phyto-Estrogens

Soy-Isoflavons
No effect with supplements in

men; possible impact with dietary
source seen in women.

[43–49]

Flaxseed
Unknown, initial studies showed
impact on hormonal levels and

serum lipids.
[50]

Vitamin E

Previously recommended, but
increased risk for diabetes. Might

also increase the risk for PCa
(SELECT trial).

[43,51–58]

Osteoporosis

Herbs

Black cohosh
Potentially effective in preclinical

studies (only studied in female
animals).

[40,59]

Phyto-estrogens

Soy-Isoflavones Potentially effective in preclinical
studies (castrated male animals). [60,61]

Fatty acids

Omega-3 FA(CLA) Potentially effective in preclinical
studies (male and female animals). [62–66]

Calcium and
Vitamin D

Effective in men and
postmenopausal women. [67–72]

Cardiovascular Events

Herbs

Ginseng No benefit. [42]
Garlic Showed to reduce blood pressure. [73,74]

Phyto-Estrogens

Soy-Isoflavones No effect. Might reduce
↓LDL-cholesterol. [46,75,76]

Flaxseed
Potentially effective, reduced

↓LDL-cholesterol in
postmenopausal women.

[77]

Fatty acids

Omega-3 FA No benefit. Postulated
mechanism: ↓TG [78–82]

Selenium
No effect. Might have adverse

effects on diabetes. Increased PCa
risk (SELECT trial).

[24,56,58,84–90]

Vitamin E
Negative association with CV

health. Might increase PCa risk.
No benefit in women.

[43,51,55,58,86,92]

CV, cardiovascular; CLA, conjugated linoleic acid; LDL, low density lipoprotein; TG, triglyceride.
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Figure 2. Side effects associated with androgen deprivation therapy (ADT).

3.1. Metabolic and Cardiovascular Side Effects

A number of prospective studies have shown that ADT increases abdominal fat and serum
triglycerides (TG) and decreases insulin sensitivity [93]. Additionally, cross-sectional studies have
shown that men receiving ADT are more likely to meet the diagnostic criteria of MetS [94,95]. Moreover,
long term ADT therapy caused significantly higher levels of fasting insulin and glucose compared to
men with PCa not on ADT as well as to age-matched controls [96]. A retrospective study involving 44
PCa patients who received ADT showed an increase in fasting blood glucose, total cholesterol, LDL
cholesterol, and TG, but a decrease in HDL cholesterol in these patients [34]. In addition, longitudinal
studies indicate that lower T levels in men independently predict MetS [97,98] and type 2 diabetes
mellitus (T2DM) [99]. Because MetS is independently associated with CV mortality [100], it is plausible
that the positive association between lower serum T levels and MetS may at least in part explain the
higher CV mortality in men with PCa receiving ADT (with therapy-induced hypogonadism as the
likely trigger of these events) [101]. The protective role of T on the CV system and its relationship to
MetS, CV morbidity and mortality has been recently reviewed [98]. Since CV disease has become the
most common cause of non-PCa-related death among this patient group [102], the potential risks of
ADT with regards to CV events should be carefully weighed against the expected benefits. Moreover,
since metabolic complications predominantly occur within 3–6 months after starting ADT therapy,
close observation of patients especially during the first year of ADT is highly recommended [93].

3.2. Musculoskeletal Side Effects

Given that 25–40% of patients already have osteoporosis at PCa diagnosis, it must be considered
that the symptoms will worsen upon administration of ADT. In general, two different forms of
osteoporosis are known [103]. Whereas primary osteoporosis is caused by malnutrition and genetic
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predisposition, secondary osteoporosis predominantly arises in men due to hypogonadism, including
that experienced by PCa patients receiving ADT [104]. Longitudinal studies report that approximately
35% of men on LHRH agonists experience at least one skeletal fracture and approximately 20% will
be diagnosed as osteoporotic or osteopenic within 7 years of starting therapy [105]. The absolute
excess risk of fractures ranges from 5%–7% over an average of 6 years follow-up compared to men not
receiving ADT [31,106]. In particular, treatment with either LHRH analogs or orchiectomy is associated
with a significant decline in bone mineral density (BMD) and increased risk of bone fractures [31,106].
In this context, it should be noted that bone fractures in men with PCa have been associated with
higher mortality rates [107]. Cross-sectional studies have shown that BMD at the hip and lumbar spine
decreases with the duration of continuous ADT [108]. However, BMD appears to initially decline at a
fast rate. For example, greater declines of BMD were observed among recent versus chronic ADT users
with stronger declines in both groups in contrast to ADT naïve men [109]. BMD declined at multiple
sites including the lumbar spine and hip in the first year after starting ADT, however subsequent
changes in the second year were much smaller and no longer statistically significant [110]. A larger
study followed 618 men on ADT for up to 7 years with annual dual-energy X-ray absorptiometry
(DXA) scans [111]. Whilst steady annual declines in BMD among men with normal BMD at baseline
were noted, only 38 men with normal BMD at baseline still remained in the study by 3 years [111].
Thus, due to the lack of longitudinal studies, it is currently not possible to determine whether BMD
loss beyond the first year of ADT is attenuated.

4. Dietary Supplements

The use of dietary supplements to alleviate side effects of ADT is an attractive approach for the
majority of PCa patients. Indeed, an array of dietary supplements proposed to be useful in intervening
with side effects due to declining hormone levels in men and women are promoted typically via media
that lack scientific evidence. However, it should be noted that many of these supplements have been
studied in the context of hormone deprivation during menopause or in the course of breast cancer
therapy in women with no clinical studies carried out in men thus far (e.g., black cohosh, ginseng,
garlic). Thus, it is difficult to conclude whether these dietary supplements will exhibit a similar efficacy
in PCa patients receiving ADT. Of the few dietary supplement studies that have been performed
in men, most were primarily aimed at reducing the risk of PCa development or reducing the risk
of disease progression after initial diagnosis or first line treatment. Thus, studies in men receiving
ADT are rare. Consequently, it is inappropriate to assume that beneficial (or non-beneficial) effects on
PCa development or progression will similarly translate to modifying the adverse effects associated
with ADT.

4.1. Herbs

Herbal supplemental approaches to manage metabolic and musculoskeletal side effects like hot
flashes and osteoporosis have been extensively evaluated in breast cancer and menopausal women in
small randomized trials with varying success [112,113]. Thus, it seems evident to evaluate the potential
of the most promising of these herbs for the treatment of side effects in men who are being treated for
PCa with ADT.

4.1.1. Black Cohosh (Cimicifuga racemosa)

The herbal supplement black cohosh, which is approved for the treatment of menopausal
symptoms by the German health authority (Commission E), has also shown to have MetS-preventive
and bone-protective properties in recent preclinical studies [59,114]. A randomized, placebo-controlled
trial found no difference in the frequency of hot flashes but a significantly lower incidence of sweating in
menopausal women with a history of breast cancer in the black cohosh group compared to placebo [39].
This finding is particularly pertinent given that a significant placebo effect is consistently observed in
investigations of hot flashes, with the placebo effect reportedly sufficient to reduce hot flashes by up
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to 75% [115]. On the other hand, significant evidence of potentially beneficial effects on bone tissue
was shown, although it should be noted that all clinical studies were conducted in females [59,116].
Of interest is one study that was carried out in orchidectomized male rats and showed to prevent
osteoporosis in vivo [117].

The mechanism underlying the activity of black cohosh remains poorly understood. There is a
lack of scientific evidence regarding its proposed estrogenic activity. However, it was recently shown to
attenuate nucleoside uptake into cells and thus may have an impact on tumor treatment by nucleoside
analogs [118]. One may speculate that its modulation of adenosine signaling may be beneficial for CV
side effects of ADT [119], but this has yet to be investigated. Despite the lack of knowledge regarding
the mechanism of action of black cohosh, its long history of use reveals that black cohosh is well
tolerated. The use of black cohosh in PCa patients undergoing ADT may be warranted for hot flushes,
CV and osteoporotic side effects. Importantly, further systematic studies assessing the safety and
efficacy of black cohosh in alleviating ADT-induced side effects may be worth pursuing.

4.1.2. Dong Quai (Angelica sinensis)

Dong quai is a traditional Chinese herbal remedy most commonly used in the treatment of female
reproductive problems. According to our knowledge, there are no pre-clinical studies addressing its
effects in PCa. However, a small randomized clinical trial was conducted in men receiving ADT where
dong quai was shown to be ineffective in reducing hot flashes [41]. Similarly, randomized trials in
women also found no effect of dong quai on hot flashes beyond a placebo, irrespective of whether the
herb was used alone or as part of a complex multi-ingredient intervention [120]. Taken together, the
current evidence does not support the use of dong quai in patients undergoing ADT.

4.1.3. Ginseng (Panax ginseng)

Ginseng extract is widely used in traditional Chinese medicine and was reported to reduce fatigue,
insomnia and depression in post-menopausal women, although there was no significant benefit on hot
flashes [121]. However, a recent review of studies examining the efficacy of ginseng on menopausal
symptoms highlighted the poor quality and bias of many randomized clinical trials conducted
to date, raising doubt as to the usefulness of this herb in managing menopause symptoms [42].
Nonetheless, several pre-clinical and clinical studies have shown that ginseng may possess anti-cancer
and hypoglycemic properties, the latter of potential benefit in ameliorating MetS in men receiving
ADT [122,123].

4.1.4. Garlic (Allium sativum)

Garlic is frequently used as a dietary supplement for the treatment of hyperlipidemia, heart
disease, and hypertension [124]. In addition, there is evidence that garlic is associated with blood
pressure reduction in patients with elevated systolic blood pressure (10–12 mmHg systolic, 6–9 mmHg
diastolic) but not in normotensive patients [73,74]. In this respect, it is conceivable that garlic may
also reduce CV effects in PCa patients undergoing ADT. However, there is currently insufficient
data to support this hypothesis and further studies that specifically address this question would be
required [125].

4.2. Phytoestrogens

In the past, suppression of T was achieved using high doses of estrogens (estradiol) or selective
estrogen receptor modulators [126–129]. However, these treatments were prone to severe and
even fatal CV side effects [130,131]. Consequently, these treatments have been replaced by other
therapeutics such as LHRH analogs. Phytoestrogens (plant estrogens) are non-steroidal naturally
occurring phenolic compounds with known estrogenic effects and estrogen receptor (ER-β and/or
ERα) binding properties [132–134]. Thus, these “mild” estrogens could possibly serve as natural
alternatives with potentially fewer side effects. Indeed, phytoestrogens have been shown to improve
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metabolic health, reduce CV risk, and improve BMD and brain function [60,75,135]. There are three
classes of phyto-estrogens, which are categorized according to their chemical structure as isoflavones,
lignans or coumestans. Isoflavones are the largest and also the most extensively studied group of
phytoestrogens, which includes genistein, daidzein and glycitein. Isoflavones are found in highest
amounts in soybeans, flaxseed and legumes. Soy is stably integrated into Asian diets where daily
intake is at least 40 times higher than among Western populations [136]. This is considered to be
one of the factors contributing to a much lower incidence of prostate and breast cancer in Asian
countries [137]. In addition, increased consumption of isoflavones has been associated with decreased
incidence of diabetes and heart disease in South and East Asia [44,138]. In clinical trials, isoflavones
have shown an improvement in hot flash severity, glycemic control, MetS and inflammatory profile in
both men and postmenopausal women [45,76,139]. However, in a recent double-blinded, randomized,
placebo-controlled pilot study, phytoestrogens failed to improve metabolic or inflammatory parameters
of men with PCa during ADT [47]. This is consistent with another pilot study conducted in 33 men
where high dose isoflavones showed no significant improvement in cognition, vasomotor symptoms
or any other aspect of quality of life measures compared to placebo in androgen deprived men [140].
Thus, there is currently no clinical evidence for the proposed improvement of ADT-induced side
effects by phytoestrogens, although limitations of these studies including small cohort sizes and short
treatment durations should be taken into account.

4.3. Selenium (Se)

Se is an essential trace element, which is incorporated as selenocysteine into selenoproteins, many
of which are reactive oxygen species (ROS) scavenging enzymes, such as glutathione peroxidase
and thioredoxin reductase [141,142]. Thus, Se may be useful in decreasing oxidative stress and
low-grade inflammation. Notably, plasma biomarkers of oxidative stress and low-grade inflammation
are associated with MetS, obesity and insulin resistance, conditions that are common side effects of
ADT [143]. Se was shown to have strong anti-proliferative and pro-apoptotic effects on human PCa cells
and to improve severe metabolic side effects in patients [83,144]. Moreover, cancer prevention studies
indicated that Se decreases ROS and is associated with decreased incidence of PCa [145,146]. Taken
together, these observations provided a strong mechanistic rationale to combine ADT and Se for the
treatment of PCa [5] and led to a number of epidemiological studies and clinical trials [51,83]. However,
epidemiological studies have suggested that supranutritional Se intake and high plasma Se levels
are not necessarily preventive against cancer, and may even be a possible risk factor for developing
T2DM [83]. For example, supplementation with Se and/or Vitamin E in the large-scale Selenium
and Vitamin E Cancer Prevention Trial (SELECT) did not prevent the development of PCa, rather,
the incidence of newly diagnosed T2DM increased among the Se-supplemented participants [51,83].
Whilst the Nutritional Prevention of Cancer (NPC) study reported a decreased risk of PCa among Se
supplemented men, an increased risk of T2DM was also observed in participants with baseline plasma
Se levels in the top tertile [147]. Since then, several longitudinal studies have failed to support a causal
role of Se in T2DM, although cross-sectional studies continued to find significant associations between
circulating Se levels and T2DM [148]. For example, serum Se was observed to be associated with
adipocytokines, such as TNF-α, VCAM-1, leptin, FABP-4, and MCP-1 [149,150] and adiponectin [151].
Although on the other hand, an analysis across randomized groups showed that Se supplementation
had no effect on adiponectin levels after six months of treatment [84]. Thus, it appears likely that the
reported link between Se and T2DM is due to indirect effects of Se-containing ROS scavenging enzymes,
affecting the hydrogen peroxide level that in turn modulates both glucose-induced insulin secretion
and insulin-induced signaling [152,153]. Moreover, Se homeostasis is modulated by factors related
to carbohydrate metabolism, suggesting that low serum Se levels may themselves be a consequence
of dysregulated energy metabolism in T2DM [153]. In addition, there appears to be a significant
interaction between dietary intake of phytoestrogens and Se with important implications for heart
disease, cancer, diabetes, and other conditions related to body weight [154].
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From the current prospective—especially since to date there has been no study specifically
evaluating the supplementation of Se in PCa patients receiving ADT—a combination of ADT with Se
cannot be recommended given that many patients develop pre-diabetes.

4.4. Fatty Acids (FA)

The relative amounts and different types of dietary FA are thought to play critical roles in PCa
associated MetS. Total FA intake and the ratio of omega-3 (ω-3) to omega-6 (ω-6) polyunsaturated FA
(PUFAs) in the Western diet have increased significantly since the Industrial Revolution [155]. The
effects of ω-3 PUFAs on CV disease, cancer as well as MetS have been investigated extensively [78,
156–161]. Consequently, the United States Food and Drug Administration (FDA) has approved
ω-3 PUFAs for the prevention of CV adverse outcomes by the postulated mechanism of lowering
serum triglyceride levels [162,163]. Additionally, three common dietary ω-3 FA—alpha-linolenic
acid (ALA), eicosa-pentaenoic acid (EPA), and docosahexaenoic acid (DHA)—were proposed to
exhibit anti-inflammatory properties [50,79,164]. Since inflammation is a major risk factor for the
development of CV disease, these ω-3 FA may reduce the risk of CV disease [50,79,164]. Various
pre-clinical, epidemiological and clinical studies have investigated the influence of ω-3 and ω-6 FA
on the development and progression of PCa [80,155,158,161,165–173]. However, these studies have
yielded contradictory results. In particular, dietary intake of long-chain ω-3 PUFA or its individual
components (EPA, DHA, docosapentaenoic acid (DPA) and ALA) have been associated with PCa
risk and progression [80,155,158,161,165–173]. On the other hand, encouraging results were obtained
from clinical trials showing potential anti-inflammatory effects of ω-3 FA [77,174–177]. Other trials
investigating higher doses of ω-3 FA (>1 g/day EPA and/or DHA) in populations at high risk for CV
disease reported improvements (i.e., reduced concentrations) of selected inflammatory markers [81,
178,179]. However, it should be noted that in these studies the same dosage of ω-3 FA showed mixed
response rates in healthy adults, and no beneficial effect in patients that received lower doses (<1
g/day) [81,174,175,178–185]. A single study has reported that very high intakes (6.6 g/day), which are
well beyond the current recommendations (500 mg/day–1 g/day), may raise blood concentrations of
some inflammation markers such as soluble tumor necrosis factor receptors 1 and 2 (sTNF-Rs 1 and
2) [79,185]. It is likely that differences in dosage, study population characteristics, the source of ω-3 FA,
study duration, and background diet may explain the inconsistencies in these findings. In this respect, it
may be noted that the majority of clinical trials have used marine sources of ω-3 FA (EPA and DHA from
fish), whereas few have examined FA from plants (ALA from flax oil) and only two trials compared
both sources [82,175]. The heterogeneous results from these studies might also be due to variations in
measuring FA consumption of individuals and different techniques assessing their diet [186–190]. The
main mechanisms underlying the purported anticancer effects of modulating dietary fat appear to
be through reduced insulin-like growth factor signaling and alterations in membrane ω-6 to ω-3 FA
ratios leading to suppressed COX-2-dependent PGE-2 production and reduction of inflammation via
modification of the eicosanoid pathway [191–195]. Moreover, decreased PGE-2 levels are expected to
decrease estrogen production and further also modify androgen production [190].

In summary, although ω-3 FA exhibits some anti-inflammatory potential, there is still a lack of
consensus regarding their optimal use and dosage. Moreover, results from the aforementioned studies
have to be interpreted with caution, since the metabolic conditions during ADT are different. Further
research is warranted to better elucidate the mechanism of action and ideal consumption of ω-3 FA for
potential CV health benefits during ADT.

4.5. Calcium and Vitamin D

Osteoporosis is a common and one of the most debilitating side effects of ADT. The most
important nutritional factors contributing to osteoporosis include deficiencies in Vitamin D and
calcium. Measurement of Vitamin D levels in osteoporotic males by a large multi-center study in
the US (MrOs) revealed a deficiency in 26% and an insufficiency in 72% of subjects [54]. Because
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deterioration of BMD occurs soon after initiation of ADT therapy [67], the European Association of
Urology does not specify recommendations but states that calcium supplementation is protective [196].
The National Comprehensive Cancer Network cite the National Osteoporosis foundation guidelines
that recommend calcium (1000 mg daily) and Vitamin D (800–1000 IU daily) supplementation for all
men aged 50 or above [197]. Notably however, data supporting this recommendation are lacking as
shown in a recent systematic review [196]. One cross-sectional study suggested an association between
low calcium intake and a greater likelihood of osteoporosis in men with PCa of whom 71 % were
undergoing ADT. Unfortunately, Vitamin D use was not examined in this study [198]. Another trial
reported a positive association of calcium and Vitamin D use (examined together) on hip and lumbar
spine BMD in men on ADT [199]. Importantly, results from 12 different clinical trials revealed that the
commonly recommended doses, of 500–1000 mg calcium and 200–500 IU Vitamin D per day still result
in BMD loss in men receiving ADT [196]. Alibhai et al. examined long-term effects of calcium and
Vitamin D in a prospective 3-year matched cohort study comparing PCa patients with and without
ADT. This study found that Vitamin D but not calcium may be protective particularly in the first year
of ADT [32]. In a multivariate analysis, it was further shown that the mean daily calcium intake in
men receiving ADT was significantly lower in men who suffered from osteoporosis compared to those
without osteoporosis [198].

In summary, calcium and Vitamin D supplementation is a recommended complementary therapy
not only in elderly men with osteoporosis but also in men undergoing ADT even though the long-term
impact of ADT on BMD and the value of calcium and Vitamin D in ameliorating negative effects
remains to be elucidated more precisely.

4.6. Vitamin E

Vitamin E is a potent antioxidant, which is of interest to ameliorate hot flushes and CV associated
side effects of ADT. Vitamin E has a long history in the treatment of pre-eclampsia (characterized by
high blood pressure in pregnant women), premenstrual syndrome, painful periods, menopausal
syndrome, hot flashes associated with breast cancer, and breast cysts even though randomized
controlled clinical studies did not reveal any benefit [52,53,86,200]. Moreover, the Physicians Health
Study II concluded that Vitamin E does not reduce the risk of major CV events (non-fatal myocardial
infarction, non-fatal stroke, or CV disease death) [57]. Similarly, the Women’s Health Study, which
comprised approximately 40,000 healthy women, found that Vitamin E did not reduce the risk of death
or major CV events. Interestingly however, there was a significant reduction in the secondary endpoint
of CV deaths and in major CV events among a subgroup of women aged 65 or over [55]. The Women’s
Antioxidant Cardiovascular Study found that there were no overall effects of Vitamin E on CV events
among women at high risk of CV disease [91]. Moreover, the intake of Vitamin E has been shown to
increase all-cause mortality and may even have negative effects on CV health [92].

There have been a number of studies in men, which have purported a positive effect of Vitamin E
on hot flushes and high blood pressure [201]. However, most of these studies have yielded inconclusive
or conflicting findings or a lack of benefit for its use, illustrating the need for studies of higher quality
in this area. Thus, clinical trials have failed to recapitulate the promising findings of in vitro and many
observational studies. Possible reasons for this discrepancy may be that clinical trials are too short in
duration to reverse the results of decades of oxidative stress contributing to atherosclerosis or that the
antioxidants selected for study were chosen for their ease of availability rather than proven efficacy
(Vitamin E) [202]. Recent evidence from the SELECT trial revealed an increased risk for PCa in the
Vitamin E supplemented group. Taken together, current evidence does not support a beneficial effect
for Vitamin E, and its use as a supplementary treatment is therefore not recommended [56,88].

5. Discussion

The administration of ADT is associated with a diverse set of known side effects that have
a significant impact on patient quality of life, overall health, and mortality. Some of the dietary
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supplements discussed in this review may be beneficial for patients undergoing ADT. The value of
calcium and Vitamin D supplementation remains to be elucidated more precisely; however, because
of their long and safe history of usage they may be recommended in the prevention of osteoporosis
during ADT. Phytoestrogens were shown to prevent hot flashes and other climacteric complaints and
exert anti-osteoporotic effects in women. However, positive effects on CV health are still questionable
and require further elucidation, especially with respect to their effects in PCa patients receiving ADT. In
addition, further clinical trials evaluating the efficacy of isoflavones must be conducted before their use
for relieving ADT-induced side effects can be advocated. We can conclude that dietary interventions
with herbal substances may in fact be helpful in the treatment of adverse effects arising from ADT [43];
however, more clinical randomized studies in PCa patients on ADT are highly warranted to support
these findings. The long history of use and lack of adverse effects of black cohosh in the treatment
of climacteric complaints in women is particularly encouraging. Further evaluation of its proposed
osteo-protective and anti-metabolic effects in conjunction with ADT in randomized and controlled
clinical studies is also warranted. Recent data obtained in the large SELECT trial suggest that combined
supplementation of Vitamin E and supranutritional Se may increase the risk of PCa, making this a
non-recommended treatment for men receiving ADT. From the current perspective, a combination of
ADT with Se, which has been associated with an increased risk for the development of T2DM, cannot
be recommended given that many patients develop pre-diabetes.

6. Conclusions

In summary, dietary supplements are active compounds with as yet mostly poorly defined effects.
As such, the unregulated self-prescription of active compounds such as soy, Se or Vitamin E may in
some cases even prove to be harmful or negatively interfere with cancer treatment. Given the prevalent
use of alternative dietary supplements in PCa patients, there is an urgent need to (1) perform rigorous
research to determine the precise physiological effects of these different supplements with respect to
relieving side effects of ADT; (2) conduct clinical trials of these supplements in men undergoing ADT
and (3) establish more open lines of communication between patients and physicians regarding the
use of dietary supplements and their integration into conventional treatment strategies.
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Abstract: Globally, the prevalence of obesity is increasing which subsequently increases the risk
of the development of obesity-related chronic diseases. Low-grade chronic inflammation and
dysregulated adipose tissue inflammatory mediator/adipokine secretion are well-established in
obesity, and these factors increase the risk of developing inflammation-associated cancer. Breast
cancer is of particular interest given that increased inflammation within the subcutaneous mammary
adipose tissue depot can alter the local tissue inflammatory microenvironment such that it resembles
that of obese visceral adipose tissue. Therefore, in obese women with breast cancer, increased
inflammatory mediators both locally and systemically can perpetuate inflammation-associated
pro-carcinogenic signaling pathways, thereby increasing disease severity. Herein, we discuss some of
these inflammation-associated pro-carcinogenic mechanisms of the combined obese breast cancer
phenotype and offer evidence that dietary long chain n-3 polyunsaturated fatty acids (PUFA) may
have utility in mitigating the severity of obesity-associated inflammation and breast cancer.

Keywords: breast cancer; inflammation; obesity; adipokines; n-3 polyunsaturated fatty acids; leptin;
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1. Introduction

Based on body mass index (BMI), globally 1.5 billion people are overweight (BMI ≥ 25.0 kg/m2),
and 500 million of these individuals are classified as obese (BMI ≥ 30.0 kg/m2) [1]. The clinical
consequence of obesity is that it acts as an independent risk factor for several other pathologies,
including cancer [1,2]. In this context, obesity is associated with increased mortality in several types of
cancer, including breast cancer (BC) [3]. It is estimated that obesity contributes to 50% of all BC cases in
older women [4]. Furthermore, considering the prevalence of obesity in younger populations and the
projected expansion of the obese population [1], the impact on BC incidence is likely to be exacerbated
in the future. Obesity increases the risk of developing the most common BC subtype, estrogen
receptor (ER)-positive and progesterone receptor (PR)-positive BC (i.e., hormone-sensitive form of the
disease) [4–7]. Paradoxically the incidence of hormone sensitive BC increases with age, which coincides
with increasing adiposity and decreasing circulating estrogen levels [8]. In fact, in postmenopausal
women the majority of BC cases associated with obesity are ER-positive with a phenotype exhibiting
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larger and faster growing tumors that metastasize to axillary lymph nodes [4,5,9–11]. The positive
association between BC development and obesity in postmenopausal women is well-established using
multiple anthropometric indices of obesity including BMI, adiposity and waist:hip circumference
ratio [4,5,9–12]. Interestingly, postmenopausal BC risk is increased by the degree of weight gain
during adult life prior to menopause [13,14], thereby indicating that the effects of obesity during the
premenopausal phase impact BC risk later in life. Conversely, in premenopausal women the link
between BC risk and BMI as a measure of obesity status is more controversial [15–17]. Studies finding
no association commonly normalize data to BMI alone, which is a poor discriminator of body fat and
lean mass, and fails to account for visceral adiposity which is believed to be a more deleterious adipose
depot compared to subcutaneous [18,19]. Premenopausal women with high BMI have been shown to
develop significantly larger tumors and worse histopathological features including increased tumor
vascularization and metastasis to axillary lymph nodes compared to healthy BMI BC patients [9].
Additionally, premenopausal obesity has been shown to increase the risk of developing triple negative
BC (ER, PR and HER negative) [9,20] and hormone receptor-negative BC (ER and PR-negative) [21,22].
Collectively, these data indicate that independent of hormonal status, obesity increases overall BC risk,
an effect that is, at least in part, attributed to inflammatory mechanisms and paracrine interactions (i.e.,
cross-talk) between cell types within the mammary tissue that promote tumorigenesis [4,23,24].

The connection between obesity and ER-positive BC in post-menopausal women is likely
attributable to two main interrelated factors that will be a key focus of this review, including: (i)
increased adipose tissue (AT) mass and the associated increase in inflammatory mediator production
(both locally and systemically); and (ii) elevated AT aromatase activation, which is up-regulated by
inflammatory mediators and drives aberrant estrogen production within the AT, thereby promoting
BC tumorigenesis. The obesity-associated inflammatory mammary tumor microenvironment is
complex and the resultant phenotype is underscored by autocrine and paracrine interactions
between adipocytes, tumor infiltrating macrophages (TAM) and epithelial cells, which produce
AT-derived inflammatory mediators, collectively referred to as adipokines, which will be discussed in
more detail herein. The inflammatory mammary tumor microenvironment should not be confused
with “inflammatory breast cancer” (IBC), a rare (1%–6% of all breast malignancies) aggressive BC
subtype with higher grade metastatic hormone receptor negative tumors that has been reviewed
elsewhere [25,26]. Moreover, we provide evidence that dietary long-chain (LC) n-3 polyunsaturated
fatty acids (PUFA), particularly fish oil (marine)-derived eicosapentaenoic acid (EPA, 20:5n-3) and
docosahexaenoic acid (DHA, 22:6n3), which have well established anti-inflammatory effects in
obesity [27–41] and anti-carcinogenic effects in BC [42–56], may represent an effective complementary
approach in the prevention and/or treatment of obesity-associated BC by attenuating inflammatory
adipokine-mediated paracrine interactions within the mammary tumor microenvironment.

2. Obese Inflammatory Phenotype

AT is an endocrine organ that secretes greater than 50 recognized proteins including several
cytokines and chemokines, both of which are included in the term adipokine (i.e., of AT origin) [57].
In the classic obese phenotype (reviewed elsewhere [2,58,59]), the tissue stress and remodeling that
occurs in expanding visceral AT is associated with dysregulated adipokine secretion and a subsequent
state of chronic, sub-clinical, low-grade, systemic inflammation [2,60]. The cellular source of these
inflammatory mediators includes adipocytes and cells of the stromal vascular fraction (SVF) including
endothelial cells, fibroblasts, macrophages and T cells [60]. These adipokines can influence whole-body
metabolism, insulin sensitivity and inflammation through autocrine, paracrine and endocrine signaling.
Most notably, in obesity both the local AT and circulating levels of inflammatory mediators, such as
TNFα, IL-6, IL-1β, MCP-1, leptin and many others (reviewed by [58,59]), are elevated, while levels
of adiponectin, an anti-inflammatory adipokine, are decreased [61]. Many of these same adipokines
are up-regulated in obese BC and activate signaling pathways that drive inflammation-associated
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malignant transformation, and therefore, when present in the mammary tissue result in a more severe
BC phenotype, as discussed in detail below.

3. n-3 Polyunsaturated Fatty Acids and Obesity

In obesity, marine source LC n-3 PUFA have been shown to modulate and improve several
critical aspects of the obese phenotype, collectively reducing AT inflammation. Specifically, n-3 PUFA
modulate the production of AT-derived adipokines by increasing anti-inflammatory adiponectin
levels [27–35], while decreasing production of inflammatory mediators such as leptin [36–39] and
cytokines including TNFα, IL-6 and MCP-1 [29,35,40,41]. Moreover, dietary n-3 PUFA have been
found to reverse and/or improved obesity-associated hepatic steatosis and impairments in glucose
metabolism and insulin sensitivity [27–29,35,62–64]. Collectively, these anti-inflammatory effects
of n-3 PUFA alter the obesity-associated inflammatory microenvironment and improve the overall
obese phenotype. One well-documented effect of n-3 PUFA is the suppression of inflammation by
interfering with pro-inflammatory signaling cascades via peroxisome proliferator-activated receptor
(PPAR)γ-dependent and independent mechanisms that involve up-regulation of adiponectin, in
murine [65] and human adipocytes [66]. Additionally, PPARγ is involved in trans-repression of
nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) transcriptional activity leading
to decreased expression of NFκB responsive genes including several inflammatory cytokines (TNFα,
IL-1β, IL-6 and MCP-1) [67]. In this connection, n-3 PUFA functioning as PPAR-receptor ligands also
interfere with other transcription factors involved in inflammatory signal transduction pathways
including AP-1, STAT-1 and NFAT [68].

n-3 PUFA can also perturb inflammatory signaling in obesity through PPARγ independent
signaling mechanisms, most notably by acting as ligands for the G-protein coupled receptor 120
(GPR120) [69]. GPR120 has been shown to be partly responsible for the anti-inflammatory effects
of DHA by using the adaptor β-arrestin2 to interfere with inflammatory mediator-stimulated NFκB
activation in macrophages [69]. Additionally, EPA and DHA exert anti-inflammatory effects following
their selective incorporation into the phospholipid fraction of cell membranes where they can act to
decrease the signaling efficiency of protein complexes in lipid rafts [70], or serve as substrates for the
synthesis of anti-inflammatory bioactive lipid mediators (i.e., eicosanoids) [71,72]. Taken together,
n-3 PUFA may beneficially modulate obesity-associated pro-inflammatory paracrine interactions
between the different cell types within AT. Overall, n-3 PUFA utilize multiple mechanisms to suppress
inflammatory signaling, thereby modulating the obesity-associated inflammatory phenotype.

4. n-3 Polyunsaturated Fatty Acids and Breast Cancer

Marine-derived n-3 PUFA have well-established anti-tumorigenic effects in chemically induced,
transgenic and xenograft rodent models of BC [73]. As a point of reference, amongst high LC n-3
PUFA consuming populations, the typical Japanese diet contains 1%–2% of daily energy as LC n-3
PUFA [74,75], whereas intake levels are higher amongst the Greenland Inuit who typically consume
2.4%–6.3% of daily energy as LC n-3 PUFA [76,77]. Although higher levels of n-3 PUFA intake can be
achieved through supplementation, these physiologically relevant intake levels have been recapitulated
in BC rodent dietary intervention studies which demonstrate a beneficial effect of n-3 PUFA on the
BC phenotype [42–44,46,48,49,55,78]. In this connection, n-3 PUFA are recognized for their potential
application in reducing obesity-associated inflammation and consequent tumorigenic risk [45]. In
brief, LC n-3 PUFA are incorporated into mammary AT and tumor tissue [46,47], thereby increasing
the levels of n-3 PUFA-derived lipid mediators at the expense of those derived from n-6 PUFA (i.e.,
arachidonic acid (AA, C20:4n-6)-derived eicosanoids) [42,56,78], altering adipokine secretion [54]
and interrupting tumorigenic signaling pathways [79]. These chemoprotective effects of n-3 PUFA
result in decreased cell proliferation and increased apoptosis, ultimately resulting in reduced BC
tumor incidence, growth, multiplicity, and metastasis in rodent models of BC [43,44,46,48–53,55,79].
Further, in a model of obese postmenopausal BC, n-3 PUFA supplementation reduced mammary AT
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inflammation and markers of inflammatory M1 macrophage infiltration [80] which was associated with
reduced tumor burden, indicating that the inflammatory microenvironment promotes tumorigenesis
and that n-3 PUFA directly antagonize this process. Similar n-3 PUFA-mediated anti-tumorigenic
effects have been reported in overweight humans wherein n-3 PUFA supplementation up-regulated
the expression of several genes involved in cell cycle regulation [81]. These studies clearly demonstrate
that n-3 PUFA can independently modulate responsiveness to cell proliferative and/or apoptotic
signaling. This is further highlighted in Figure 1, which outlines the effects of n-3 PUFA on critical
adipokine/inflammatory mediator levels that underlie the paracrine interactions within the obese
mammary tumor microenvironment that ultimately impact proliferative and apoptotic signaling and
will be discussed in this review.

Figure 1. Summary of inflammatory mediator paracrine interactions produced within the obese
mammary tissue tumor microenvironment highlighting the complex interactions mediated by
adipocytes, macrophages and epithelial cells (main cellular sources of inflammatory mediators). Solid
arrows denote stimulatory effects and dotted arrows denote inhibitory effects between inflammatory
mediators. Red arrows indicate the effects of n-3 PUFA to increase or decrease inflammatory
mediator levels, thereby subsequently up-regulating (adiponectin, n-3 PUFA-derived eicosanoids) or
down-regulating (leptin, n-6 PUFA-derived eicosanoids, cytokines (TNFα, IL-1β, IL-6 and MCP-1)
and macrophage tissue infiltration). TAM, tumor associated-macrophage; CLS, crown-like structure;
HIF-1α, hypoxia induced factor-1α; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2; TNFα, tumor
necrosis factor-α; IL, interleukin; MCP-1, monocyte chemoattractant protein-1.

A recent meta-analysis that included 21 independent prospective cohort studies determined
that marine source n-3 PUFA intake was associated with a 14% reduction in BC risk (RR = 0.86 for
highest versus lowest category of intake (95% confidence interval 0.78–0.94)) [82]. The results were also
sustained if the data was analyzed based on either reported dietary intake levels or tissue biomarker
levels of n-3 PUFA, thereby removing concerns regarding intake compliance or accuracy in dietary
recall data. In obese women, a decreased risk of BC was found to be significantly associated with both

40



Nutrients 2014, 6, 4760–4793

increased intake of n-3 PUFA and altered dietary fatty acid composition by increasing the ratio of n-3:n-6
PUFA intake, although this association was not significant in overweight or normal weight women [83].
These data suggest that obesity status may affect the association between n-3 PUFA intake and BC
risk. To the best of our knowledge, this is the only case-control study that has specifically investigated
the relationship between obesity, n-3 PUFA intake and BC risk. Interestingly, the chemoprotective
effect of an increased ratio of n-3:n-6 PUFA intake has been reported elsewhere [84], and several
case-control studies have reported an inverse association between BC risk and increased n-3 PUFA
intake and/or increasing the n-3:n-6 PUFA ratio in breast AT [85–88]. Although obesity status was
not independently assessed, some of these studies report a trend with more normal weight women in
the control group and more overweight and obese women with BC [85,88]. In contrast, others have
reported no association between AT n-3 PUFA levels and the development of BC; however, BMI was
lower among these BC cases [89]. Taken together, while higher n-3 PUFA intake and tissue content is
more often than not associated with a decreased risk of developing BC, controversy exists surrounding
the associations between BC incidence, obesity status and n-3 PUFA intake, warranting case-control
studies that investigate a relationship between all endpoints.

5. n-3 PUFA, Lipid Rafts and Breast Cancer

Extensive research has indicated that n-3 PUFA have a unique ability to broadly affect cell
signaling. A ubiquitous mechanism by which n-3 PUFA can alter signal transduction is by modifying
lipid rafts, which are heterogeneous, highly ordered membrane microdomains that facilitate several
signaling events [90,91]. Lipid rafts laterally isolate their components from the bulk membrane and
then are able to coalesce in response to stimuli to form signaling platforms [92,93], thereby playing an
integral role in the propagation of multiple signaling events that are involved in tumor-promoting
activities, including cell proliferation, survival, migration, and invasion [94]. The physical properties
that facilitate the segregation of lipid raft domains from the bulk membrane is imparted by the
enrichment of cholesterol, sphingolipids, and other phospholipids with saturated, long hydrocarbon
chains within lipid rafts [95,96]. n-3 PUFA display low affinity for cholesterol due to their high
degree of unsaturation [97,98]; therefore, enrichment of the membrane with n-3 PUFA can alter the
composition and organization of raft domains. Altering the properties of lipid rafts can then have
major effects on signaling events that are initiated or propagated by these integral domains.

An important property of lipid rafts is their size and number. Changes to the size of rafts can
impose substantial changes on their function. It has been shown that rafts must be small and mobile
for optimal activity [99]. Studies in BC cells, in addition to many other cell types, have demonstrated
the ability of n-3 PUFA to alter the size of lipid rafts. Specifically, DHA was found to alter the size
of lipid rafts in BC cells, resulting in lipid rafts of varying height [100]. The same study illustrated
that DHA decreased the total amount of lipid rafts on the order of 20%–30%. This is particularly
interesting because the levels of lipid rafts are elevated in some forms of cancer, including BC [101],
and perturbing these domains can sensitize cells to apoptosis [102]. In addition to altering the size and
number of lipid rafts, DHA was found to reduce cell surface levels of lipid rafts by enhancing their
internalization [102]. These data implicate n-3 PUFA-induced changes in the physical properties of
lipid rafts as a mechanism by which these fatty acids exert a chemoprotective effect.

The composition of raft domains is also central to their function as signaling platforms, and n-3
PUFA can substantially alter the contents of lipid rafts. The lipid composition of rafts endows the
properties necessary for ordering and segregation. BC cells treated with a combination of EPA and
DHA were demonstrated to have significantly reduced cholesterol, sphingomyelin, and diacylglycerol
lipid raft content [103]. Another study demonstrated differential effects of EPA and DHA on the
lipid composition of rafts [100]. EPA was shown to displace AA from raft domains, whereas DHA
reduced cholesterol and sphingomyelin content. In addition to lipids, many proteins reside in lipid
rafts and require localization to lipid rafts for signal transduction. Importantly, many of these proteins
are established mediators of oncogenesis, and displacing these proteins can markedly reduce their
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signaling capacity. In MDA-MB-231 BC cells, several raft-associated proteins, including EGFR, Hsp90,
Akt, and Src, are redistributed out of raft domains in response to DHA treatment [102], which induced
increased BC cell apoptosis. Additionally, DHA was demonstrated to disrupt lipid rafts and reduce
HER-2 signaling in mammary epithelial cells overexpressing HER-2 [104]. All of these proteins are
involved in the regulation of cell survival and proliferation, and many are targets for cancer therapy.
Another well-known therapeutic target for BC metastasis is the chemokine receptor, CXCR4. Treatment
of BC cells with DHA or EPA caused redistribution of CXCR4 from lipid rafts to the cell surface [105],
resulting in an overall reduction in cell migration. In addition to shifting proteins out of lipid rafts,
n-3 PUFA can prompt the localization of some proteins into these domains. For example, CD95
(APO-1/FAS) is the transmembrane death receptor which activates the extrinsic apoptosis pathway
and activation results in CD95 aggregation in the plasma membrane, followed closely by recruitment of
Fas-associated death domain-containing protein (FADD) and caspase-8 to the CD95 receptor, forming
the death-inducing signaling complex (DISC) [106]. EPA and DHA have been shown to induce
translocation of CD95 into lipid rafts in MDA-MB-231 BC cells and this effect was accompanied
by reduced cell growth [107]. Moreover, when DHA was used as a co-treatment it enhanced the
chemotherapeutic effects of doxorubicin [107], an anti-neoplastic drug therapy, which has been shown
to induce apoptosis and the movement of DISC to membrane rafts [108,109]. All of these data support
the regulation of lipid rafts by n-3 PUFA as a mechanism by which they exert protective effects in BC
and may also have utility as a complementary therapy in combination with pharmaceuticals, although
further study is required.

6. Paracrine Interactions, Inflammatory Mediator Signaling and Breast Cancer

The majority of breast tissue is comprised of adipocytes, whereas epithelial cells account for only
10% of total breast cellular volume [110]. Mammary epithelial cells are embedded within the AT, which
facilitates direct contact between epithelial cells and adjacent adipocytes and allows for direct functional
interactions between AT and mammary tumor cells in a paracrine manner. Within the BC tumor
microenvironment, these cellular interactions are further influenced by exposure to circulating AT
adipokines [111,112]. Inflammation plays a role in the carcinogenic process and approximately 20% of
all cancers originate in association with inflammation [113]. Given the chronic low grade-inflammatory
state perpetuated in obesity [114,115], it is likely that obese AT-derived inflammatory mediator
production could exacerbate inflammation-associated tumorigenic effects. Specifically, these mediators
include n-6 PUFA-derived eicosanoids, and adipokines such as leptin and inflammatory cytokines
(TNFα, IL-1β and IL-6) with a concomitant reduction in the anti-inflammatory adipokine, adiponectin
(discussed below), which are produced in both visceral AT depots and surprisingly also within
mammary AT depots, and collectively contribute to the development of a more severe BC phenotype
via stimulating BC growth, invasion and metastasis. Typically in obesity-associated BC, inflammatory
processes precede tumorigenesis. However, once developed, mammary tumor cells may also serve as
a cellular source of inflammatory mediators and support the on-going inflammatory milieu within the
mammary tumor microenvironment, thereby potentiating a feed-forward pro-tumorigenic mechanism
facilitated by local inflammatory autocrine and paracrine interactions. In summary, autocrine and
paracrine signaling between cell types within the mammary AT and tumor tissue are thought to play a
central role in breast tumorigenesis [110,116], indicating that dysregulation of adipokines may underlie
the association between obesity and BC.

One of the main cellular sources of these inflammatory mediators, apart from adipocytes,
is macrophages that infiltrate obese AT and form crown-like structures (CLS) [117,118]. CLS
are inflammatory lesions defined as adipocytes surrounded by an aggregation of macrophages
that undergo necrosis and fuse to form a syncytium of lipid-containing giant multinucleated
cells [119]. Obese mice have increased CLS formation in both visceral AT and mammary AT,
which is associated with increased local inflammatory cytokine production (TNFα, IL-1β and IL-6),
COX-2 induction and eicosanoid (PGE2) production, as well as increased aromatase gene expression,
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enzyme activity and subsequent estrogen synthesis [119–122]. Therefore, CLS formation represents a
tissue localization wherein largely adipocyte-macrophage-mediated paracrine interactions promote
both the development and persistence of an inflammatory AT microenvironment, which through
further paracrine interactions signal to the mammary epithelial cells to promote BC growth and
invasion [120,121]. Transformed mammary epithelial cells and/or the BC tumor itself can further serve
as a cellular source for inflammatory mediator production and amplify the on-going local production
of inflammatory mediators, and spread these signals to the surrounding non-involved mammary
tissue. Moreover, in obesity, mammary AT, which is a subcutaneous AT depot, is transformed to
mimic the inflammatory milieu that characterizes the obese visceral AT phenotype [120,121]. The
obesity-associated mammary AT phenotypic switch is significant because evidence suggests that
subcutaneous AT tends to be less inflammatory compared to visceral sources [118,123] and therefore,
in obese mammary AT, a typically less inflammatory depot exhibits a more pronounced inflammatory
phenotype that can drive tumorigenesis. In obesity, dietary n-3 PUFA supplementation has been
shown to reduce AT CLS formation, reduce macrophage AT infiltration by reducing MCP-1 tissue
expression and improve the inflammatory secretory profile, in part, by increasing adiponectin [27,28].

The mammary AT tumor microenvironment is complex. Increased local production of
inflammatory adipokines underpin the paracrine signaling that regulates the cellular interactions
between adipocytes, stromal epithelial cells and infiltrating macrophages, which ultimately drive
and define mammary tumor development and the end-stage phenotype (tumor size, type and
inflammatory status). Up-regulated paracrine interactions (i.e., cross-talk) in obesity-associated
BC perpetuate the carcinogenic process by stimulating multiple, overlapping signaling pathways.
These pathways converge to stimulate aromatase expression/activation that aberrantly produces
local estrogen, promote cell proliferation and/or inhibit apoptosis and stimulate the production
of additional inflammatory mediators within mammary tissue, all of which ultimately support
tumorigenesis. The critical inflammatory mediators that are up-regulated in obesity-associated
BC perpetuate the carcinogenic process and exhibit redundant effects by stimulating multiple
and overlapping signaling pathways that converge to stimulate aromatase expression/activation,
resulting in aberrant local estrogen production, which promotes cell proliferation and/or inhibits
apoptosis, and stimulate the production of additional inflammatory mediators within mammary
tissue, ultimately resulting in tumorigenesis. Since a large and diverse list of hormones, adipokines
and lipid mediators are implicated in promoting obesity-associated mammary tumorigenesis, our
review will focus on a critical subset that work in concert to promote estrogen production (via
aromatase activation) and tumorigenesis, specifically eicosanoids, inflammatory cytokines, leptin and
adiponectin; however, we recognize that other mediators play a role in this process such as insulin,
insulin-like growth factors, resistin nampt/visfatin and cholesterol as reviewed elsewhere [124–126].
The specific mechanisms/pathways through which obesity-associated inflammatory adipokines exert
pro-tumorigenic effects are discussed in detail below, and the complexity of these paracrine interactions
are shown in Figure 1.

7. The Role of Estrogen and Aromatase Activation in BC

Circulating estrogen levels are higher in obese women compared to lean women, and increased
circulating estrogen is associated with approximately a two-fold increased risk of postmenopausal
BC [5,6,127–129]. Additionally, obesity, particularly abdominal adiposity, increases estradiol production
and bioavailability due to a reduction in hepatic synthesis of sex hormone-binding globulin (SHBG)
in postmenopausal women [6,12,127,129,130]. These hormonal changes are widely believed to play
an underlying role in the increased risk of BC in obese postmenopausal women [6,12,127,131]. After
menopause, the primary source of estrogen are extra-ovarian sites, primarily in the AT, and aberrant
AT estrogen production is attributable to increased aromatase activity, which is present at higher levels
in mammary tumors compared to normal mammary tissue [132,133]. Aromatase is the rate-limiting
enzyme in the estrogen biosynthesis pathway [131] which catalyzes the peripheral conversion of
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androstenedione and testosterone to estrone and estradiol, respectively [110]. Downstream conversion
of estrone to the biologically potent estradiol is catalyzed by 17β-hydroxysteroid dehydrogenase,
which is also expressed within AT [131]. In obese individuals, aromatase expression is reported to
be increased by two-fold compared to normal weight individuals [125]. Additionally, aromatase
expression is four to five-fold higher within breast tumor tissue compared to non-involved tissues
within the same breast [125]. Consequently, mammary tissue estrogen levels are reported to be 10–50
times higher compared to blood levels in postmenopausal healthy women, which has been shown to
play a critical role in BC cell growth [134–138].

Typically, mammary tumors are located in regions of the breast with the highest aromatase
expression and activity [139,140]. Furthermore, breast tissue aromatase expression is highest in
the quadrant of the breast that contains the greatest proportion of adipose stromal cells, as there
is little aromatase activity in mature adipocytes [141], and accordingly, aromatase expression is
typically highest in the adipose stromal cells adjacent to the tumor mass [139,140,142]. Therefore,
the ratio of stromal cells to adipocytes within mammary tissue may have a predictive value in
potential tumor development. Moreover, mammary tumors are typically surrounded by a layer of
proliferating cancer-associated fibroblasts (CAF) which have also been shown to express aromatase,
thereby indicating that factors produced by the tumor may also stimulate aromatase expression in the
surrounding CAF [143].

Aromatase expression and activity is strongly influenced by local inflammatory paracrine
signaling within mammary tissue. For instance, malignant epithelial cells along with AT macrophages
produce pro-inflammatory mediators, including the eicosanoid PGE2, which induce aromatase activity
and stimulate estrogen production in pre-adipocytes [131,143,144]. The resultant inflammatory
mammary tissue microenvironment is further propagated in the obese state, thereby creating a
favorable tissue microenvironment to promote the progression of BC growth [120,121]. Further, in
obese human BC tissue, aromatase expression is associated with increased tissue levels of COX-2 and
PGE2 [121]. In BC tissue, COX-2 expression is induced by pro-inflammatory cytokines, notably TNFα,
and the resultant increased PGE2 levels are associated with large tumor size and high proliferation
rates [131,145], due to, in part, the induction of aromatase expression via activation of cAMP-PKA and
PKC-mediated signaling cascades [141,146,147]. Conversely, PGE3, an n-3 PUFA-derived eicosanoid
does not induce aromatase expression [148]. Aromatase expression is negatively regulated, in part, by
AMP-activated protein kinase (AMPK), which also functions as a negative regulator of the Akt/mTOR
signaling pathway that is frequently activated in BC [125]. Additionally, liver kinase B1 (LKB1) can
function as a tumor suppressor and can regulate aromatase expression via directly phosphorylating
and activating AMPK [149]. Therefore, LKB1 and AMPK both function as negative regulators of
aromatase expression in BC. As many inflammatory and metabolic factors alter aromatase expression
via effects on LKB1 and/or AMPK, this may provide a critical link between obesity, inflammation and
aromatase expression in BC [125]. Leptin increases aromatase expression by decreasing LKB1 protein
expression and phosphorylation, whereas adiponectin exerts the opposite effect by stimulating LKB1
and its activity, leading to decreased aromatase expression [150]. Additionally, PGE2 down-regulates
the phosphorylation of AMPK and LKB1, thereby promoting aromatase expression [150]. Inflammatory
cytokines such as IL-6, IL-1β and TNFα have also been shown to stimulate aromatase activity [151–154].
TNFα induces aromatase expression through two mechanisms, (i) stimulating the binding of c-fos
and c-jun transcription factors to activating protein-1 (AP-1) binding site; and (ii) activation of NFκB
and MAPK signaling pathways [152,153]. Obese ovariectomized rodents exhibit increased NFκB
activation and inflammatory mediator production (TNF-α, IL-1β, COX-2), which is accompanied by
elevated levels of aromatase expression and activity in both the mammary gland and visceral fat [120].
Collectively, these data demonstrate that inflammatory mediator signaling in the mammary tissue
microenvironment is driven by autocrine/paracrine interactions that regulate critical aspects of the
mammary tissue tumor phenotype including aromatase activation and local estrogen production.
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These inflammatory mediators can establish a positive feedback mechanism that stimulates cell
proliferation and mammary tumor development.

8. Inflammatory and Chemopromotive Fatty Acid Derived Lipid Mediators: Differential Effects
of n-6 versus n-3 PUFA

LC n-3 and n-6 PUFA are metabolized by the cyclooxygenase (COX), lipoxygenase (LOX)
and cytochrome P450 pathways to produce eicosanoids [72]. Specifically, n-6 PUFA (such as AA)
serves as a substrate for COX enzymes (producing two-series prostanoids such as prostaglandins
(PG) and thromboxanes (TX)), LOX enzymes (producing four-series leukotrienes (LT) and
hydroxyeicosatetraenoic acids (HETE), principally 5-, 12- and 15-HETE), or cytochrome P450 enzymes
(producing primarily 20-HETE) [72,148,155]. The same enzymes metabolize n-3 PUFA to structurally
different three-series prostanoids, five-series LT, and primarily 19- and 20-hydroxyeicosapentaenoic
acids (HEPE) and 21- and 22-hydroxydocosahexaenoic acids (HDHE), as well as the unique lipid
mediators E- and D-series resolvins and protectins [72,148,156]. Although both resolvins and protectins
exert anti-inflammatory effects, resolvins can stimulate the resolution phase of inflammation to
begin at an earlier point, thereby limiting the tissue exposure to inflammatory signaling [157],
whereas protectins reduce inflammatory cytokine production [158]. Generally, n-6 PUFA-derived
eicosanoids are pro-inflammatory and pro-carcinogenic, whereas n-3 PUFA-derived lipid mediators
are less biologically active and functionally oppose the synthesis and activity n-6 PUFA-derived
eicosanoids [72,148,159]. Excessive dietary intake of n-6 PUFA versus n-3 PUFA (five- to 20-fold greater
amounts) results in a significantly greater proportion of eicosanoids generated from n-6 PUFA [72,160].
Importantly, the fatty acid profile of adipocyte, immune and tumor cell membrane phospholipids can
be modified by increased intake of n-3 PUFA, thereby suppressing the biosynthesis of AA-derived
eicosanoids in favor of EPA and DHA-derived lipid mediators [72,148,159,161].

AA has been shown to be preferentially taken up by MDA-MB-231 BC cells in comparison
to EPA, especially in a pro-inflammatory microenvironment [162]. Also, COX-2 and 12-LOX
enzymes are overexpressed in BC tumor tissue [131], thereby increasing production of AA-derived
inflammatory eicosanoids, which have established pro-tumorigenic effects, and dominate the BC
phenotype [131,163–166]. Specifically, PGE2, LTB4 and 5-, 12- and 15-HETE, have been shown to
increase cell proliferation, down-regulate apoptotic pathways, and induce rapid growth and tumor
metastasis, and these effects have been shown to be counteracted by n-3 PUFA [50,51,159,165–169].
Furthermore, n-6 PUFA-derived eicosanoid levels are elevated during obesity and have been shown
to stimulate breast tumor growth, invasion, and metastasis [131], indicating that obesity perpetuates
local inflammatory eicosanoid production.

EPA is the preferential substrate for LOX enzymes, and therefore, when present in comparable
proportions, n-3 PUFA-derived eicosanoids will be produced at the expense of n-6 PUFA-derived
eicosanoids [148]. Moreover, n-3 PUFA suppress COX-2 expression, which is associated with decreased
mammary epithelial cell proliferation in MMTV-HER-2/neu transgenic mice [78]. Mammary tumor
PGE2 and 12- and 15-HETE concentrations are dose-dependently reduced by increased dietary n-3
PUFA intake in female nude mice injected with MDA-MB-231 cells [42,170], which is associated
with increased apoptotic activity and decreased breast tumor cell proliferation, growth and lung
metastasis. Similar n-3 PUFA-mediated anti-tumorigenic effects have been associated with suppressed
cell proliferation and decreased expression of Bcl-2 and other carcinogenic proteins including Ki-67,
Her-2/neu and c-Myc [50,51,159,167,168,171]. Taken together, n-6 PUFA-derived eicosanoids provide a
link between obesity-associated chronic inflammation and the development of BC, and are a potential
target for dietary LC n-3 PUFA intervention to mitigate the pro-carcinogenic effects of inflammatory
n-6 PUFA-derived eicosanoids within the mammary tumor microenvironment.
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9. Role of Inflammatory Cytokines

Inflammatory cytokines (TNFα, IL-1β, IL-6 and MCP-1) also contribute to the local mammary
tissue milieu through paracrine signaling and through an autocrine positive-feedback mechanism
to further their own on-going production, in part, by activating the transcription factor NFκB.
Interestingly, NFκB activation underlies many aspects of BC cell proliferation, invasion and
metastasis [126,172,173]. Moreover, aberrant NFκB signaling is proposed to be one of the mechanisms
through which chronic inflammation leads to cancer, as NFκB activation promotes tumorigenesis
by inhibiting apoptosis (via activation of Bcl2, Bcl-xL, cFLIP and other genes) and increasing
cell proliferation by regulating expression of cyclinD1, cyclinE, CDK2, and c-Myc [174]. Several
inflammatory mediators are up-regulated by NFκB activation; specifically, inflammatory n-6
PUFA-derived eicosanoid production is stimulated by NFκB activation of COX-2 [175]. Additionally,
within chronically inflamed rodent mammary tissue, NFκB increases production of TNFα and
IL-1β [120] and similar findings are reported in the mammary tissue of both pre- and postmenopausal
obese women [121]. IL-1β levels are increased in patients with invasive ductal carcinoma and ductal
carcinomas in situ compared to benign mammary tissue levels [176,177], and are overexpressed in
breast carcinomas, but undetectable in normal breast tissue [178]. IL-1β levels are positively correlated
with the expression of angiogenic factor expression, tumor grade and the expression of AP-1 [176–178].

IL-1β and IL-6 have been shown to stimulate BC cell proliferation in an additive manner
with estrogen [154], indicative of synergy between inflammatory mediators and hormones within
the mammary tumor microenvironment. TNFα, another potent inflammatory cytokine, also
promotes mammary tumor development [179] and has been shown to contribute to BC cell
epithelial-mesenchymal transition (EMT) by increasing matrix metalloproteinase (MMP)-9 expression,
thereby enhancing migration and invasive capacity [180–182]. Additionally, the high levels of IL-6 and
TNFα found in obese rodent adipocyte-conditioned media and serum have been shown to promote
cancer cell EMT [183]. Interestingly, the two main cellular sources of TNFα are tumor-associated
macrophages (TAM) and the BC cells themselves [131], highlighting the role of inflammatory
macrophages in BC.

Macrophage infiltration into mammary tumor sites (and subsequent development of CLS) is
driven, in part, by chemotactic signaling. MCP-1, also referred to as CCL2, signals to increase
macrophage infiltration into the inflamed mammary tissue, thereby increasing the number of
deleterious TAM that accumulate in mammary tumor tissue [184,185]. The cellular sources of
MCP-1 in primary breast tumor sites are tumor cells and the TAM themselves, which indicates
a feed-forward mechanism wherein macrophage accumulation/tumor recruitment is perpetuated
throughout the stages of tumor growth [184,185]. Overall, TAM form CLS within the mammary AT
and act as the cellular source of several inflammatory mediators/cytokines that perpetuate the local
inflammatory tissue microenvironment, which, through autocrine and paracrine interactions, further
promotes BC development [119–122,131]. Collectively, this highlights the critical role that macrophages
play in driving tumor-associated inflammatory paracrine interactions. MCP-1 tumor expression is
associated with a more advanced course of tumor progression, wherein MCP-1 promotes angiogenesis
by stimulating the production of angiogenic factors (such as IL-8 and VEGF) [184,185]. In obesity,
circulating and AT levels of MCP-1 are increased. This chemokine provides the main chemoattractant
signal that drives visceral AT macrophage infiltration and CLS formation, up-regulating local
AT inflammatory mediator production and subsequently impairing glucose metabolism [58,59].
Macrophage recruitment is also stimulated by AT hypoxia. In obesity, adipocyte hypertrophy results in
decreased oxygen diffusion, leading to localized tissue AT hypoxia, as evidenced by upregulation of the
hypoxia master regulator, hypoxia induced factor (HIF-1α), which stimulates MCP-1 and subsequent
macrophage chemotaxis [143,186,187].

Countering these effects in obesity, n-3 PUFA have been shown to improve the hypoxic AT
microenvironment by reducing adipocyte size [27] and to decrease obesity-associated expression of
HIF-1α [81,188]. Furthermore, n-3 PUFA reduce visceral AT MCP-1 levels [27,28,35,189,190], thereby
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reducing obesity-associated AT macrophage accumulation, CLS formation and AT inflammation [27,28].
We and others have shown that n-3 PUFA reduce inflammatory paracrine signaling between adipocytes
and macrophages by decreasing NFκB activation and subsequent secretion of TNFα, MCP-1 and
IL-6 [191,192]. Moreover, independent of cellular source, n-3 PUFA have been shown to inhibit NFκB
activation by decreasing IκB phosphorylation and activation, thereby reducing production TNFα,
IL-1β and IL-6 [29,35,40,41,67,191,193,194].

10. Role of Leptin

Leptin exerts pleiotropic effects apart from regulation of energy expenditure and food intake,
including effects on immunity, inflammation, cell differentiation and proliferation [124,195], all
of which have direct relevance to cancer. Classically, circulating leptin levels are proportional to
the amount of body fat [196] and increased leptin levels are associated with increased risk of BC
development and progression [197,198]. Leptin gene expression is detected in normal healthy breast
epithelial tissue [110], consistent with its endogenous role in normal mammary gland development
and lactation [199]; however, it is also capable of contributing to mammary tumorigenesis [200] and
is expressed in the healthy tissue that surrounds malignant ductal lesions [201]. In primary tumors
and various BC cell lines, both leptin and various isoforms of the leptin receptor (ObR) including
the long signaling form ObR1 are overexpressed [197,202–207]. Recently, three single nucleotide
polymorphisms in the leptin receptor gene (K109R, K656N and Q223R) were identified to be associated
with increased BC risk, suggesting that tumor leptin receptor signaling can directly influence tumor
growth and progression [208]. Interestingly, in BC patients high intra-tumor ObR gene expression was
strongly correlated with decreased relapse-free survival [209], indicating that susceptibility to leptin
signaling is strongly associated with BC disease prognosis.

Leptin signaling has been shown to exert autocrine and paracrine effects, ultimately promoting
cell growth and proliferation via the activation of critical signaling pathways including those mediated
by PKC, c-Jun N-terminal kinase (JNK), p38 MAPK, Janus Kinase2/Signal Transducer and Activator of
Transcription 3 (JAK2/STAT3), PI3K/Akt/mTOR, Akt/GSK3 and MAPK/extracellular signal-related
kinase 1/2 (ERK1/2) pathways [116,181,195,203,210–213]. Further, leptin increases the levels of cell
cycle regulators in human MCF-7 BC cells by up-regulating the expression of cyclin dependent kinase
2 (cdk2) and cyclin D1, which advances cells from the G1 to S phase of the cell cycle [214], and
induces cell proliferation in ZR-75-1 BC cells via up-regulation of cyclin D1 and c-Myc [215]. Therefore,
overexpression and activation of leptin within the mammary tissue microenvironment can ultimately
promote tumorigenesis. Similar to obese women, rodents with high leptin levels are more likely
to develop mammary tumors [216,217]. Furthermore, in animal BC models leptin antagonism has
produced successful outcomes. Specifically MMTV-TGF-α mice crossed with leptin deficient mice fail
to develop tumors [218,219] and treatment with a leptin antagonist decreases the growth of murine
triple-negative breast tumors [220] and 4T1 mammary cancer cell growth via reducing levels of VEGF,
pSTAT3 and cyclin D1 [221].

An additional role of leptin in breast carcinogenesis is to potentiate estrogen signaling, as leptin
has been shown to induce aromatase expression/activity and subsequent estrogen synthesis, thereby
enhancing ERα activity in BC [210,222,223]. Leptin levels positively correlate with ER expression
and BC tumor size [203,205]. Further, leptin can transactivate ERα via ERK1/2 signaling [210] and
enhance ERα-dependent transcription by reducing ERα ubiquitination and degradation, even in the
presence of an estrogen inhibitor [223], thereby potentiating the effects of estrogen on cell proliferation.
Bi-directional influences of estrogen on leptin also exist, wherein estradiol induces leptin and ObR
expression, in both AT and BC cell lines [203,224–226].

Another obesity-associated factor that can contribute to the increased local production of
leptin and subsequent pro-tumorigenic effects is AT hypoxia. Leptin receptor expression can
also be stimulated by tissue hypoxia [226] and, therefore, local tissue leptin expression is
up-regulated by HIF-1α [227,228]. Conversely, n-3 PUFA have been shown to improve the hypoxic AT
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microenvironment by reducing adipocyte size [27] and to decrease obesity-associated expression of
HIF-1α [81,188], thereby providing a mechanism through which local leptin signaling responsiveness
could be attenuated.

Dietary n-3 PUFA have been shown to reduce leptin AT gene expression and/or circulating
levels in obese rodents [36,37] and humans [38,39], an effect that was most prominent when combined
with weight loss [39]. Decreased leptin signaling represents an additional mechanism through which
n-3 PUFA attenuate the effects of leptin. In a rodent obesity model, n-3 PUFA supplementation was
found to decrease leptin receptor gene expression [229], thereby decreasing leptin signaling. In this
connection, leptin receptors have been shown to localize to lipid rafts and downstream proliferative
effects of leptin mediated through p38 MAPK signaling is lipid raft dependent [230]. Thus, n-3 PUFA
antagonism of lipid raft size and composition in BC [100,103], as already discussed herein, may also
antagonize leptin-mediated proliferative signaling within the mammary tumor microenvironment.
Therefore, these findings add to the complex interplay of autocrine and paracrine interactions that
underlie the obesity-associated BC inflammatory phenotype, and suggest dietary n-3 PUFA as an
intervention that may have utility in mitigating local mammary tissue leptin production and signaling
to inhibit its pro-tumorigenic effects.

11. Role of Adiponectin

Adipocytes are the primary cellular source of adiponectin, which is secreted as a monomeric
protein that can be oligomerized to form both low-molecular weight and high molecular weight
complexes [231]. Additionally, cleavage reactions via the action of elastase, can generate globular
oligomeric complexes [232] that bind with greater affinity to the adiponectin receptor 1 (AdipoR1),
whereas the AdipoR2 preferentially binds full-length and multimeric adiponectin [233].

Within the context of the tumor microenvironment, adiponectin and leptin counter-regulate each
other and exert opposing effects [126]. Decreased levels of adiponectin may explain, in part, the
increased risk of BC in obesity. Circulating adiponectin levels are generally inversely correlated with
BMI, adiposity and visceral fat mass [234,235] and the decreased adiponectin levels in obesity [236]
correlate with increased BC risk [111,237,238]. Moreover, three recent independent meta-analyses
of BC observational studies confirmed the correlation of higher circulating adiponectin levels with
lower BC risk in postmenopausal women [239–241]. More specifically, an increase of 3 μg/mL of
circulating adiponectin corresponded to a 5% reduction in BC risk [239]. In obese postmenopausal
women, hypoadiponectinemia is associated with increased BC risk, and the disease has been shown
to manifest with an aggressive metastatic phenotype [235,242]. In premenopausal women, however,
adiponectin levels are not associated with BC risk (95% CI −0.164 to 0.204, p = 0.829) [239–241]. The
local breast tumor tissue mRNA and protein expression of adiponectin is low, although its receptors
are still expressed, indicating that adiponectin-mediated anti-tumorigenic signaling is possible in
BC [111,243,244]. In animal studies, reduced production of adiponectin is associated with earlier tumor
onset and accelerated tumor growth [245], and overexpression of adiponectin results in mice with
reduced mammary tumor size and weight [246]. Studies using various BC cell lines demonstrate that
the anti-proliferative effect of adiponectin is mediated through AdipoR1 and AdipoR2 signaling [246–
248]. There is a negative correlation between AdipoR1 expression and tumor size, which suggests
that the loss of AdipoR1 signaling favours tumor growth [249]. These data are indicative of a weak
autocrine/paracrine activity of this hormone within the tumor microenvironment and a loss of the
beneficial anti-tumor effects of adiponectin. Despite reduced tissue levels and blunted adiponectin
signaling in obesity-associated BC, treatment strategies designed to stimulate adiponectin signaling
might represent a novel therapeutic approach.

Adiponectin exerts an anti-proliferative effect in BC [246,247,250–253] by impacting several
signaling pathways. Specifically, adiponectin has been shown to impact the glycogen synthase
kinase-3β (GSK-3β)/β-catenin signaling pathway via inhibition of phosphorylation of Akt and GSK-3β
and subsequent suppression of intracellular accumulation of β-catenin and its transcriptional activities,
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resulting in reduced cyclin-D1 expression [246,247,251]. Additionally, adiponectin has been shown
to reduce BC cell proliferation by regulating the PTEN/PI3K/mTOR and MAPK pathways [212],
specifically inactivating ERK1/2, stimulating AMPK activity and decreasing Akt phosphorylation,
leading to reduced mTOR activity [4,251–253]. In MCF-7 BC cells, microarray analysis demonstrated
that adiponectin represses expression of multiple important genes that regulate cell cycle (MAPK3 and
ATM) and apoptosis (BAG1, BAG3, and TP53), as well as potential diagnostic/prognostic markers
(ACADS, CYP19A1, DEGS1, and EVL) [250]. Adiponectin has also been shown to induce BC cell
apoptosis [251,253] by down-regulating Bcl2 and up-regulating p53, Bax and p21 expression [4,248,
251]; however, this outcome is dependent on the BC cell line utilized and duration of adiponectin
incubation (reviewed [212]). Adiponectin also exerts anti-inflammatory effects by inhibiting the effects
of leptin [126] and inhibiting TNFα production by macrophages and adipocytes [254]. Generally,
independent of cell type, adiponectin signaling down-regulates the activation of NFκB and production
of inflammatory cytokines (TNFα, IL-1β, IL-6 and MCP-1) [255]. Moreover, adiponectin reduces
macrophage-mediated inflammation within the tumor microenvironment by suppressing IL-6 gene
expression and antagonizing NFκB, JNK and p38 MAPK mediated signaling [255,256].

Increasing the production of adiponectin in obesity may be a beneficial strategy to mitigate
inflammation. n-3 PUFA have been shown to up-regulate adiponectin secretion in both murine [65] and
human adipocytes [66]. Furthermore, dietary n-3 PUFA improve the obesity-associated inflammatory
secretory profile, in part, by increasing adiponectin levels [27–31,35,63]. In human clinical trials, dietary
n-3 PUFA have been shown to increase adiponectin levels [32–34] in obese and overweight subjects,
thereby demonstrating the potential utility of n-3 PUFA to stimulate the effects of this anti-inflammatory
adipokine in obesity. Considering the anti-tumorigenic effects of adiponectin and the ability of n-3
PUFA to restore adiponectin function in obesity [27–35,63], further research initiatives should be
undertaken to determine the utility of n-3 PUFA in mitigating obesity-associated BC inflammation and
tumor production.

12. Conclusions

In obese women with BC, increased inflammatory adipokine production, both locally in the
mammary AT depot and systemically, perpetuates inflammation-associated pro-tumorigenic signaling
pathways, thereby increasing disease severity. A spectrum of inflammatory mediators/adipokines
are produced by adipocytes, TAM, mammary epithelial cells and tumor cells, which collectively
stimulate diverse and overlapping signaling pathways that converge to stimulate aromatase activity
that aberrantly increases local estrogen production, up-regulates cell proliferation and down-regulates
apoptosis. The complex nature of the obesity-associated BC inflammatory pathophysiology is not likely
to be attenuated or prevented by targeting any individual inflammatory mediator and/or signaling
pathway, which may explain why most drug therapies, in this context, are ineffective. Instead,
a pan-anti-inflammatory approach is more likely to have success in mitigating obesity-associated
mammary tissue inflammatory paracrine interactions and subsequent tumorigenesis, and in this
context, n-3 PUFA may have utility. n-3 PUFA have been shown to concurrently target multiple aspects
of the obese BC phenotype including reduction of macrophage AT infiltration and CLS formation
and down-regulation of critical adipokine production. Collectively, increased n-3 PUFA intake could
attenuate obesity-associated BC. Considering the current state of obesity world-wide, further studies
in human at risk populations should be made a priority.
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Abstract: The mammalian lignan, enterolactone, has been shown to reduce the proliferation of the
earlier stages of prostate cancer at physiological concentrations in vitro. However, efficacy in the
later stages of the disease occurs at concentrations difficult to achieve through dietary modification.
We have therefore investigated what concentration(s) of enterolactone can restrict proliferation in
multiple stages of prostate cancer using an in vitro model system of prostate disease. We determined
that enterolactone at 20 μM significantly restricted the proliferation of mid and late stage models
of prostate disease. These effects were strongly associated with changes in the expression of the
DNA licencing genes (GMNN, CDT1, MCM2 and 7), in reduced expression of the miR-106b cluster
(miR-106b, miR-93, and miR-25), and in increased expression of the PTEN tumour suppressor gene.
We have shown anti-proliferative effects of enterolactone in earlier stages of prostate disease than
previously reported and that these effects are mediated, in part, by microRNA-mediated regulation.

Keywords: enterolactone; lignan; prostate; proliferation; PTEN; miR-106b cluster

1. Introduction

Prostate cancer is the second most common cancer in men worldwide with seventy percent of
annual diagnoses occurring in Westernised societies [1]. The incidence of the disease is considerably
higher in the EU, North America and New Zealand than in China (14, 22 and 25-fold, respectively) [2–5]
Whilst risk factors for prostate cancer such as age, ethnic origin and heredity are important,
geographical and economic differences in diet and lifestyle appear to influence prostate disease
risk to a greater extent [6–8]. A clear link between diet and prostate cancer is yet to be shown, due
in part to a lack of understanding of the effects, or absence of effect of dietary components on the
mechanisms of prostate tumourigenesis.

Enterolactone (ENL) is a weakly-oestrogenic (100 to 1000-fold less compared to natural oestradiol)
mammalian metabolite that is produced by the metabolism of plant lignans by intestinal bacteria, but
may also be present in low amounts in dairy foods and meat as a consequence of ruminant intestinal
metabolism (reviewed [9–11]), [12–16]. ENL has been reported to have anti-cancer, anti-oxidant,
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anti-inflammatory and anti-angiogenic properties [10,11,17–21], but ecological studies examining ENL
exposure and disease risk, especially with regard to prostate cancer, have been inconclusive [9–11].
This is due, in part, to a lack of understanding of how the inter-individual response to ENL may be
affected by diet and lifestyle, genetic and/or epigenetic factors and intestinal microbiota composition.

Serum or urinary ENL levels, a biomarker of exposure, vary considerably by population and
dietary preference, and typically ranges from 0.1 to 10 μM [9–11]. There is, however, some evidence
that ENL can accumulate to higher levels (up to 25-fold higher) in prostate tissue and fluid, suggesting
a biological function for ENL in the prostate [22]. Although there are human, animal and in vitro
studies showing that purified ENL, or foods rich in ENL, can inhibit the development and progression
of prostate cancer for example by reducing proliferation [18–21] or affecting steroid metabolism and
activity [23], it is not yet clear if these effects occur at concentrations achievable through dietary intake
alone [9–11]. There is a distinct lack of data available on the concentration of ENL in prostate tissue pre
and post-intervention with ENL precursors, which restricts our understanding of how bio-available
ENL is in the prostate. We have recently shown that physiologically-relevant concentrations of ENL
can reduce the proliferation of early-stage prostate disease in vitro and that these effects are associated
with alterations in the expression of DNA replication licencing genes [19].

The correct initiation of DNA replication requires the licencing of origin of replications by the
minichromosome maintenance complex (MCM) [24]. The loading of this MCM complex is facilitated,
in part, by chromatin licensing and DNA replication factor 1 (CDT1), which is itself negatively
regulated by geminin (GMMN). Abnormal expression of GMNN, CDT1, and MCM2 and 7 have been
linked with the malignant progression of prostate cancer [25–31]. Another key signalling pathway
disrupted in prostate cancer is the phosphoinositide-3-kinase (PI3K)-AKT signalling pathway. The
phosphatase and tensin homolog (PTEN) tumour suppressor gene negatively regulates the PI3K/AKT
pathway and PTEN is one of the most common tumour suppressor genes whose appropriate function
is compromised in prostate cancer (~70% of cases) [32–34], which leads to abnormal proliferation and
cell death. Initiation of DNA replication and PTEN tumour suppression are transcriptionally-linked as
one of the MCMs (MCM7) has a microRNA cluster (miR-106b, -93, and 25) in one of its introns that
suppresses PTEN translation and dysregulation of the cluster is also linked to cancer [35].

Cancer is not composed of abnormal cells at the same stage of disease; rather it is a series of
abnormal cells at differing stages of disease that collectively compromise the appropriate function of
the tissue. Previous research has shown anti-proliferative effects of ENL in one or in limited stages of
disease, rather than efficacy in a range of disease states [18–21]. Therefore, we hypothesised that ENL
could restrict the proliferation of more than just the later stages of prostate disease. To investigate our
hypothesis we used an in vitro model system of six prostate cell lines representing the early (RWPE-1
and WPE1-NA22), mid (WPE1-NB14 and WPE1-NB11) and later (WPE1-NB26 and LNCaP) stages
of prostate tumourigenesis [36,37]. The LNCaP cell line is a model of the switch between androgen
sensitivity and insensitivity during prostate disease that occurs in the later stages of carcinogenesis [37].
This in vitro model system was used to assess how the metabolic activity, growth rate, cell cycle
progression changes with ENL exposure over 24 and 48 h. Based on these data we explored potential
mechanisms for the anti-proliferative activity by measuring the expression of the GMMN, CDT1,
MCM2 and MCM7, miR-106b cluster, and PTEN genes.

2. Experimental Section

2.1. Cell Culture and Enterolactone Preparation

Authenticated RWPE-1 (P52), WPE1-NA22 (P20), WPE1-NB14 (P16), WPE1-NB11 (P24),
WPE1-NB26 (P15), and LNCaP (P22) cell lines were purchased from the American Type Culture
Collection (Manassas, VA, USA) to test the effects of ENL. All cell culture reagents were obtained from
Life Technologies (Auckland, New Zealand) unless otherwise stated. The cell lines were cultured and
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maintained as described previously [19], with all experiments were completed within ten sub-cultures
from the original ATCC stock.

A stock solution of ENL (45199, Sigma-Aldrich, Auckland, New Zealand) at 16.76 mM (100%
DMSO) was prepared and used to prepare test concentrations of ENL in cell-line specific medium.
Etoposide (Sigma-Aldrich, Auckland New Zealand) was used as a positive control for proliferation as
it blocks DNA synthesis resulting in apoptosis. The negative control for all experiments was cell-line
specific medium adjusted to contain 0.36% v/v of DMSO.

2.2. Cell Viability—Mitochondrial Activity Assay

The effect of 10 to 100 μM ENL on the metabolic activity of the six cell lines over 48 h was measured
using the water soluble tetrazolium cytotoxicity assay (WST-1, Clontech, Mountain View, CA, USA)
as described previously [19]. The negative control and each concentration of ENL were tested on
twenty-four biological replicates for both time points. The absorbance of the formazan dye produced
was measured at 450 and 650 nm using a SpectraMax 250 spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA). For all measurements (including the blank), the background absorbance (650
nm) was subtracted from the detection wavelength (450 nm) and these corrected values were used
for analysis.

2.3. Cell Viability—Growth Kinetics Assay

The effect of 10 to 60 μM ENL on the viability of each cell line over 48 h was measured using
trypan blue staining and the number of non-blue (viable) cells counted as described previously [19].
For each of three separate assays for each time point, each concentration was tested on two technical
replicates with an initial seeding density of 5 × 105 cells. From these data the effect of ENL on the
doubling time of the cell lines was calculated.

2.4. Cell Viability—Cell Cycle Profile Assay

The effect of 20 μM ENL on the cell cycle profile of six cell lines over 48 h was measured with the
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor® 488 & Propidium Iodide from Life Technologies
(Auckland, New Zealand). This kit is a flow cytometry kit used to measure early apoptosis by detecting
phosphatidyl serine expression and membrane permeability [18,38].

Each assay was completed according to the manufacturer’s instructions. For each of three separate
assays for each time point, each concentration was tested on three technical replicates with an initial
seeding density of 5 × 105 cells. The fluorescence intensities of Alexa Fluor 488 and Propidium Iodide
in each sample, at 585 nm, were measured using a FACSCalibur flow cytometer with CELLQuest
Pro Software (BD Biosciences, Auckland, New Zealand), and analysed using FlowJo V7.6.3 (TreeStar,
Ashland, OR, USA).

2.5. Quantification of Gene Expression—mRNA and miRNA Genes

The expression of GMNN, CDT1, MCMs 2 and 7, PTEN, hsa-miR-106b, hsa-miR-93, and
hsa-miR-25 by the six cell lines treated with 20 μM ENL over 48 h was quantified using probe-based
real-time PCR. All reagents were obtained from Life Technologies (Auckland, New Zealand) unless
otherwise stated. For each gene and time point, two biological replicates (with triplicate qPCR
measurements) of 5 × 105 cells were used.

The NucleoSpin® miRNA kit (Macherey-Nagel, Düren, Germany) was used to extract large and
small RNA in separate fractions from each of the samples according to the manufacturer’s instructions.
RNA quantity and integrity was determined based on A260:280 and A260:230 nm ratios using a
NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Melbourne, Australia) and a Agilent
2100 bioanalyser (Agilent, Santa Clara, CA, USA). Only RNA with both absorbance ratios of 1.8 to 2.1
and with a RIN value of 9 or greater were considered to be of sufficient quality and integrity.
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For the large RNA fractions, 500 ng was reverse transcribed into cDNA using a high
capacity RNA-to-cDNA kit according to the manufacturer’s instructions. The expression levels
of the mRNA transcripts of the GMNN, CDT1, MCMs 2 and 7, and PTEN genes were
quantified using pre-validated PrimeTime Nuclease assays (Hs.PT.51.14706721.g, Hs.PT.53.27448129.gs,
Hs.PT.53.25820936, Hs.PT.53.23112694.g, and Hs.PT.51.14706721.g) (Integrated DNA Technologies,
Singapore, Singapore). The HPRT1 (Hs.PT.39a.22214821) reference gene was used to normalise for
RNA content.

For the small RNA fractions, 10 ng was reverse transcribed into cDNA with gene specific primers
using the TaqMan microRNA RT kit according to the manufacturer’s instructions. The expression levels
of the mature hsa-miR-106, hsa-miR-93, and hsa-miR-25 genes were quantified using pre-validated
TaqMan assays (000442, 002139, and 002442). The RNU6B reference gene (001093) was used to
normalise for RNA content.

All real-time PCR assays were prepared as triplicate 10 μL reactions comprising a 9.0 μL aliquot
of master mix (5.0 μL of 2x Kapa Fast Probe mix (Kapa Biosystems, Wilmington, DE, USA), 0.5
μL of 20x mRNA or miRNA gene assay, 3.5 μL of nuclease-free water, and 1 μL of cDNA (10-fold
dilution in nuclease-free water). The thermal profile used was: 95 ◦C for 20 s, followed by 40 cycles
of 95 ◦C for 3 s and 60 ◦C for 30 s. The experiment was completed using a RotorGene 6000 qPCR
instrument (Qiagen, Hilden, Germany). Data were normalised to the appropriate reference gene
and analysed for expression level changes (ratio compared to untreated) using the ΔCq method with
efficiency correction. The efficiencies for all PCRs ranged between 1.91 and 2.03, where 2.0 represents
100% efficiency.

2.6. Statistical Analyses

All data were analysed for statistical significance using a one-way ANOVA with SigmaStat 12.3
(Systat Software Inc., San Jose, CA, USA). The normality of the data was tested using the Shapiro-Wilk
method and the equality of variance using the Leven Median test. Non-normally distributed data was
ranked and analysed using the Kruskal-Wallis ANOVA method. Following ANOVA, significantly
different means were identified using the Dunnett’s post-hoc test. A probability (p) value of less than
0.05 was considered to show a significant difference.

3. Results

3.1. ENL Reduces the Viability of Mid to Later Stage Prostate Disease Cell Lines

ENL exerted differential effects on the mitochondrial metabolic activity and growth kinetics of
the prostate cell lines at 24 and 48 h of exposure (Figures 1 and 2).

At 24 h, 20 μM ENL or greater significantly reduced the metabolic activity of the WPE1-NB14,
WPE1-NB11, WPE1-NB26, and LNCaP cell lines. At 48 h, 40 μM ENL or greater reduced the activity of
all cell lines. However, the activity of the WPE1-NA22 (10 and 20 μM), WPE1-NB14 (10 and 20 μM),
WPE1-NB11 (10 and 20 μM), WPE1-NB26 (10 and 20 μM), and LNCaP (20 μM) cell lines was reduced
at this time point. The RWPE-1 cell line tolerated up 40 μM ENL without significant alterations in
metabolic activity. The metabolic activity of the WPE1-NB44, WPE1-NB11, WPE1-NB26, and LNCaP
cell lines were significantly reduced in a dose dependent manner at concentrations of 20 μM of greater
at both time points. The WPE1-NB14 and WPE1-NB11 cells were particularly sensitive to ENL at 24
and 48 h.

These data indicate that the lowest concentration of ENL that affects the metabolic activity in
the “diseased” cell lines, but does not affect the “normal” cell line is 20 μM. As 40 to 100 μM ENL
clearly affected all cell lines, these concentrations were excluded from further analysis. As changes in
metabolic activity may result in altered growth rates, i.e., a change in the time taken for a population of
cells to double in number, we measured the doubling times of the cell lines in response to 10 and 20
μM ENL over 48 h.
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Figure 1. The effect of ENL on the metabolic activity of prostate cell lines over 48 h. The data are
expressed as the mean absorbance ±SEM (n = 24). A statistical difference between untreated and
treated samples is indicated by * (p < 0.05), ** (p < 0.01), or *** (p < 0.002).

The growth kinetics, based on the time for the population to double in number, of the RWPE-1
and WPE1-NA22 cell lines were unaltered by ENL. The positive control, 20 μM etoposide, significantly
(p < 0.018) decreased the metabolic activity and increased in the doubling time of the cell lines over 48 h.
The WPE1-NB14, WPE1-NB11, and WPE1-NB26 cell lines were the most sensitive to the ENL-induced
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increased doubling time (i.e., slower growth) of these cell lines. The doubling time of the LNCaP cell
line was only affected by 20 μM ENL.

As 20 μM ENL was the lowest concentration that affected both the metabolic activity and doubling
times of the WPE1 and LNCaP cell lines, but not the RWPE-1 cell line (the least diseased cell line in our
model and an approximation of a “normal” cell line) this concentration was selected for further study.

Figure 2. The effect of ENL on the doubling times of prostate cell lines over 48 h. The data are expressed
as the mean doubling time ±SEM (n = 3). A statistical difference between untreated (UNT) and treated
samples is indicated by * (p < 0.05), or ** (p < 0.01).

3.2. ENL Restricts the Cell Cycle of and Induces Apoptosis in Mid to Later Stage Prostate Disease Cell Lines

The restriction of cell cycle progression in the cell lines with 20 μM ENL over 48 h is shown in
Figure 3 to Figure 4. The positive control, 20 μM etoposide, significantly increased the S-phase and
level of apoptosis of the cell lines over 48 h (p < 0.014).

At 24 h, there was an increase in the percentage of cells in the G0/G1 phase of the cell cycle for
the RWPE-1, WPE1-NB14, WPE1-NB11, WPE1-NB26, and LNCaP cell lines in response to 20 μM ENL.
For the LNCaP cell line there was also decrease in the percentage of cells in the G2/M phase. At 48 h,
the cell cycle of the WPE1-NB14 and WPE1-NB11 cell lines remained altered (NB14: increased G0/G1,
decreased S, and NB11: decreased G0/G1, increased S, decreased G2/M) by ENL. The G0/G1 and
G2/M phases of the LNCaP cell line were also restricted, both reduced, after 48 h.

The data in Figures 3 and 4 also show that 20 μM ENL induces apoptosis in the WPE1-NB14,
WPE1-NB11, and WPE1-NB26 after 24 and 48 h. At 48 h, the WPE1-NA22 and LNCaP cell lines also
had increased levels of apoptosis in response to ENL.

These data indicate that the disrupted viability (metabolic activity and doubling times), shown
in Figures 1 and 2, of the cell lines is due, in part, to alterations in cell cycling and cell death. Given
the alterations shown Figures 3 and 4, the effect of 20 μM ENL on the expression of genes involved in
two key pathways during abnormal growth and carcinogenesis was quantified to explore potential
mechanisms of action.
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3.3. ENL Alters the Expression of DNA Licencing Genes in Mid to Later Stage Prostate Disease Cell Lines

The expression of the DNA licencing genes in response to 20 μM ENL by the six cell lines are
shown in Figure 5. The co-efficient of variation for the HPRT1 reference gene amongst the untreated
cell lines was 9% and 5%, at 24 and 48 h respectively. These data show that the expression of GMNN
(CDT1 inhibitor) is increased approximately 2 to 3 fold in the WPE1-NB14 and WPE1-NB11 cell lines
after 24 and 48 h. The expression of CDT1 was reduced in these cell lines by approximately 2 fold. The
expression of the MCM2 and 7 genes was reduced in the majority of cell lines at 24 h, but only in the
WPE1-NA2, WPE1-NB14, and WPE1-NB11 cell lines at 48 h. These changes in expression imply that
the licencing of DNA for replication is reduced and would results in cell cycle restrictions (particularly
in the G0/G1 and S phases), reduced proliferation, and/or increased cell death.

The reduced expression of MCM7 suggests that the miR-106b cluster (located in one of the introns
of MCM7) may also be influenced by ENL and if so this may affect the expression of the PTEN gene.

3.4. ENL Alters the Expression of the miR-106b Cluster Leading to Increased PTEN Expression

The expression of the miR-106b cluster and PTEN genes in response to 20 μM ENL by the six
cell lines are shown in Figure 6. The co-efficient of variation for the rnu6b reference gene in the
untreated cell lines was 2.3% and 2%, at 24 and 48 h respectively. These data show that the expression
of miR-106b, miR-93, and miR-25 are decreased in the WPE1-NB14, WPE1-NB11, WPE1-NB26, and
LNCaP cell lines after 24 and 48 h. The expression of PTEN is substantially increased in the WPE1 and
LNCaP cell lines.

These data suggest that the repression of the miR-106b cluster leads, in part, to increased PTEN
expression. However, the expression of PTEN was increased by ENL in the WPE1-NA22 cell line
despite no substantial change in the expression of the miR-106b cluster.
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Figure 3. The effect of 20 μM ENL on the cell cycle profile of prostate cell lines after 24 h. The data
are expressed as the mean percentage of events in each phase ±SEM (n = 3). A statistical difference
between untreated and treated samples is indicated by * (p < 0.05), ** (p < 0.01), or *** (p < 0.002).
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Figure 4. The effect of 20 μM ENL on the cell cycle profile of prostate cell lines after 48 h. The data
are expressed as the mean percentage of events in each phase ±SEM (n = 3). A statistical difference
between untreated and treated samples is indicated by * (p < 0.05), ** (p < 0.01), or *** (p < 0.002).
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Figure 5. The effect of 20 μM ENL on the expression of DNA licencing genes by prostate cell lines over
48 h. The data are expressed as the mean expression level ±SEM (n = 3). For each cell line, a difference
between untreated and treated samples is indicated by * (p < 0.05), ** (p < 0.01), or *** (p < 0.002).
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Figure 6. The effect of ENL on the expression of the PTEN gene and miR-106b cluster genes by prostate
cell lines over 48 h. The data are expressed as the mean expression level ±SEM (n = 3). For each cell
line, a difference between untreated and treated samples is indicated by * (p < 0.05), or *** (p < 0.002).

4. Discussion

The present study provides further evidence that a pure mammalian lignan inhibits the in vitro
proliferation of prostate cell lines. To our knowledge, this is the first study to examine the correlation
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between the expression of genes associated with DNA licencing and miR-106b cluster mediated PTEN
and biological end-points of proliferation in vitro.

Previous in vitro studies examining how the prostate cell lines respond to ENL have reported
anti-proliferative effects for concentrations ranging from 25 to 100 μM and our data are in agreement
with these findings [18,20]. In contrast to the previous studies we have studied the effects of ENL on
the proliferation of a range of prostate cell models, rather than the late-stage models generally used,
and explored potential mechanisms of action. We have shown that ENL at 20 μM over 48 h is sufficient
to restrict the proliferation of primarily mid to later stage prostate cancer cells without any effects on
the approximately “normal” RWPE-1 cell line. However, this cell line is immortalised and is not truly
normal. Additionally we have shown that the anti-proliferative effects of ENL are strongly associated
with: (1) improved negative regulation of abnormal DNA licencing (increased GMNN expression and
decreased CDT1 expression); and (2) inhibition of miR-106b cluster expression leading to increased
expression of the tumour suppressive gene PTEN.

The ENL-induced changes in genes required for DNA replication initiation may explain the effects
of ENL on cell cycle control and consequently proliferation in the prostate cell lines. However, the
effect of altering the GMNN/CDT1 balance in tumourigenic cells (which express higher levels of these
genes compared to normal cells [31]) is unclear as there is debate about how the GMNN/CDT1 balance
influences the development and progression of cancer [26–28,39,40]. Additionally we have also shown
that the expression of MCM2 and MCM7 is reduced by ENL in the prostate cell lines used, and this may
be linked altered CDT1 expression as CDT1 is required for the loading of the MCM complex during
the initiation of DNA replication [24]. MCM7, in particular, is known to be oncogenic [25,29,41] not
only for its role in DNA licencing, but also due to other interactions such as: (1) MCM7 overexpression
can inhibit the retinoblastoma-controlled cell G1/S cell cycle block [42,43]; (2) MCM7 interacts with
the androgen receptor [44], appropriate androgen signalling and the consequences of androgen
insensitivity are key factors in prostate carcinogenesis and relapse [45,46]; and (3) one of the introns of
MCM7 contains the mir-106b cluster [35] which targets two key tumour suppressor genes implicated
in the prostate cancer, PTEN and CDKN1A (p21) [47–49].

Reduced PTEN expression can contribute to cancer development due to decreased negative
regulation of the PI3K/AKT pathway (known as quasi-sufficiency) [50]. Unlike the classic “two-hit”
model of tumour suppression, it is the amount of functional PTEN (which can be affected by several
factors not just transcription) that determines its tumour suppressive capacity. We have shown that
ENL can increase PTEN expression, which may restore the appropriate regulation by PTEN of the
PI3K/AKT pathway. However, the LNCaP cell line has a mutated and non-functional PTEN gene [32]
and therefore the consequence of its increased expression by ENL is unclear.

The concentrations used in this study have yet to be shown to be achievable in the prostate
in vivo either through dietary or pharmacological intervention. We also have only demonstrated a link
between gene expression and proliferation markers—further work is needed to establish whether the
expression changes result in functional changes at the post-transcriptional level. We have shown that
there appears to be a relationship between ENL-mediated expression of the PTEN gene, perhaps via
suppression of the miR-106b cluster, and proliferation in prostate cancer cell lines. If these are confirmed
at the proteomic and functional level, it may represent a novel mechanism for the anti-proliferative
activity of ENL.

5. Conclusions

In conclusion we have provided evidence for the anti-proliferative effects of ENL in mid and
late prostate cell lines, and have shown that changes in the transcription of DNA licencing, miR-106b
cluster, and PTEN genes may be involved in these effects. This is important as we have shown that ENL
is effective in earlier stages of prostate cancer than previously reported and two important pathways
in prostate tumourigenesis are linked through miRNA effects.
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Abstract: Breast cancer (BC) is the most common cancer among women worldwide. Dietary fatty
acids, especially n-3 polyunsaturated fatty acids (PUFA), are believed to play a role in reducing
BC risk. Evidence has shown that fish consumption or intake of long-chain n-3 PUFA, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are beneficial for inhibiting mammary
carcinogenesis. The evidence regarding α-linolenic acid (ALA), however, remains equivocal. It is
essential to clarify the relation between ALA and cancer since ALA is the principal source of n-3
PUFA in the Western diet and the conversion of ALA to EPA and DHA is not efficient in humans. In
addition, the specific anticancer roles of individual n-3 PUFA, alone, have not yet been identified.
Therefore, the present review evaluates ALA, EPA and DHA consumed individually as well as in
n-3 PUFA mixtures. Also, their role in the prevention of BC and potential anticancer mechanisms
of action are examined. Overall, this review suggests that each n-3 PUFA has promising anticancer
effects and warrants further research.

Keywords: n-3 polyunsaturated fatty acids (PUFA); eicosapentaenoic acid (EPA); docosahexaenoic
acid (DHA); α-linolenic acid (ALA); mammary gland; breast cancer (BC)

1. Introduction

Breast cancer (BC) is a major health problem among women worldwide, and is the second leading
cause of death for women in Canada and the United States [1,2]. On average, 65 Canadian women will
be diagnosed with BC per day, with 1 in 9 females expected to develop BC in their lifetime [1,2]. Both
genetic and environmental factors are believed to play a role in a woman’s risk of developing BC [3,4].
Most anticancer drugs, developed to date, aim to kill cancer cells and decrease tumor burden but are
relatively ineffective against some phases of tumorigenesis [5,6]. Thus, alternate strategies to prevent
tumorigenesis are urgently required. In the past few decades, epidemiological studies have suggested
that a healthy diet and lifestyle are critical for the prevention of BC. Dietary fatty acids are one of the
most intensively studied dietary factors [7–9].

Saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and trans fatty acids (TFA) have
been found to increase cancer risk; while specific polyunsaturated fatty acids (PUFA) are indicated
to have anticancer effects [9,10]. There are two major classes of PUFA: n-6 PUFA and n-3 PUFA. In
mammals, n-6 and n-3 PUFA are both essential fatty acids for health and must be consumed as part
of the diet because they cannot be endogenously synthesized [11]. Linoleic acid (LA, 18:2n-6) and
arachidonic acid (AA, 20:4n-6) are the two most common n-6 PUFA in typical Western diets; LA can be
found in some plant oils such as corn and safflower oils, and AA usually comes from dietary animal
sources or can be synthesized from LA [12,13]. α-linolenic acid (ALA, 18:3n-3) is the precursor of the
n-3 PUFA family which can be further elongated and desaturated to two important long chain n-3
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PUFA, eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) [11]. ALA is a
plant-derived n-3 PUFA, which is present in flaxseed, canola and soybean oils [14]. The longer chain
n-3 PUFA, EPA and DHA can be obtained directly from marine sources such as seafood and fish oils,
and are widely known for their cardioprotective benefit [13]. ALA is the major n-3 PUFA consumed in
the Western diet, whereas intakes of EPA and DHA are typically low. It is estimated that the typical
North American diet provides approximately 1.4 g of ALA and 0.1–0.2 g of EPA plus DHA per day [15].
With regard to dietary reference intake of n-3 PUFA, the Institute of Medicine (IOM) recommends since
2005 a daily intake 1.1 g ALA for women and 1.6 g ALA for men to prevent some chronic diseases, and
up to ten percent of this can be consumed as EPA and/or DHA [16]. While current intakes meet IOM
recommendations, in a 2014 report by the Academy of Nutrition and Dietetics, 500 mg EPA plus DHA
per day is required for the general healthy adult population [17].

Results from both in vivo and in vitro studies suggest that n-6 PUFA accelerate tumorigenesis, in
contrast, n-3 PUFA may have anticancer effects [18–22]. Western diets are typically deficient in n-3
PUFA and high in n-6 PUFA compared with traditional Asian diets [8,23,24]. Migration studies have
shown that Asian women, who typically have a lower rate of BC and higher fish consumption exhibited
an increased incidence of BC within one generation after migration to the Western countries [24,25].
Historically, the intake of n-6 and n-3 PUFA has been estimated to be approximately equal. However,
in recent years, the content of Western diets has significantly increased in n-6 PUFA resulting in an
increase in the n-6/n-3 PUFA ratio [8]. Excessive amounts of n-6 PUFA and a very high n-6/n-3
ratio (16:1 or higher), as is currently found in Western diets, have been suggested to promote the
pathogenesis of many diseases such as cardiovascular disease, autoimmune diseases and some types
of cancer; whereas increased levels of n-3 PUFA (a low n-6/n-3 ratio) have been shown to exert
suppressive effects [8]. However, it remains to be resolved whether it is simply the reduced n-3 PUFA
or the changing n-6/n-3 ratio that is relevant to these outcomes.

Substantial evidence from cell culture and rodent studies indicate that increased fish consumption
or intake of n-3 PUFA inhibits BC cell proliferation and reduces BC risk relative to n-6 PUFA [26–30].
Nevertheless, there has been longstanding controversy in epidemiological and observational studies
regarding the potential anticancer effects of n-3 PUFA due to the inability to show causality. Previous
published reviews have focused on the role of fish and marine n-3 fatty acids in BC prevention, whereas
the evidence for ALA and individual effects of long chain n-3 PUFA is lacking [3,8,11,23,31–34]. Since
a typical North American diet is mainly comprised of ALA as the source of n-3 PUFA, it is necessary to
elucidate the specific effects of ALA and cancer risk. Therefore, the purpose of the present review is to
evaluate the preventative role of ALA, EPA and DHA in BC development when consumed individually,
as well as in n-3 PUFA mixtures through dietary and supplemental forms. In addition, the potential
mechanisms by which they exert anticancer effects will also be discussed.

2. The Effects of n-3 PUFA in Human BC Studies

Dietary n-3 PUFA may influence breast cancer (BC) progression and prognosis. In the past ten
years, six prospective cohort studies (Table 1) and nine case-control studies (Table 2) have examined
the association between the consumption of either fish or fish oil supplements and BC risk, showing a
protective effect of n-3 PUFA. These studies were conducted in many different geographic areas with
mixed findings. In general, Asian populations with a low total fat intake and high fish consumption,
associated n-3 PUFA intake with a reduced risk of BC [35–39]. There was also a weak association
with reduced BC risk in US studies involving women whose diets had higher n-6 PUFA content
combined with fish oil supplements [18,40,41]. European studies were less consistent and somewhat
contradictory [42–45].

In the Japan Collaborative Cohort (JACC) study, a significant decrease in the risk of BC was
detected in women with the highest dietary intake of fish fat and the long-chain n-3 PUFA [35]. Similar
results were observed in a large prospective study of 35,298 Singapore women, indicating an inverse
association between dietary n-3 PUFA from marine sources and BC risk [36]. Relative to the lowest
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quartile of n-3 PUFA intake, individuals in the top three quartiles exhibited a 26% reduction in BC
risk (relative risk = 0.74; 95% confidence interval = 0.58–0.94). Additionally, a recent analysis from
the VITamins And Lifestyle (VITAL) cohort carried out in US indicated that the current use of fish
oil supplements was associated with a decreased risk of localized invasive ductal carcinomas in
postmenopausal women [40].

Table 1. n-3 PUFA and breast cancer risk: Prospective cohort studies.

Year Country Subjects
Method of

Assessment
n-3/n-6 PUFA Source BC Risk Reference

2005 Japan
26,291 women

40–79 years 129
BC cases

FFQ 1
Animal and fish fat,

vegetable oil, SFA, MUFA
and PUFA

↑ fish fat, EPA +
DHA ↓ BC risk [35]

2003 Singapore
35,298 women

45–74 years 342
BC cases

FFQ
Fish/shellfish, saturated,

monounsaturated and
polyunsaturated fat

↑ n-3 PUFA from
fish/shellfish ↓ BC
risk ↑ n-6 PUFA (
low marine n-3) ↑

BC risk

[36]

2010 US

35,016
postmenopausal
50–76 years 880

BC cases

FFQ Dietary fish oil supplement
↑ fish oil ↓ risk of
invasive ductal

carcinomas
[40]

2009 France
56,007 women

40–65 years 1650
BC case

FFQ

ALA and n-6 PUFA from
fruit, nuts and vegetable

oils; Long chain n-3 PUFA
from meals

no association
between total n-3

and BC risk ↑
ALA ↓BC risk ↑
long chain n-3

PUFA ↓ BC risk
(at highest quintile

of n-6 PUFA)

[42]

2003 Denmark

23,693
postmenopausal
50–64 years 424

BC cases

FFQ Fish ↑ intake of fish ↑
ER + BC incidence [43]

2011 China
72,571 women

40–70 years 712
BC cases

FFQ Fish, marine-derived n-3
PUFA red meat

↑ n-6/n-3 PUFA
ratio ↑ BC risk [37]

1 FFQ: food frequency questionnaire; ↑: increase; ↓: decrease.
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Table 2. n-3 PUFA and breast cancer risk: Case-control studies.

Year Country
Subjects

Characteristics
Method of

Assessment
n-3/n-6 PUFA Source BC Risk Reference

2007 Japan 103 incident BC
cases 309 controls

erythrocyte
membrane

FFQ

dietary food intake
including soy and meat
products, fish and other

seafood, vegetables

↑ dietary intake of
n-3 fatty acids ↓
BC risk ↑ long

chain n-3 PUFA in
erythrocyte ↓ BC
risk ↑ saturated
fatty ↑ BC risk

[46]

2007 China 322 incident BC
cases 1030 controls

erythrocyte
membrane

↑ total n-3 fatty
acids and EPA ↓

BC risk
[47]

2009 China
155 NPFC 1 185
PFC 2 241 BC,
1030 controls

erythrocyte
membrane

FFQ
dietary food intake

↑ EPA ↓ risk of
NPFC ↓

progression of
PFC to BC ↑

γ-linolenic acid ↑
risk of NPFC, PFC

and BC

[38]

2002 US 73 BC patients 74
controls

breast
adipose
tissue

↑ EPA and DHA ↓
n-6/n-3 PUFA

ratio ↓ BC risk ↑
n-6 PUFA ↑ BC

risk

[18]

2003 US 565 incident BC
554 controls FFQ daily fat intake

↓ n-6/n-3 PUFA
ratio ↓ BC risk

(premenopausal)
↑EPA, DHA ↓ BC
risk (21% and 18%,

respectively)

[41]

2009 Denmark 463 BC cases 1098
controls

Gluteal
adipose

tissue biopsy
dietary food intake

No association
between total or

individual marine
n-3 PUFA in

adipose tissue and
risk of BC

[44]

2002 France

241 invasive BC
cases 88

controls-benign
breast disease

breast
adipose
tissue

↑ ALA ↑ DHA ↓
n-6/n-3 PUFA
ratio ↓ BC risk

[45]

2012 Mexican 1000 incident BC
cases 1074 controls

Interview
and FFQ dietary food intake

↑ n-3 PUFA ↓ BC
risk (obese

women) ↑ n-6
PUFA ↑ BC risk

(premenopausal)

[19]

2009 South Korea
358 incident BC

patients 360
controls

FFQ fatty and lean fish

↑ fatty fish
consumption ↓ BC

risk ↑EPA and
DHA derived

from fish ↓ BC risk

[39]

1 Benign proliferative fibrocystic conditions (PFC); 2 non-proliferative fibrocystic conditions (NPFC); ↑: increase;
↓: decrease.

The association between dietary intakes of n-3 PUFA or fish oil supplements with overall survival
was also examined. Patterson et al. demonstrated that women with higher intakes of EPA and
DHA from food, but not from fish oil supplements, had a dose-dependent reduction in all-cause
mortality [48]. They also showed a reduced risk of additional BC events of approximately 25% when
compared with the lowest tertile of intake (tertile 3:hazard ratio = 0.72; 95% confidence interval =
0.57–0.90) [48]. In support of these self-reported intake studies, Zheng et al. performed a comprehensive
analysis of 21 independent prospective cohort studies and found that marine n-3 PUFA were associated
with a 14% risk reduction of BC, and the relative risk remained similar whether marine n-3 PUFA was
measured as dietary intake or as tissue biomarkers [7]. Further, a dose-response analysis indicated a 5%
lower risk of BC per 0.1 g/day (0.95, 0.90 to 1.00, I2 = 52%) increment of dietary marine n-3 PUFA [7].

82



Nutrients 2014, 6, 5184–5223

Conversely, a French study comprising over 56,000 women found no association between total n-3
or n-6 PUFA intake and BC risk [42]. Also, a large study of postmenopausal women in Denmark
concluded that increased fish consumption was associated with elevated incidence rates of BC, but this
association was present only for development of estrogen positive BC [43]. These null studies were
mostly conducted in European populations with relatively low per capita intake of n-3 PUFA [32,44].

In order to examine the relationship between n-3 PUFA exposure and BC risk, several case-control
studies have been conducted using different biomarkers (Table 2). Kuriki et al. investigated the fatty
acid compositions of erythrocyte membranes as a biomarker and demonstrated that BC risk exhibited
a significant inverse association with dietary intake of n-3 PUFA derived from fish and high levels of
long-chain n-3 PUFA in erythrocyte membranes [46]. Another assessment of erythrocyte fatty acid
composition found the inverse association significant only for EPA and total n-3 PUFA content [47].
Furthermore, Shannon et al. evaluated the role of n-3 and n-6 PUFA in the development of benign
proliferative fibrocystic conditions (PFC) and non-proliferative fibrocystic conditions (NPFC) in the
breast [38]. They showed that women in the highest quartile of erythrocyte EPA concentrations were
67% less likely to have NPFC alone or with BC, and EPA significantly lowered the risk of progressing
from PFC to BC by 43% [38]. However, γ-linolenic acid (n-6 PUFA) was found to be positively
associated with nearly all conditions [38]. These results were consistent with an earlier meta-analysis
showing that total and individual n-3 PUFA, especially EPA and DHA, play a protective effect against
BC, while total SFA, MUFA, palmitic and oleic acids were associated with increased BC risk [9].

In a Korean case control study, 358 patients with BC and 360 healthy controls underwent dietary
assessment by questionnaire and interview to determine their dietary consumption of fish and n-3
PUFA derived from fish. Both pre- and postmenopausal women in the highest quartile of fatty-fish
intake had a lower incidence of BC (odds ratio OR = 0.23, 95% CI = 0.13–0.42; p < 0.001), but the
protective effect of EPA and/or DHA intake was only observed for postmenopausal women [39].
These findings were similarly observed in a study of Mexican women where BC risk was lower in
obese women (BMI ≥ 30) with high n-3 PUFA intake, not in women of normal weight [19]. In contrast,
a case-cohort study of Danish women did not find any association between either total or individual
marine n-3 PUFA intake and BC risk [44]. As the total levels of marine n-3 PUFA intake were low in
Europe, this may account for observed discrepancies relative to populations consuming marine-rich
diets [32,44].

Other population studies have investigated interactions between n-3 and n-6 PUFA. Quantifying
consumption of both types of fatty acids is an essential step in isolating n-3 PUFA specific effects.
The study of Bagga et al. showed that excessive intake of n-6 PUFA contributed to the high risk of
BC in US, while a decreased risk of BC development was accompanied with higher EPA and DHA
consumption [18]. A similar inverse relationship was also observed in regard to the n-6/n-3 PUFA ratio.
In another US study, when the analysis was restricted to pre-menopausal women, the consumption
of the lowest ratio of n-6 to n-3 was associated with a 41% reduction of BC risk, although it was
not significant [41]. This observation was also observed in studies conducted in China and France,
although there was no association between n-3 PUFA intake and BC risk, low n-3 PUFA intake by
women who had the highest n-6 PUFA was correlated with elevated BC risk [37,45]. However, based
on the ratio, it is not possible to determine whether it is increased n-6 or decreased n-3 PUFA that is the
causal driver of BC risk. Nevertheless, these studies indicate the necessity of higher n-3 PUFA intakes
given that n-6 intakes are adequate in all populations, and thus heightening the potential value of n-3
PUFA as effective agents against BC.

Diet intervention by n-3 PUFA supplements as a mean of decreasing BC risk in women still needs
to be tested clinically. To date, few human intervention studies have assessed the effectiveness of n-3
PUFA in BC prevention and treatment. One randomized clinical trial tested the combined effects of
n-3 PUFA (EPA + DHA = 3.36 g/day, 2 year) and Raloxifene (anti-estrogen) in reducing risk of BC
in postmenopausal women [49]. Although the plasma n-6/n-3 ratio significantly decreased among
subjects after n-3 PUFA intervention compared with the subjects without intervention, n-3 PUFA
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administration did not affect any selected biomarkers that associated with BC risk [49]. While in
another human intervention study, Thompson et al. demonstrated that daily intake of 25 g flaxseed
(ALA = 57% of total fatty acids) can significantly reduce cell proliferation and increase cell apoptosis in
tumors of postmenopausal BC patients. These limited results provide encouragement for future study
of n-3 PUFA as an adjuvant therapy in BC [50].

3. PUFA—Potential Mechanisms of Action

For more than 30 years, numerous studies have attempted to establish whether there is a causal
relationship between n-3 PUFA ingestion and a reduction in mammary carcinogenesis. Mounting
evidence shows that dietary n-3 PUFA may exert an anti-carcinogenic action by altering the composition
of cell membrane phospholipids, inhibiting AA metabolism and decreasing AA derived eicosanoids, as
well as modulating the expression and function of numerous receptors, transcription factors and lipid
derived signaling molecules. However, studies of the effects of dietary n-3 PUFA on BC progression
and prognosis are limited in humans. Epidemiological studies do not allow for the analysis of
important cellular interactions and the specific molecular pathways which are activated during the
course of tumor initiation and cancer progression in the mammary gland. Thus, the use of animal
models (in vivo) and BC cell lines (in vitro) provide crucial avenues for improving our understanding
of the underlying biological pathways involved in trigger BC development and potential therapeutic
approaches for BC treatment and prevention. Here we first introduce some potential mechanisms and
important downstream mediators that involved in the anticancer action of n-3 PUFA.

3.1. Influence on Cell Plasma Membrane Composition

Fatty acids play an important role in membrane biogenesis in the form of glycerophospholipids, a
major class of lipids found all cell membranes [51]. Dietary PUFA integrate into plasma membrane
glycerophosholipids and influence the fatty acid composition [52]. The sn-1 position on the glycerol
backbone of glycerophospholipids is usually linked to saturated fatty acids, and the sn-2 position is
linked to an n-6 PUFA such as AA. Increased intake of dietary n-3 PUFA may replace n-6 with
n-3 fatty acids at the sn-2 position of glycerophospholipids [52]. Since n-3 PUFA has a greater
density compared to n-6 PUFA, the aggregation of n-3 fatty acids tend to be closer to the lipid-water
interface of the membrane. This characteristic can significantly affect plasma membrane fluidity and
permeability [53]. In addition, due to the high level unsaturation of long chain n-3 PUFA, they have
very poor affinity for cholesterol [52,54]. Membrane cholesterol serves as a spacer for the hydrocarbon
chains of sphingolipids and maintains the assembled microdomains of lipid rafts [55]. Thus, cholesterol
depletion leads to the disorganization of lipid raft structure [54]. Lipid rafts are important membrane
domains for cell signaling since it is enriched with many regulatory proteins and some growth factor
receptors. [54,55] As a result, the incorporation of n-3 PUFA, especially EPA and DHA, can disturb
formation of lipid rafts and suppress raft-associated cell signal transduction [22,56,57].

3.2. Inhibition of Arachidonic Acid (AA) Derived Eicosanoid Biosynthesis

One of the key cellular functions of PUFA is related to their enzymatic conversion into eicosanoids.
Eicosanoids are short-lived, hormone-like lipids, typically comprised of 20 carbon atoms, which play
a critical role in platelet aggregation, cellular growth and cell differentiation [31]. The most salient
mechanism by which n-3 PUFA reduce tumor development is through inhibiting the synthesis of
inflammatory eicosanoids derived from AA [31]. As indicated in Figure 1, firstly, both ALA and LA
are initially converted to their long-chain metabolites (EPA and AA, respectively) through the same
desaturation/elongation pathway; therefore, there exists potential competition between these two
families of fatty acids for desaturases and elongases. The initial conversion of ALA to stearidonic
acid (18:4n-3) is the rate limiting reaction of the pathway. The affinity of delta 6-desaturase for ALA
is greater than for LA [58]. As a result, a higher intake of ALA reduces the synthesis of AA from
LA and thus, less AA is available for synthesis of inflammatory eicosanoids [59]. Secondly, increase
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consumption of n-3 PUFA results in their incorporation into membrane phospholipids, where they
partially replace AA, therefore reducing the substrate for AA derived eicosanoids. Healy et al. showed
that dietary supplements with four different concentrations of fish oil resulted in the incorporation
of EPA and DHA into human inflammatory cells occurs in a dose-response fashion at the expense of
AA [60]. Thirdly, both AA and EPA are substrate for eicosanoid synthesis such as prostaglandins (PG)
and leukotrienes (LT) [31]. AA can be metabolized by two major pathways including the cyclooxyenase
(COX) and lipoxygenase (LOX) pathways. COX-2 catalyzes the rate limiting step in the formation of
2-series PGs. 5-LOX catalyzes the first step in oxygenation of AA to produce hydroxyl derivatives
and 4-series LTs. The overexpression of COX-2 has been detected in many types of cancers and
PGE2 has been shown to promote cell proliferation in mammary tumor tissues [61]. PGE2 stimulates
the expression and activation of aromatase, the enzyme that converts androgens to estrogens [62].
Therefore, it is hypothesized that estrogen levels can be lowered by decreasing n-6 PUFA intake. In
contrast, EPA metabolism results in 3-series PGs and 5-series LTs, with a slightly different structure
and anti-tumorigenic properties [58]. n-3 PUFA supplementation has been shown to lower production
of PGE2 (by 60%) and LTB4 (by 75%) in human peripheral blood mononuclear cells [63]. Furthermore,
n-3 PUFA has been suggested to suppress the expression of COX-2 and 5-LOX. Feeding mice with
high n-3 PUFA diets influences mammary tumor development by down-regulating COX-2 and 5-LOX
expression [20,64]. In addition to the inhibitory effects on the generation of inflammatory eicosanoids,
recent studies have identified a novel group of lipid mediators, termed resolvins, which are formed
from EPA and DHA [65,66]. These mediators appear to exert potent anti-inflammatory actions and
are considered as potential therapeutic interventions for some chronic inflammatory diseases and
cancer [67,68].

Figure 1. Synthetic pathways of long-chain PUFA and eicosanoids. α-linolenic acid (ALA; 18:3n-3) and
linoleic acid (LA; 18:2n-6) are essential PUFA obtained from the diet, and involve in similar sequential
desaturation and elongation steps, give rise to long chain, more unsaturated PUFA eicosapentaenoic
acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3), and arachidonic acid (AA; 20:4n-6). Relevant
intermediates in these pathways include SDA (stearidonic acid), ETA (eicosatetraenoic acid), DPA
(docosapentaenoic acid), GLA (γ-linolenic acid), DGLA (dihomo-γ-linolenic acid) and AdA (adrenic
acid). Both AA and EPA are substrates for the synthesis of eicosanoid products such as prostaglandins
(PG) and leukotrienes (LT). The products of n-6 PUFA tend to promote cell proliferation while the
products of n-3 PUFA have anti-tumorigenic properties. n-3 PUFA may lower the risk of BC by
disrupting the biosynthesis of AA-derived inflammatory eicosanoids.
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In general, n-3 PUFA can not only block AA metabolism, but can also compete with AA
for eicosanoid synthesis. This anti-inflammatory effect of n-3 PUFA is of interest since chronic
inflammation has been linked to cancer initiation and progression [69].

3.3. Influence on Gene Expression, Transcription Factor Activity and Signal Transduction

BC development is a multi-step process that requires the accumulation of several genetic
alterations in a single cell. Many studies have now demonstrated that the regulation of intracellular
signaling is a critical aspect of controlling cell functions in various types of cancers. Neoplastic
growth and progression are generally regarded as dependent on a high rate of cell proliferation and
a low rate of apoptosis. Dietary PUFA and their metabolites may exert some of their anti-cancer or
tumor-promoting effects by affecting gene expression or activating signal transduction molecules
involved in the control of cell proliferation, differentiation apoptosis and metastasis (Figure 2).

Figure 2. Hypothetical scheme showing how n-3 PUFA modulates cell functions via intracellular
signaling molecules. Cell proliferation and cell apoptosis are the two important fundamental processes
integral to carcinogenesis. n-3 PUFA exerts anti-cancer effects by reducing the expression of some
growth factors including human epidermal growth factor receptor-2 (HER-2), epidermal growth
factor receptor (EGFR) and insulin-like growth factor 1(IGF-1R); inhibiting cell proliferation by either
activating PPARγ or decreasing levels of fatty acid synthase (FAS) protein; and promoting cell apoptosis
via blocking PI3K/Akt pathways, downregulating phosphorylated Akt, inhibiting NF-κB activity and
lowering Bcl-2/Bax ratio.

3.3.1. EGFR and HER-2

Among numerous factors, carcinogenesis involves the activation of oncogenes such as the
epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor-2 (HER-2).
EGFR is a receptor tyrosine kinase, which plays essential roles in regulating a number of cellular
processes including cell proliferation, survival and migration [70]. EGFR is usually activated
in response to extracellular ligands (epidermal growth factor [EGF)) by its phosphorylation [71].
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Dysregulated EGFR activation is often associated with overexpression of EGFR, which has been
observed in several cancer types including breast carcinomas [72]. Marine n-3 PUFA were able to
inhibit EGFR activity, in particular, DHA was found to induce apoptosis in BC cells by down-regulating
EGFR expression [71]. Similar to EGFR, HER-2 (HER-2/neu or erbB-2) is a 185-kD transmembrane
receptor tyrosine kinase that is involved in human mammary oncogenesis [73]. The overexpression
of HER-2 occurs in 25%–30% of human invasive BCs, and is associated with a more aggressive
phenotype and poor patient prognosis [12,74]. HER-2 functions as a co-receptor and forms homodimers
or heterodimers with EGFR or insulin-like growth factor 1(IGF-1R) to activate downstream target
signaling cascades that involve cell survival and proliferation, such as phosphatidylinositol 3-kinase
(PI3K)/Akt, mitogen-activated protein kinase (MAPK) and inhibition of apoptotic pathways such
as Bcl-2-associated death promoter protein [75,76]. It should be noted that the HER-2 receptors also
activate lipogenic pathways mediated by the fatty acid synthase (FAS) protein [6], a key lipogenic
enzyme catalyzing the terminal steps in the de novo biogenesis of fatty acids in cancer pathogenesis [51].
Dietary n-3 PUFA were demonstrated to inhibit the early stages of HER-2/neu-mediated mammary
carcinogenesis in rats [77]. Notably, ALA alone was able to reduce HER-2 protein expression by 79%
in MCF-7 cell lines [78]. Both EGFR and HER-2 are regarded as important therapeutic targets against
BC, and n-3 PUFA may be a dietary treatment for controlling the growth factor-mediated oncogenesis.

3.3.2. Peroxisome Proliferator-Activated Receptor Gamma (PPARγ)

Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor
superfamily and function as ligand-activated transcription factors [79]. PPARγ is a subset of the
PPAR family, it is mainly expressed in adipose tissue, mammary gland, colon and the immune
system [80,81]. PPARγ regulates the expression of target genes by binding to DNA sequence elements,
termed PPAR response elements (PPREs). PPREs have been identified in the regulatory regions of a
variety of genes that are involved in lipid metabolism and homeostasis, but recently have appeared
to be involved in cell proliferation, cell differentiation, and inflammatory responses [79,82]. PPARγ
ligands include naturally occurring compounds such as PUFA and eicosanoids, as well as synthetic
activators, such as the hypolipidemic drugs [83]. Clay et al. indicated that induction of apoptosis
is a biological response resulting from PPARγ activation in some BC cells [84]. n-3 PUFA are direct
agonists for PPARγ, which have been shown to exert anti-tumorigenic effects via the activation of
PPARγ [82,85]. For instance, DHA was found to attenuate MCF-7 cell proliferation by activation of
PPARγ [86]. In addition, dietary supplementation with a low ratio of n-6/n-3 PUFA (1:14.6) was shown
to increase PPARγ protein content, which was paralleled with a reduction of tumor burden in rats
with induced mammary carcinogenesis [87]. As a result, PPARγ activation is beneficial for controlling
BC, which suggests a potential role for PPARγ ligands in the treatment of BC.

3.3.3. Bax/Bcl-2

Apoptosis is a form of cell death triggered during a variety of physiological conditions and is
tightly regulated by a number of gene products that promote or block cell death at different stages [88].
Bcl-2 is well-known as an important apoptosis-regulator protein [89], normally blocking apoptosis and
its overexpression contributes to BC by prolonging cell survival [90]. Bax is a pro-apoptotic member
of the Bcl-2 family of proteins. It is likely to have pore-forming activity to increase mitochondrial
membrane permeability, and can also form a homodimer with Bcl-2 to enhance the effects of apoptotic
stimuli [90,91]. Raisova et al. showed that the Bax/Bcl-2 ratio determines the susceptibility of cells
to apoptosis [92]. Thus, a low Bax/Bcl-2 ratio is associated with enhanced survival of BC cells and
resistance to apoptosis, and vice versa. It has been proposed that diets rich in n-3 PUFA, such as fish
and canola oil, reduces the abundance of Bcl-2 and up-regulates Bax expression to induce apoptosis,
thereby reducing BC risk [27,93].
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3.3.4. PI3K/Akt, NF-κB

Besides Bcl-2, the PI3K/Akt pathway also plays an important role in cell apoptosis.
Phosphatidylinositol 3-kinase (PI3K) is a heterodimeric lipid kinase that is composed of a regulatory
and catalytic subunit that are encoded by different genes [93]. The primary consequence of PI3K
activation is the generation of the second messenger PtdIns (3,4,5) P3 (PIP3) in the membrane, which
in turn recruits and activates Akt, a downstream serine/threonine kinase [94]. Akt activation is a dual
regulatory mechanism that requires translocation to the plasma membrane and phosphorylation at
Thr308 and Ser473 [52,94,95]. Due to this mechanism, Akt functions as an anti-apoptotic signaling
molecule. Thus, upregulation of phosphorylated Akt is relevant to tumor cell growth and resistance
to cell apoptosis [6,87,96]. HER-2 overexpression constitutively activates survival and proliferation
pathways by increasing activation of Akt, however, n-3 PUFA was found to either modulate total Akt
expression or interact with Akt to down-regulate its phosphorylation [6,97]. Since Akt requires
translocation to the plasma membrane for activation, it is possible that tumor cell membrane
enrichment of n-3 PUFA might affect the phosphorylation of Akt that are recruited to the membrane
for activation [96]. In addition, recent studies have demonstrated that PI3K/Akt promoted cell
survival is mediated, in part, through the activation of the nuclear factor kappa-B (NF-κB) transcription
factor [95,98,99]. NF-κB is a key regulator of genes involved in cell proliferation, migration, and
angiogenesis [100,101]. In tumor cells, impaired regulation of NF-κB activation will lead to deregulated
expression of the anti-apoptotic genes under the control of NF-κB [100]. For instance, NF-κB has been
shown to inhibit the activity of p53, a tumor suppressor known to trigger apoptosis in cells with
damaged DNA [102]. As a result, constitutive NF-κB expression may contribute to the development
and progression of BC.

3.3.5. Cell Proliferation Marker: Ki-67 and PCNA

Cell proliferation is another fundamental process integral to carcinogenesis. Ki-67 is a nuclear
protein, and being widely used as a prognostic or predictive marker in BC and other malignant
disease [103]. The human Ki-67 protein is present during all active phases of the cell cycle G(1), S,
G(2), and mitosis, but is absent from resting cells G(0), which makes Ki-67 an excellent marker for
determining the growth fraction of a given cell population [104]. Ki-67 immunohistochemical staining
has been used as an index of tumor growth in numerous of cancer studies, especially prostate and
breast carcinomas [26,87]. Treatment with ALA-rich flaxseed oil markedly lowered tumor burden in
rats accompanied by reduced Ki-67 level [78,105].

Similarly to Ki-67, Proliferating Cell Nuclear Antigen (PCNA) is also considered a potential
prognostic marker in BC [106]. PCNA is a ring-like nuclear protein which functions as the sliding
clamp of DNA polymerases [107,108]. Thus, it is involved in DNA replication and repair machinery of
the cell [109]. Expression of PCNA is a valid cell proliferation marker since the distribution of PCNA
was found to occur during G1, S and G2 phase, but reaches low immunohistochemically detectable
levels in M-phase of the cell cycle [106,108,109]. It has been shown that supplementation with n-3
PUFA reduces the percentage of proliferating tumor cells by decreasing the expression of PCNA [110].

The overall effect of high n-3 PUFA intake on cellular signaling process either inhibits cell
proliferation or promotes cell apoptosis (Figure 2). The changes in gene expression, transcription factor
activity and signaling transduction will be highlighted in the following sections.

4. The Effect of n-3 PUFA Mixtures on BC Development

4.1. Animal Studies

The inhibitory effects of n-3 PUFA on tumor growth have been well documented in rodent models
of BC. Xenograft, transgenic and chemically induced methods are the three main approaches employed
in rodent models.
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4.1.1. Breast Cancer Studies in Xenograft Rodent Models

Xenograft rodent models involve the transplantation of human BC cells into immunocompromised
mice [78,111]. The type and concentration of dietary PUFA have profound influences on the growth
rate of transplantable human BC in rodents (Table 3). In one study, MDA-MB-435 BC cells xenografted
into athymic nude mice in order to compare intake of LA alone with diets containing LA and various
proportions of EPA/DHA [20]. The diet rich in n-6 PUFA stimulated the growth and migration
of human BC cells in mice, whereas diets supplemented with EPA or DHA exerted suppressive
effects [20]. Similarly, Karmail et al. also found an inhibition of R3230AC mammary tumor growth
in rat fed with Maxepa, a menhaden oil supplement that contains approximately 18% EPA and 12%
DHA [112]. These observations were largely attributed to the high incorporation of n-3 PUFA into the
tumor phospholipids, which further reduced pro-inflammatory eicosanoid synthesis from AA [20].
More recently, a diet supplemented with 3% w/w fish oil concentrate was shown to stimulate lipid
peroxidation in the tumor cells, and thereby slowed down the tumor growth rate in athymic nude
mice implanted with MDA-MB-231 [30]. Similar effects were observed in MCF-7 human breast cancer
xenografts, although a higher percentage of fish oil (19% w/w) was required to decrease tumor volume
in the nude mice [113]. These findings supported an earlier study showed that n-6/n-3 PUFA consumed
in a low ratio resulted in prolonged tumor latency and reduced tumor growth rate in BALB/cAnN
mice [114]. Therefore, diet enriched with n-3 PUFA can alter murine mammary tumorigenesis.

4.1.2. Breast Cancer Studies in Transgenic Rodent Models

In transgenic mouse models, tumor growth can be initiated in two different ways: gain of function
involving oncogenes responsible for cell proliferation or loss of function involving cell apoptotic
pathways [115,116]. For example, the mouse mammary tumor virus (MMTV) promoter allows the
cancer-causing virus to be activated and expressed in mammary tissue, leading to the development
of mammary tumors [117]. Several studies have employed MMTV-neu related models and provided
strong evidence for protective effects of n-3 PUFA towards HER-2 positive BC (Table 4).

One study examined mammary tumor development in MMTV-Her-2/neu mice fed menhaden fish
oil from 7 weeks of age onwards. The tumor incidence was dramatically reduced as well as prolonged
tumor latency [115]. Further, Yee et al. demonstrated that dietary n-3 PUFA downregulated COX-2
and Ki-67 to inhibit cell proliferation, further reducing atypical hyperplasia to prevent HER-2/neu
mammary carcinogenesis at early stages [77]. Moreover, we showed that lifelong n-3 PUFA exposure
can mitigate tumor development in mice expressing MMTV-neu(ndl)-YD5, a more aggressive HER-2-
positive BC model [116]. In this study, MMTV-neu(ndl)-YD5 mice were crossed with fat-1 mice, yielding
mice that were capable of endogenous synthesis of n-3 from n-6 PUFA and had the susceptibility to
mammary tumor growth [116]. Thus, this study provided a direct evidence for a protective effect of
n-3 PUFA via both complementary genetic and conventional dietary approaches [116]. In order to
understand the dose-dependent effect of n-3 PUFA on mammary gland tumor development, Leslie
et al. further demonstrated a dose-response relationship of 0%, 3% and 9% (w/w) menhaden oil on
tumor burden reduction in MMTV-neu-YD5 mice [21]. In line with the previous study, the observed
dose-dependent effects of n-3 PUFA were associated with a dose-dependent change in the fatty acid
profile, reflecting a decreased n-6/n-3 ratio in the mammary glands and an increased of EPA and
DHA in tumor phospholipid classes [21]. This is consistent with an earlier human clinical trial which
showed dietary DHA and EPA supplementation caused a dose-dependent increase of n-3 PUFA in
serum and breast adipose tissues of BC patients [118].
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Table 3. n-3 PUFA and breast cancer risk: Xenograft rodent models.

Animal Model n-3 PUFA Source Feeding Period Main Findings Mechanism Reference

Athymic nu/nu mice
MDA-MB 231

3% w/w fish oil
concentrate (10.2 g/kg

EPA, 7.2 g/kg DHA, 3.0
g/kg ALA)

7-week (fed after tumor
established)

↓ tumor growth rate ↑
effectiveness of

doxorubucin

↑ EPA incorporation into
tumor ↑ lipid

peroxidation in tumor
[30]

Athymic nu/nu mice
(NCr-nu/nu)
MDA-MB 435

40 or 80 g/kg EPA, DHA 13-week (fed before
transplantation)

↓ tumor growth, size ↓
tumor weight

↑ EPA, DHA in tumor
phospholipids ↓ LA, AA
in tumor phospholipids

↓ AA-derived
eicosanoids

[20]

Inbred F44 rats
R3230AC

5% marine oil
supplementation (18%

EPA, 12% DHA)

4-week (fed before
transplantation) ↓ tumor weight, volume

↑ EPA, DHA, AA
incorporation into tumor
↓ Prostaglandins 2 series

[112]

BALB/cAnN mice
Mouse BC cell

10% or 20% w/w
menhaden fish oil

7-week (fed before
transplantation)

↑ tumor latency ↓ tumor
growth rate NA [114]

Athymic nude mice
MCF-7

19% w/w menhaden oil
(1.9 g/kg ALA, 19.4
g/kg EPA, 24.3 g/kg

DHA)

6 or 8-week (fed after
tumor established) ↓ tumor volume ↑ lipid peroxidation in

tumor [113]

↑: increase; ↓: decrease; NA: not available.

Table 4. n-3 PUFA and breast cancer risk: transgenic rodent models.

Animal Model n-3 PUFA Source Feeding Period Main Findings Mechanism Reference

MMTV-HER-2/neu
22.50 kcal% menhaden
oil (15 g/kg EPA, 10.8

g/kg DHA)

28-week (fed before
tumor development)

↓ atypical ductal
hyperplasia ↓ cell

proliferation prevented
HER-2/neu at early

stages

↓ Ki-67 expression ↓
COX-2 expression [77]

MMTV-HER-2/neu
22.50 kcal% menhaden
oil (15 g/kg EPA, 10.8

g/kg DHA)

52-week (fed before
tumor development)

↓ tumor incidence and
multiplicity ↑ tumor
latency ↓ mammary

gland dysplasia

NA [115]

MMTV-neu
(ndl)-YD5 × fat1

3% w/w menhaden oil
(0.5 g/kg ALA, 4.1 g/kg

EPA, 3 g/kg DHA)

20-week (lifelong
treatment, fed before
tumor development)

↓ tumor volume and
multiplicity

↑ EPA, DHA and overall
n-3 in mammary tissues
↓ n-6/n-3 ratio in tumor

phospholipids

[116]

MMTV-neu
(ndl)-YD5

3% w/w menhaden oil
(0.5 g/kg ALA, 4.1 g/kg
EPA, 3 g/kg DHA) 9%

w/w menhaden oil (1.3
g/kg ALA, 12.4 g/kg

EPA, 9 g/kg DHA)

20-week (lifelong
treatment, fed before
tumor development)

↓ tumor volume and
multiplicity ↑ tumor

latency (all in a
dose-dependent

manner)

↑ EPA, DPA in
mammary tissues ↑ EPA,

DHA in tumor
phospholipids ↓ LA, AA,

n-6/n-3 PUFA ratio in
both mammary and
tumor tissues in a

dose-dependent manner

[21]

↑: increase; ↓: decrease; NA: not available.

Supplementing mice with 24% (w/w) menhaden oil delayed mammary tumor development by 15
weeks relative to mice fed the same amount of corn oil [119]. This result heightened the potential value
of n-3 as an effective agent against BC, while the timing of exposure to n-3 PUFA will also influence
future cancer risk [34]. Mammary gland research has identified critical periods of development,
including early windows such as in utero, lactation and pubescence. The mammary gland undergoes
rapid growth during these periods, and exposure to environmental agents may influence the long-term
health of mammary tissue. Thus, supplement with n-3 PUFA in early life stages may protect against
later BC development. In support of this, Su et al. conducted a study exposing rats to maternal high n-6
PUFA diet with or without fish oil supplementation during the perinatal period via maternal intake
or during puberty or adulthood [29]. They found that fish oil intake during the perinatal period had
a greater effect in preventing mammary tumors than fish oil supplementation in later life [29]. The
decreased maternal serum estradiol levels in pregnant rats with fish oil supplementation was thought
to play a role in reducing susceptibility to later BC development in the female offspring [29].

4.1.3. Breast Cancer Studies in Chemically-Induced Rodent Models

Evidence from chemical-induced BC studies consistently supports the anti-cancer effect of n-3
PUFA. Induced mammary carcinoma in rats by the injection of carcinogenic chemicals such as 7,
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12-dimethylbenz (α) anthracene (DMBA) and N-methyl-N-nitrosourea (MNU) have been widely used
in various BC chemopreventive studies. When provided in the diet through menhaden or fish oil
concentrates, the incorporated n-3 PUFA, EPA and DHA in particular, lower tumor incidence as
well as retard tumor growth and metastasis of chemically-induced and transplantable mammary
tumors (Table 5). Olivo et al. compared the effects of low- or high-, n-3 or n-6 PUFA exposure
on mammary tumorigenesis in rats [110]. Feeding rats a low-fat n-3 diet significantly lowered the
incidence of DMBA-induced mammary tumors compared to n-6 fed rats. This was accompanied by
reduced cell proliferation and elevated lipid peroxidation. However, the high-fat n-3 diet resulted in a
significant increase risk of mammary tumorigenesis relative to rats fed with n-6 diets [110]. Further, an
in vivo study demonstrated that low-fat n-3 PUFA diets inhibited cell proliferation via activation of
PPARγ and/or down-regulation of COX-2 and PCNA expression; whereas high fat n-3 PUFA diets
stimulated cell proliferation and were positively associated with levels of phosphorylated Akt [110].
Similar suppressive effects of n-3 PUFA were observed in another DMBA-induced rat model [27].
Supplementation of EPA and DHA (from Maxepa) effectively suppressed cell proliferation, which was
accompanied by down-regulation of Ki-67 and HER-2/neu positive expressions. Meanwhile, EPA and
DHA induced cell apoptosis through modulating the expression of Bcl-2 and Bax in mammary tissue
of Sprague-Sawley rats [26–28]. These findings suggest that gene-nutrient interactions are of a critical
importance in the development of BC.

Table 5. n-3 PUFA and breast cancer risk: Chemically-induced rodent models.

Carcinogen n-3 PUFA Source Feeding Period Main Findings Mechanism Reference

MNU Fish oil 2%–10% w/w
n-3 PUFA in diet

18-week (at the same
time as MNU

administration)

Absolute n-3 diet: ↓
body weight, no tumor
occurrence (10% w/w
n-3 PUFA) 1:1n-6/n-3
diet ↓ tumor incidence
and multiplicity (5%

w/w n-3 PUFA)

↑ EPA, DHA in
mammary ↓ FAS, COX-2,

5-LOX
[64]

MNU
Fish oil concentrate Low

n-6/n-3 = 1:14.6 High
n-6/n-3 = 1:0.7

2-week (at the same time
as MNU administration)

Low vs. high ratio
n-6/n-3 PUFA diet: ↓

tumor incidence (21%), ↓
tumor multiplicity (30%),

tumor burden (80%) ↑
apoptotic index (129%)

↓ Ki-67 ↑ Bax, Bax/Bcl2,
PPARγ ↓ NF-κB p65,

pAkt, IGF-IR
[87]

MNU

EPA/DHA alone: 95
g/kg EPA/DHA EPA +
DHA: 47.5 g/kg EPA +

47.5 g/kg DHA

20-week (at the same
time as MNU

administration)

DHA alone vs EPA +
DHA vs EPA alone: ↓
tumor incidence: 23%,

73%, 65% ↓ tumor
multiplicity: 0.23, 1.67,

1.59 DHA is more
effectively than EPA

NA [120]

DMBA
Maxepa (fish oil

concentrate): 90 mg EPA
+ 60 mg DHA per day

24-week study 35-week
study (before DMBA

injection)

↓ DNA single-strand
breaks ↓ cell
proliferation

↓ Ki-67, Her-2/neu [26]

DMBA Maxepa: 90 mg EPA + 60
mg DHA per day

24-week study 35-week
study (before DMBA

injection)

↓ tumor incidence (23%),
tumor multiplicity (42%)
↑ cell apoptosis ↓cell

proliferation

↓ Bcl-2 ↑Bax ↑ p53 [27,28]

DMBA
Fish oil (0.5%ALA, 16%

EPA, 1.2% DPA, 8%
DHA in fish oil)

NA

↓ tumor incidence with
fish oil consumption:

adulthood < in utero <
puberty < perinatal ↓

tumor multiplicity with
fish oil consumption:

adulthood > puberty >
perinatal > in utero

↓ maternal serum
estradiol [29]

DMBA

Menhaden oil Low-fat
n-3 PUFA diet: 4.6 g/kg

EPA + 3.2 g/kg DHA
High fat n-3 PUFA diet:

9.1 g/kg EPA + 6.3 g/kg
DHA

20-day (before DMBA
injection)

Low n-3 diet: ↓ tumor
incidence ↓ TEBs ↓ cell

proliferation ↑ cell
apoptosis; High n-3 diets

exert opposite effects

Low n-3 diet: ↓ COX-2,
PCNA ↑ PPARγ ↑ lipid
peroxidation High n-3

diet: ↑ pAkt ↑ lipid
peroxidation

[110]

↑: increase; ↓: decrease; NA: not available.
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It has been shown that the different dietary fatty acid composition and n-6/n-3 PUFA ratios can
diversely influence the occurrence and progression of BC [8,32,64]. Wei et al. fed MNU-induced
rats with various n-6/n-3 PUFA ratios and demonstrated the 1:1 ratio of n-6/n-3 PUFA in diet
was more effective in the prevention of mammary tumor development when compared with diets
higher in n-6 PUFA [64]. Replacement of n-6 by n-3 PUFA in diets, reflected an increase in EPA
and DHA in mammary tumor tissue, which subsequently downregulated the expression of lipid
metabolic-related genes and inhibited cell proliferation [64]. In agreement with this study, Jiang et
al. reported that low n-6/n-3 PUFA ratio (1:14.6) caused 80% reduction in tumor burden and 30%
decrease in tumor multiplicity in the same rodent model compared to a high n-6/n-3 PUFA ratio (1:0.7).
These observations were mainly mediated by downregulating NF-κB, pAkt and IGF-IR, and increased
activity of PPARγ [87].

4.2. Cell Culture Studies

It has been well established that n-3 PUFA can suppress the development of cancers by inhibiting
cellular proliferation and inducing apoptosis. Cell culture studies investigating the effects of n-3
PUFA on murine and human BC cells provide important insights into the mechanisms underlying this
inhibitory effect. Although there are few studies describing the individual effects of ALA, EPA and
DHA in vitro, the available data consistently show that n-3 PUFA have direct growth inhibitory effects
on several BC cells lines (Table 6).

MDA-MB-231 human BC cell line was used to investigate the effect of various classes of fatty
acids (n-3, n-6 and n-9 PUFA) [121]. EPA and DHA exhibited a dose-dependent inhibition of cell
growth, whereas LA and oleic acid (OA) stimulated cell growth at very low concentration [121]. Some
in vitro studies have not included the essential n-6 PUFA (i.e., LA) in the growth medium, which would
be present in vivo and is required for mammary tumorgenesis in animals. These studies are not able
to explain the tumor growth inhibition by n-3 PUFA in the presence of abundant LA. Schley et al.
examined the inhibitory effects of n-3 PUFA on BC in vitro in the presence or absence of LA [22,96].
It was demonstrated that EPA and DHA induced apoptosis and increased DNA fragmentation in
MDA-MB-231 cells when provided in combination with LA. Similar effects were observed in the MCF-7
BC cell line [71,86,105,122]. Barascu et al. revealed that EPA and DHA decreased MCF-7 cell growth
and increased the fraction of apoptotic cells in a concentration-dependent manner, and particularly,
a higher efficiency noted for DHA [86]. Specifically, they demonstrated that n-3 PUFA inhibited cell
proliferation by lengthening the cell cycle between the G2/M transition [86]. In accordance with this
finding, a previous study demonstrated that DHA induced marked G2-M and G1-S arrest of the MCF-7
cells [123]. Furthermore, treatment with EPA and DHA was also shown to induce cell differentiation
and increase lipid peroxidation product levels in MCF-7 cells [105,124].
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Table 6. n-3 PUFA and breast cancer risk: cell culture studies.

Cell Type n-3 PUFA Source Main Finding Mechanism Reference

MDA-MB-231

EPA/DHA alone: 75 μM
or 100 μM EPA + DHA

combination: 45 μM EPA
+ 30 μM DHA or 60 μM
EPA + 40 μM DHA (in

presence/absence of LA)

↓ cell viability, cell
proliferation ↑ DNA
fragmentation, cell

apoptosis DHA was more
potent than EPA

↓ pAkt ↓ NF-κB and DNA
binding activity [96]

MDA-MB-231
0.5–2.5 μg/mL of EPA,
DHA (1.7–8.2 μM EPA,

1.5–7.6 μMDHA)

↓ tumor cells growth (DHA
> EPA, dose-dependent)

↓ LA composition in cell
lipids ↓ AA-derived
eicosanoid synthesis

[121]

MDA-MB-231

EPA/DHA alone: 75 μM
or 100 μM EPA + DHA

combination: 45 μM EPA
+ 30 μM DHA or 60 μM
EPA + 40 μM DHA (in

presence/absence of LA)

↓cell growth (48%–62%)
↑ EPA, DHA, DPA and total

n-3 in lipid rafts ↓ EGFR
levels ↑ pEGFR

[22]

MDA-MB-231
MCF-7

EPA (230 μM), DHA (200
μM)

↓ cell viability ↑ cell
apoptosis

↓ Bcl-2 ↑pro-caspase-8 ↓
pEGFR ↓ EGFR (only DHA)
↓ AA ↑ EPA, DPA, DHA in

total cell lipids

[71]

MDA-MB-231
MCF-7 3–100 μM of EPA, DHA

At 50 μM EPA, 30 μM DHA
↑ cell apoptosis ↓ cell

growth At 50 μM EPA, DHA
↑ G2/M duration DHA was

more potent than EPA

↓ phosphorylation of cyclin
B1 ↓ activity of CDK1-cyclin

B1
[86]

MCF-7 100 μM of EPA, DHA

↓ cell growth (30% by EPA,
54% by DHA) ↑ cell

differentiation (30% by EPA,
65% by DHA) No significant
effects on cell apoptosis and

cell cycle DHA was more
potent than EPA

↑ PPARγ (DHA only) [125]

MCF-7 MCF-10A 6–30 μM of ALA, EPA,
DHA

All n-3 PUFA ↓ MCF-7 cell
growth (EPA, DHA > ALA,

dose-dependent) AA ↓
MCF-7 cell growth (similar

as ALA)

NA [122]

ER+ and ER− cells
20 μg/mL of ALA, EPA,
DHA (72 μM ALA, 66
μM EPA, 61 μM DHA)

EPA, DHA ↓ cell
proliferation (all cell lines)

ALA ↓ estrogen independent
BC cell proliferation

↑ lipid peroxidation [124]

↑: increase; ↓: decrease; NA: not available

Chajes et al. examined the effect of ALA, EPA, and DHA on the proliferation of human
estrogen-positive (ER+) and estrogen-negative (ER−) BC cell lines [124]. EPA and DHA displayed a
significant inhibitory effect on the proliferation of all types of tumor cells, whereas ALA significantly
inhibited cell growth in (ER−) MDA-MB-231 and HBL-100 human breast tumor cells but not in (ER+)
MCF-7 cells [124]. The efficiency of this inhibitory effect was found to be correlated with the generation
of lipid peroxidation products [124]. Consistently, another in vitro study identified a dose-dependent
inhibitory effect of ALA, EPA, and DHA on MCF-7 cells; however, the cells were dramatically inhibited
by EPA and DHA, and moderately inhibited by ALA [122].

Rapid tumor cell proliferation is a critical feature for tumor aggressiveness. Treatment with LA and
OA increased MDA-MB-231 cell proliferation through production of pro-inflammatory prostaglandins
and leukotrienes [121]. EPA and DHA could mimic the effect of indomethacin, an inhibitor of both COX
and LOX, which in turn attenuated BC cell proliferation by inhibiting n-6 PUFA related eicosanoid
synthesis [126]. In addition, treatment with EPA and DHA inhibited EGFR phosphorylation and
diminished EFGR levels in lipid rafts [22,71]. These observations were due to the incorporation of n-3
PUFA into BC cell membrane, which subsequently altered membrane structure, signal transduction
and function of BC cells [71]. Moreover, n-3 PUFA can exert anti-proliferative effects by limiting cell
cycle progression, attributed to an inhibition of CDK1-cyclin B1 complex, a master regulator required
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for the initiation of mitosis [86]. Furthermore, increasing evidence demonstrated that n-3 PUFA can
inhibit cell proliferation and increase cell differentiation by activating PPARγ, although this effect was
only observed with DHA treatment [105].

Dysregulation of apoptosis is also a hallmark of cancer cells, and thus agents that activate
apoptosis are highly desired. Treatment with EPA and DHA inhibited phosphorylation of Akt as
well as the NF-κB DNA binding activity [96]. This represents a novel mechanism by which n-3 PUFA
induce apoptosis in MDA-MB-231 cells [96]. Additionally, it has been shown that n-3 PUFA decreased
expression of Bcl-2 and increased activity of pro-caspase-8, an apoptosis effector enzyme [71]. As a
result, n-3 PUFA can inhibit BC development in vitro by both suppressing tumor cell proliferation and
inducing tumor cell death.

5. The Effect of Individual n-3 PUFA on BC Development

5.1. ALA and BC

5.1.1. Inefficient Conversion from ALA to EPA and DHA

α-Linolenic acid (18:3n-3; ALA) is the major n-3 PUFA in the Western diet. Typical consumption
of ALA in Europe, Australia and North America ranges between 0.6 and 1.7 g per day in men and
0.5–1.4 g per day in women [58]. This is about 10-fold lower than the consumption of n-6 PUFA. ALA,
regarded as the precursor for long-chain PUFA, can be converted to EPA (20:5n-3), DPA (22:5n-3) and
DHA (22:6n-3) by the pathway shown in Figure 1. Whether the essentiality of ALA in the diet primarily
reflects the activity of ALA itself or of long-chain PUFA synthesized from ALA is a matter of debate.
The concentration of ALA in plasma phospholipids, cells and tissues is found to less than 0.5% of
total fatty acids [127]. Although the dietary intake of EPA and DHA are approximately 10-fold lower
than those of ALA in North America, the concentrations of these long-chain PUFA in plasma, cell and
tissue phospholipids are greater than those of ALA [127]. This apparent mismatch between dietary
intakes and levels of incorporation further suggests that the primary biological role of ALA is for EPA
and DHA synthesis. However, it is also possible that the low concentration of ALA may be due to
negative selection in the incorporation of ALA into blood and cell membrane lipid pools [58]. Since
consumption of EPA and DHA show a strong inverse association with the risk of BC, this raises the
question of whether conversion of ALA to EPA and DHA in humans is a viable alternative to dietary
sources of these long-chain PUFA. The majority of human studies estimate that ALA supplementation
in human adults generally lead to an increase in EPA and DPA, but have little or no effect on DHA
content [128–132]. Conservatively, Pawlosky et al. estimated the overall efficiency of conversion from
ALA was 0.2% to EPA, 0.13% to DPA and 0.05% to DHA [129]. This inefficient conversion is due to the
first rate limiting reaction catalyzed by Δ6-desaturase [58]. As a result, the extent of ALA conversion to
EPA and DHA is inefficient and limited. Thus, ALA may not be considered as an effective alternative
source to fish for providing EPA and DHA.

5.1.2. Individual Effect of ALA on Breast Cancer

Data derived from epidemiological and observational studies suggest that ALA present in the
Western diet has protective effects in BC (Tables 7 and 8). Two case control studies compared the
fatty acid composition in the adipose breast tissue from women with invasive non-metastatic breast
carcinoma and women with benign breast disease [45,133]. Low ALA content in adipose tissue was
found to be associated with an increased risk of BC. This observation was consistent with a previous
cohort study on 121 BC patients, which demonstrated a link between a low level of ALA in adipose
breast tissue and increased risk of metastatic development [134]. In particular, the ratio of n-6/n-3
PUFA was also shown to be positively correlated with BC in these patients, highlighting the role of n-3
and n-6 PUFA balance in BC.
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Dietary supplementation of ALA reduced the growth of established mammary tumors in
chemically-induced rats and xenograft rodent models. In OVX athymic mice with high circulating
estrogen level, flaxseed oil and its high ALA content, attenuated (ER+) MCF-7 breast tumor growth by
reducing cell proliferation and increasing apoptotic index [78]. This effect was probably due to the
downregulation of tyrosine kinase receptors such as EGFR and HER2, with a subsequent reduction
in pAkt. Compared to corn oil, consumption of ALA-rich flaxseed oil tends to modify the n-6/n-3
PUFA ratio by increasing serum ALA, EPA and DHA concentrations. This provides evidence that ALA
absorption and conversion may contribute to the observed tumor reducing effect in the flaxseed oil
diet [78]. Further, an in vitro study showed that pure ALA inhibited MCF-7 cell proliferation by 33%,
which was in accordance with the in vivo reduction in palpable tumor growth (33%) [78]. This suggests
that ALA itself, rather than the generated EPA and DHA, exerts this anti-tumorigenic effect [78].
Another in vivo study was designed to elucidate which component(s) of flaxseed (lignan or ALA)
was responsible for enhancing tamoxifens effect on reducing the growth of established MCF-7 breast
tumors at low circulating estrogen levels [105]. ALA-rich flaxseed oil had a stronger effect in reducing
the palpable tumor size of tamoxifen-treated tumors compared with lignan-treated mice [105]. More
importantly, ALA was found to downregulate HER2 expression, and subsequently modulate growth
factor-mediated signaling pathways by repressing IGF-1R and Bcl-2 [105].

Table 7. Individual role of ALA, EPA and DHA on BC.

n-3 PUFA Amount of Fatty Acid Effect Mechanism Reference

ALA

NA Moderate decrease BC risk NA [45]
~22.8 g of ALA per kg

diet Reduced tumor cell proliferation Inhibited HER2, EGFR
expression [78]

~22.8 g of ALA per kg
diet Inhibited MCF-7 cell proliferation [78]

~11 g ALA per kg diet Reduced tumor incidence and burden Increased BAX/Bcl-2
ratio [93]

10.6 g ALA per kg diet Decreased tumor growth rate Inhibited HER2
expression [105]

72 μM ALA Moderate inhibited ER-negative cell proliferation,
not affect MCF-7 NA [124]

30 μM of ALA Slightly inhibited MCF-7 NA [122]
NA Inversely associated with BC risk NA [133]
NA Inversely correlated with metastasis development NA [134]

55.9 g ALA per kg diet Reduced tumor growth and metastasis NA [135]
8 g ALA per kg diet Decreased tumor growth rate NA [136]

10 g ALA per kg diet Reduced tumor burden and increased survival rate NA [137]

2.5-40 μM of ALA enhanced cytotoxic effects of Trastuzumab (at 10 μM
of ALA)

Down-regulated HER2
(at 20 μM of ALA) [138]

10 μM of ALA Diminished proteolytic cleavage of the extracellular
domain of HER2

Inhibited HER-2
activity [139]

~21.2 g of ALA per kg
diet

Minimal inhibited tumor growth w/wo
Trastuzumab NA [140]

52.8 g of ALA per kg diet Inhibited mammary tumor development NA [141]

EPA

40–80 g of EPA per kg
diet Slowed down tumor growth, reduced tumor burden Decreased AA

derived-eicosanoid [20]

3–100 μM of EPA Induced BC cell apoptosis (at 50 μM of EPA) NA [86]

40–200 μM of EPA Restored the growth inhibitory effect of Tamoxifen
(at 40 μM of EPA)

Decreased pAkt (at 20
μM of EPA) [97]

20–80 g of EPA per kg
diet Inhibited the development of lung metastasis NA [126]

100 μM of EPA Inhibited MCF-7 cell growth NA [125]

40 μM of EPA Induced apoptosis, inhibited cell proliferation,
arrested cell cycle at G0/G1

down-regulated Bcl-2
expression [142]

95 g of EPA per kg diet Reduced KPL-1 cell proliferation rate and metastasis NA [143]

42 g of EPA per kg diet Suppressed cell proliferation in MCF-7 xenografts in
rats NA [144]

50 μM of EPA Increased PPARγ at mRNA level NA [145]
0–200 μM of EPA Inhibited MCF-7 cell growth (at 60 μM of EPA) NA [146]
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Table 7. Cont.

n-3 PUFA Amount of Fatty Acid Effect Mechanism Reference

DHA

120 μM of DHA Decreased cancer cell viability, enhanced the
cytotoxic activity of taxanes

Decreased the
expression of

Her-2/neu
[5]

100 μM of DHA Disrupted lipid rafts, induced apoptosis in HER-2
overexpressing cells

Decreased Akt activity
and FAN [6]

100 μM of DHA Decreased MDA-MB-231 cell proliferation, enhanced
EGFR inhibitors

Altered EGFR
phosphorylation and

localization
[56]

0–200 μM of DHA Reduced MCF-7 cell viability and DNA synthesis (at
25 μM of DHA)

Increased lipid
peroxidation, capase 8

activation
[146]

20 or 100 μM of DHA Inhibited MDA-MB-231 cell proliferation, promoted
nuclear condensation

Increased caspase-3
activity (at 100 μM of

DHA)
[147]

10–160 μM of DHA Inhibited MCF-7 cell growth and induced apoptosis
(at 40 μM of DHA)

Downregulated Bcl-2,
increased Bax/Bcl-2

ratio
[148]

270 μM of DHA 50% inhibitory KPL-1 cell growth after 72 h
treatment

Downregulated Bcl-2,
increased Bax/Bcl-2

ratio
[149]

40 g of DHA per kg diet Decreased tumor growth rate and final tumor
weight, increased apoptosis

Reduced tumor PGE2,
decreased Ki-67 [150]

32 g of DHA per kg diet Reduced tumor incidence Increased BRCA1 at
protein level [151]

30 μM of DHA 50% inhibitory MCF7 cell growth after 96 h treatment Increased BRCA1/2 at
transcriptional level [152]

NA Increased response of the tumor to chemotherapies,
increased survival rate [153]

NA: not available.

Table 8. Individual effect of ALA, EPA and DHA on different types of BC.

BC Cell Type ALA EPA DHA

MDA-MB-231 (ER−)
MDA-MB 435 (ER−) NA

MCF-10A (ER−) —
HBL-100 (ER−)

MCF-7 (ER+) —
ZR-75 (ER+) —
T-47-D (ER+) —

SK-Br3 and BT-474
(HER-2/neu positive) NA

have significant inhibitory effect on cell proliferation; — slightly inhibit the cell growth; NA: not available.

Remarkably, long-term changes in dietary ALA and LA ratio significantly affect mammary tumor
outcomes. Feeding BALB/c mice with ALA-rich linseed oil inhibited the development of mammary
tumors compared to mice on corn oil diets [135]. In a recent study, use of canola oil (10% ALA)
instead of corn oil (1% ALA) in the diet of MDA-MB-231 implanted mice reduced tumor growth
rate [136]. Progression to apoptosis is associated with a balance between pro-apoptotic Bax and
anti-apoptotic Bcl-2. Mice exposed to canola oil had an increased ratio of Bax/Bcl-2, which was
responsible for the apoptosis of defective epithelial cells [93]. Furthermore, the maternal diets have
a life-long influence on development of BC in the daughter. Substitution of corn oil with canola oil
in the maternal diet increased n-3 PUFA incorporation into mammary glands, which in turn delayed
occurrence of mammary tumors and increased tumor cell apoptosis in offspring [93]. Elsewhere,
maternal replacement of dietary soybean oil with canola oil significantly lowered the burden of
MNU-induced mammary tumors, along with increased survival rate in the offspring [137]. As a result,
maternal ALA supplementation brings about a stable epigenetic imprint of genes that are involved in
the development and differentiation of the mammary gland, which are passed on to female offspring
where they exert a protective effect against BC.
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Notably, the protective role of ALA in BC was inconclusive in in vitro studies. In BT-474 and
SkBr-3 cancer cells that naturally amplify the HER-2 oncogene, exogenous supplementation with ALA
significantly suppressed HER-2 mRNA expression, thereby reducing the probability of activation that
leads to tumor growth [138]. Moreover, ALA co-exposure was reported to synergistically enhance
trastuzumab (an anti-cancer therapy) efficacy in HER2-overexpression BC cells [139]. However, in a
separate study, ALA exerted minimal tumor-reducing effects in the presence of trastuzumab [140].
In addition, some studies had difficulties in characterizing the role of ALA in estrogen dependent
and independent BC cell lines [122,124]. This suggests a variable effect of ALA on cell proliferation
depending on the cell line assessed.

Overall, these findings suggest that diets rich in ALA can inhibit mammary tumor development
in animals and in vitro, however, it cannot be ruled out that some of the effects are due in part to
conversion of ALA to EPA and DHA, albeit limited.

5.2. Individual Effect of EPA on Breast Cancer

Fish oil is a mixture of EPA and DHA, which have been previously shown to have protective
effects against BC. However, whether EPA and DHA differentially or similarly affect BC has not
yet been determined. In support of the independent effect of EPA on BC, several in vitro studies
consistently demonstrated the ability of EPA to induce apoptosis in human BC cells (Tables 7 and 8).
Chiu et al. demonstrated that 40 μM EPA induced cell apoptosis through inhibition of anti-apoptotic
regulator proteins, such as Bcl-2 [142]. Moreover, Akt was also shown to be susceptible to EPA [97].
Treatment with EPA lowered both total and phosphorylated Akt content in transfected MCF-7 cells
that overexpressing constitutively active Akt [97]. Additionally, co-treatment with EPA enhanced the
growth inhibitory response to tamoxifen in MCF-7 cells, thus suggesting that EPA may be useful as a
nutritional adjuvant in the treatment of BC [97].

Diets rich in EPA have also been shown to inhibit the growth of spontaneous or transplanted
mammary carcinomas in animal models and human clinical trials. EPA was observed to slow tumor
growth and reduced metastasis in mice implanted with KPL-1 human BC cells [143]. In a separate
study, when compared with LA diet, intake of EPA significantly inhibited tumor cell proliferation and
development of lung metastasis in mice with induced mammary tumorigenesis [20,126]. These
inhibitory effects were attributed to high incorporation of EPA into tumor phospholipids, and
subsequently, disrupting inflammatory eicosanoid biosynthesis from AA [20]. More recently, EPA
was found to regulate cell proliferation in MCF-7 xenografts via an inhibitory G protein-coupled
receptor-mediated signal transduction pathway [144]. Furthermore, a human clinical study
demonstrated a strong positive correlation between plasma EPA concentrations and PPARγ mRNA
levels in adipose tissue of obese subjects [145]. Since activators of PPARγ are known to inhibit cell
proliferation and tumorigensis, up-regulation of PPARγ gene expression by EPA might be a potential
mechanism of action. These findings suggest that EPA can independently act to inhibit the development
and progression of human BC.

5.3. Individual Effect of DHA on Breast Cancer

Several independent reports have shown that DHA can inhibit mammary carcinoma development
and progression (Tables 7 and 8). However, the specific mechanisms underlying these protective effects
of DHA remain to be determined.

HER-2 signaling is central to many processes involved in cellular proliferation and survival [6].
Treatment with DHA alone in vitro was shown to be effective in disrupting lipid rafts in HER-2
overexpressing cells, inhibiting HER-2 activity and its downstream signaling molecules (Akt and
FAS, etc.), and consequently led to cell death [6]. Menendez et al. demonstrated that exogenous
supplementation with DHA was able to downregulate HER-2/neu oncogene expression in SK-Br3 and
BT-474 human BC cells [5]. This supports the therapeutic potential of DHA supplementation in the
treatment of HER-2 positive BC. On the other hand, recent evidence suggests that DHA itself is capable
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of decreasing EGFR localization in the lipid rafts of the MDA-MB-231 BC cell line [56]. Moreover,
DHA supplementation was reported to significantly enhance the efficacy of EGFR inhibitors, which
provides strong evidence for the potential development of combination therapies targeting EGFR [56].
The pre-exposure with DHA has been shown to synergistically enhance the cytotoxicity of antimitotic
drugs including Taxane and Taxol against highly metastatic BC cells [5]. This was attributed to the
incorporation of DHA into cellular lipids, and subsequently altered membrane fluidity and function,
thereby increasing drug intake [5]. In agreement with this, a recent human clinical trial demonstrated
that addition of DHA into chemotherapy increased survival in metastatic BC patients [154].

A number of earlier studies have suggested that the anti-cancer property of DHA is attributable
to its ability to inhibit cell growth and induce apoptosis. Kang et al. demonstrated that DHA induced
apoptosis in MCF-7 cells through a combination of pathways [146]. Mechanistically, it was largely due
to increased lipid peroxidation, followed by accumulation of reactive oxygen species in cancer cells and
higher oxidative stress, ultimately resulting in cell apoptosis [146]. It was also possible that the elevated
intracellular levels of DHA stimulated activation of apoptosis effector enzyme, such as caspase-8 and
caspase-3, and thus inducing apoptotic cell death [146,147]. Furthermore, Chiu et al. found that pure
DHA inhibited growth of MCF-7 cells [148]. Although DHA did not affect pro-apoptotic Bax protein,
it induced the downregulation of anti-apoptotic Bcl-2 gene expression time-dependently, and thus
increasing the Bax/Bcl-2 ratio [148]. DHA has also shown to suppress KPL-1 cell growth in vitro,
accompanied by downregulation of Bcl-2 [149]. Since the ratio of Bax/Bcl-2 is positively associated
with apoptotic activity, the regulation of Bax and Bcl-2 can be considered an important step in the
apoptotic actions of DHA.

Animal studies also support the anti-cancer role of DHA in BC. Dietary supplementation of
pure DHA was showed to suppress tumor development in both chemically-induced carcinoma and
xenograft rodent models [150,151]. Low level DHA administration markedly reduced tumor growth
rates and tumor weight compared with rats fed LA [150]. These observed suppressive effects of DHA
resulted from diminished tumor eicosanoid concentrations and decreased cell proliferation [150]. DHA
has also been shown to decrease mammary tumor incidence coinciding with a 60% increase in BRCA1
protein, a major tumor suppressor [151]. In complement, DHA supplementation was shown to increase
BRCA1 at the transcriptional level [152]. The correlation between the in vitro and in vivo observations
adds weight to DHA’s potential mechanism and supports a beneficial role for DHA against BC.

Altogether, ALA, EPA and DHA have various effects against mammary tumor development
in vivo. In terms of in vitro studies, EPA and DHA individually exert an inhibitory effect on the
proliferation of almost all types of tumor cells in vitro; whereas ALA only has effects on ER− and
HER-2 positive BC cells (Table 8). As little as 50 μM of EPA or 30 μM of DHA can dramatically reduce
tumor cell viability, while 72 μM of ALA only cause moderate inhibition on ER− cell proliferation.
However, it is not appropriate to compare the effective dosage of individual n-3 PUFA from different
type of studies, since the amount of tumor cells and the duration of treatment are different. Additional
experimental studies are needed to compare the efficacy of each individual n-3 PUFA under the
same conditions.

6. Plant-Derived n-3 (ALA) vs. Marine-Based n-3 (EPA, DHA)

The potential health benefits of n-3 PUFA have been examined in various types of studies.
However, the relative potency of plant-based n-3 versus marine n-3 PUFA, as well as EPA versus DHA
in inhibiting tumor growth remains unclear. There are only two studies that have compared the efficacy
between EPA and DHA [120,155]. The first study compared the ability of dietary EPA or DHA to
suppress MNU-induced mammary carcinogenesis in a rat model [120]. Although treatment with DHA
or EPA alone was not as effective in combination, DHA was more potent in delaying tumor onset and
reducing tumor multiplicity relative to EPA [120]. In accordance, several BC cell line studies indicated
that DHA was more effective in inhibiting MDA-MB-231 and MCF-7 cell proliferation and invasion
than EPA at the same concentration [86,96,121,125,155].
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In terms of the efficacy of plant-based n-3 PUFA, there has not yet been a human clinical study
directly comparing ALA versus EPA or DHA in BC. To the best of our knowledge, only two cell culture
studies have examined the effect of different types of n-3 PUFA. ALA was less effective compared with
EPA or DHA, but ALA had moderate inhibitory effects in some BC cell lines [122,124]. This may be
due to the conversion of ALA to EPA and DHA which would lower the amount of ALA incubated
with cancer cells. In addition, the lower incorporation of ALA into the cellular lipid pool may also be a
confounding factor.

7. Conclusions

In summary, the present review has assessed the anticancer effects of n-3 PUFA when consumed
or treated individually, as well as in n-3 PUFA mixtures. ALA, EPA and DHA can differentially inhibit
mammary tumor development by changing the cell membrane fatty acid composition, suppressing
AA-derived eicosanoid biosynthesis and influencing signaling transcriptional pathways to inhibit
cell proliferation and induce apoptosis. This review also provided evidence for using n-3 PUFA as a
nutritional intervention in the treatment of BC to enhance conventional therapeutics, or potentially
lowering effective doses.

Overall, in order to provide definitive recommendations, additional human studies are required.
Long term studies tracking fish or n-3 PUFA intake are needed to demonstrate a role for n-3 PUFA in
prevention. Also, additional clinical trials are needed to evaluate the effect n-3 PUFA on BC outcomes.
Nevertheless, evidence does not indicate harm and all forms of n-3 PUFA may be included in a
healthy diet.
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Abstract: The majority of cancer patients experience wasting characterized by muscle loss with
or without fat loss. In human and animal models of cancer, body composition assessment and
morphological analysis reveals adipose atrophy and presence of smaller adipocytes. Fat loss is
associated with reduced quality of life in cancer patients and shorter survival independent of body
mass index. Fat loss occurs in both visceral and subcutaneous depots; however, the pattern of loss
has been incompletely characterized. Increased lipolysis and fat oxidation, decreased lipogenesis,
impaired lipid depositionand adipogenesis, as well as browning of white adipose tissue may underlie
adipose atrophy in cancer. Inflammatory cytokines such as interleukin-6 (IL-6), tumor necrosis factor
alpha (TNF-α), and interleukin-1 beta (IL-1β) produced by the tumor or adipose tissue may also
contribute to adipose depletion. Identifying the mechanisms and time course of fat mass changes
in cancer may help identify individuals at risk of adipose depletion and define interventions to
circumvent wasting. This review outlines current knowledge of fat mass in cancer and illustrates
the need for further studies to assess alterations in visceral and subcutaneous adipose depots and
possible mechanisms for loss of fat during cancer progression.

Keywords: adipose tissue; cancer; computed tomography; fat mobilization

1. Introduction

Adipose tissue (AT) is an active secretory organ that regulates energy balance, homeostasis,
appetite, inflammation, insulin sensitivity, angiogenesis, and fat metabolism [1]. Adipose tissue
metabolism and whole body fat mass are regulated through two major pathways: lipolysis (fat
breakdown) and lipogenesis (fat synthesis) [2]. Adipose tissue dysfunction, fat mass changes and
concurrent alterations in the production of adipokines, inflammatory cytokines, and lipid metabolites
are common in metabolic disorders, such as insulin resistance, type 2 diabetes, cardiovascular disease,
and obesity-related cancers such as colorectal and breast cancer [3,4].

The link between obesity and increased cancer incidence is well established [5,6], but the
relationship between fat mass and cancer progression is much less clear. Studies indicate that the
majority of cancer patients experience some degree of cancer-related wasting of both muscle and/or
fat during the disease trajectory [7]. However, little is known about the importance of fat loss in cancer
because the majority of studies of cancer-associated wasting typically focus on muscle. Potential
links between fat loss and poor outcomes have been identified that indicate fat loss to be a poor
prognostic factor in advanced cancer regardless of a patient’ body weight [8,9]. This article reviews
current knowledge of adipose tissue depletion in cancer, focusing on both assessment of fat tissue
and morphological determination of adipose tissue in cancer populations. Possible mechanisms of
fat loss are also discussed. Biological alterations in adipose tissue metabolism precede the physical
manifestation of adipose tissue loss. Thus, understanding mechanisms and potential markers of fat
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loss in cancer are important for early detection which facilitates prevention of further loss to preserve
fat and improve survival in cancer patients.

2. Adipose Atrophy in Cancer

Fat loss has been reported to be associated with shorter survival time [8,9]. Analysis of adipose
tissue morphology and body composition has revealed body fat depletion in human and animal models
of cancer cachexia. In the majority of human studies discussed in this review, cachexia is defined as
≥5% weight loss (WL) over 3 months or ≥10% within the previous 6 months. Weight loss does not
necessarily reflect the severity of cachexia and fat loss but is the first outcome measurement typically
used in studies of cancer. Validated data for classification of cachexia based on recent consensus are
emerging [10].

The murine adenocarcinoma (MAC16) causes diminished adipocyte size with increased
mitochondrial density, and elevated adipose tissue fibrosis in cachectic mice, compared to pair-fed
and control animals [11]. The Walker 256 carcinoma, a well-established cancer cachexia model, affects
adipose tissue in a time and depot-dependent manner [12–14]. Seven days after Walker 256 tumor
injection, no significant changes were observed in adipocyte size. However, after 14 days, adipocyte
size of retroperitoneal, and epididymal adipose tissue was decreased. On the other hand, mesenteric
adipose tissue was not lost and size of mesenteric adipocytes increased after 14 days [13,14]. In
support of these experimental studies, reduction in fat cell volume has been reported in weight-losing
gastrointestinal (GI) cancer patients [15–17]. Cachectic patients exhibited smaller adipocytes compared
to weight-stable controls [15–18] and non-cancer patients [16] but total body fat cell number was not
altered [16,17]. Collectively, these studies suggest altered adipocyte size and reduced lipid storage
capacity in the presence of a tumor.

3. Assessment of Fat Tissue over the Cancer Trajectory

The body mass index (BMI) has been used frequently as a clinically accessible measure of
human body composition. However, the BMI does not differentiate between fat and fat-free mass
or fat depots. Accumulation or loss of specific fat tissues are differentially associated with health
outcomes. For example, there is a relationship between visceral adipose tissue (VAT) accumulation
and insulin resistance [19]. Insulin resistant adipocytes that reside in VAT are more sensitive to
catecholamine-induced lipolysis than subcutaneous adipose tissue (SAT) [1,20]. Lipolysis of fat from
VAT enables direct delivery of free fatty acids to liver, which may lead to elevated hepatic triglyceride
(TG) production, increased very low density lipoprotein secretion, and higher plasma TGs which
exacerbates an already dysregulated metabolic state [20]. Therefore, an understanding of the intensity
of loss and the type of fat being lost (VAT vs. SAT) is required. Potential differences in fat loss between
depots has not been consistently demonstrated, partly due to the use of analytical techniques with
limited applicability, as well as the variability among studies with regards to tumor type, stage and the
time-point in the cancer trajectory that patients are studied. Discrepant methods of assessing fat and
reporting values as cross sectional area (cm2) or volume (cm3), total fat mass (kg or %), change in area
or the rate of changes also limit the ability to interpret and compare studies.

Body composition is assessed in cancer patients using a variety of methods including bioelectrical
impedance analysis (BIA), dual-energy X-ray absorptiometry (DEXA), magnetic resonance imaging
(MRI) and computed tomography (CT) scan analysis [21]. Body composition analysis using BIA
has demonstrated lower body fat (% or kg) in cachectic patients compared to weight-stable cancer
controls [15–17,22], healthy controls [23], or non-malignant controls [16,22]. When DEXA was applied
to malnourished palliative cancer patients, no differences were observed in absolute fat mass (kg)
during follow-up (4–62 months) [9]. However, the relative change (percentage of change from
initial values) revealed a loss of fat concurrent with a marginal increase in lean mass during cancer
progression [9]. As DEXA quantifies regional lean body mass, this study raised the possibility that
patients may not have been gaining skeletal muscle per se but rather lean mass in internal organs
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such as the liver and spleen which has been reported as patients approached death in a subsequent
study [24].

In an oncologic population, CT images are a routine part of treatment and are available from
patient records as a chart review. CT image analysis has emerged as the gold standard for body
composition assessment in cancer patients due to its ability to discriminate and quantify muscle,
adipose tissue and organs. Shen et al. established that single slice tissue areas can be used to estimate
whole body muscle and adipose tissue volumes [25]. Cachectic cancer patients exhibit lower adipose
tissue mass compared to weight stable and/or controls [15–17,26]. Volumes of total adipose tissue, VAT
and SAT were calculated in newly diagnosed GI cancer patients receiving no anticancer treatment [26].
Cachectic groups were separated into two groups, those with and without gastrointestinal obstruction
that interfered with their food intake. Cachectic groups were compared to weight-stable cancer patients.
Deterioration in nutritional status was confirmed by a higher Patient-Generated Subjective Global
Assessment (PG-SGA) score in the cachectic patients with GI obstruction. Both BIA and CT analysis
indicated that total fat mass (kg), and visceral and abdominal subcutaneous volumes were lower in
cachectic patients compared to the weight-stable group. The cachectic patients with GI obstruction
lost approximately two times more weight but VAT volume was greater compared to cachectic group
without GI obstruction [26]. This study applied CT scans taken at one point in time; therefore, intensity
of loss over time can not be determined. A lower amount of VAT, not the loss per se, was observed in
cachectic group who did not have altered food intake.

Approaching death, the intensity of tissue loss increases and patients experience the greatest and
most accelerated rate of loss [8,9,24,27]. Analysis of sequential CT images in 34 advanced colorectal
cancer patients revealed that the greatest changes in body composition occur starting at 4.2 months
from death [24]. One month from death, liver and spleen mass increase, whereas skeletal muscle
and fat mass decrease [24]. A study by Murphy et al. quantified fat mass in 108 colorectal and lung
cancer patients with at least two abdominal CT images in the last 500 days of life. Beginning seven
months prior to death, both VAT and SAT mass decreased in cancer patients, reaching intensities of
10 kg of fat loss/100 days [8]. A recent study in pancreatic cancer patients suggested that the rate
of visceral adipose tissue loss, rather than the absolute amount, may be an important indicator of
survival [28]. Patients with at least two abdominal CT scans between diagnosis and death, receiving
surgery (62%) or chemotherapy (88%) during cancer progression, were selected for this study. The
rate of change (% change/100 days) for SAT was similar to VAT but a change in VAT was significantly
correlated with survival in cancer patients. The presence of co-morbidities such as diabetes and anemia
may have accelerated loss of VAT [28]. In another study, cachectic gastrointestinal cancer patients
had significantly lower VAT and SAT three months prior to death compared to the benign controls.
However, there was a tendency for cachectic patients to have smaller visceral and subcutaneous area
compared to cancer patients without cachexia [27]. At present, no other studies exist regarding the
pattern of fat loss in cancer and further studies are needed to establish the timeline and pattern of fat
mass alterations in different adipose tissue depots during cancer progression. Further, the majority
of studies assessing fat mass focus on gastrointestinal cancer patients so there is a gap in knowledge
related to other malignant tumors.

While the majority of human studies focus on cachectic vs. non-cachectic patients, less is known
about the effect of cancer treatments, which may also induce alterations in fat mass. For example,
cancer surgery contributes to weight loss. Six months after surgery, weight is reduced from the baseline
due to the catabolic response to the operation [29–31] and stabilizes after 12 months [31]. Adams
reported that weight loss occurs rapidly in the three months following surgery [29]. Body composition
assessment before, and 6 and 12 months after gastrectomy, measured from total body potassium and
water, indicated 40% of fat mass was lost during the six months after surgery [30]. In a study by our
group, two to six months after surgery, patients with colorectal liver metastasis were losing VAT at
a greater rate than SAT, measured using consecutive CT scans (Figure 1). This supports the work of
others in pancreatic cancer patients during early stages of disease progression. Intra-abdominal and
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subcutaneous adipose tissue mass were assessed before and after surgery using CT scans. Fat loss from
intra-abdominal depot was greater than abdominal subcutaneous following surgery [32]. Therefore,
surgical procedures may contribute to weight and fat loss due to the catabolic and inflammatory
response to the surgery.

Figure 1. Mean rate of visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) change
in fat losing cancer patients assessed by consecutive computed tomography (CT) scans. Data are
represented as Mean ± SD, n = 5 (Fat Losing) and n = 2 (Fat Stable), p < 0.05 VAT, visceral adipose
tissue; SAT, subcutaneous adipose tissue.

Fat loss or gain after chemotherapy will depend on the tumor type, drug type, dose and
overall response to chemotherapy. Following at least one cycle of chemotherapy treatment (cisplatin,
5-fluorouracil and/or epirubicin), patients with locally advanced oesophagogastric cancers lost an
average of 1.3 ± 3.2 kg (6%) fat mass [33]. In advanced pancreatic cancer patients, a multivariate
survival analysis revealed that VAT loss (determined from CT pre and post chemoradiation) but not
muscle loss was significantly related to shorter survival [34].

Three months after chemotherapy initiation, testicular cancer patients who received 3 or 4 cycles
of cisplatin-based chemotherapy had significantly higher VAT volume without changes in SAT [35].
However, nine months later, both VAT and SAT increased significantly, suggesting a capacity to rebuild
lost adipose tissue [35]. A recent study using CT imaging to understand the loss and gain of muscle
and adipose tissue during the year preceding death revealed that anabolic potential does exist, as some
patients gained muscle and adipose tissue, but were only capable of doing this >3 months prior to
death [36]. These results will initiate further research aiming to define the appropriate time to initiate
nutritional intervention to preserve both muscle and fat tissue.

Fat loss may precede the loss of lean tissues (Table 1). The only patient group in which this
question has been addressed is patients with newly diagnosed GI cancers. However, in all studies that
have addressed this question to date, changes in adipose tissue were observed in absence of changes
in lean tissues. The majority of these studies use BIA and DEXA for body composition assessments
which are limited in ability to provide a direct estimate of muscle mass; further studies are needed to
confirm that these findings are attributable to muscle loss or other lean body mass loss. Only one study
used CT scans to assess body composition in GI cancer patients and that study showed no difference
in abdominal muscle volume between cachectic and weight-stable cancer patients. However, that
study assessed CT images at only one time point [26]. Adipose depletion may occur more rapidly than
muscle during disease progress. Advanced pancreatic cancer patients lost both VAT and SAT over
time, and the rate of change (%change/100 days) in total adipose tissue (−40.4 ± 25.4%/100 days)
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was much greater than muscle tissue (−3.1 ± 12.0%/100 days). No significant differences in adipose
tissue mass were observed between patients who were or were not receiving chemotherapy [37]. These
observations are supported by an experimental study in which lung carcinoma or melanoma cells
were injected subcutaneously to induce cachexia in mice. Fat loss occurred prior to muscle loss, at
early stages of tumor growth, at an intensity that was greater than muscle loss [38]. White adipose
tissue browning, which contributes to fat loss in cancer, occurred before skeletal muscle wasting in
mouse models of cancer cachexia [39].

Table 1. Articles reporting fat and lean tissue loss in newly diagnosed cancer patients.

Authors Subjects 1 Cancer Type
Body Composition

Assessment
General Comments

Fouladiun et al., [9]

Malnourished patients (n =
132; 66 ± 3 years) advanced

cancer with malnutrition
(T4N1M1)

GI (n = 123)
Breast (n = 1)

Melanomas (n = 2)
Other (n = 6), followed for

6–42 months

DEXA

Whole body fat loss was related to
shorter survival

Body fat loss more intense and
pronounced compared to

lean tissue

Agusstson et al., [15]

Weight stable cancer patients
(n = 11), Weight-losing

cachectic cancer patients with
(n = 8) and without (n = 7)

malnutrition

GI cancer with no treatment
before surgery BIA

No differences in lean body mass
between groups

Increased lipolysis in cancer
cachectic patients

Dahlman et al., [17] Cachectic patients (n = 13)
Weight-stable cancer (n = 14)

GI cancer with no treatment
before surgery BIA

Decreased body fat mass but
similar lean body mass between

cachectic and control patients

Ryden et al., [16]

Cachectic patients (n = 13)
Weight stable cancer patients

(n = 10),
Without cancer (n = 5)

GI cancer with no treatment
before surgery BIA

No difference in lean body mass
between groups

Elevated lipolysis with no
changes in lipogenesis
No local inflammation

Agustsson et al., [26]

Cancer cachectic without (n =
13) and with gastrointestinal
obstruction (n = 10), Weight

losing-cancer (n = 17)

GI cancer with no treatment
before surgery BIA, CT

No changes were observed in
lean mass

Visceral fat volume was lower in
cachectic group compared to

weight stable
1 No patients received chemotherapy or radiotherapy.

4. Mechanisms for Adipose Depletion in Cancer

Elevated energy expenditure, decreased food intake and alterations in circulating levels of
hormones including insulin, leptin, catecholamines, as well as elevated catabolism due to the tumor
presence (high energy demands of tumor, inflammatory mediators produced by tumor) and tumor-host
interactions are factors contributing to wasting in cancer [40]. These factors can cause abnormalities in
lipid metabolism which may also lead to fat loss. Increased lipolytic activity, evidenced by elevated
fasting plasma glycerol and free fatty acids is a driver of fat loss in advanced cancer patients [15,23,41]
but the underlying causes of elevated lipolysis are not known. Other mechanisms including decreased
lipogenesis [42,43], impairment in adipogenesis [11,14], elevated fat oxidation [17,23,44], and decreased
lipid deposition [45–49] have also been attributed to fat loss in cancer (Figure 2).
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Figure 2. Summary of mechanisms and specific genes involved in adipose atrophy in cancer.
WAT, white adipose tissue; FFAs, free fatty acids; ATGL, adipose triglyceride lipase, HSL,
hormone sensitive lipase; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator
1 alpha; UCPs, un-coupling proteins; CIDEA, Cell death-inducing DFFA (DNA fragmentation
factor-alpha)-like effector A; CPT1α, carnitine palmitoyltransferase 1 alpha; PPAR-γ, Peroxisome
proliferator-activatedreceptor gamma; C/EBPα, CCAAT-enhancer-binding proteinα; LPL, lipoprotein
lipase; FAS, fatty acid synthase; ACC, Acetyl-CoA carboxylase; Scd1, Stearoyl-CoA desaturase;
SREBP1c, sterol regulatory element binding protein-1c.

Human and experimental models have been used to study the mechanisms of fat loss in cancer.
Animal models are necessary to elevate our understanding of cancer associated weight-loss. However,
each model may represent only some aspects of human cancer cachexia and choice of animal model
is based on research objectives. For example, the MAC16 adenocarcinoma induces cachexia in the
absence of anorexia and is suitable to study wasting related to the tumor produced factors rather
than food intake. Yoshida ascites hepatoma AH130 (YAH-130), on the other hand, induces cachexia
and anorexia accompanied by inflammation [50]. Therefore, the result of studies investigating the
mechanisms underlying fat loss in cancer should be interpreted with caution as each specific tumor
type, in various stages of growth, can affect various adipose tissue depots in a different manner.

4.1. Decreased Food Intake and Hypermetabolism

Anorexia alone does not explain reduced body weight or/and fat mass in cancer patients
and cachexia-associated wasting can not be completely reversed by elevated nutritional intake [10].
Compared to pair-fed controls, the MAC-16 tumor leads to greater fat loss in mice indicating that
tumors with high energy demands, rather than calorie restriction, may be responsible for adipose
depletion [11]. Likewise, human studies have shown that in the absence of changes in food intake,
hyper metabolism, characterized by elevated resting energy expenditure (REE), may be a contributing
factor to the weight loss in cancer. Weight-losing and weight-stable cancer patients with various solid
tumors had similar dietary intakes but weight losing patients had a higher REE determined by indirect
calorimetry [51]. REE was also higher in weight-stable cancer patients compared to non-cancer controls
which indicate that the tumor contributes to an elevated REE [52]. Johnson et al. reported no difference
in measured REE between weight-losing and stable cancer patients but rather attributed higher REE in
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weight-losing cancer patients to elevated C-reactive protein (CRP) [53]. Although REE can contribute
to weight loss in cancer, factors like tumor type, stage and duration of the disease also affect the REE
in cancer [52,54].

In palliative cancer patients, during 4–62 months follow-up, body weight and fat mass (% change
from baseline) decreased in the absence of changes in REE. Despite providing nutritional support to
patients who had baseline calorie intake less than 90% of their energy requirement, body weight and
fat mass did not increase [9]. Therefore, factors other than nutrient intake and hypermetabolism may
contribute to fat loss in cancer.

4.2. Lipolysis and Elevated Fat Oxidation

It is well accepted that elevated lipolysis is the main cause of fat loss in cancer [15–17,22,23,55,56],
however the specific mechanisms contributing to lipolysis have not been clearly defined. Hormone
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) are major enzymes that contribute
to TG breakdown in adipose tissue. Adipose triglyceride lipase catalyzes the first step in TG
hydrolysis. During adipose tissue lipolysis, free fatty acids (FFA) and glycerol molecules are produced
by the hydrolysis of triglyceride. HSL activity is regulated by hormones, i.e., catecholamines,
insulin and glucagon, through a cAMP-mediated process [57,58]. Catecholamines stimulate lipolysis,
whereas insulin has anti-lipolytic functions [59]. Binding of hormones to G-protein-coupled receptors
results in up-regulation of adenylate cyclase which leads to an increase in intracellular cyclic
adenosine monophosphate (cAMP) concentrations. cAMP stimulates a protein kinase which in
turn phosphorylates and activates HSL [57,58]. Phosphorylated HSL translocates from the cytosol to
the surface of lipid droplets to induce lipolysis.

Elevated expression of HSL mRNA [15,22,60] and protein [15,22] has been reported in cancer
cachectic patients compared to weight-stable cancer. Higher mRNA expression of HSL in SAT was
associated with higher serum FFAs in cancer patients, however, no significant differences were
observed in mRNA expression of lipoprotein lipase (LPL), fatty acid synthase (FAS), insulin and
tumor necrosis factor alpha (TNF-α) in adipose tissue of cancer patents compared to controls [60].
These results are supported by a study that reported HSL mRNA and protein over-expression, as well
as increased hormone-stimulated lipolysis in cachectic cancer patients compared to malnourished
weight-losing and weight stable cancer patients, explained the elevated adipose atrophy in cancer
cachexia [15]. The ratio of plasma glycerol/body fat (index of in vivo lipolysis) was two times higher
in cachectic patients. Ex vivo culture of adipocytes from the same patients revealed no difference in
basal lipolysis (glycerol release to the media) between groups. However, incubation of adipocytes
with catecholamines and natriuretic peptides elevated glycerol release to the media in the cachectic
group suggesting that the adipocytes were more sensitive to the same amount of stimuli, and therefore
more catabolic. There was no significant difference in plasma levels of catecholamines and natriuretic
peptides between groups [15]. An explanation of the lack of difference in plasma hormone levels
could be that lipolytic effects of hormones are elevated at the receptor level, evidenced by elevated
β1-adrenoceptor (ADRB1) expression on adipocyte membranes in cachectic GI cancer patients [22].
Consequently, higher HSL expression and activity, which positively correlated with ADRB1 expression,
were associated with higher plasma glycerol/fat mass and FFA/fat mass [22]. Therefore, lipolysis
can be elevated in cancer cachectic patients due to increased expression of receptors on adipocytes
membrane and their response to lipolytic effects of hormones, rather than elevated levels of mediators.

In study by Agustsson et al. [15], elevated HSL mRNA and protein expression contributed to the
increased lipolysis. No significant difference in mRNA expression of ATGL was observed between
cachectic cancer patients and controls; however, protein expression was not measured in this study [15].
Das and Hoefler [61] reported that ATGL mRNA expression may not translate to enzyme activity as its
function is regulated via post-translational modifications. In another study, Das et al. reported higher
ATGL and HSL activity in VAT of cachectic patients compared to non-cancer and cancer patients
without cachexia, which has been previously reported [38]. Animal studies suggest that ATGL plays a
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more important role in adipose tissue lipolysis than HSL [38,62]. In mice bearing cachexia-inducing
lung carcinoma or melanoma cells, lower body weight, decreased fat and muscle mass and elevated
lipolysis were observed in tumor group compared to the controls. In HSL deficient mice, the tumor
could reduce body weight and fat mass due to elevated ATGL activity. However, in ATGL deficient
mice, the tumor did not induce elevated lipolysis and there was no significant difference in weight
and fat mass between control and tumor group. Fat preservation in ATGL deficient mice, prevented
muscle loss in tumor bearing animals [38]. Consistent with these findings, a recent study in mice
bearing cachectic Colon-26 carcinoma revealed lower fat mass and increased lipolysis in cachectic
mice compared to control mice. Increased lipolysis was induced by ATGL rather than the PKA/HSL
pathway during late stages of cancer cachexia. ATGL protein levels increased in cachectic mice,
however, no changes were observed in ATGL mRNA expression [62]. Therefore, not only mRNA
expression but also protein expression and/or activity of these enzymes need to be determined in
adipose tissue to investigate mechanisms that underlie elevated lipolysis.

The majority of studies indicated elevated lipolysis as a reason for fat loss in cancer; and
consequently, increasing fatty acid oxidation could be a tentative approach to utilize surplus fatty
acids (FAs). By increasing fatty acid oxidation within adipose tissue, liberated FAs are oxidized
and can not be re-esterified into TG. Zuijdgeest-van Leeuwen et al. [23] reported higher lipolysis
and reduced food intake in weight-losing cancer patients compared to healthy weight-stable adults.
Whole body lipolysis and fatty acid oxidation were higher in cancer patients compared to healthy
subjects, even after adjusting for food intake. However, this heterogeneous population of cancer
patients had varying degrees of weight loss (5.3%–25%/6 months) and were at different stages
in the disease trajectory (1–180 months since diagnosis) [23]. Up-regulation of genes involved in
mitochondrial fat oxidation such as peroxisome proliferator-activated receptor-gamma coactivator
1 alpha (PGC-1α), and uncoupling protein 2 (UCP-2) have been demonstrated in animal models of
cancer cachexia [11]. Enhanced fat oxidation reflected by a decreased respiratory quotient (RQ) [17,44],
higher expression of genes related to energy and FA metabolism pathways such as Krebs TCA cycle,
oxidative phosphorylation, and FA degradation have been reported in patients with cachexia [17].
No differences were observed in expression of genes involved in fatty acid oxidation including
PPARα, PGC-1α, carnitine palmitoyltransferase 1 alpha (CPT1α) in mice bearing Colon-26 carcinoma
compared to controls. However, mRNA expression of peroxisomal bifunctional enzyme (Pbe), specific
for peroxisomal fatty acid oxidation, was higher in cachectic mice [62]. Another study found that
mRNA levels of Cell death-inducing DFFA (DNA fragmentation factor-alpha)-like effector A (Cidea),
which mediates oxidation of excess FAs rather than glucose, is increased in SAT of cachectic patients.
In addition, cachectic patients had lower plasma TGs, increased FAs and glycerol, and lower RQ
indicating elevated FA oxidation [44]. In pancreatic cancer patients, Cidea expression was higher in
intra-abdominal adipose tissue compared to subcutaneous in early stages of tumor progression. CT
image analysis of these same patients revealed that patients were losing intra-abdominal fat more than
subcutaneous fat [32].

Excess fatty acids from enhanced lipolysis are oxidized by mitochondria to produce energy.
However, the appearance of brown adipocytes within the white adipose tissue can dissipate energy
of substrate oxidation as heat through uncoupling fatty acid oxidation from ATP production by
uncoupling protein-1 (UCP1) [63]. Recently, studies found that white adipose tissue browning
can contribute to adipose atrophy in cancer by enhancing white fat thermogenesis [39,64]. Small
adipocytes with large nuclei were observed during early stages of cachexia in SAT of mouse models of
lung and pancreatic cancer. Multi-locular cells interspersed in the white adipose tissue, resembling
brown adipocytes, positively stained for UCP-1 [39]. White adipose tissue browning was associated
with increased expression of brown fat markers including UCP-1, PGC-1α, PPARγ and Cidea in
cachectic mice compared to the controls [39,64]. β-adrenergic signaling, inflammatory cytokines like
interleukin-6 (IL-6) [39] and tumor-derived parathyroid hormone-related protein (PTHrP) [64] can
mediate white adipose browning by inducing expression of thermogenic genes. Blocking of these
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mediators might help to prevent adipose atrophy in cancer cachexia [39,64]. Collectively, lipolysis,
increase fatty acid oxidation and elevated white adipose tissue thermogenesis play an important role
in AT depletion in cancer.

4.3. Lipogenesis and Lipid Deposition

Despite the importance of lipolysis in fat loss in cancer, fat depletion can also occur when
lipogenesis is limited in white adipose tissue. In murine cachectic models (Yoshida AH-130 ascites
hepatoma), decreased AT lipogenesis was accompanied by an increase in liver lipogenesis and
hypertriglyceridemia [42]. Decreased lipogenesis was accompanied by lower activities of FAS, citrate
cleavage enzyme, and malic enzyme in rats bearing a mammary adenocarcinoma during late phases
of tumor progression [43]. Deterioration in lipid synthesis capacity of epidydimal adipose tissue
was observed in MAC16 bearing rats, evidenced by decreased mRNA levels of important lipogenic
enzymes such as acetyl-CoA carboxylase, FAS, stearoyl-CoA desaturase-1 and glycerol-3-phosphate
acyltransferase [11].

Increased lipolysis and decreased lipogenesis has been reported in male Japanese white rabbits
bearing the VX2 tumor cells compared to food-restricted animals. Body weight reduction and fat
loss occurred before any decrease in food intake [65]. Adipocyte apoptosis (20–30 days after tumor
implantation) was also observed in tumor groups, however no changes in total body fat cell numbers
has been reported in previous human studies [15–17]. Discrepancies may be caused by the fact
that patients in previous studies were at early stages of disease and also the fat cell numbers were
extrapolated based on the total body fat and mean fat cell volume. In contrast to those human studies,
animals were followed during cancer progression and also biological differences and limitations of
extrapolating results between different species may contribute to the discrepancies.

LPL mediate FAs uptake in adipose tissue by hydrolysis of very-low-density lipoproteins
and chylomicrons. Numerous animal studies suggest reduced LPL activity in cancer [42,43,45,46].
Reduction in AT LPL activity in tumor bearing mice to the levels of starved animals was associated
with impaired lipid deposition, fat loss, reduced breakdown of plasma lipoproteins and increased
circulating lipid concentrations [47]. Decreased adipose tissue LPL activity was associated with
hypertriglyceridemia during early stages of tumor growth in Lewis rats bearing a mammary
adenocarcinoma [43]. Decreased fat content and LPL activity in WAT was accompanied by increasing
circulating triglycerides, and body weight loss induced by the Yoshida AH-130 ascites hepatoma in
rats [42,45,46]. In mice bearing MAC16, plasma TGs decreased during cancer progression, regardless
of the amount of weight loss. At early stages, plasma FFA decreased and LPL activity increased;
however, at advanced stages of tumor, LPL activity decreased [49].

While the majority of studies have utilized animal models to investigate lipogenesis and LPL
activity during cancer progression, the human studies have reported decreased mRNA expression and
activity of LPL and FAS in VAT in proximity to a tumor compared to distal adipose tissue in colorectal
cancer patients [48]. Decreased FAS activity in adipose tissue and elevated activity in tumor cells
might be important for tumor cell growth [48]. No changes were observed in lipogenesis in adipocytes
isolated from cancer patients’ SAT, compared to controls [16]. Lower plasma TG and higher glycerol
and FFAs have been observed in cachectic patients [16,17,27] but the activity or expression of LPL was
not determined in these studies. Further studies are required to determine the lipogenesis capacity
and fatty acid uptake by adipose tissue in various groups of cancer patients at different stages during
disease trajectory.

4.4. Adipogenesis

Fat loss may arise from impairment in the adipose tissue development and ability for fat
synthesis and storage capacity. Adipogenesis is a highly regulated process which encompasses
preadipocyte proliferation and differentiation into mature adipocytes. Adipogenesis is then followed
by lipogenesis to store lipid in fat cells. TNF-α, a proinflammatory cytokine produced by both tumor
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and adipose tissue regulates adipocyte differentiation [66]. Therefore, higher production of TNF-α in
cancer-associated cachexia may lead to the altered differentiation status of adipocytes. A reduction
in mRNA levels of adipogenic transcription factors including CCAAT-enhancer-binding proteins
(c/EBPβ), PPARγ, c/EBPα, sterol regulatory element binding protein-1c (SREBP-1c) in epididymal
adipose tissue of mice bearing MAC16 tumor was associated with diminished adipocytes size [11].
Expression of adipogenic factors including C/EBPα, SREBP1C and PPARγ decreased in rats bearing
Walker 256 during early stages of cachexia. Morphological changes evident by smaller adipocytes
occurred during late stages of cachexia which supports a reduction in expression of adipogenic
genes [14]. Lower expression of adipogenic genes such as C/EBPα, Reverba, Per2 and PPARγ
has been reported in cachectic mice bearing the Colon-26 carcinoma [62]. More research in both
animal and human models is required to demonstrate the possible alterations in adipogenesis during
cancer progression.

5. Local Adipose Tissue Inflammation

Proinflammatory cytokines, i.e., IL-1β, TNF-α, IL-6 produced by tumor or host tissue due to
tumor presence leads to both systemic and local inflammation in cancer [67,68]. Visceral adipose tissue
is a more active producer of inflammatory cytokines IL-6, TNF-α [69,70]. However, data on local
adipose tissue inflammation in cancer are inconsistent, being reported as either increased [14,62,71]
or unchanged [11,16,17,31,32]. Walker 256 carcinoma caused elevated expression of macrophage
markers (f4/80, CD68) especially during late stages of tumor progression [14]. Mesenteric and
epididymal adipose tissue were the most and least commonly affected fat depots by macrophages,
respectively [14]. In mice bearing Colon-26 carcinoma, depleted fat mass was associated with
enhanced inflammatory IL-6/STAT3 cytokine signaling pathway [62]. IL-6 induces signal transducer
and activator of transcription-3 (STAT3) activation through phosphorylation. Elevated levels of
phosphorylated STAT3 in cachectic mice compared to the control group were observed [62]. Higher
mRNA expression of TNF-α in SAT, not VAT, of cachectic GI cancer patients compared to weight-stable
cancer patients was reported in newly diagnosed cancer patients. [71]. Contrary to those studies,
no change in mRNA expression of inflammatory markers including IL-6 and TNF-α were observed
in SAT from cancer patients [16,17] or in an animal model [11]. This paralleled the observation that
macrophages or lymphocytes did not infiltrate SAT, as there were no changes in mRNA levels of
CD68 (macrophages infiltration marker), CD3 (T-lymphocytes marker) [16] in humans, and MAC1 and
F4/80 (macrophage markers) expression in animals [11]. Monocyte chemoattractant protein-1 (MCP-1)
and TNF-α mRNA levels in both intra-abdominal and subcutaneous depots did not differ between
pancreatic cancer patient and non-cancer controls. However, mRNA expression of MCP-1 and TNF-α
in intra-abdominal adipose tissue negatively correlated with post-operative change in intra-abdominal
mass assessed by CT scans [32]. This paradox may be due to differences in tumor stages between
studies, involvement of other cytokines such as transforming growth factor-b (TGF-b), IL-1 or interferon
gamma in cancer associated cachexia or the balance between anti- and pro-inflammatory cytokines
of might be important for cachexia-associated inflammation [61,72]. Another explanation is that a
cytokine like TNF-α is involved in early stages of cachexia but is transient in nature. Therefore, due to
its short half-life and different assay sensitivities, results should be interpreted with caution (reviewed
by Das and Hoefler) [61]. Alternate markers such as TNF-R1 and TNF-R2 (Soluble TNF-α membrane
receptors) may be more accurate markers than TNF-α due to their longer half-life and stability [73].
Overall, a major gap remains related to comparison of local inflammatory markers in both visceral and
subcutaneous depots. Inflammatory cytokines can mediate fat loss in cancer (reviewed by Bing [74]),
therefore, assessing whether depot-specific differences in inflammatory cytokines transcription may
contribute to inflammatory factors production and subsequent alterations in fat mass would be of
great value.
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6. Conclusions

Alterations in adipose tissue fat metabolism including changes in expression of genes involved
in fat synthesis, storage, mobilization or oxidation, browning of white adipose tissue, adipocytes
development, and elevated inflammatory signaling may have a role in fat loss in cancer patients. Fat
accumulation at the time of diagnosis may contribute to cancer progression but the accelerated rate
of adipose tissue loss would be expected to be associated with shorter survival time during cancer
progression. Alterations in fat mass and composition between visceral and subcutaneous depots
are equivocal in cancer trajectory and little is known regarding these alterations. The prognostic
significance of these depots needs to be investigated in large populations throughout the cancer
progression. Due to various roles of adipose tissue in controlling human metabolism, further
identification of mechanisms and mediators of fat loss in cancer would help in the identifying fat-losing
cancer patients that would benefit from early therapeutic interventions which could improve survival
and prevent muscle atrophy in these patients. Finally, results need to be interpreted carefully as factors
including tumor type, cancer stage, response to treatment and metabolic capacity of patients may
influence findings.
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Abstract: Prostate cancer is the second most common cancer diagnosed world-wide; however,
patients demonstrate exceptionally high survival rates. Many lifestyle factors, including obesity and
diet, are considered risk factors for advanced prostate cancer. Dietary fat is a fundamental contributor
to obesity and may be specifically important for prostate cancer patients. Prostate cancer treatment
can result in changes in body composition, affecting quality of life for survivors by increasing
the risk of co-morbidities, like cardiovascular disease and diabetes. We aim to examine dietary
fat throughout the prostate cancer treatment trajectory, including risk, cancer development and
survivorship. Focusing on one specific nutrient throughout the prostate cancer trajectory provides a
unique perspective of dietary fat in prostate cancer and the mechanisms that may exacerbate prostate
cancer risk, progression and recurrence. Through this approach, we noted that high intake of dietary
fat, especially, high intake of animal and saturated fats, may be associated with increased prostate
cancer risk. In contrast, a low-fat diet, specifically low in saturated fat, may be beneficial for prostate
cancer survivors by reducing tumor angiogenesis and cancer recurrence. The insulin-like growth
factor (IGF)/Akt signaling pathway appears to be the key pathway moderating dietary fat intake
and prostate cancer development and progression.

Keywords: risk; progression; survivorship; IGF signaling; saturated fatty acids; monounsaturated
fatty acids; polyunsaturated fatty acids; trans fatty acids

1. Introduction

Prostate cancer is the second most commonly diagnosed malignancy in men worldwide. Prostate
cancer diagnoses accounts for 15% of all male cancer diagnoses, second to only lung cancer [1,2]. In
2012, more than 1.1 million prostate cancer cases were diagnosed worldwide [1,2]; however, prostate
cancer mortality rates are exceptionally low, with only 307,000 prostate cancer deaths estimated in
2012, accounting for only 6.6% of male deaths. [1]. This remarkably low mortality rate is attributed to
the wide-spread use of prostate-specific antigen (PSA) screening in most developed countries where
the incidence of prostate cancer is higher. PSA screening allows the detection of smaller and earlier
stage tumors that may or may not progress to more advanced cancer. Because of the growing incidence
of prostate cancer and the low death rates, prevention of prostate cancer and, specifically, aggressive
and advanced prostate cancer is of the utmost importance. Many lifestyle factors, such as obesity, diet,
physical activity levels and smoking, are considered risk factors in the development of prostate cancer.
Consequently, a large body of literature endeavours to elucidate the role of lifestyle factors, including
obesity, in prostate cancer risk, development of the tumour and successful survivorship.

Obesity and prostate cancer endure a complex relationship. Obesity is associated with increased
incidence of high-risk or aggressive prostate cancer [3]. Additionally, it is associated with increased
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incidence of prostate cancer recurrence [4], which may be attributed to increased adiposity and reduced
muscularity in prostate cancer patients who undergo androgen deprivation therapy (ADT) [5]. One of
the potential factors thought to link obesity and prostate cancer is dietary fat intake. Dietary fat is a
fundamental contributor to obesity [6] and may help explain the complicated relationship between
obesity and prostate cancer. For prostate cancer patients, obesity is not only a potential risk factor, but
changes in body composition may affect the quality of life of prostate cancer survivors by increasing
the risk of co-morbidities, like cardiovascular disease [7], and by decreasing functional outcomes [8].
Changes in dietary fat intake may help ameliorate some of the negative outcomes associated with
changes in body composition in the prostate cancer survivor. Thus, many studies have looked at diet
and exercise manipulation to counter the expected increase in adiposity and the loss of muscle. Further
consideration into the role of obesity, dietary fat and the prostate cancer trajectory is warranted to help
clarify this complex relationship.

The aim of this manuscript is to review the literature examining dietary fat throughout the prostate
cancer trajectory, including risk, development and survivorship. The majority of reviews that examine
the role of dietary fat in prostate cancer consider many nutrients at one particular time point during
the prostate cancer trajectory (i.e., the role of diet in prostate cancer risk). This narrative review will
examine and summarize the role of dietary fat in prostate cancer throughout the trajectory to provide
a unique and comparative perspective across the time-course of the disease. We also aim to investigate
the mechanisms that exacerbate prostate cancer risk, progression and recurrence and how they may be
related. Saturated fat, n-3 fatty acids and trans-fatty acids will be given special considerations, as these
types of dietary fat may be of particular importance for the prostate cancer patient. The perspectives
described in this review will facilitate the identification of gaps in the literature and will aid future
studies to advance this discipline.

2. Dietary Fat and Prostate Cancer Risk

There are numerous nutritional factors associated with obesity and prostate cancer risk, including
positive energy balance [9], red meat and dairy intake [10], saturated fat [11], trans fatty acid intake [12]
and total dietary fat intake [11]. Conversely, n-3 fatty acids have been identified as having a potentially
protective effect against prostate cancer [11]. The earliest identification of dietary fat as a potential
risk factor for prostate cancer stems from correlations and case-controls studies; however, the results
were mixed, with studies demonstrating positive, negative and no associations between dietary fat
and the risk of prostate cancer. These studies are based on the principle that participants moving from
countries where the risk of prostate cancer is low, such as Japan, had a significant increase in the risk
of developing prostate cancer upon moving to North America [13,14]. These studies hypothesized
that increased dietary fat consumption may be driving this relationship [15]; however, they did not
quantify dietary fat, nor did they control for confounders, which may affect the association with
prostate cancer. Early case-control studies examining dietary fat as a risk factor for prostate cancer
also demonstrated mixed results [16–23]. Some of these case-control studies demonstrated positive
associations between both dietary and saturated fat intake [16–19], while others found no association
between dietary fat intake and prostate cancer diagnosis [20–23]. Early prospective cohort studies also
demonstrated mixed results, with some demonstrating no association between high meat and dairy
products [24–26] and prostate cancer risk, while animal product intake was positively associated with
the risk of prostate cancer, though these associations were weak (relative risk: 1.3–1.5; p > 0.1 [27];
relative risk: 1.38, 95% CI: 0.89–2.16) [27,28]. These studies were also limited by the methods used to
assess dietary intake. It was not until Giovannucci and colleagues [29] published their prospective
analysis of dietary fat and prostate cancer risk using the Health Professionals follow-up study that
the relationship between dietary fat and prostate cancer risk began to become clearer. Giovannucci
et al. [29] used a semi-quantitative food frequency questionnaire to assess dietary fat in these men.
They concluded that total fat consumption was related to the risk of advanced cancer and that this
relationship was primarily related to animal fat consumption (relative risk: 1.79; 95% CI: 1.04–3.07).
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Fat from dairy products, with the exception of butter, appeared to be unrelated to advanced prostate
cancer risk.

These early studies formed the basis for much of the current work that has evaluated dietary fat
intake as a potential risk factor for prostate cancer. A systematic review by Ma and Chapman [30]
indicated that based on the Oxford Centre for Evidenced-Based Medicine Levels of Evidence, there is
Level 2b evidence to suggest that dietary fat, and in particular, high intake of animal and saturated fats
(~40% total fat intake; [31]), is associated with the increased risk of prostate cancer. Most of the studies
evaluated in the systematic review were primarily Level 4 studies (Case series), but also including
some Level 2 (prospective comparative) and 3 (retrospective cohort and case-control) studies. Ma and
Chapman [30] examined numerous types of fat and identified that there is suggestive evidence to
support total fat intake, animal and saturated fat intake, monounsaturated fatty acids and α-linoleic
acid as being associated with the increased risk of prostate cancer, while there was not enough evidence
to draw conclusions about polyunsaturated fatty acid intake, as well as eicosapentaenoic acid (EPA).

Gathirua-Mwangi and Zhang [32] evaluated the relationship between dietary fat intake and the
risk of advanced cancer. Despite the limited number of studies, their conclusions were similar to
Ma and Chapman [30], indicating that total fat intake (odds ratios: 1.25–1.80; 95% CI: 0.75–2.91) and,
specifically, saturated fat intake are significantly associated with the increased risk of advanced prostate
cancer (odds ratios: 1.44–1.80; 95% CI: 0.82–5.20) [32]. When they evaluated the classification of fatty
acids, they concluded that monounsaturated and polyunsaturated fatty acids were not associated
with the risk of advanced prostate cancer, nor were linoleic and linolenic acids. They also noted that
higher animal fat intake was also associated with advanced prostate cancer, and a borderline inverse
relationship was noted for total vegetable fat intake and advanced prostate cancer risk. The most
recent evidence for this relationship comes from Pelser and colleagues [11]. They suggested that a
dichotomous relationship between dietary fat consumption and prostate cancer risk exists. Using
data from the NIH-AARP Diet and Health Study, they demonstrated that total fat intake and mono-
and poly-unsaturated fats were not associated with the incidence of prostate cancer, but saturated fat
increased the risk of advanced prostate cancer (hazards ratio: 1.21; 95% CI: 1.00–1.46) and prostate
cancer death (hazards ratio: 1.47; 95% CI: 1.01–2.15). They also noted that EPA was associated with
decreased risk of fatal prostate cancer (hazards ratio: 0.82; 95% CI: 0.64–1.04).

Despite the limited number of studies, the systematic reviews cited here indicated some evidence
for the increased risk of prostate cancer and, specifically, advanced or fatal prostate cancer with
increased dietary fat intake. When evaluating specific categories of fats, saturated and animal fats
appear to pose the greatest risk for prostate cancer development, while EPA may have a protective
effect. However, more evidence is needed to understand the potential mechanisms that drive the
relationship between fat intake and prostate cancer development.

3. Effects of Dietary Fat on Prostate Cancer Development

A number of potential mechanisms have been identified that may mediate the effects of dietary
fat on prostate cancer development and progression. These include changes in the insulin-like growth
factor (IGF)-Akt pathway, androgen signaling and alterations in cell proliferation and angiogenesis.

3.1. The IGF Signaling Pathway

The IGF signaling pathway is one of the main regulating pathways in which dietary fat can
promote prostate cancer development and progression. Dietary fat intake is positively correlated
with circulating levels of IGF-1, which may ultimately result in increased signaling through the IGF
signaling pathway [33,34]. Fat intake is also negatively correlated with insulin-like growth factor
binding protein-3 (IGFBP-3), the major binding protein of IGF-1 in plasma [33,34], which is also
independently associated with the risk of prostate cancer [35]. Thus, increases in circulating levels
of IGF-1 and decreases in IFGBP-3 can increase the stimulation of the IGF signaling cascade, which
becomes disrupted in malignant cells. Given that perturbations in the IGF system play a critical role
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in cell proliferation, differentiation, apoptosis and transformation, understanding the function of
IGF signaling is key to determining the mechanisms of dietary fat in prostate cancer development
and proliferation.

In non-malignant cells, IGF-1 binds to one of two receptors, IGF-1R and IGF-2R, with a preference
for IGF-1R [36]. IGF-1R is a type 2 tyrosine kinase receptor that, under normal conditions, is involved
in proliferation and differentiation; however, in transformed malignant cells, IGF-1R plays a key role in
the establishment and progression of cancerous cells [36]. Cells lines without IGF-1R have an impaired
ability to transform into malignant cells, though the exact mechanism is unknown [37]. In contrast,
the presence of IGF-1R may also contribute to the ability of malignant cells to metastasize [36]. The
primary role of IGF-1R cell growth is mediated through the IGF-1R/insulin receptor substrate (IRS)-1
axis. Numerous reviews on the role of the IGF-1R/IRS-1 axis and its role in cancer are available [36–41].
Briefly, when a ligand binds to IGF-1R, it activates the tyrosine kinase of the cytoplasmic domain of the
receptor [36]. This results in the phosphorylation of the numerous IGF-1R substrates—IRS-1 and -2 Src-
and collagen-homology (SHC) and growth factor receptor protein 2 (Grb2) [38–41]. The phosphorylated
IRS and SHC in combination with Grb2 activate the mitogen-activated protein kinase (MAPK) cascade,
resulting in cell growth and proliferation [38–41]. IRS-1 also phosphorylates phosphatidylinositol
3′-kinase (PI3K) and the Akt complex, which blocks Bad and Caspase 9, which are key pro-apoptotic
proteins [38–41]. These pathways help regulate the metabolic and anti-apoptotic signal of IGF-1 [38–
41]. Akt can also activate the transcription of nuclear factor-κB (NFκB) and mammalian target of
rapamycin (mTOR). When NFκB is active in healthy cells, it functions as a regulator for many genes
that control proliferation and cell survival; in cancerous cells, it is dysregulated, resulting in decreased
cell death [38–41]. Akt activation promotes signaling in the IGF-1R/IRS-1 axis, which contributes to
the dysregulation of NFκB and, ultimately, cancer cell growth. The IGF-1R/IRS-1 axis also indirectly
increases mTOR activity [38–41]. mTOR then promotes cell growth through the S6kinase, Protein
Kinase C (PKC), p21 and Glycogen Synthase Kinase 3β (GSK3β) activation [38]. These pathways
change the cell cycle, ultimately promoting cell growth. Thus, increased dietary fat intake may
potentially promote malignant cell growth through increased IGF-1 and decreased IGFBP-3, resulting
in increased IGF-1 signaling through the IGF-1R, a receptor implicated in the transformation of healthy
cells to cancerous cells and a mediator of cell growth through the IGF-1R/IRS-1 axis.

3.2. Increases in Androgen Signaling Due to Dietary Fat Intake

Along with IGF-1 signaling, androgen signaling is another pathway in which dietary fat intake
can influence prostate cancer development. Some have demonstrated that decreased dietary fat intake
is associated with decreased androgen [42,43] and testosterone levels [44–46], which subsequently
improves signaling mediated through the IGF-1 signaling pathway. Androgens play a key role in
the development of normal healthy prostate tissue; however, androgen signaling and, specifically,
the androgen receptor, also known as nuclear receptor subfamily 3, group C, member 4, (NR3C4),
is the principle stimulant of prostate cancer progression. In the early stages of development,
malignant prostate cancer cells require androgen stimulation for growth [47]. However, increased
androgen receptor growth is associated with the progression or switch of hormone sensitive cancers to
hormone-resistant cancers, the more aggressive form of prostate cancer [47,48]. Androgens stimulate
prostate cancer cell growth via the Erk-2 pathway, where Erk-2 activation increases the androgen
receptor complex content in the prostate cells [49]. Androgens also increase IGF-1R expression [50],
which is associated with prostate cancer development, as previously described, but IGF-1 can also
have a more direct effect on the androgen receptor. Stimulation of the IGF-1 signaling cascade activates
MAPK, which decreases the acetylation of heat shock protein (HSP) 90. HSP90 is a chaperone protein
of the androgen receptor [51]. This decreased acetylation increases the association of the HSP90
with the androgen receptor, which further stimulates the signaling through the androgen receptor
pathway. Ultimately, stimulation of this pathway results in upregulation of the androgen receptors,
their associated proteins and androgen receptor regulated genes. High-fat diets have been shown
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to increase stimulation through the IGF-1 axis [33,34], as well as being associated with increased
androgen and testosterone levels [42–46]. Diets low in total and saturated fat and high in n-3 fatty
acids counter this pathway by inhibiting IGF-1 binding and decreasing HSP90 association with the
androgen receptor [52]. Consequently, there is increased acetylation of androgen receptors resulting in
their degradation, ultimately reducing androgen receptor proteins, as well as the number of androgen
receptor-regulated genes.

3.3. Dietary Fat Mediation of Cell Proliferation and Angiogenesis

While total dietary fat and saturated fat intake have not been shown to have a direct effect in the
cell cycle and angiogenesis, n-3 fatty acid intake has been shown to inhibit malignant cell proliferation
and angiogenesis [53]. n-3 fatty acids work both intrinsically (mitochondrial pathway) and extrinsically
(death receptor pathway) to induce apoptosis. Specifically, they can inhibit PI3K activity, which
phosphorylates the Akt complex. Phosphorylated Akt regulates a number of downstream factors that
can directly affect apoptosis and the cell cycle. Briefly, phosphorylated Akt inhibits caspase 9 and
pro-apoptotic proteins Bad and BAK, leading to decreased apoptosis; inhabitation of these pathways
via n-3 fatty acids ultimately results in increased cell death. Phosphorylated Akt also increases p27
and inactivates NFκB signaling, which can independently and directly halt the cell cycle. Thus, n-3
fatty acids may have an important role in inhibiting malignant cell proliferation and angiogenesis.

Total dietary fat and saturated fat may work indirectly to enhance cell proliferation and
angiogenesis through the creation of reactive oxygen species (ROS) [54]. ROS generated endogenously
and externally are associated with cancer progression by inducing a number of neoplastic
transformations. ROS alter the conformational structure of the p53 protein, resulting in changes
in protein behaviour and causing a mutated phenotype. These types of p53 mutations are specifically
important in prostate cancer progression. Total dietary fat, especially n-6 fatty acids, as well as
androgens can all serve as oxidants directly increasing oxidative stress and altering a number of
transcription factors. Oxidative stress has been shown to be higher in the benign epithelium of
men with prostate cancer when compared to men without prostate cancer [54], while Lee et al. [55]
demonstrated that inactivation of glutathione-s-transferase pi, a pro-oxidant scavenging enzyme, is
critical in the development of prostate cancer carcinogenesis. Specifically, dietary fat consumption
may contribute to the carcinogenesis of prostate tissue via lipid peroxidation [56], thus resulting in
increased oxidative stress.

The relationship between dietary fat, cell proliferation and angiogenesis is less direct than some
of the other relationships previously described in this review. There is little evidence to suggest that
total and saturated fat intake play any part in malignant cell proliferation and angiogenesis. Dietary
fat may be working though secondary pathways, such as ROS generation, to stimulate proliferation
and angiogenesis. More research in these areas is needed to elucidate this complex relationship.

4. Fatty Acid Type and Its Relationship with Prostate Cancer

While there are many proposed mechanisms through which dietary fat may affect prostate cancer
development and progression, much of the literature examining prostate cancer and dietary fat intake
lacks a definite conclusion as to the negative impact of dietary fat in prostate cancer. This discrepancy
may be, in part, attributed to the diverse physiological effects of different types and distributions of
dietary fats; thus, an evaluation of total dietary fat intake may miss important relationships between
specific types of dietary fat intake and prostate cancer development. The direct and indirect roles, as
well as the interrelationships between saturated fatty acids (SFA), monounsaturated fatty acids (MUFA),
polyunsaturated fatty acids (PUFA) and trans fatty acids (TFA) on prostate cancer development and
progression need to be elucidated in future work.

There is diverse epidemiological evidence suggesting that SFA intake is a risk factor for prostate
cancer. Some studies show increased risk of prostate cancer risk and progression, while others are
inconclusive. Animal models suggest that the quality of dietary fat, and, specifically, the PUFA content
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of dietary fat intake, may be an important prognosticator [57,58]. Long-chain SFA may negatively
affect prostate cancer, while short-chain fatty acids may be beneficial. Escobar et al. [59] fed rats two
isocaloric low-fat diets, in which only 7% of total calorie content was derived from fat. In one diet, fat
was derived from lard and the other from linseed oil, which Vereshagin and Novitskaya [60] identified
as: 52%–55% α-linolenic acid, 18:3n-3; ~7% palmitic acid, 16:0; ~4% stearic acid, 18:0; ~18%–23% oleic
acid, 18:1n-9; and ~14%–17% linoleic acid, 18:2n-6. The lard-derived diet, which was high in palmitic
acid and oleic acid, increased prostate weight, testosterone, cell proliferation and androgen receptor
expression, compared to the diet rich in α-linolenic acid. These data support the notion that long-chain
SFA may have negative effects on various physiological factors in prostate cancer; however, this has
yet to be investigated in humans.

The role of MUFA is less clear than the role of SFA in prostate cancer development and progression.
The Mediterranean diet, which is rich in oleic acid (18:1n-9), was originally thought to reduce the risk of
prostate cancer [61]; however, this early evidence remains inconclusive, as studies have demonstrated
protective [62], no association [63,64] and negative effects of MUFA on prostate cancer [65,66]. As the
Mediterranean diet contains a variety of potential protective agents, such as lycopene-rich tomatoes,
fish that are high in n-3 fatty acids and low quantities of red meat, it is challenging to pinpoint the role
of MUFA.

There is extensive research examining the role of PUFA in prostate cancer. It is reported that n-6
fatty acids increase prostate cancer risk, while n-3 fatty acids decrease prostate cancer risk [57,58].
Specifically, the anti-cancer benefits of a diet with low n-6-to-n-3 fatty acid ratios are supported in the
literature [67]. This type of diet is in specific contrast to the Western style diet with a 30:1 ratio of n-6
to n-3 fatty acids [68–71]. The main mechanisms of action seem to converge on the IGF-1 signaling
pathway, leading to prevention or inhibition of malignant growth in prostate cancer cells.

Conversely, a limited number of studies have examined the role of TFA in prostate cancer risk
and development. Overall, they appear to suggest an increased risk of prostate cancer with increased
serum TFA. Previously, Smith et al. [72] reviewed the role of TFA in a number of cancers and identified
six studies that examined prostate cancer. Bakker et al. [73] conducted an ecological study examining
the fatty acid component of adipose tissue in 690 participants across eight European countries and
Israel and found no significant relationship between TFA levels and risk of prostate cancer. King et
al. [74] and Chavarro et al. [75] used case-control and nested case-control methodologies, respectively,
and demonstrated increased risk in prostate cancer with increased levels of the number of different
TFA in both serum phospholipids [74] and whole blood [75]. Food frequency questionnaires have also
been used to examine TFA intake and prostate cancer risk and have demonstrated the increased risk of
advanced cancer [76] and no relationship [77,78]. More recently, Brasky et al. [79] demonstrated an
inverse risk between serum TFA and high risk prostate cancer and suggested that the relationship
between TFA and prostate cancer risk may be more complicated than earlier hypotheses. Interestingly,
Laake et al. [80] demonstrated that the source of the TFAs may play a significant role in determining
risk, as they demonstrated no association between dietary intake levels of TFA from vegetable sources,
but increased risk of prostate cancer when the TFA source is a fish source. This evidence is in the
very early stages, where data is associative; thus, more research is warranted to identify potential
mechanisms in which prostate cancer is affected by TFA intake, as this relationship appears to be more
complex than previously thought.

5. Dietary Fat in the Prostate Cancer Survivor

As it is the second most common malignancy diagnosed in men worldwide and because the
survival rates are so high [1,2], the number of prostate cancer survivors is constantly increasing. Thus,
understanding how manipulating dietary fat may positively influence quality of life in prostate cancer
survivorship is important. Another important consideration for prostate cancer survivors is the use of
aADT, a common treatment for aggressive prostate cancer, which causes significant loss of skeletal
muscle and increases in adipose tissue and has been related to increased risk of cardiovascular disease
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and diabetes in prostate cancer survivors [7]. However, there is limited data examining dietary fat
throughout this stage of the prostate cancer trajectory.

Early reports demonstrate that fat intake, specifically saturated fat intake, may decrease
disease-specific survival. Fradet and colleagues [81] followed a group of men diagnosed with prostate
cancer for an average of 5.2 years. After controlling for cancer grade, clinical stage, treatment age and
total energy intake, men in the lowest tertile of saturated fat intake had a decreased risk of dying from
prostate cancer as compared to those in the highest tertile of saturated fat intake (hazards ratio: 3.13;
95% CI: 1.28–7.67). These findings align with the idea that fat intake, specifically saturated fat intake,
promotes an environment conducive to prostate cancer growth. While this observational evidence
supports the hypothesis that high levels of dietary fat have negative effects on prostate cancer survival,
well-designed intervention studies are needed to identify if manipulating dietary fat can have positive
effects on survivorship. These interventions should also investigate different sources of dietary fat and
their ability to improve quality of life for the prostate cancer survivor by mitigating cancer recurrence,
as some literature suggests that plant-based fats may be less harmful than animal-based fats [31,32,59].

Davies and colleagues [82] reviewed the evidence of the effects of low-fat diets on prostate cancer
progression and identified five studies that manipulated dietary fat intake in some way to examine
the potentially protective effects of these interventions. Ornish et al. [83] used a randomized control
trial (RCT) design to examine the effect of an entire lifestyle intervention, including low-fat vegan diet
supplemented with fish oil and a number of other vitamins and minerals combined with physical
activity and stress management techniques, in a group of prostate cancer survivors and examined the
effects on the prostate specific antigen (PSA) levels and LNCaP (human prostatic adenocarcinoma) cell
growth in vitro. This comprehensive lifestyle intervention demonstrated significant improvements for
prostate cancer patients versus the control group; however, the combined nature of this intervention
makes it difficult to discern the individual effects of the lifestyle components (i.e., exercise vs. low-fat
diet vs. stress management techniques). Perhaps the synergistic interactions between these components
improve patient outcomes. Two studies have examined the effects of low-fat diets supplemented
with flaxseed on prostate cancer outcomes. Demark-Wahnefried et al. [84] demonstrated decreased
proliferation rates in the men supplemented with flaxseed and that the low-fat diet group had
significantly reduced serum cholesterol levels following ~30 days of supplementation. Heymach
et al. [85] demonstrated that, as compared to the control arm, a low-fat diet, a flaxseed-supplemented
diet and a low-fat diet with a flaxseed supplementation for 30 days had each decreased a number of
angiogenic factors, though the results were greatest in the low-fat diet alone group. They speculate
that the NFκB pathway may be regulating this response. A review by Hori et al. [86] supports the
hypothesis suggested by the flax-supplemented diet that n-3 fatty acid may be beneficial for prostate
cancer patients. Like Ornish et al. [83], Aronson et al. [87] used an RCT design to look at the effects of a
four-week low-fat diet intervention as compared to a traditional Western diet on the effects of LNCaP
cell growth. Serum for the low-fat diet group decreased the growth of the LNCaP cells as compared to
the serum from the men on the Westernized diet. While there appears to be some evidence as to the
protective effect of a low-fat diet for prostate cancer survivors, more research is warranted to better
elucidate the specific components of these lifestyle interventions that will be most effective for prostate
cancer patients.

Androgen Deprivation Therapy and Dietary Fat

ADT is a common treatment for prostate cancer patients; however, its use can have negative
consequences for prostate cancer survivors. Specifically, patients undergoing ADT lose skeletal muscle
mass and gain fat mass [88]. These changes are associated with increased risk of cardiovascular disease
and diabetes [7]. Because of the associated changes in body composition and risk of comorbidities in
survivorship, dietary intervention may be useful for prostate cancer patients receiving ADT. However,
these considerations are beyond the scope of this review. Saylor and Smith [89] suggest lifestyle
intervention, including low-fat diet and increased physical activity and weight control, may be
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beneficial in the prevention of these comorbidities in men receiving ADT and that future investigations
are justified.

6. Conclusions

The aim of this paper was to examine dietary fat throughout the prostate cancer trajectory,
including risk, development and survivorship. In most cases, there is limited evidence linking dietary
fat and prostate cancer; however, some trends do emerge. Dietary fat, and, in particular, high intake
of animal and saturated fats, may be associated with prostate cancer risk. The IGF/Akt signaling
pathway appears to be the key signaling pathway moderating malignant cell growth and changes
in androgen receptor signaling. The type of fat consumed may mediate the relationship between
dietary fat and prostate cancer. Saturated fat and TFA have been negatively associated with prostate
cancer development, while PUFA may have a protective effect, though these relationships remain
tenuous. For prostate cancer survivors, a diet low in fat and particularly low in saturated fat may be
beneficial, as it may reduce tumor angiogenesis and cancer recurrence. Integrating research throughout
the prostate cancer trajectory may provide new insights into the relationship between dietary fat
intake and prostate cancer, as many of the same pathways are implicated throughout the trajectory. In
conclusion, preliminary evidence suggests diets low in fat may be beneficial at any point in the prostate
cancer trajectory; however, much more research is needed to elucidate the complex relationships that
exist between dietary fat and prostate cancer biology.
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Abstract: Prostate cancer is a growing problem in New Zealand and worldwide, as populations
adopt a Western style dietary pattern. In particular, dietary fat is believed to be associated with
oxidative stress, which in turn may be associated with cancer risk and development. In addition,
DNA damage is associated with the risk of various cancers, and is regarded as an ideal biomarker
for the assessment of the influence of foods on cancer. In the study presented here, 20 men with
prostate cancer adhered to a modified Mediterranean style diet for three months. Dietary records,
blood fatty acid levels, prostate specific antigen, C-reactive protein and DNA damage were assessed
pre- and post-intervention. DNA damage was inversely correlated with dietary adherence (p = 0.013)
and whole blood monounsaturated fatty acids (p = 0.009) and oleic acid (p = 0.020). DNA damage
was positively correlated with the intake of dairy products (p = 0.043), red meat (p = 0.007) and
whole blood omega-6 polyunsaturated fatty acids (p = 0.015). Both the source and type of dietary
fat changed significantly over the course of the dietary intervention. Levels of DNA damage were
correlated with various dietary fat sources and types of dietary fat.

Keywords: DNA damage; Mediterranean style diet; fatty acids; prostate cancer

1. Introduction

Prostate cancer in New Zealand and worldwide is an increasing problem with respect to
prevalence and receipt of appropriate, and in some countries, timely treatment. Prostate cancer
is the most common cancer amongst men in New Zealand, accounting for 27% of all new male cancer
cases [1]. In addition to older age, ethnicity and family history being risk factors for prostate cancer,
lifestyle is also believed to play a role [2]. This belief is supported by evidence obtained from migrants
who adopted the lifestyle of their new country to varying degrees [3]. Such migrants also adopted the
risk levels associated with that country, rather than their country of origin, depending on the extent to
which they changed their lifestyle [3]. It is widely accepted that diet plays an important role in the
development of cancers and that a Mediterranean style diet, as opposed to a Western style diet, may
ameliorate the risk and progression of prostate cancer due to the effect of various Mediterranean style
dietary components on inflammation and oxidative stress, amongst other factors [4]. The source and
components of dietary fat vary enormously between Mediterranean and Western dietary patterns. The
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former is higher in monounsaturated fatty acid (MUFA) rich-plant foods including oleic acid-rich olive
oils, as well as the long chain omega 3 polyunsaturated fatty acids (PUFA) that are largely sourced
from oily fish (which are high in the omega 3 fatty acids (n3PUFA), eicosapentanoiec acid (EPA) and
docosahexaneoic acid (DHA)) [5]. A Western style dietary pattern on the other hand is higher in omega
6 fatty acids (n6PUFA) sourced largely from seed oils and animal fats [5].

Exogenous and endogenous factors can influence oxidative stress [6], which is caused by an
imbalance between antioxidants and reactive oxygen species. Lifestyle and diet can be a source of
antioxidants and can also promote oxidative stress. Examples of foods that promote oxidative stress
include meat cooked at high temperature, as well as some processed and smoked meats [7,8]. Meat
cooked at high heat can generate heterocyclic amines (HCA) and polycyclic aromatic hydrocarbons
and these can induce DNA instability [7–10]. The susceptibility to prostate cancer risk as a result of
consumption of such compounds may be modified by genotype [11]. The consumption of processed
meats may also promote the formation of cancers as they contain potentially harmful nitrates and
nitrites [9]. Other dietary sources of fat, such as dairy, contain calcium and angiotensin-converting
enzyme inhibitors that may decrease oxidative stress, at least in people who are obese [12]. Despite
such evidence, dairy intake has received mixed reviews with respect to association with prostate cancer
risk [13–15].

There is some controversy regarding dietary fat intake and prostate cancer prevalence and
progression [16–18]. Total and saturated fat intake has been positively associated with prostate specific
antigen (PSA) levels [19], increased risk of prostate cancer, and aggressive prostate cancer [16,18],
whilst saturated fat intake has been associated with fatal prostate cancer [18].

The dietary fatty acids that are discussed herein are shown in relation to one another in Figure 1.
Both animal and plants consist of different types of fats in varying proportions. Animal fats consist
predominantly of saturated fats (single carbon bonds in the hydrocarbon chains), and plant fats
consist predominantly of unsaturated fats (with a varying number of double bonds). There are some
exceptions, for example coconut oil contains predominantly saturated fat, and fish consists primarily
of PUFA. Unsaturated trans fats are only found in trace amounts in meat and dairy, but they are often
produced during the hydrogenation of vegetable oils to produce saturated fats, and therefore are
common in processed foods [20].

Figure 1. The biosynthesis pathways of the omega 3, 6 and 9 family of poly- and mono-unsaturated
fatty acids (adapted from [21–23]).The main dietary sources are shown in blue text, and the enzymes in
red text.
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Linoleic and α-linolenic acid are essential fatty acids, whilst other fatty acids, to some degree,
can be synthesised from precursors [22] (Figure 1). In the n3 PUFA and n6PUFA pathways there is
competition for the Δ6-desaturase and Δ5-desaturase enzymes, although both enzymes preferentially
catalyse the n3PUFA pathway [21]. In a Review by Plourde and Cunnane [24] the authors discuss the
acceptance of the view that there is an “extremely limited efficiency” of the desaturase conversion of
ALA to DHA. The controversy of the conversion of LA and ALA to the long chain PUFAs arose in
part due to the early use of rat models and also due to using animals that were deficient in essential
fatty acids [25]. These two approaches were misleading as rats have a more efficient conversion of
LA and ALA to longer chain PUFA, and fatty acid deficiency stimulates the conversion of LA and
ALA to longer chain PUFA [25]. Although EPA and DHA biosynthesis is generally regarded as being
inefficient [22], the extent of this inefficiency is controversial as measurements of longer chain PUFA
may be quite different in plasma versus levels measured in other tissues, and it is plasma levels that are
more commonly measured and reported [24,26]. However, it seems that the most predictable means of
achieving adequate levels of EPA and DHA in plasma and tissues is through consuming long chain
PUFA from dietary sources.

The intake of animal, saturated and trans-unsaturated fats is associated with all-cause
mortality [27] and death due to prostate cancer [18,27]. The consumption of MUFA, PUFA, and
vegetable fats on the other hand are associated with a decreased risk of developing prostate cancer or
death from prostate cancer [18,27].

Unrepaired DNA damage can result in mutations and some mutations can lead to the development
of cancerous tumours. Polymorphisms, such as the single nucleotide polymorphism rs2853826 found
in the mitochondrial gene NADH dehydrogenase subunit, can influence oxidative stress in women
carrying the G allele (G10398), and who also consume alcohol [28]. In such an instance, genotype
and alcohol consumption may therefore have an impact on the risk of breast cancer development.
Unsurprisingly, cancers such as prostate cancer have been found to be associated with raised levels
of DNA damage [29], and raised antioxidant levels can help activate the expression of the glutathione
S-transferase gene and thereby help protect against this damage [30]. The measurement of DNA damage
is regarded as an ideal biomarker for the assessment of the influence of foods or food components on
cancer, and the alkaline comet assay (single cell gel electrophoresis) is regarded as a suitable technique
for such an assessment [31,32].

The aim of this study was to determine the association between fat and oil intake, as part of a
modified Mediterranean style dietary intervention study, and whole blood fatty acid profiles and
their association with markers of inflammation and DNA damage in men with prostate cancer. It
was hypothesised that the proposed diet would be associated with improvements in PSA, CRP, DNA
damage and whole blood fatty acid levels. Evidence obtained could be used to support the prescribed
diet as the basis for dietary guidelines that may benefit men with prostate cancer in the future.

2. Experimental Section

Ethical approval was obtained from the Northern B Health and Disability Ethics Committee,
Auckland, New Zealand (Ethics number NTY/11/11/109) to perform this study. Study volunteers
were selected from an existing cohort of men with prostate cancer based on their Gleason scores, such
that those with a Gleason score of 6 (3 + 3) and 7 (3 + 4) were invited to participate in this dietary
intervention. Neither a control group free from prostate cancer, nor a control group with prostate
cancer and following a standard diet were included. The dietary intervention was explained in detail
and a hardcopy of the guidelines and a lengthy compilation of recipes were provided [33]. From the
point of view of fat intake, volunteers were asked to adhere to the following guidelines: to include
30–50 g of mixed, unsalted seeds and nuts daily; to include 15 mL or more of extra virgin olive oil
and to avoid exposure of the oil to medium and high heat; to reduce dairy intake to one portion daily
(information on alternative sources of dietary calcium was provided); to substitute butter and/or
margarine with an olive oil based spread; to limit intake of red meat to less than 400 g a week and
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to substitute with oily fish and white meat; to avoid high temperature cooking of protein; to avoid
processed meats; and to include oily fish in the diet at least once a week. The intention was not to
change calorie intake, although there was a concern that this may increase due to nut and olive oil
intake. Exercise was monitored at baseline and study end through the use of activity diaries. Light to
moderate exercise was encouraged during the enrollment interview to encourage general well-being,
but no support or resources were provided in this regard. Volunteers were provided with food samples
due to the expense and novelty of some of the items, and blood samples were collected at baseline
and at three months from volunteers in a non-fasting state. The blood samples were collected into
vaccutainers and either kept on ice or at room temperature (plain, EDTA, Heparin and SST II Advance
tubes were used). All blood tubes were processed within two hours of blood draw. The food samples
supplied included 200 g of frozen vacuum packed salmon per week (Aoraki Smokehouse Salmon,
Twizel, New Zealand) and 1 L of extra virgin olive oil (oleic acid content of 78.3%) per month (Seed Oil
Extraction Ltd., Ashburton, New Zealand). Adherence to various aspects of the dietary intervention
was assessed using a modified, validated questionnaire [34].

The fatty acid profiles were determined using the Holman Bloodspot fatty acid profile test (Lipid
Technologies LLC (Austin, MN, USA) via Functional and Integrative Medicine Ltd. (Napier, New
Zealand)). Frozen whole blood was thawed and approximately 75 μL was spotted onto the supplied
filter cards. The composition of the fatty acids in the samples was derivatised to form fatty acid methyl
esters and thereafter assessed using gas chromatography (Lipid Technologies LLC).

The comet assay can be used to detect lesions in DNA strands [35], and was used herein to assess
change in DNA damage over time. Results were also obtained by additionally challenging DNA
with hydrogen peroxide (H2O2) as described by Olive & Banáth [36]. This involved treating 20 μL of
whole blood with 1 mL of a 200 μM solution of H2O2 in phosphate buffered saline solution, placing
on ice for 30 min and discarding the supernatant after centrifugation. Thereafter the comet assay
was performed on heparinised blood as outlined in Karunasinghe et al. [37,38]. DNA damage was
quantitated using the Komet® version 6.0 digital imaging system (Andor Technology, Belfast, UK). The
first 50 leucocytes suitable for capturing were scored. Leucocytes were visualised using an Axioskop 2
fluorescent microscope (Zeiss, Goettingen, Germany) and a CCD camera (Evolution VF, QI Imaging,
Media Cybernetics, Warrendale, PA, USA). In this way DNA damage was induced wherever significant
weakness was present in the DNA strands and hence H2O2-induced DNA damage was considered
as an indicator of “DNA fragility”. Data for percentage tail DNA were log-transformed as they were
not normally distributed. The back-transformed mean of the log-transformed values was used for the
statistical analysis.

Statistical analysis was carried out using SAS (V9.2 SAS Institute, Cary, NC, USA) as follows: the
Students paired t-test was used for the comparison of variables at the baseline and three month time
points and Spearman bivariate correlations were used to measure relationships between variables.

3. Results

The characteristics of the study participants are presented in Table 1 and summarised as follows:
participants were aged between 52 and 74 years; 80% had a body mass index (BMI) of ≥25 kg/m2 and
over the course of the study mean body weight reduced by 2.3 kg (p = 0.0007); 60% had undergone
prostatectomy, whilst 30% of participants were on watchful wait or active surveillance. All participants
had a Gleason score of 6 (3 + 3) or 7 (3 + 4) at the time of prostatectomy or most recent biopsy.
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Table 1. Baseline characteristics of the study participants.

Baseline Characteristics n

Age (years) (range 52–74 years)
50–59 3
60–69 12
≥70 5

BMI (kg/m2) (range 23–33 kg/m2)
≤19.9 0

20–24.9 4
25–29.9 12
≥30 4

Gleason score *
3 + 3 14
3 + 4 6

Smoking status
Never 7
Past 13

Present 0

Supplements Omega 3 (from fish oil) 3
Vitamins 4

Treatment type

None 6
Prostatectomy 10

Prostatectomy + ADT +
DxR 1

Prostatectomy + DxR 1
ADT + DxR 1

Brachytherapy 1

BMI: Body mass index; ADT: Androgen deprivation therapy; DxR: Radiotherapy (other than Brachytherapy); * The
Gleason score is based on tissue obtained from the prostatectomy. Where a prostatectomy was not performed, the
Gleason score was based on a biopsy sample.

A modified Mediterranean adherence score was used to assess adherence to the study diet at
baseline and at three months. The intake of olive oil, nuts, dairy, fish and red meat changed significantly
over the course of the study (Table 2). Saturated fat intake, as a percentage of total fat intake at baseline
and three months, decreased significantly (p < 0.0001). As expected, the source of dietary fat changed
in response to the recommended dietary intervention. Figure 2 shows intake of MUFA increased and
SFA and total fatty acid decreased significantly over the study period. However, the intake of total fat
and PUFA, when measured in grams per day, did not change (Figure 2).

The source, type and amount of fatty acid intake influenced various physiological characteristics,
as well as blood levels and ratios. At study end BMI was inversely and significantly correlated to
blood n3PUFA (r = −0.451; p = 0.046). Decreases in BMI were associated with increased measurements
of PUFA (r = −0.484; p = 0.031) and LA (r = −0.463; p = 0.040). In addition, increased whole blood
arachidonic acid (AA) (r = −0.455; p = 0.044) levels were associated with weight loss but not a
significant decrease in BMI.
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Table 2. Changes in the sources of dietary fat from baseline to three months.

Dietary Component (Unit
of Measure)

Mean (SE) Mean Difference
(95% CI)

p
Baseline Three Months

Olive oil (mL/day) 14.5 (3.8) 28.8 (4.7) 14.2 (6.8–16.0) 0.0008
Nuts (Servings/week) 2.3 (0.5) 5.1 (0.6) 2.9 (1.5–4.2) 0.0003
Butter/cream/margarine
(Servings/day) 2.1 (0.3) 1.0 (0.3) −1.1 (−0.6–−1.6) 0.0002

Dairy products
(Servings/week) 7.4 (0.9) 4.4 (0.7) −2.9 (−1.2–−4.7) 0.0025

Fish (Servings/week) 1.7 (0.2) 3.5 (0.5) 1.8 (0.9–2.7) 0.0005
Red and processed meat
(Servings/week) 3.9 (0.5) 1.9 (0.4) −2.0 (−2.6–−1.3) 0.0005

SE: standard error; CI: confidence interval.

Figure 2. Changes in types of dietary fat intake from baseline to three months.* Statistically significant
p values; PUFA: polyunsaturated fatty acids; MUFA: monounsaturated fatty acids; SFA: saturated fatty
acids; TFA: trans fatty acids.

Total SFA significantly decreased at study end, partly due to a significant decrease in stearic acid
intake (Table 3). Total MUFA, PUFA or any individual fatty acid within those synthesis pathways,
showed no change, with the exception of DHA and DHA + EPA which showed a statistically significant
increase in blood levels (Table 3). In addition, the ratios of n6PUFA:n3PUFA and AA:EPA had both
decreased by study end (Table 3).

No significant correlations were noted between fatty acid measurements obtained from the blood
fatty acid profile and food intake assessed via FoodWorks®7 (Xyris software Pty Ltd. 2012, Kenmore
Hills, Australia). However, some statistically significant correlations were evident between various
fatty acids reported from the blood fatty acid profile and food items as assessed in an adherence
questionnaire (Table 4). Dairy intake in particular was inversely correlated with total n3PUFA, EPA
and EPA + DHA, and positively correlated with the ratio of AA to EPA (Table 4).

C-reactive protein, PSA and DNA damage were measured at baseline and at three months. Neither
C-reactive protein nor PSA changed significantly over the course of the study period. However, a
significant, inverse relationship between adherence to the modified Mediterranean diet and basal
DNA damage emerged. Spearman correlation was used to identify relationships between intake of
individual food items that were recommended as part of the dietary intervention and DNA damage
at three months. Foods high in animal fat were significantly positively associated with basal DNA
damage (Table 5). In addition, association of DNA fragility with various fat related dietary components

140



Nutrients 2015, 7, 405–422

was assessed and the DNA fragility was inversely correlated with fish intake (r = −0.452; p = 0.045)
whilst dairy intake was found to be positively associated with DNA fragility (r = 0.571; p = 0.008).

Significant correlations were observed between basal DNA damage and dietary fat sources, as
measured by an adherence questionnaire, as well as various fatty acids reported from the blood fatty
acids profile at three months (Table 5). No associations were evident when analysing fatty acid intake,
as measured by the diet diaries and analysed via FoodWorks®7 (Xyris software Pty Ltd. 2012), and
basal DNA damage. A representative example of various levels of DNA damage is evident in Figure 3.

Results show that total MUFA and n9MUFA (particularly oleic acid), were inversely associated
with DNA damage while total n6PUFA, and a higher ratio of n6PUFA to n3PUFA, were associated
with increased DNA damage.

Table 3. Whole blood fatty acid profile expressed as mean percent, at baseline and three months.

Blood Fatty Acids
Mean (SE) Mean Difference

(95% CI)
p

Baseline Three Months

Total SFA 34.7 (0.3) 33.7 (0.4) −1.0 (0.4–1.5) 0.002
16:0 Palmitic acid 22.6 (0.3) 22.3 (0.4) −0.3 (−0.1–0.7) 0.161
18:0 Stearic acid 10.5 (0.2) 10.0 (0.2) −0.5 (0.2–0.9) 0.002

Total MUFA 23.4 (0.4) 23.7 (0.4) 0.3 (0.4–1.0) 0.366
Total n9MUFA 23.1 (0.4) 23.4 (0.4) 0.3 (−0.4–1.0) 0.380

18:1ω9 Oleic acid 22.7 (0.4) 23.2 (0.4) 0.5 (−0.2–1.1) 0.162
Total PUFA 39.5 (0.5) 40.3 (0.5) 0.9 (−0.1–1.8) 0.079

Total n6PUFA 32.8 (0.4) 33.0 (0.5) 0.2 (−0.7–1.2) 0.636
18:2ω6 LA 19.6 (0.7) 19.4 (0.9) −0.2 (−1.7–1.4) 0.832
20:4ω6 AA 9.1 (0.3) 8.9 (0.3) −0.2 (−0.7–0.3) 0.379

Total n3PUFA 6.6 (0.4) 7.3 (0.3) 0.6 (−0.0–1.3) 0.057
18:3ω3 LNA 0.5 (0.0) 0.6 (0.1) 0.0 (−0.1–0.2) 0.689
20:5ω3 EPA 1.4 (0.9) 1.5 (0.7) 0.1 (−0.2–0.5) 0.463
22:6ω3 DHA 3.0 (0.9) 3.5 (0.1) 0.5 (0.2–0.8) 0.001
EPA + DHA 4.4 (0.4) 5.0 (0.2) 0.6 (0.3–1.2) 0.042

Modified WBS n3
Index 6.1 (0.5) 7.0 (0.3) 0.9 (0.0–1.7) 0.043

n6PUFA:n3PUFA 5.2 (0.3) 4.7 (0.2) −0.6 (−1.0–−0.1) 0.019
AA:EPA 8.58 (0.9) 6.9 (0.6) −1.6 (−3.1–−0.2) 0.030

Abbreviations: AA: Arachidonic acid; CI: confidence interval; DHA: docosahexaneoic acid; DPA: docosapentaenoic
acid; EPA: eicosapentaenoic acid; LA: linoleic acid; LNA: linolenic acid; MUFA: monounsaturated fatty acids;
n9MUFA: omega 9 monounsaturated fatty acids; n3PUFA: omega 3 polyunsaturated fatty acids; n6PUFA: omega
6 polyunsaturated fatty acids; p: probability value; PUFA: polyunsaturated fatty acids; SE: standard error; SFA:
saturated fatty acids; WBS: whole blood spot.
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Table 4. Correlation between various whole blood fatty acid levels and intake of selected food items at
three months.

Blood Fatty Acids Dietary Fat Source Correlation p

Total n3PUFA

Fish intake 0.210 0.374

Nut intake 0.341 0.141
Dairy intake −0.433 0.057

Red meat intake 0.082 0.732

EPA

Fish intake 0.172 0.468
Nut intake 0.147 0.535

Dairy intake −0.580 0.007
Red meat intake −0.475 0.034

EPA + DHA

Fish intake 0.123 0.605
Nut intake 0.222 0.347

Dairy intake −0.609 0.004
Red meat intake 0.055 0.817

n6PUFA:n3PUFA

Fish intake 0.192 0.418
Nut intake −0.349 0.132

Dairy intake −0.147 0.537
Red meat intake 0.486 0.029

AA:EPA

Fish intake 0.233 0.323
Nut intake 0.084 0.725

Dairy intake 0.409 0.073
Red meat intake −0.029 0.904

Abbreviations: EPA: eicosapentanoiec acid; DHA: docosahexaneoic; n3PUFA: omega 3 polyunsaturated fatty acid,
n6PUFA: omega 6 polyunsaturated fatty acid; AA: arachidonic acid.

Table 5. Correlation between DNA damage and dietary fatty acid intake and blood fatty acids.

Outcome of Interest Dietary Fat Sources
Baseline Three Months

Correlation p Correlation p

DNA damage

Olive oil 0.002 0.995 −0.370 0.109

Servings of butter,
cream, margarine 0.278 0.235 0.456 0.043

Servings of fish 0.202 0.393 0.510 0.829
Servings of red meat 0.066 0.783 0.576 0.007

Blood Fatty Acid

Total MUFA 0.200 0.3988 −0.565 0.009
Total n9MUFA 0.211 0.371 −0.561 0.010

Oleic acid 0.220 0.352 −0.514 0.020
Total n6PUFA −0.116 0.627 0.536 0.015
Total n3PUFA −0.314 0.178 −0.224 0.342

n6PUFA:n3PUFA
ratio 0.330 0.155 0.507 0.023

Abbreviations: MUFA: mono-unsaturated fatty acids; n9MUFA: omega 9 polyunsaturated fatty acids; n6PUFA:
omega 6 polyunsaturated fatty acids; n3PUFA: omega 3 polyunsaturated fatty acids.
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Figure 3. Representative images of different levels of DNA damage as measured by the Comet assay.
A: extensive damage; B: moderate damage; C: minor damage.

4. Discussion

Dietary fat intake was measured by assessing whole blood fatty acid levels, as well as by
using four-day food diaries and assessing intake via FoodWorks®7 software (Xyris software Pty
Ltd. 2012). A modified Mediterranean diet adherence questionnaire was used to evaluate conformity
to a Mediterranean style dietary pattern, which is generally high in both n3 and n6PUFA, and to
measure intake and change in intake of specific high fat foods in response to the dietary intervention.

The Holman Bloodspot fatty acid profile test (Lipid Technologies LLC), requiring whole blood
samples, was used to assess fatty acid profiles at baseline and study end. Although other fatty acid
profile tests can be used to measure fatty acid levels from other components of blood samples, whole
blood was regarded as preferable as it can be used to assess fatty acid intake over the previous two
months. Both Rise et al. [39] and Sun et al. [40] state that erythrocyte fatty acid profiles provide a better
reflection of long term PUFA intake than plasma fatty acid profiles, and this view is supported by
work carried out by Katan et al. [41]. In their study, Katan et al. concluded that erythrocyte fatty acid
profiles reflected intake over the past one to two months [41]. It is clear that plasma and serum fatty
acid profiles reflect more recent fatty acid intake than erythrocyte, whole blood or adipose tissue fatty
acid profiles [39,40,42]. Based on this evidence it is likely that the Holman Bloodspot test captures fatty
acid intake over the two months prior to blood collection.

A number of statistically significant changes in fatty acid profiles (Table 3) were noted such as the
increase in DHA whole blood levels from 3.0% to 3.5% (p = 0.001). However, although the changes in
EPA levels were not statistically significant, they did increase from 1.36% to 1.5% over the three month
study period. Together, these changes contributed to a statistically significant increase in the modified
WBS n3 index (p = 0.043) (Table 3).

Fatty acid profiles were measured from whole blood spots (WBS) and this presents challenges with
regards to calculating a red blood cell (RBC) n3 index. A RBC n3 index is typically calculated from the
sum of EPA and DHA (from RBC membranes) as a percentage of total RBC fatty acids [43]. Bailey-Hall
et al. compared DHA and EPA levels from whole blood obtained from a finger prick with values
obtained from RBCs (venipuncture) [44]. Although the mean percentage for DHA was approximately
150% lower from capillary whole blood than in RBCs, the DHA and EPA values from the two sample
types were highly correlated [44]. As mentioned in the “Experimental” section, the fatty acid profiles
were determined by Lipid Technologies LLC (Austin Minnesota) using Holman Bloodspot fatty acid
profile tests. Results were presented as a percentage of total lipid content from WBS. An RBC n3 index
was reported and as this percentage was calculated from WBS, it was therefore necessary to apply a
conversion factor wherein the relationship between DHA from whole blood versus DHA from red blood
cells, was taken into account [44]. The actual algorithm used is proprietary information [45]. Rather
than refer to this value as the RBC n3 index, which could be viewed as misleading, the authors have
used the term “modified WBS n3 index” (Table 3). Due to the relationship between blood fatty acids in
whole blood vs. RBC from venipuncture established by Bailey-Hall [44] upon which the algorithm
developed by Lipid Technologies is based [45], the authors have considered the modified WBS n3
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index as equivalent to the widely used RBC n3 index. The RBC n3 index is negatively associated with
death, particularly sudden death, from coronary heart disease [43]. Although the most desirable levels
might be influenced by cultural background, maximal cardioprotection and slowest rate of telomere
loss takes place at an RBC n3 index ≥8% and 8.7% respectively [43]. The increase in the modified
WBS n3 index found in this study (from 6.10% to 6.98%) was significant, yet it remained below the
target value for the reduction of coronary heart disease risk. However, it is believed that any increase
in the modified WBS n3 index would be beneficial as n3 fatty acids can alter membrane biophysical
properties and in addition to lipid metabolism, this may impact on inflammatory responses [46]. In
addition, the dietary intervention continued for only three months and it is possible that the modified
WBS n3 index may have continued to increase until target levels were reached.

Fatty acid profiles have predominantly been analysed from either plasma [47–49] or serum [50]
and therefore results from these studies are not comparable with our own due to the different substrates
used. However, in a recent Australian study data were collected on fasting whole blood fatty acids,
but only intake in grams of SFA, MUFA and PUFA were shown, as well as a limited number of blood
fatty acid ratios [51]. Total fat, as well as SFA, MUFA and PUFA intake (all measured in grams per day)
were all comparatively higher in our study, relative to the study carried out by Alhazmi et al. [51].

An association between a change in dietary pattern over a three month time period, and
whole blood fatty acids was investigated. Importantly, overall fat intake did not change despite
a Mediterranean dietary pattern being traditionally high in fat. This lack of change is due to a
substitution in source of fats, such that meats high in saturated fat were replaced by oily fish, and
although dairy intake decreased significantly, olive oil and nut intake also increased significantly
(Table 2). These changes are consistent with the adoption of a Mediterranean style dietary pattern.
The change in fat source is supported by the statistically significant decrease in total SFA (Figure 2),
particularly stearic acid (Table 3). Changes in blood fatty acid profiles, although physiologically small,
were statistically significant (Table 3). This is largely due to the fact that the percentage values are
small and therefore a large physiological change is unlikely.

In this dietary intervention study the intake of olive oil, oily fish, seeds and nuts was promoted,
and therefore the dietary intake of MUFA and PUFA increased (Table 2). This increase is partly reflected
in the change in blood fatty acid levels (Table 3). The intake of dietary sources of MUFA increased
significantly (p = 0.0243) (Figure 2), as did the whole blood levels of n3PUFAs DHA (p = 0.001) and
EPA + DHA (p = 0.042) (Table 3).

The increase in the modified WBS n3 index was consistent with the reported intake of dietary
items containing n3PUFAs. Increased intake of n3PUFA is often associated with a reduction in n6PUFA
blood levels partially due to competitive inhibition of rate limiting desaturase enzymes [23] (Figure 1),
although there is some debate regarding this perhaps overly simplistic view [24,26]. However, there
were no correlating significant changes in percentage n6PUFA in our study. While we expected
that intake of some sources of n6PUFA, such as the cheaper vegetable oils that are often found in
processed foods (e.g., soybean, sunflower, rice-bran, cottonseed and corn oils) would decrease due to
substitution with olive oil, which is much lower in n6PUFA, there is no evidence that this occurred.
Although we assessed for olive oil intake, we did not question the intake of other oils. An alternative
explanation could lie in the fatty acid composition of nuts. We recommended and observed an
increased consumption of nuts. Nut consumption increased from a mean of 2.2 to 5.2 servings per
week. Many nuts are high in n6PUFA, thus off-setting the decrease of n6PUFA from other sources.
In spite of this, the increase in n3PUFA contributed to a statistically significant decrease in the n6:n3
ratio, indicating a shift towards a less inflammatory profile. Correlations between intake of dietary
fatty acids and blood fatty acids were not evident (values not reported). The levels of blood fatty
acids are not only affected by intake [48,49], but also by the rate at which fatty acids are transformed
(Figure 1). This transformation is often inefficient and influenced by rate limiting enzymes such as the
delta-6-desaturase enzymes [52].
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It is also important to consider whether n3PUFAs from plant sources decreased as this might
counter-balance the increase in fish intake. However, one would expect this to be evident from the
blood fatty acid profiles, as sources of EPA and DHA would largely be from oily fish and the limited
conversion of alpha linolenic acid via elongation and desaturation reactions to stearidonic acid, EPA
and finally DHA [23]. EPA and DHA can also be obtained from certain algal species [23], but only
one of the study participants took algae-based supplements. The output from FoodWorks®7 software
(Xyris software Pty Ltd. 2012) is in the form of food components and therefore we are comparing
measurements of whole foods, such as fish, from the adherence tool, with measurement of food
components such as n3PUFA, which can be sourced from a number of different foods including fish,
refined vegetable oils and nuts for example.

What is of particular interest and relevance is that EPA intake was inversely associated with
intake of dairy products (p = 0.007) and red meat (p = 0.034); and blood percentage EPA + DHA was
significantly inversely associated with dairy intake. Due to the study design, the effect of dietary
intake on prostate cancer risk could not be assessed. However, it is interesting to note that the above
mentioned association between increased EPA and DHA intake with decreased dairy was also reported
in a study where the influence of various dietary components on prostate cancer risk was assessed [53].
These results support evidence obtained from the adherence questionnaires that fish, as the primary
dietary source of EPA, partially replaced the intake of meat, and some dairy products.

The Comet assay is a standard method for measuring DNA damage in eukaryotic cells, regardless
of how that damage has been caused [54]. Leucocytes, as in this study, are usually used for the
analysis of comets, but one of the drawbacks is that these cells are not usually a target tissue for
cancer [54]. However, DNA damage in leucocytes, as measured in a Comet assay, may still present as
a reliable marker for increased cancer risk as genomic instability is a common and widely accepted
characteristic amongst cancers. A number of studies have been reported wherein DNA damage has
been used to assess response to genotoxic stress in terms of cancer risk or effect on cancer related
pathways [55–57]. Machowetz et al. and Colomer et al. both reported a reduction in DNA damage in
response to olive oil consumption [58,59]. For this reason it was anticipated that a similar reduction in
DNA damage would be observed in our own study participants as their consumption of extra virgin
olive oil had increased significantly from 14.83 mL/day to 28.75 mL/day (Table 2). While an inverse
association was seen between olive oil consumption and DNA damage, this was not significant (p
= 0.109) (Table 5). However, the percentage of oleic acid in the blood (along with total MUFA and
total omega 9), was inversely associated with basal DNA damage at the end of the study, which is
consistent with published results [60]. As this association occurred in spite of only a minor increase in
the blood oleic acid ratio, the relationship may serve as a marker for an unmeasured, associated factor,
such as olive oil polyphenols.

When investigating food sources of fatty acids, it was clear that DNA damage was associated
with a higher intake of dairy products and red meat (Table 5). Increased MUFA intake (Figure 2),
supported by statistically significant MUFA blood levels (Table 3) were inversely correlated with basal
DNA damage at three months (Table 5). Total n6PUFA and n6PUFA:n3PUFA on the other hand were
positively correlated with DNA damage (Table 5) and this was not unexpected as n6PUFA is believed
to be pro-inflammatory and low n6PUFA:n3PUFA ratios are believed to be anti-inflammatory.

While we did not question participants to obtain detailed information about culinary fats at
baseline, we predicted that most participants would have been consuming olive oil with a lower
level of polyphenols than that provided by the extra virgin olive oil supplied for this study (Oil
Seed Extractions Ltd., Ashburton, New Zealand). Furthermore, our requirement of just one or more
tablespoons of olive oil daily was perhaps too low to boost oleic acid levels sufficiently. In a study by
Mitjavila et al. [61] olive oil was supplemented at a rate of a litre per week (equivalent to just over 140
mL/day), the usual Mediterranean diet includes 60 mL/day of extra virgin olive oil [34]. However,
this was thought to be too high an expectation for a New Zealand population that does not have a
tradition of olive oil consumption.
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The inclusion of oily fish was an important component of the modified Mediterranean diet. The
diet was modified to promote the inclusion of oily fish due to the n3PUFA content in fish being a good
source of the anti-inflammatory fatty acids, EPA and DHA. From the adherence questionnaire the
reported intake of fish doubled (Table 2), and this increase was statistically significant (p = 0.0005).
No significant correlation was seen between any of the blood fatty acids and fish intake (correlations
ranged from r = 0.017 to 0.21 (Table 4)). These results are not entirely inconsistent with those reported
by Norrish et al., in which fish intake was “moderately correlated” to EPA and DHA when measured
from red blood cells obtained from New Zealand men (r = 0.26 and 0.32 respectively, the p values
were not reported) [62]. The whole blood fatty acid profile is a reflection of oily fish intake over the
preceding two months, whilst the diet diaries are a measure of intake the week prior to the blood
draw. Some of the volunteers indicated that they had consumed all their salmon donations by this
stage and may have been unwilling to purchase additional oily fish. This highlights the advantage of
blood biomarkers that reflect both short and longer-term intake over diet diaries or food frequency
questionnaires to assess dietary intake.

In addition to changes in the consumption of fish, it can be seen that intake from other sources of
dietary fat also changed. Statistically significant changes were seen in the consumption of olive oil and
nuts, where consumption increased, and dairy products, where consumption decreased (Table 2). This
could result in the increased intake of n3PUFA and the decreased intake of n6PUFA, depending on the
type and quantity of nuts consumed. The type of nuts consumed was not recorded.

Although the authors cannot speculate as to whether the modified Mediterranean diet detailed
herein would increase longevity, it is clear that indicators of general health were enhanced. This
view is supported by the fact that many of the men who were carrying excess weight, decreased
their body weight during the study period; that whole blood fatty acid profiles improved, specifically
DHA levels and the modified WBS n3 index (a marker of heart health); and that DNA damage levels
decreased. In addition, anecdotal reports show that one of the study volunteers reported improved
sleep patterns, thought to be due to decreased nocturia (nocturia being a common side-effect of
prostate cancer treatment and prostatic disease); one volunteer experienced reduced arthritic pain;
another experienced a reduced need for anti-inflammatory medication, whilst a number of volunteers
commented on an improved feeling of well-being.

5. Conclusions

Dietary change to promote the intake of oily fish and olive oil as part of a Mediterranean style diet
can be achieved in men with prostate cancer. Both the source and type of dietary fat intake changed
significantly over the course of the dietary intervention. The intake of olive oil, nuts and fish increased
significantly, whilst the intake of dairy and red meat decreased significantly from baseline to three
months. The whole blood levels of the SFA, stearic acid decreased significantly, whilst the levels
of DHA increased significantly. Although the whole blood levels of total n6PUFAs did not change
significantly over the course of the intervention, care should be taken to provide advice regarding the
increased intake of nuts to ensure that the type and quantity of nuts consumed maintains n6PUFA
within levels associated with reduced health risks. Whilst dietary fat intake significantly changed over
the course of the study, this change was not statistically associated with the significant changes in
blood fatty acid profiles. However, total MUFA and oleic acid levels in the volunteers adhering to this
dietary intervention were associated with a significant reduction in DNA damage. DNA damage was
positively correlated with the ratio of n6PUFA to n3PUFA, as well as to the intake of red and processed
meats, and dairy products.
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Abstract: Objective: Diet and lifestyle have been reported to be important risk factors for the
development of colorectal cancer (CRC). However, the association between total energy and nutrient
intake and the risk of developing CRC has not been clearly explained. The aim of our study is to
examine the relationship between total energy intake and other nutrients and the development of
CRC in the Jordanian population. Research Methods and Procedures: Dietary data was collected
from 169 subjects who were previously diagnosed with CRC, and 248 control subjects (matched by
age, gender, occupation and marital status). These control subjects were healthy and disease free.
Data was collected between January 2010 and December 2012, using interview-based questionnaires.
Logistic regression was used to evaluate the association between quartiles of total energy, macro- and
micronutrient intakes with the risk of developing CRC in our study population. Results: Total energy
intake was associated with a higher risk of developing CRC (OR = 2.60 for the highest versus lowest
quartile of intake; 95% CI: 1.21–5.56, p-trend = 0.03). Intakes of protein (OR = 3.62, 95% CI: 1.63–8.05,
p-trend = 0.002), carbohydrates (OR = 1.41, 95% CI: 0.67–2.99, p-trend = 0.043), and percentage of
energy from fat (OR = 2.10, 95% CI: 0.38–11.70, p-trend = 0.009) significantly increased the risk for
the development of CRC. Saturated fat, dietary cholesterol and sodium intake showed a significant
association with the risk of developing CRC (OR = 5.23, 95% CI: 2.33–11.76; OR = 2.48, 95% CI:
1.18–5.21; and OR = 3.42, 95% CI: 1.59–7.38, respectively), while vitamin E and caffeine intake were
indicative of a protective effect against the development of CRC, OR = 0.002 (95% CI: 0.0003–0.011)
and 0.023 (95%CI: 0.008–0.067), respectively. Conclusion: Our results suggest an increased risk for the
development of CRC in subjects with high dietary intake of energy, protein, saturated fat, cholesterol,
and sodium, and diets high in vitamin E and caffeine were suggestive of a protective effect against
the risk of developing CRC. Impact: This is the first study in Jordan to suggest that it may be possible
to reduce CRC risk by adjusting the intake of some macro-and micronutrients.

Keywords: colorectal cancer; total energy; macronutrient; micronutrients
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1. Introduction

Published report suggests that colorectal cancer (CRC) is one of the three most common forms
of cancer with nearly 1.4 million new cases diagnosed in the year 2012 [1]. The report noted that
the Republic of Korea, followed by Slovakia and Hungary had the highest incidence of diagnosed
CRC, while the lowest incidence of diagnosed CRC was in Africa and Asia [1]. The National Cancer
Registry of Jordan reported 554 diagnosed cases of CRC in the year 2009. This total number of cases
was calculated to be 11.9% of all newly diagnosed cancer cases in the kingdom of Jordan [2]. Cancer
is described in part by an abnormal cell growth that is believed to be initiated either by internal or
external (environmental) factors [3]. Diet and physical activity are external factors that may play a role
in the development of CRC disease [3].

Dietary intakes of energy, macro- and micro-nutrients have been implicated in the etiology of
CRC [4]. Several studies have shown that high dietary intakes of energy and energy-supplying
macronutrients (fat, protein and carbohydrate) may have a positive association with the risk
of developing CRC [4,5]. Additionally, fruits and vegetables as sources of dietary fiber, folate,
phytoestrogens, vitamin C, selenium, carotenoids, phenols, and flavonoids could protect against
the development of CRC [6,7]. Antioxidants are reported to function by trapping free radicals and
reactive oxygen molecules at the cellular level, thus acting as a protective mechanism against oxidative
damage [6,7]. Free radicals in the body are generally produced during metabolic processes, such
as those involving digestion. For example, iron found in red meat is reported to be a source of free
radicals present in the body [8]. However, evidence suggesting red meat as a possible cause of colon
cancer has been questioned by Santorelli et al. [9] in the CRC debate. Generally, in many households,
meals high in fat are usually low in fruits, vegetables and fiber. Therefore, it is unclear if this increase
risk in developing CRC is attributable to the high fat intake or the low fruit, vegetable and fiber intake.
Free radical-induced lipid peroxidation has been implicated in malignant transformation [10]. The
formation of lipid peroxidation products is normally prevented or scavenged by host antioxidants.
Low levels of antioxidant nutrients in circulation have been associated with an increased risk of
cancer [10].

One local Jordanian study published by Arafa et al. [11], showed in descriptive terms that
traditional Jordanian foods are cooked with a high quantity of saturated fats and oils, and more
importantly, anecdotal evidence exists that the fruits and vegetables component of the local diet is very
low, while red meat and saturated fat components are quite high. More so, in the study by Arafa et
al. [11], difference in the dietary macro- and micronutrient intake in the traditional diets were reported.
The study results were descriptive in nature and did not investigate any association between diet and
the risk of developing CRC. In addition, it is important to identify risk factors that could be modified
to decrease CRC incidence among Jordanians. Based on current knowledge, the risk of developing
CRC in the Jordanian population should be investigated in more detail. Accordingly, the aim of the
present study is to investigate the association between macro-and micronutrient intake and colorectal
cancer risk using data from a case-control study conducted in Jordan.

2. Materials and Methods

2.1. Study Population and Methods

The study sample consisted of 503 participants; with 232 diagnosed CRC cases and 271 controls
(262 males and 241 females). Participants were enrolled in the study from January 2010 to December
2012. Participating subjects were patients diagnosed with CRC (cases) who were recruited from
five Jordanian hospitals specializing in oncology diagnosis and treatment. The hospitals included
King Hussein Cancer Center (KHCC), King Abdullah University Hospital, Prince Hamzeh Hospital,
Jordan University Hospital, and Al-Basheer Hospital. The control group was recruited from hospital
personnel, outpatients, visitors and was matched as closely as possible for age, gender, occupation and
marital status. Control subjects were excluded if any first- or second degree relatives were diagnosed
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with CRC. The study protocol was approved by KHCC Institutional Review Board (IRB) Committee (09
KHCC 10; May 2009) and other hospitals gave their approval accordingly. Written informed consent
was obtained from all subjects before their interview. The following inclusion criteria for controls
were used: Jordanian nationals aged 18 years or older, ability to communicate clearly and verbally,
free of any type of diagnosed cancer, diabetes mellitus, liver disease and rheumatoid arthritis. For
inclusion in the diagnosed CRC cancer group, subjects must have received their diagnosis less than 1
year prior to the time of the first interview. The exclusion criteria for this group included those who
were considered “critically ill”, such as an in-patient at any facility and those who were unable to
communicate verbally and clearly.

2.2. Data Collection

Socio-demographic, health and dietary data were collected by trained research assistants using
interview-based questionnaires. The socio-demographic data included age, marital status, household
income, education (illiterate, primary and secondary, diploma and B.Sc., and postgraduate degrees),
occupation and tobacco usage (current and previous smokers were categorized as smokers and those
who never smoked were set as non-smokers). The comprehensive health data included the participant’s
full medical history to confirm that only CRC diagnosed subjects and healthy disease free subjects were
included. A validated Arabic quantitative Food Frequency Questionnaire (FFQ), adapted from the Diet
History Questionnaire (DHQ I) of the National Cancer Institute of the United States of America [12],
was used for dietary assessment. The FFQ questions sought to obtain information on the dietary history
of study participants prior to CRC diagnosis, and to confirm the dietary habits of control participants.
We selected a period of one year prior to the study inception date, to account for seasonal variation
in food types. We noted a fixed dietary pattern for the period, with some participants suggesting
this pattern existed for at least five years. A qualified dietitian asked participants, during face-to-face
interviews, how frequently, on average, during the past year they had consumed one standard serving
of specific food items in nine categories (<1/month, 2–3/month, 1–2/week, 3–4/week, 5–6/week,
1/day, 2–3/day, 4–5/day, or 6/day). Food lists in the modified FFQ questions were classified based on
types of foods: 21 items of vegetables; 16 items of meat such as red meat (lamb and beef), chicken, fish,
cold meat, and others; 21 items of fruits and juices; nine items of milk and dairy products; eight items
of cereals; four items of beans; four items of soups and sauces; five items of drinks; nine items of snacks
and sweets; and 14 items of herbs and spices [12]. Food models and standard measuring tools were
used to help participants estimate portion size. Responses on frequency of consumption and serving
size for each food item were converted into average daily intake. Data was collected from a total of
503 participants. However, the data from 86 participants was excluded due to incomplete response to
required questions (n = 58); over-estimation of calorie intake (>5000 kcal for male and >4000 kcal for
female) (n = 12); and under-estimation of calorie intake (<500 kcal for females and <800 kcal for males)
(n = 16) [13]. Dietary intakes were analyzed using dietary analysis software (ESHA Food Processor
SQL version 10.1.1; ESHA, Salem, OR, USA) with additional data on foods consumed in Jordan [14].

The 7-day Physical Activity Recall (PAR), developed by Sallis et al. [15] was used to measure
physical activity level. 7-Day PAR is a structured interview that depends on participant’s recall of
time spent engaging in physical activity over a seven day period. Our participants were asked specific
and probing questions in order to obtain a complete history of their physical activities. They were
asked to recall their physical activities for the previous year before their enrollment into the study.
PAR covers different levels of physical activity and intensity such as aerobic exercise, work-related
activities, gardening, walking, recreation, and leisure-time activities. The PAR interview focuses on
collecting data on intensity, time or duration, and type of activity. The number of hours spent in
different activity levels were obtained and converted into Metabolic Equivalents (METs). Average
METs for walking = 3.3 METs, for moderate activity = 4.0 METs, for vigorous activity = 8.0 METs. The
score expressed as MET-min/week was calculated as: (MET level × minutes of activity/day × days
per week). Total Physical Activity MET-min/week is obtained by METs summation and categorized
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as inactive (below 600 MET-min/week), minimally active and Health Enhancing Physical Activity
(HEPA) active. Minimally active category included subjects who reported a minimum of at least 600
MET-min/week. The category HEPA active included any subject who performed vigorous-intensity
activity on at least 3 days a week and accumulated at least 1500 MET-min/week or who performed
any combination of walking, moderate-intensity or vigorous intensity activities on 5 or more days
achieving a minimum of at least 3000 MET-min/week [15].

Body weight was measured to the nearest 0.1 kg, with minimal clothing and without shoes, using
a calibrated portable scale. Height was measured to the nearest 0.5 cm with participants in the full
standing position without shoes using a calibrated portable measuring rod. Body mass index (BMI)
was calculated as the ratio of weight in kilograms to the square of height in meters [16].

2.3. Statistical Analyses

Statistical analysis was performed with SPSS IBM-20 software. The significance level was set at p
= 0.05. For descriptive statistics, mean ± standard deviation (SD) and percentages were used. T-tests
evaluated the differences between cases and controls in continuous variables, and Chi-square was
used to detect differences among categorical variables.

Because all nutrients were correlated with energy intake, variation due to energy intake and
its associated measurement error was minimized by energy adjustment of the nutrients using the
regression method [17]. This method of energy adjustment is computed from the residuals of the
regression model with total energy intake as the independent variable and the nutrient as the dependent
variable. Regression equation was used to calculate the expected mean of nutrient intake of the study
population. Next, for each participant, the energy-adjusted intake was calculated by adding the
expected mean nutrient intake of the study population to the residual derived from the regression
analysis. Shapiro-Wilk test was used to assess the normality of the distributions of dietary intake
variables. Non-normally distributed variables were log transformed [17].

Nutrient intakes were modeled using quartiles of distribution in the study population with
quartile 1 being the lowest intake and quartile 4 the highest. Odds ratios (ORs) and 95% CIs (95% CIs)
for CRC were calculated by using logistic regression models for quartiles of nutrient intakes, with the
lowest quartile as the reference category. Confounders were selected based on known risk factors for
CRC reported in the literature. Potential confounders were chosen based on previous studies [4,18]
including the Cancer Prevention Study II [18]. Confounders included in data analysis included age,
gender, BMI, physical activity (MET-min/week), family history (beyond the second degree) of CRC,
household income, educational level, marital status and smoking. Trend tests were calculated using
linear regression with nutrient intakes as continuous data.

3. Results

Table 1 shows participants’ age, anthropometric measurements, socio-demographic and health
characteristics, stratified by gender. Average age for controls was 51.4 ± 10.9 years and 53.8 ± 12.2
years for cases. Significant differences were found between cases and controls in male height, and
in female BMI. No significant differences were detected in employment, marital status, monthly
income, smoking and physical activity levels between the CRC diagnosed and control participants.
However, family history (beyond the second degree) of CRC and having other health problems in
female participants was significantly higher in the CRC group compared to the controls.

The mean daily intakes of total energy, macronutrients, and micronutrients appear in Table 2.
The CRC group reported significantly higher intakes of total energy, protein, fat, saturated fat and
cholesterol (p < 0.05) compared to the control group. In addition, the CRC group had significantly
higher intakes of folate, Iron, selenium as well as omega-3 (p < 0.05) when compared to the control
group, and the control group had a higher percentage of calories from carbohydrate when compared
to the CRC group (p < 0.05).
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Table 1. Age, anthropometrics measurements and selected characteristics of the study participants.

Characteristics
Males (n = 193) Females (n = 224)

Control (n = 113) Case (n = 80) p-value Control (n = 135) Case (n = 89) p-value

Age years
(mean ± SD) 55.2 ± 11.6 57.9 ± 12.1 0.110 48.1 ± 8.9 50.0 ± 11.0 0.161

Height cm
(mean ± SD) 164.3 ± 9.6 169.5 ± 9.2 0.001 170.1 ± 40.5 166.8 ± 10.6 0.458

Weight kg
(mean ± SD) 81.3 ± 16 81.1 ± 14.6 0.092 79.9 ± 14.9 77.5 ± 16.5 0.271

BMI kg/m2

(mean ± SD) 27.3 ± 4.8 27.8 ± 5.4 0.558 30.2 ± 6.0 27.6 ± 7.4 0.004

Age Category n (%)

<40 years 9 (8) 10 (12.7)

0.397

22 (16.9) 14 (15.9)

0.095
40–49

years 25 (22.1) 12 (15.2) 57 (43.8) 32 (36.4)
50–59

years 36 (31.9) 15 (19.0) 35 (26.9) 20 (22.7)
≥60 years 43 (38.1) 42 (53.2) 16 (12.3) 22 (25.0)
Total 113 (100.0) 79 (100.0) 130 (100.0) 88 (100.0)

Employed (%)

Yes 63 (55.8) 30 (37.5)
0.081

26 (19.3) 21 (23.6)
0.510No 50 (44.2) 50 (62.5) 109 (80.7) 68 (76.4)

Total 113 (100.0) 80 (100.0) 133 (100.0) 89 (100.0)

Marital status n (%)

Married 106 (93.8) 76 (95)

0.695

113 (83.7) 74 (83.2)

0.364
Single 4 (3.5) 2 (2.6) 10 (7.4) 2 (2.2)
Divorced - 1 (1.3) 1 (0.7) 1 (1.1)
Widowed 3 (2.7) 1 (1.3) 11 (8.1) 12 (13.5)
Total 113 (100.0) 80 (100.0) 135 (100.0) 89 (100.0)

Family history (beyond the second degree) of CRC n (%)

Yes 45 (40.2) 27 (33.8)
0.475

45 (34.1) 42 (47.7)
0.016No 67 (59.8) 53 (66.3) 87 (65.9) 46 (52.3)

Total 112 (100.0) 80 (100.0) 132 (100.0) 88 (100.0)

Other health problem n (%) (excluding diabetes, liver disease, rheumatoid arthritis)

Yes 45 (40.2) 45 (57.0)
0.367

47 (34.8) 40 (44.9)
0.043No 67 (59.8) 34 (43.0) 88 (65.2) 48 (53.9)

Total 112 (100.0) 79 (100.0) 135 (100.0) 88 (100.0)

Tobacco use n (%)

Yes 36 (34.0) 17 (23.0)
0.113

4 (3.0) 7 (8.0)
0.093No 70 (66.0) 57 (77.0) 131 (97.0) 81 (92.0)

Total 106 (100.0) 74 (100.0) 135 (100.0) 88 (100.0)

Household income n (%)

<300 USA
$ 10 (8.8) 6 (7.4)

0.663

15 (11.0) 5 (5.6)

0.562
300–750

USA $ 27 (23.9) 19 (23.8) 41 (30.4) 24 (27.0)
>750 USA

$ 65 (57.6) 36 (45.0) 44 (32.6) 24 (27.0)
Unknown 11 (9.7) 19 (23.8) 35 (26.0) 36 (40.4)
Total 113 (100.0) 80 (100.0) 135 (100.0) 89 (100.0)

Physical activity levels n (%)

Inactive * 30 (27.0) 27 (33.8)

0.469

10 (9.1) 16 (18.0)

0.183Minimally
Active † 40 (36.0) 25 (31.3) 33 (30.0) 23 (25.8)

HEPA
active ‡‡ 41 (36.9) 28 (35.0) 67 (60.9) 50 (56.2)

Total 111 (100.0) 80 (100.0) 110 (100.0) 89 (100.0)

BMI: Body Mass Index; * Inactive: not fitting in “Minimally Active” or “HEPA active”; Significance is at p ≤ 0.05. †

Minimally Active: at least 600 MET per week; ‡‡ Health Enhancing Physical Activity: HEPA active: more than 3000
MET per week.
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Table 2. Mean intake per day ± SD of nutrients for the study participants.

Nutrient Control Case Difference (Case − Control) p-value *

Energy (kcal) 3476.0 ± 1172.9 3719.4 ± 1018.1 243.4 0.029
Protein (g) 109.6 ± 42.5 120.9 ± 52.4 11.3 0.016
Protein % 12.5 ± 2.3 13 ± 3.7 0.4 NS

Carbohydrate (g) 593.9 ± 203.1 608.1 ± 164.6 14.2 NS
Carbohydrate % 68.9 ± 8.6 66.1 ± 8.4 −2.8 0.001

Fiber (g) 48.4 ± 23.3 48.1 ± 21.3 −0.3 NS
Soluble Fiber (g) 6.0 ± 4.5 5.4 ± 3.5 −0.7 NS

Insoluble Fiber (g) 14.7 ± 10.8 13.1 ± 9.1 −1.5 NS
Fat (g) 80.2 ± 39.1 93.8 ± 41.3 13.6 0.001
Fat % 20.4 ± 6.6 22.1 ± 6.5 1.7 0.009

Saturated Fat (g) 29.8 ±16.3 35.4 ± 17.1 5.6 0.001
Saturated Fat % 7.6 ± 3.2 8.4 ± 3.2 0.8 0.009
Cholesterol (mg) 340.2 ± 229.0 409.3 ± 273.7 69.1 0.005
Vitamin A (RE) 1116.5 ± 850.5 1199.8 ± 871.6 83.3 NS

Beta-carotene (μg) 6478.7 ± 5259.1 6822.6 ± 556.3 343.9 NS
Vitamin B12 (μg) 3.9 ± 3.5 4.5 ± 4.3 0.6 NS
Vitamin C (mg) 239.2 ± 173.1 259.7 ± 207.4 20.5 NS
Vitamin D (mg) 0.8 ± 0.7 0.9 ± 0.7 0.1 NS

Vitamin E (α-Tocopherol) (mg) 6.4 ± 3.9 6.7 ± 4.1 0.2 NS
Folate (mcg) 461.3 ± 217.2 506.3 ± 186.6 44.9 0.029

Vitamin K (μg) 193.3 ± 203.8 197.5 ± 174.3 4.1 NS
Calcium (mg) 1171.1 ± 526.9 1230.5 ± 459.2 59.4 NS

Iron (mg) 25.2 ± 9.9 27.4 ± 10.1 2.3 0.022
Sodium (mg) 4796.2 ± 2837.5 5112.0 ± 2218.6 315.8 NS
Selenium (μg) 109.3 ± 53.3 120.1 ± 48.9 10.9 0.033

Phosphate (mg) 1334.4 ± 561.7 1416.6 ± 619.5 82.2 NS
Omega-3 (mg) 0.6 ± 0.4 0.7 ± 0.5 0.1 0.014
Caffeine (mg) 3036.6 ± 2829.8 2980.7 ± 3041.8 −55.9 NS

* Significance is at p < 0.05.

Table 3 shows the ORs and corresponding 95% CI of the CRC group by intake quartile of associated
macronutrients. After adjusting for potential confounders, increasing intakes (in the highest versus
the lowest quartile of intake) of total energy (OR = 2.60, 95% CI: 1.22–5.56, p-trend = 0.030), and
protein (OR = 3.62, 95% CI: 1.63–8.04, p-trend = 0.002) were significantly associated with CRC. A
significant positive trend in risk was found for carbohydrate (p = 0.043), but none of the quartiles are
different from the reference category. The odds ratios for quartiles of fat intake as g/day were not
calculated due to distribution issues (the bottom quartile had only 1 participant and the top quartile
only 2 control participants). As noted in Table 3, saturated fat and cholesterol intakes show significant
direct associations with CRC risk (OR = 5.23, 95% CI: 2.33–11.76 and OR = 2.48, 95% CI: 1.18–5.21,
respectively) in the highest versus the lowest quartile of intake, and the trend tests were also significant.
No association for intake of total fiber with CRC was detected, (p-trend = 0.979, Table 3). However, the
upper quartile of insoluble fiber was found to be protective against CRC (OR = 0.42, 95% CI: 0.19–0.91)
but the trend test was not significant (p-trend = 0.162).
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Table 3. Adjusted ORs a and CIs of CRC risk by macronutrient intake quartiles.

Nutrient
Adjusted

Q1 Q2 Q3 Q4 p-Trend

Energy (Kcal)

0.030No. of Cases
(169)/Controls (248) 32/72 45/60 44/60 48/56

OR 1 1.51 1.83 2.60 *
95% CI - 0.70–3.27 0.85–3.93 1.22–5.56

Protein (g)

0.002
No. of Cases

(169)/Controls (248) 30/74 37/67 46/58 56/48

OR 1 1.66 1.74 3.62 *
95% CI - 0.74–3.69 0.78–3.90 1.63–8.04

Carbohydrate (g)

0.043
No. of Cases

(169)/Controls (248) 36/68 37/67 43/62 53/51

OR 1 0.77 1.24 1.41 *
95% CI - 0.36–1.64 0.58–2.64 0.68–2.99

Fiber (g)

0.979
No. of Cases

(169)/Controls (248) 46/58 49/56 33/71 41/63

OR 1 1.29 0.48 0.57
95% CI - 0.62–2.69 0.22–1.04 0.27–1.21

Soluble Fiber (g)

0.551
No. of Cases

(169)/Controls (248) 43/61 53/52 39/65 34/70

OR 1 1.86 0.85 0.58
95% CI - 0.84–4.15 0.39–1.84 0.26–1.27

Insoluble Fiber (g)

0.162
No. of Cases

(169)/Controls (248) 46/58 51/54 40/64 32/72

OR 1 1.04 0.66 0.42
95% CI 0.49–2.22 0.30–1.41 0.19–0.91

Fat b (g)
No. of Cases

(169)/Controls (248) 0/104 4/100 63/42 102/2

OR - - - -
95% CI - - - -

Saturated Fat (g)

0.009
No. of Cases

(169)/Controls (248) 28/76 36/69 52/52 53/51

OR 1 2.23 3.61 5.23 *
95% CI - 1.00–4.98 1.68–7.77 2.33–11.76

Cholesterol (mg)

0.027
No. of Cases

(169)/Controls (248) 33/71 32/72 49/56 55/49

OR 1 0.94 1.84 2.48 *
95% CI - 0.43–2.05 0.87–3.91 1.18–5.21

a Adjusted for total energy intake normality of the distributions of dietary intake variables was assessed by the
Shapiro-Wilk test. Non-normally distributed variables were log transformed. Other potential confounders included
age, gender, BMI, physical activity (METs/week), family history (beyond the second degree) of CRC, education
attainment, household income, marital status and tobacco use; b Odds ratios were also calculated for percentage of
energy from fat using the following categories: 1 (≤20% of energy), 2 (20%–35% of energy), 3 (≥35% of energy). The
ORs for category 2 and category 3 relative to category 1 were 1.80 (95% CI: 1.07–3.04), and 2.10 (95% CI: 0.38–11.70),
respectively, with p-trend = 0.009. * Significant different from reference category, p ≤ 0.05.

Vitamin E intake showed significant protective effect against CRC with OR = 0.02 and 95% CI:
0.0003–0.011, (Table 4). Neither quartile analysis nor the trend test was significant for vitamins A, C,
B12, D, K, and folate, beta-carotene, phosphate, and omega-3. Calcium showed a significant risk in the
top two quartiles.
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Table 4. Adjusted ORs a and CIs of CRC risk by micronutrient intake quartiles.

Nutrient
Adjusted

Q1 Q2 Q3 Q4 p-Trend

Vitamin A (RAE)

0.769No. of Cases
(169)/Controls (248) 42/62 38/67 43/61 46/58

OR 1 0.90 0.87 0.77
95% CI - 0.43–1.89 0.43–1.77 0.37–1.58

Beta-carotene (μg)

0.575
No. of Cases

(169)/Controls (248) 42/62 39/66 63/41 47/57

OR 1 0.78 0.78 0.71
95% CI - 0.38–1.59 0.38–1.63 0.33–1.55

Vitamin B12 (μg)

0.493
No. of Cases

(169)/Controls (248) 45/59 31/73 40/65 53/51

OR 1 0.38 0.66 1.07
95% CI - 0.17–0.83 0.32–1.35 0.52–2.222

Vitamin C (mg)

0.359
No. of Cases

(169)/Controls (248) 41/63 40/65 40/64 48/56

OR 1 0.81 0.63 0.89
95% CI - 0.40–1.62 0.29–1.34 0.42–1.89

Vitamin D (mg)

0.163
No. of Cases

(169)/Controls (248) 39/68 43/59 40/64 47/57

OR 1 1.07 1.33 1.47
95% CI - 0.50–2.31 0.64–2.76 0.70–3.08

Vitamin E (α-Tocopherol)
(mg)

0.001No. of Cases
(169)/Controls (248) 95/9 62/43 12/92 -/104

OR 1 0.05 0.02 -
95% CI - 0.01–0.23 0.0003–0.011 -

Folate (μg)

0.057
No. of Cases

(169)/Controls (248) 33/71 41/64 46/58 49/55

OR a 1 1.32 1.24 1.14
95% CI - 0.62–2.84 0.58–2.66 0.54–2.42

Vitamin K (μg)

0.612
No. of Cases

(169)/Controls (248) 37/67 41/63 48/57 43/61

OR 1 0.95 1.12 0.95
95% CI - 0.68–2.13 0.88–2.70 0.74–2.29

Calcium (mg)

0.146
No. of Cases

(169)/Controls (248) 29/75 40/65 55/49 45/59

OR 1 1.80 3.92 2.39
95% CI - 0.82–3.96 1.81–8.50 1.04–5.52

a Adjusted for total energy intake normality of the distributions of dietary intake variables was assessed by the
Shapiro-Wilk test. Non-normally distributed variables were log transformed. Other potential confounders included
age, gender, BMI, physical activity (METs/week), family history (beyond the second degree) of CRC, education
attainment, household income, marital status and tobacco use.

4. Discussion

The results from of the present study provide further evidence for an association between CRC
risk and diet. Generally, the results of this case-control study on CRC risk illustrate a relationship
between macro- and micronutrients intake and this type of cancer among Jordanians.

As BMI was obtained at the time of interview for both patients and controls, the association
between obesity and CRC in this study could not be evaluated. The lower BMI in cases may reflect
the effect of chemotherapy and other therapies which cancer patients were exposed to before the
interview time.

Our study revealed a direct association between total energy intake and the risk of developing
CRC, as supported by several other studies [4,19]. Caloric restriction was found to reduce cancer
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incidence in rodents and colorectal cell proliferation in humans [20]. The potential mechanism could
be through insulin growth factor-1 (IGF-1), where increasing energy could be responsible for glycemic
overload and a compensatory increase of serum insulin and related IGF-1, a promoter of tumor cell
growth in vitro [21,22]. Elevated circulating insulin and IGF level may increase CRC risk, possibly by
decreasing IGF-binding proteins (IGFBP-1) and increasing the bioactivity of IGF-I [23,24]. Insulin may
increase the circulating IGF-1/IGFBP-3 ratio by increasing hepatic growth hormone sensitivity which
could be implicated in increasing the risk for CRC [23,24].

High carbohydrate intake may increase glycemic load, insulin levels, and IGF-1 [20,21]. A
significant trend for higher intake of carbohydrate was detected among cases compared to controls.
This observation is consistent with some studies [25–27] but not all [4,28]. Borugian et al. [26] reported
a significant positive association between carbohydrate intake and risk of CRC in both men (OR =
1.7; 95% CI: 1.1–2.7) and women (OR = 2.7; 95% CI: 1.5–4.8) among Chinese in North America. While,
Franceschi et al. [27] found a direct association between dietary glycemic load and CRC risk, with OR
of 1.7 (95% CI: 1.5–2.2).

The effect of fiber on CRC incidence is inconsistent; some studies report a significant inverse
association between total fiber intake and CRC risk [4,29–31], whereas other studies found no
association between fiber intake and CRC incidence [27,32–34]. Although our results showed no
association for the intake of total fiber with CRC, a significant protective effect of insoluble fiber on
the risk of CRC development at the highest quartile has been detected [32]. A prospective cohort
study of women in the United States, found that total fiber was not associated with CRC risk, with
relative risk (RR) for the highest relative to lowest quintile of 0.75 (95% CI: 0.48–1.17, p-trend = 0.12). In
the other two mentioned studies, significant associations in age-adjusted models disappeared after
adjustment for other risk factors. In the Pooling Project analysis including data from 13 cohort studies
the report showed statistically significant inverse associations for colorectal cancer in the age adjusted
models (Quintile 5 vs. Quintile 1, RR 0.84, 95% CI: 0.77–0.92), but not after multivariable adjustment
(Quintile 5 vs. Quintile 1, RR 0.94, 95% CI: 0.86–1.03) [33]. Similarly, in an NIH-AARP analysis the
statistically significant inverse association in the age adjusted model (Quintile 5 vs. Quintile 1, HR 0.73,
95% CI: 0.65–0.82) disappeared after multivariable adjustment (Quintile 5 vs. Quintile 1, RR 0.99, 95%
CI: 0.85–1.15) [34].

Similar to other studies [4,12,26,35], our study results show that total fat, saturated fat and
cholesterol have a significant direct effect on CRC risk. The total consumption of fat was much higher
in our CRC participants than controls, with only one control in the first quartile. Our observation on
fat, saturated fat and cholesterol is in agreement with the report of Arafa et al. [11] who reported the
daily intake from saturated, mono and polyunsaturated fats and cholesterol is significantly higher
among CRC diagnosed subjects as compared to controls, (p < 0.05). The proposed mechanism for fat
involvement in colorectal carcinogenesis appears to be complex. However, Endo et al. [35], showed
that the molecular mechanisms underlying the promotion of colorectal carcinogenesis by a high-fat
diet (HFD) is through its effect on the role of the insulin-signal pathway and the c-Jun N-terminal
kinase (JNK) pathway, which was reported to play a crucial role in insulin resistance during colorectal
carcinogenesis in the presence of hyperinsulinaemia induced by a HFD. They found that colonic cell
proliferation was promoted via the JNK pathway in the presence of a HFD providing an explanation
of the effect of dietary fat intake on colon carcinogenesis through the JNK pathway [35].

In our study, protein intake was found to have a significant direct association with CRC. Arafa
et al. [11] indicated that the consumption of protein among CRC diagnosed patients was higher than
intake in a control group, and they speculated that this may be associated with a higher risk for
development of CRC. In contrast, one other study by Sun et al. [5], reported an inverse association
for intake of protein (OR: 0. 85, 95% CI: 0.69–1.00, p-trend = 0.002, 4th versus 1st quartile). However,
Egeberg et al. [36] reported a significant association between specific red meat subtypes intake and the
risk of developing colon and rectal cancers. They found that consuming lamb meat was significantly
related to risk of developing colon cancer, while consuming pork meat was significantly related to
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the risk of developing rectal cancer [36]. No associations were found between intake of red meat,
processed meat, fish, or poultry and risk for colon cancer or rectal cancer [36]. Fifty percent of
participants consumed red meat more than 1–2 times per week (results not shown) in serving size
ranges from 90–120 gm. However, the majority (80%) consumed poultry more than 3–4 times weekly.
This may partially explain why protein intake in this study was a CRC risk factor rather than protective.
In a previous report, Tayyem et al [37], we reported that the Jordanian population consumes more
animal proteins than plant proteins [37]. In fact, meat intake increased from 7.68 kg/year per-capita in
1961 to 35.85 kg/year per-capita in 2005 [37].

In our study, vitamin E was found to have a significant inverse association with the risk of CRC
development. The remarkable effect of vitamin E consumption on protecting against CRC could be
attributed to the comparative ratio of 95 case/9 control participants at the lowest quartile compared
to 12 case/92 control participants at the 3rd quartile of vitamin E consumption. These results are in
agreement with other studies [31,38–41]. A study of Satia-Abouta et al. [29], that had been conducted
on African Americans, revealed that vitamin E intake was strongly and inversely associated with
a 70% reduced risk for colon cancer (OR 0.3; 95% CI (0.1–0.6)). This trend of association was not
demonstrated in the same study in Whites (OR 1.0; 95% CI (0.6–1.6)). This could be attributed to ethnic
differences [29]. Perhaps, this may be due to genetic makeup or the influence of genes in the metabolic
processes. This effect may arise from vitamin E activity as an antioxidant against free radicals and
reactive oxygen molecules [39].

The association between folate intake and CRC disease state is being debated and no significant
association between folate and CRC risk has been reported [26,42–45], similar to results obtained in
our study. However, recent research indicates that folate may have a role in the metabolism of colon
carcinogenesis, perhaps by increasing 5, 10-methylenetetrahydrofolate levels for DNA synthesis [44,45].

Iron (Fe) intake was found to have a positive weak association with CRC risk [24]. Our results are
consistent with those from other studies [46–48]. In Larsson et al. [46] study, the RR of colon cancer,
comparing extreme categories of heme iron intake, was 2.29 (95% CI: 1.25–4.21) among women who
consumed at least 20 g/week of alcohol, and 1.05 (95% CI: 0.74–1.48) among women who consumed
less than 20 g/week of alcohol. The molecular mechanisms of iron carcinogenesis may be explained by
the actions of auto-oxidation of iron involving only Fe2+ + O2 in oxidant formation in biological systems
and its pH dependency, activation of oxidative responsive transcription factors and pro-inflammatory
cytokines, and iron-induced hypoxia signaling [47,48].

In our study, the intake of selenium was found to have a significant trend for direct association
with CRC risk. Other studies reported the presence of an inverse association between selenium
intake and plasma levels with CRC risk [49–51]. Our results may be explained by the finding of
Whanger [51] who conducted a study on the form of selenium compounds with CRC risk. His
results suggested that Selenomethionine (Semet), the major seleno-compound in cereal grains and
enriched yeast, may be the effective form of selenium against CRC. However, Whanger [51] found that
Se-methylselenocysteine (SeMCYS), the major seleno-compound in Se-accumulator plants and some
plants of economic importance such as garlic and broccoli, may be ineffective against CRC and only
protect against mammary tumors. Our results suggest that the effective form of selenium that could
protect against CRC disease may have been limited in our participants’ diets.

Some studies have shown an association between high sodium intake and CRC development [52–
54], and Zhivotovskiy et al. [54] have reported that the risk of CRC increased almost 3.5-fold as the
dietary intake of salt increased with p-trend of 0.008.The results of our study is in agreement with these
reports. One potential explanation for this is the presence of chemical carcinogens such as N-nitroso
compounds in salted foods such as processed meats, dairy products and canned foods, which can
be formed by the reaction of sodium nitrate or sodium nitrite in the curing process or in the body, or
heterocyclic amines, which have been detected in fish or meat cooked in high temperatures, such as
grilling, which is commonly used for grilled meat [54].
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Regarding caffeine intake, our results are in agreement with other studies. Caffeine has been
shown to have a negative association with CRC risk [55,56]. It inhibits colon cancer cell growth, by
acting as antioxidant and effectively scavenging hydroxyl radicals (·OH) [55]. Additionally, caffeine
can decrease insulin sensitivity, possibly as a result of elevated plasma epinephrine levels [56].

5. Study Limitation

In a study of this type we rely greatly on the ability and memory recall of participants to accurately
and carefully provide information from a period when it was not necessarily important to remember
the details of long digested meals, or physical activities that were undertaken. It is understandable
that some individuals may have a greater recall than others, and that biases may exist in the minds of
those being interviewed, and indeed, by the interviewer. Traumatic events such as the diagnosis of a
life threatening disease condition may ultimately have a very significant role in the memory recall of
some participants. Because of the obvious limitations placed on the recall of memory, we are using
the only means currently available to us, the FFQ, which although prone to errors, is nevertheless an
accepted and validated form used in many research studies.

We did not take into account the possible effects of cooking on the bioavailability of the various
nutrients, and although we attempted to control for a range of potential confounders, we did not
measure alcohol use (culturally discouraged). Nor did we consider the use of food dietary supplements;
however, we are aware that the use of dietary supplements is not common or widespread. Finally, the
one year dietary recall time frame may not be sufficient to determine an association with a disease state
that may take years to develop; nevertheless, we see this study as a pointer to the need for further long
term studies involving journal and diary entries of nutritional intakes along with physical activities for
designated period of time, whether it be five to fifteen years.

A major strength of our study is the validated and detailed FFQ used to collect dietary data
from our study population. Even though dietary data were collected at only one time, the FFQ has
been reported to be an adequate instrument for measuring macro- and micronutrient intake [12].
Confirmative studies should verify and extend the presented data on Jordanian dietary habits in order
to establish recommendations for people in Jordan to decrease colorectal cancer incidence.

6. Conclusions

This study, conducted in a Jordanian population group provides additional evidence that diets
containing high energy, protein, total fat, saturated fat, cholesterol, and sodium intakes may increase
the risk of CRC development, whereas high intakes of insoluble fiber, vitamin E, and caffeine may
decrease the risk of these diseases. These results suggest that dietary changes could help to reduce the
incidences of CRC in the Jordanian population.
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Abstract: Aging is considered the major risk factor for cancer, one of the most important mortality
causes in the western world. Inflammaging, a state of chronic, low-level systemic inflammation,
is a pervasive feature of human aging. Chronic inflammation increases cancer risk and affects all
cancer stages, triggering the initial genetic mutation or epigenetic mechanism, promoting cancer
initiation, progression and metastatic diffusion. Thus, inflammaging is a strong candidate to connect
age and cancer. A corollary of this hypothesis is that interventions aiming to decrease inflammaging
should protect against cancer, as well as most/all age-related diseases. Epidemiological data are
concordant in suggesting that the Mediterranean Diet (MD) decreases the risk of a variety of cancers
but the underpinning mechanism(s) is (are) still unclear. Here we review data indicating that the MD
(as a whole diet or single bioactive nutrients typical of the MD) modulates multiple interconnected
processes involved in carcinogenesis and inflammatory response such as free radical production,
NF-κB activation and expression of inflammatory mediators, and the eicosanoids pathway. Particular
attention is devoted to the capability of MD to affect the balance between pro- and anti-inflammaging
as well as to emerging topics such as maintenance of gut microbiota (GM) homeostasis and epigenetic
modulation of oncogenesis through specific microRNAs.

Keywords: aging; inflammation; inflammaging; cancer; mediterranean diet; nutrients; microRNAs;
NU-AGE project

1. Inflammaging as a Major Component of Aging, Age-Related Diseases and Cancer

Human aging is a complex, extremely heterogeneous and dynamic trait determined by a number
of environmental, genetic, epigenetic, and stochastic factors [1]. A pervasive feature of human aging
and probably one of its major causes, is represented by the chronic, low-level state of systemic
and sterile (in the absence of overt infection) inflammation called “inflammaging” [2,3]. Indeed,
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inflammation has been recently included among the seven pillars of aging [4]. It can be beneficial
as an acute, transient immune response to harmful conditions, facilitating the repair, turnover and
adaptation of many tissues. However, during aging, inflammatory response tends to become chronic
and of low grade, leading to tissue degeneration.

Indeed, inflammaging is characterized by a general increase in plasma levels and cell capability
to produce pro-inflammatory cytokines such as Interleukin-6 (IL-6), Interleukin-1 (IL-1) and Tumour
Necrosis Factor-α (TNF-α) and by a subsequent increase of the main inflammatory markers, such as
C-reactive protein (CRP) and serum amyloid A (A-SAA) [2,5]. This generalized pro-inflammatory
status, interacting with the genetic background and environmental factors, potentially triggers the
onset of the most important age-related diseases, such as cardiovascular diseases, atherosclerosis,
metabolic syndrome, type 2 diabetes, obesity, neurodegeneration, arthrosis and arthritis, osteoporosis
and osteoarthritis, sarcopenia, major depression, frailty and cancer [6,7].

The hypothesis of a possible correlation between cancer and inflammation was firstly formulated
by the Greek physician Galenus [8,9]. In 1863 Rudolph Virchow, a pioneer of cellular pathology, noted
inflammatory cells within tumor mass and that tumors arise at sites of chronic inflammation [10,11].
A functional framework developed by Hanahan and Weinberg (2000) characterizes cancer by six
biological hallmarks, able to regulate the conversion of normal cells in cancer cells: self-sufficiency
in growth signals, insensitivity to growth inhibitory signals, limitless replicative potential, the ability
to evade programmed cell-death (apoptosis), the ability to sustain angiogenesis, the ability to invade
tissues and metastasize [12]. Studies have also supported the important role of inflammatory cells
and cytokines in the tumor microenvironment [13–15]. In 2011, Weinberg and Hanahan proposed
four additional new cancer hallmarks: ability to evade the immune system, presence of inflammation,
tendency towards genomic instability and dysregulated metabolism [16]. The correlation between
chronic inflammation and cancer has been supported by epidemiological and experimental studies
on humans and animal models [13,15,17] along with the observation that preventive treatments with
anti-inflammatory drugs such as aspirin or cyclooxygenase-2 (COX-2) inhibitors reduce the risk of
developing colorectal and breast cancer and even mortality [15,18,19]. Chronic inflammation affects
all cancer stages, increasing the onset risk, supporting the initial genetic mutation or epigenetic
mechanism leading to cancer initiation [20–22], promoting tumor progression, and supporting
metastatic diffusion [9,22–25].

We recently hypothesised that it is important to distinguish between systemic inflammaging and
local inflammaging. While the pathological and pathogenetic role of circulating pro-inflammatory
compounds and cytokines is unclear and possibly negligible (a marker of inflammation rather than an
active player), there are a number of observations and papers suggesting that the local production of
inflammatory cytokines can have strong deleterious effects, as we recently suggested in the case of
breast cancer niche as a paradigmatic example [26,27]. Therefore, it is tempting to speculate that the
important aspect to be considered in inflammaging and cancer is not the mere increase in inflammatory
mediators but rather the source, and therefore the local targets, of these mediators. The tangled
interplay among local immune responses and systemic inflammation and their influence on clinical
outcomes in cancer has been recently reviewed [28].

Different types of tissues (muscle, adipose tissue), organs (brain and liver), systems (immune
system) and ecosystems (gut microbiota, GM) may contribute to the systemic inflammatory state,
through altered production of pro-inflammatory and/or anti-inflammatory mediators [5,7,26,29,30].

Inflammaging can be influenced by many other factors, such as microRNAs (miRs) and
agalactosylated N-glycans, together with the products and metabolites of the intestinal microbiota.

Additionally, some mitochondrial components, including mtDNA and other “cellular debris”
released outside of the cells, as a consequence of natural cell turnover/damage, could trigger and
sustain a sort of “physiological inflammatory tone” that increases with age [31]. This conceptualization
can be extended to nutrients, whereby an excess of nutrients could be therefore capable of triggering
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an inflammatory response [32–34] that has been dubbed “metaflammation” [35], contributing to the
above-mentioned physiological inflammatory tone.

Inflammatory Sources for Cancer Development

Apart from inflammaging, viruses, bacteria and parasite infections as well as the exposure to
chemical or physical agents can support chronic inflammation and have been linked to several cancer
types [36–38]. Similarly, unresolved inflammation unrelated to infections can also contribute to
carcinogenesis as observed in Barrett’s metaplasia, chronic pancreatitis or esophagitis [21,38–43] or in
autoimmune diseases [21].

Obesity plays a central role in carcinogenesis since adipose tissue has been recognized as an
endocrine source of mediators (hormones, acute-phase proteins, cytokines, adipokines and growth
factors, [44]) able to sustain a chronic low-grade inflammation. During the last fifteen years, obesity
has been associated with several types of tumors such as breast, endometrium, prostate, kidney,
esophagus, stomach, colon, pancreas, gallbladder, and liver [45–49] and also with an increased cancer
aggressiveness, risk of relapse and mortality [49].

A large amount of data indicates that inflammation is closely connected to oxidative stress.
Reactive oxygen species (ROS) are continuously produced by our cells as a by-product of oxidative
metabolism and are essential for several physiological functions and signalling pathways. However,
an excessive accumulation of ROS may cause cellular oxidative damage to nucleic acids and proteins
in cells of several systems including the endocrine and the immune systems [26,50]. We have recently
hypothesised that most of the deleterious effects of excessive oxidative stress in tissues and organs can
be mediated by the induction of unwanted inflammatory reactions [50].

Indeed, an important characteristic of tumor promoters is their ability to recruit inflammatory
cells and to stimulate them to generate ROS [51]. Mast cells and leukocytes recruited to the site of
damage lead to a “respiratory burst” due to an increased uptake of oxygen and, thus, an increased
release and accumulation of ROS at the site of damage [20]. On the other hand, inflammatory cells also
produce soluble mediators, such as metabolites of arachidonic acid, CRP, cytokines (IL-1, IL-6), and
chemokines, which act by further recruiting inflammatory cells to the site of damage and producing
more reactive species. This sustained inflammatory/oxidative environment leads to a vicious cycle,
which can affect healthy neighboring epithelial and stromal cells, by inducing DNA damage and
activating epigenetic mechanisms, and over a long period of time may lead to carcinogenesis.

During tumor progression, immune and inflammatory cells produce cytokines and chemokines,
which facilitate cancer cell survival and proliferation, and promote the angiogenic switch enhancing
tumor growth [52]. Cytokines and chemokines also induce further recruitment and differentiation of
immune cells in the tumor microenvironment [53]. The key mediators can activate signal transduction
cascades and induce changes in transcription factors, such as nuclear factor-κB (NF-κB), signal
transducer and activator of transcription 3 (STAT3), PPAR-γ, β-catenin, p53, hypoxia-inducible
factor-1α (HIF-1α), activator protein-1 (AP-1), nuclear factor of activated T cells (NFAT), and NF-E2
related factor-2 (Nrf2), which mediates immediate cellular stress responses [54]. All these molecules are
regulated by the transcription factor NF-κB [55], which could be considered as a “hub” in tumorigenesis
linking cellular senescence, inflammaging and cancer [23]. As summarized in Figure 1, almost all gene
products involved in inflammation are indeed regulated by the activation of NF-κB (e.g., TNF-α, IL-1,
IL-6, chemokines, COX-2, 5LOX, CRP) [56] and NF-κB is activated in response to several well known
cancer risk factors such as smoke, stress, dietary agents, obesity, infectious agents and irradiation.
Moreover, NF-κB has been associated with transformation of cells [57] and is constitutively active
in most tumor cells. Cellular senescence, a tumour suppressive stress response, is associated with a
secretory phenotype that might be an important additional contributor to chronic inflammation [58].
Senescent cells are in fact characterized by the capability to produce high amounts of pro-inflammatory
proteins [59,60]. The senescent phenotype is also accompanied by an upregulation of the DNA
damage-response system and recently it has been proposed that the accrual of DNA damage with age
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can contribute significantly to inflammaging via the production of IL-6 [27]. In the cancer field this
phenomenon, related to the propagation to bystander cells of DNA damage, DNA damage response
and inflammation, has been conceptualized as “para-flammation” [61].

All these exogenous and endogenous danger signals (viruses, bacteria, including the GM and its
products, damaged and senescent cells, cell debris, altered/modified proteins, N-glycans, mtDNA,
ROS, etc.) are overall conceptualized by our group as “garbage”, able to trigger inflammaging
and inflammation. Indeed, all these “dysfunctional” molecules can be sensed by receptors of the
innate immune response and thus are potential stimulants of pro-inflammatory responses. This
“garbage” is an inevitable byproduct of the normal metabolism, but its accumulation becomes
evident with advancing age and/or in pathological conditions [3], due to the lifelong exposure to
exogenous/endogenous insults on one side, and to the decreased capacity of the ubiquitin-proteasome
system [62,63] and autophagy [64] to cope with these products on the other side.

Figure 1. Among the main causes of inflammaging, we found the accumulation of pro-inflammatory
factors, viruses and bacteria, age, reactive oxygen species (ROS) and cellular senescence. Inflammaging
can also be influenced by many other factors, including non-immunological ones, and those not
directly related to inflammation, such as microRNAs (miRs), circulating mitochondrial DNA (cmtDNA)
and agalactosylated N-glycans, together with the products and related metabolites of the intestinal
microbiota. Several pathways and molecules are triggered by these factors, which then are able to
activate the nuclear transcription factor NF-κB which could be considered as a hub in carcinogenesis,
linking inflammaging, cellular senescence and cancer.

2. The Mediterranean Diet

2.1. The Mediterranean Diet: Definitions and Characteristics

In literature, there are various definitions of the Mediterranean Diet (MD) but they generally
share the main components: a high consumption of vegetables, fruits, whole grains, legumes, olive oil
and fish (especially marine species), a low intake of saturated fats such as butter and other animal fats,
red meat, poultry, dairy products and a regular but moderate consume of ethanol mainly consisting of
red wine during meals. Some of these features overlap with other healthy dietary patterns, whereas
other aspects are unique to the MD.

The MD is the typical dietary pattern of the populations bordering the Mediterranean area. The
traditional MD has been accepted and acknowledged by the scientific community following the
publication by Ancel Keys and colleagues showing results from the Seven Countries Study. The
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purpose of this longitudinal epidemiological study, started in the late 1950s, was to examine the
relationships between lifestyle and dietary factors and cardiovascular diseases in populations from
different regions of the world (the USA, Northern Europe, Southern Europe and Japan). Resulting
data indicated that the mortality rate for coronary heart disease was higher in the USA and Northern
Europe in comparison to Southern Europe. In particular, subjects from Greece and Italy showed the
lowest mortality for cardiovascular diseases [65]. In 2003, the PREDIMED study found that the MD
supplemented with extra virgin olive oil or tree nuts was able to prevent cardiovascular diseases in
comparison to a low-fat diet [66].

Between 2005 and 2010, the Moli-sani study showed that higher adherence to the MD was
associated with a reduction of leukocytes and platelets suggesting that the set of foods composing
the MD could have an anti-inflammatory action and a protective effect on many diseases (primarily
atherosclerosis) with an inflammatory pathogenesis [67]. Overall, these and other studies indicated the
existence of inverse associations between MD and total mortality [68], the incidence of coronary heart
disease [69,70], thrombotic stroke [71], and with the development of various forms of cancer [72,73].

The international scientific community has accepted the role of the MD in increasing life
expectancy and improving general health contributing to the spread of the MD pattern as a central
pillar of programs and public health policy in many countries, from the USA to Europe. The MD is not
only a diet but represents a lifestyle. The “Mediterranean Diet Foundation” developed a chart of the
food pyramid, which includes information closely related to the Mediterranean lifestyle, cultural and
social order as well as the importance of exercise and conviviality. Figure 2 highlights the importance
of the Mediterranean lifestyle, including factors not associated with the use of particular foods.

Figure 2. Pyramid of Mediterranean lifestyle (inspired by the “Mediterranean Diet Foundation”
Barcelona Spain). The size of different sectors of the pyramid is directly proportional to the frequency
of use of that particular food or food group. At the base of the pyramid there are healthy habits and
groups of foods to be eaten daily and in large quantities (i.e., fruit, vegetables, etc.). The upper levels
show the foods to be eaten moderately (i.e., sweets, red meat, etc.).
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The carbohydrate composition of the MD deserves special attention. Consumption of unrefined
whole grain carbohydrates as a preferred choice has a double action: it limits the elevation of
postprandial blood glucose and ensures a good supply of fiber. In fact, whole grain cereals have
a lower glycemic index (GI) than refined products made with white flour, white rice and sugar.
The consumption of low-GI foods avoids sudden increases in blood glucose, limits the secretion of
insulin, and, therefore, inflammation [74]. Moreover, low-GI products have an anti-atherogenic action,
decreasing the production of atherogenic lipoproteins, oxidized LDL and inflammatory markers [75].
The consumption of whole grains, legumes and other plant foods recommended by the MD brings a
high amount of fiber (β-glucans, arabinoxylans, galactomannans, pectins) that increases satiety and
helps to control weight. Numerous scientific results showed that dietary fiber promotes gut health
and prevents cardiovascular disease, cancer, obesity and diabetes [76]. In the gut, prebiotic fiber
(inulin, lactulose and galactooligosaccharides) can be selectively fermented by Bifidobacteria and/or
Lactobacilli. The growth of these microorganisms maintains homeostasis and functionality of the
intestinal microbiota and reduces the risk of dysbiosis [77]. Moreover, fiber is an effective “carrier” of
bioactive antioxidants (vitamins C and E, carotenoids, and polyphenols).

The MD is characterized by a high content of “good fats”, monounsaturated (MUFA) and
polyunsaturated (PUFA) fatty acids, present in marine fish, vegetable oils (especially olive oil), in nuts
and seeds, and by a low intake of saturated fatty acids and hydrogenated oils (trans fats). In particular,
the MD provides an optimal dietary fat profile characterized by a low intake of saturated and ω-6 fatty
acids and a moderate intake of ω-3 fatty acids [78]. The ratio between ω-6 and ω-3 PUFAs plays an
important role in the modulation of inflammation and blood coagulation [79] and is one of the most
powerful anti-inflammatory features of this diet.

In terms of micronutrients, the MD is rich in B vitamins (B1, B2, niacin, B6, folate or B12),
antioxidant vitamins (vitamins E and C) and minerals, especially iron, selenium, phosphorus
and potassium.

Plant foods constitute the core of MD and are characterized by a high content of “non-nutritive”
components (phytochemicals), including polyphenols, phytosterols and carotenoids. Phytochemicals
are bioactive substances known to combat cellular inflammation due to their powerful antioxidant
action. Data from PREDIMED and other studies suggested that the efficiency of the dietary antioxidants
in modulating the plasma antioxidant capacity depends on the health status of individuals. In fact, the
best results are obtained in people with some risk factors (for example, smokers) or cardiovascular
disease or in subjects with a low initial plasma antioxidant capacity. The healthy subjects with
low levels of oxidative stress showed a reduced responsiveness to antioxidants. In addition, some
studies indicate a negative effect of antioxidant supplements in overall mortality and mortality
caused by cardiovascular disease, diabetes and some types of cancer. This is certainly due to the
complexity of the interactions between endogenous and exogenous antioxidants and to the existence
of homestatic mechanisms of control intended to prevent an overload of reducing agents maintaining
the physiological state of homeostasis [80,81]. Therefore, although an adequate intake of antioxidants
is needed to counteract oxidative stress, these compounds should be introduced through plant foods
such as fruits, vegetables, whole grains, nuts and seeds naturally present in a healthy and complete
nutritional model such as the MD.

Diet scores are increasingly being employed to define MD adherence in epidemiological
studies [82]. Trichopoulou and colleagues proposed in 1995, and subsequently updated, the
Mediterranean Diet Score (MDS) [83]. This simple score was constructed by assigning a value of
0 or 1 for each of the nine components. Therefore, the total MDS ranges from 0 (minimal adherence to
the traditional Mediterranean diet) to 9 (maximum adherence) [70]. The NIH-AARP Diet, the Health
Study, the European Prospective Investigation into Cancer and Nutrition (EPIC) and other studies
used the MDS and other scores later derived from it to confirm the correlation between adherence
to MD and mortality reduction, demonstrating the MD protective role in regard to the prevention of
cancer, cardiovascular and other chronic diseases [72,73,84,85].
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2.2. The Preventive Role of the Mediterranean Diet on Cancer

2.2.1. Epidemiological Studies

Nutrition represents an easily modifiable factor able to contrast inflammation and oxidative stress.
Growing evidence indicates the beneficial and preventive role of the Mediterranean Diet (MD) in the
onset of cancer and other diseases associated with increased level of inflammation, oxidative damage
and angiogenesis. A recent metanalysis of all the observational studies regarding the adherence to
MD in relation to cancer risk [86] showed that MD is associated with a significant reduction of overall
risk of cancer incidence and mortality by 10%. In particular, increased adherence to the MD reduces
the likelihood of having colorectal cancer CRC, even among obese and diabetic patients suggesting
potential benefits of this dietary model on CRC risk factors [87–89]. Contrasting data are reported
on other forms of neoplasms. While the metanalysis by Schwingshackl and Hoffmann indicates a
reduction of the risk of prostate cancer by 4%, a recent paper reported that a higher Mediterranean
Diet Score (MDS, see Section 2.1 for details) was not associated with risk of advanced prostate cancer
or disease progression in a cohort of 47867 men prospectively followed for 24 years. However, in the
same subjects, the adherence to the MD was associated with lower overall mortality after diagnosis
of nonmetastatic prostate cancer [90]. Some studies investigating the role of the MD on oral and
pharyngeal cancer reported an inverse association between the risk of this neoplasm and adherence to
the MD, as measured by various indexes, and indicated a stronger effect in younger subjects [91–93].
A meta-analysis by Schwingshackl and Hoffmann did not seem to confirm an effect of the MD on
the risk of breast cancer, even if a subgroup of case-control study showed that the risk of this cancer
could be reduced by 18% in women adhering to the MD. In particular, a recent study on 500 Greek
middle-aged women showed that one unit increase in MDS was associated with 9% lower risk of
breast cancer. It is worth noting that the protective effect of the MD against breast cancer seemed to
depend on individual’s characteristics and potential risk factors, i.e. obesity, physical activity, smoking,
age at the menarche, menopausal status. In the above described cohort, the beneficial effect of MD on
breast cancer risk is observed only in normal weight, non smoking women and in women who did not
present an early menarche (<12 year old) [94]. The studies describing the MD preventive action against
various types of cancer suggested that this healthful dietary pattern acts through several mechanisms,
decreasing the dysregulated free radical production and inflammation [80,95,96].

2.2.2. Chemoprotective Effects of Polyphenols on Inflammation and Cancer

The abundant consumption of fruit, vegetables, grains, legumes, olive oil and the moderate
intake of red wine introduces, in the organism, high levels of different polyphenols and plant bioactive
compounds that initially were known as antioxidants but later were studied for their anti-inflammatory,
anti-tumor, anti-atherogenic abilities that could not be explained solely on the basis of their antioxidant
properties. In fact, a series of investigations into the mechanism of action of these molecules have
shed light on the fact that polyphenols do not merely exert their effects only as free radical scavengers,
but may also modulate cellular signaling processes involved in inflammatory response or may
themselves serve as signaling agents [97]. In particular, dietary polyphenols from olive oil (oleuropein,
hydroxyltyrosol) and from red wine (resveratrol) were shown to modulate the eicosanoids pathway
through the inhibition of cellular enzymes such as phospholipase A2 (PLA2), cyclooxygenase (COX-1
and COX-2) and lipoxigenase (LOX). This action reduces the cellular production of arachidonic acid
and inflammatory prostaglandins and leukotrienes [98]. Other studies showed that also quercitin, the
most abundant and widespread natural flavonoid present in a variety of fruit and vegetables, inhibited
COX and LOX in different cellular animal models exerting an anti-inflammatory action [99–101];
quercitin is also able to rejuvenate senescent fibroblasts by activating proteasome function [102].
Olive oil and red wine polyphenols reduce inflammatory angiogenesis, a key pathogenic process
in cancer and atherosclerosis, in human cultured endothelial cell through the inibithion of COX-2
protein expression, prostaglandin production and MMP-9 release. This effect is accompanied by a
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substantial reduction of ROS levels and NF-κB activation [103]. A variety of polyphenols (quercitin,
apigenin, luteolin, kaempferol, myricetin) are able to modulate the inflammatory process through
the inhibition of nitric oxide (NO) production by supressing nitric oxide synthase (NOS) enzyme
expression and/or activity [104–106]. A plethora of studies on human and animal cellular models have
shown that different flavonoids such as quercitin and phenolic compounds from extra virgin olive oil
interfere with the expression, production and/or function of cytokines/chemokines such as TNF-α,
IL-1β, IL-6, IL-8, MCP-1, IFN-γ and IL-10, contributing to the control of the balance between pro- and
anti-inflammatory mediators and exerting a potent anti-inflammatory activity. These compounds, as
natural antioxidants are able to efficiently modulate the redox status of cells and strictly regulate the
inducible gene expression of inflammatory mediators [107–112]. Moreover, polyphenols are involved
in multiple steps of the NF-κB activation process, which represent an important and very promising
pathway for the treatment and prevention of inflammatory diseases and cancer [113]. A recent review
described the action played by dietary polyphenols in the inhibition of cancer cell growth due to their
ability to modulate the activity of multiple targets involved in carcinogenesis through simultaneous
direct interaction or modulation of gene expression. In particular, polyphenols are able to reduce and
prevent the cross-talk between ErbB receptors, NF-κB and the Hedgehog (HH)/glioma-associated
oncogene (GLI) pathways representing three of the main signal transduction pathways for neoplastic
transformation [114].

Phenolic compounds are able to modulate the pathways of mitogen-activated protein kinases
(MAPKs). These specific transcription factors play a central role in cell growth, proliferation, death and
differentiation by modulating gene transcription in response to changes in the cellular environment.
MAPKs regulate the transcription and traslocation of inflammatory mediators and represent potential
targets for new anti-inflammatory molecules. Kaempferol, chrysin, apigenin and luteolin inhibit the
activity of the three mitogen activated protein kinases, ERK, JNK and p38, blocking TNF-α stimulated
ICAM-1 expression in respiratory epithelial cells [115]. Even quercitin inhibits a wide range of
pro-inflammatory genes through the regulation of the MAPK pathway. In particular, this compound
inhibits ERK, JNK and their phosphorylated forms, suppressing the transcription and the production
of TNF-α in human monocytes [116].

In this context, quercitin and other dietary polyphenols typical in the MD, are able to reduce
inflammation through a series of different but interconnected mechanisms, and may represent very
attractive anti-inflammatory agents and safe non-pharmacological tools for the prevention and
treatment of cancer (Figure 3). Moreover, polyphenols exerted their anti-cancer and chemopreventive
action through the regulation of mTOR (mammalian target of rapamycin) and the sirtuins pathways by
mechanisms that mimic caloric restriction [117]. In particular, quercitin is able to inhibit mTOR activity
by multiple pathways. The signalling pathway of mTOR stimulates cell growth and proliferation
inducing protein synthesis and inhibiting autophagy in case of food wealth. When essential cellular
functions are endangered by insufficient nutrient supply, as in the case of caloric restriction, mTOR
activity is blocked and cytosolic compounds are recruited for degradation and recycled by autophagy.
On the contrary, the mTOR complex is often hyperactivated in cancer [118] and therefore is considered
to be an interesting and attractive therapeutic target for anti-cancer therapy. Sirtuins role in cancer
development is very complex and contradictory since different members of the sirtuin family are
implicated in various cancer types. Several studies corroborate the possibility of the inhibitory effect
of sirtuins on inflammation [119,120] by influencing mainly the NF-κB pathway [121,122] or TNF-α
and IL-6 expression (SIRT6) [123,124]. A series of polyphenols have been shown to induce SIRTt1,
defined as a guardian against oxidative stress and DNA damage [117], acting as tumor suppressor and
attenuating cellular proliferation, but also speeding up tumorigenesis activating oncoproteins. Such
dual functions of SIRT1 may be determined, at least in part, by its subcellular localization [125,126].
Data from mice indicated that a diet rich in olive oil polyphenols reduced oxidative stress, inducing
NRF2 and the expression of its target genes coding for antioxidant enzymes, and increasing SIRT1 gene
expression [127]. Systematic molecular analysis of olive oil phenolic extracts identified secoiridoids as
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a family of compounds with a strong anti-cancer activity related to the activation of anti-aging/cellular
stress-like gene signatures, including endoplasmic reticulum (ER) stress and the unfolded protein
response as well as SIRT1 and NRF2 signaling [128]. Several studies demonstrated that resveratrol is
able to induce Sirt1 and clinical investigations indicated a role of this compound in the modulation of
enzyme systems involved in carcinogen activation and detoxification, suggesting a possible mechanism
by which resveratrol inhibits carcinogenesis. Unfortunately, phase II studies have failed to confirm the
safety and efficacy of resveratrol in patients with relapsed/refractory multiple myeloma [129].

While many epidemiological studies have associated the consumption of polyphenols with a
decreased risk of developing several diseases such as cancer, intervention studies have not always
confirmed these effects. This discrepancy may in part depend on potential differences in doses,
interactions with the food matrix, and differences in polyphenol bioavailability that limit their overall
biological effectiveness. In addition to endogenous factors such as microbiota and digestive enzymes,
the food matrix considerably affects bioaccessibility, uptake, and further metabolism of polyphenols.
In particular, dietary fiber (such as hemicellulose), divalent minerals, and viscous and protein-rich
meals are likely to cause detrimental effects on polyphenol bioaccessibility. In addition, certain
food preparation techniques may alter nutrient composition and structure reducing polyphenol
bioavailability [130].

Figure 3. Polyphenols control and reduce inflammation through a series of pathways preventing cancer
and other age-related diseases with an inflammatory pathogenesis. Moreover, resveratrol, quercitin
and other polyphenols exerted their anti-cancer and chemopreventive action through mechanism that
mimic caloric restriction (sirtuin and mTOR pathways).

2.2.3. Other Mediterranean Diet Components and Their Effects on Inflammation and Cancer

Several epidemiological studies have linked the increased consumption of lycopene, the red and
lipophilic carotenoid representing the most relevant functional component of tomatoes, with decreased
prostate cancer risk. In vitro, several experiments showed that lycopene enhances the antioxidant
response of prostate cells, inhibits proliferation, induces apoptosis and decreases the metastatic capacity
of prostate cancer cells. However, the in vivo effectiveness of lycopene as a chemoprotective has still to
be proven [131]. Several clinical trials have shown that carotenoids, vitamin A, and vitamin E based
antioxidant supplements do not possess preventive effects on cancer and may be harmful and increase
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mortality especially in well-nourished populations. Therefore, the optimal source of antioxidants
seems to come from diet, not from antioxidant supplements in pills or tablets [132].

The high presence of fiber typical of the MD is probably at the basis of the reduced incidence
of colorectal cancer. Dietary fibers possess a proven anti-inflammatory action decreasing systemic
inflammation-associated biomarkers such as CRP, IL-6, and TNF-α [133–135], as well as inhibiting
COX-2 and iNOS activities and gene expression [136].

Fermentable dietary fibers shift the gut microbial populations by providing substrates for bacterial
fermentation. In particular, fructooligosaccharides and galactooligosaccharides increase the fecal
populations of Bifidobacteria and Lactobacillus [137] and these changes in gut flora population can
result in a modulation of inflammatory processes [138]. Moreover, the consumption of fiber-rich
foods avoids glycemic “spikes” and rapid insulin release that may adversely regulate multiple
mechanisms, including (acutely and/or chronically) oxidative stress, inflammation, low-density
lipoprotein oxidation, protein glycation, and blood coagulation [74]. Finally, dietary fibers favour
an enlargement of the bulk of stool fasting intestinal transit and reducing the contact of potentially
carcinogenic and toxic coumpounds with gastrointestinal epithelium [139].

Data from PREDIMED and other studies indicated an association between walnut consumption
and reduced risk of cancer and mortality particularly in the context of the MD. Numerous components
of walnuts, including α-linolenic acid (ALA), ellagitannins, γ-tocopherol, melatonin, β-sisterol and
fiber may counter inflammation-related cancer mechanisms [140]. In particular, one-year of the MD
supplemented with either extra virgin olive oil or mixed nuts (walnuts, almonds, and hazelnuts) versus
a low fat diet decreased intercellular adhesion molecule-1 (ICAM-1), IL-6, TNFR60, and TNFR80 levels
in adults [141].

The frequent consumption of marine fish typical in the MD provides a high quantity of ω-3
polyunsatured fatty acids. A high ω-3 to ω-6 fatty acids ratio has been associated with a reduced
risk of cancer, especially breast cancer, and with improved prognosis [78,142]. ω-3 Fatty acids exert
anti-angiogenic effects and have anti-inflammatory and immunosuppressive properties reducing
inflammation through different mechanisms. In particular, EPA (eicosapentaenoic) and DHA
(docosahexanoic) ω-3 fatty acids partially replace arachidonic acid as eicosanoid substrate in all
cell membranes but especially in erythrocytes, neutrophils, monocytes and liver cells, thus suppressing
the production of ω-6 pro-inflammatory eicosanoids. In addition, EPA and DHA suppress the NF-κB
pathway and modulate plasma membrane micro-organization (lipid rafts), in particular relatively to
the function of Toll-like receptors (TLRs), and T-lymphocyte signaling molecule recruitment to the
immunological synapse [143].

The traditional MD is characterized by a low consumption of red and processed meat, which
is often associated with an increased risk of colorectal cancer. Processed meat intake is linked to
cancer risk through different mechanisms including the production of carcinogenic heterocyclic
amines, polycyclic aromatic hydrocarbons and N-nitroso compounds as well as the high content of
saturated fatty acids that enhances the prostaglandin system feeding the arachidonic acid and PGE2

pro-inflammatory pathways [144].
In contrast to the MD, the Western diet, characterized by a low intake of nutrient-rich food (fruit,

vegetables, whole grain cereals, legumes and fish) and by an over consumption of salt, refined sugars,
saturated fatty acids and a low ω-6:ω-3 fatty acids ratio, damages the immune system leading to an
increased level of inflammation and increased onset of cancer [145].

2.3. The Mediterranean Diet Epigenetic Regulation: the Role of microRNAs

MiRs are small non-coding RNAs involved in the post-transcriptional regulation of gene
expression and are recently recognized as diagnostic and prognostic biomarkers for many age-related
diseases and aging [59,146].

MiRs play a critical role in basic biological processes such as cellular differentiation, apoptosis,
cell proliferation, metabolism, inflammation, stem cells development, immune modulation and
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carcinogenesis [147,148]. It has also been shown that miR expression is tissue specific, altered with
age, and can define the physiological context of the cell, including disease [149]. Alterations in
the expression of specific miRs have also been reported to play a role in oxidative stress-induced
inflammation [20,51–54,150]. Recently, our team identified three miRs we named “inflamma-miRs”:
miR-21, -126 and -146a, which target mRNAs belonging to the NF-κB pathway [151].

Several patterns of expression of miRs were exclusive of certain tumors and reflect the
differentiation state of tumor development [152]. Especially in the last 10 years, many studies have
shown that dysregulation of miR expression underlies many human cancers, both as oncogenes
(oncomirs) or tumor suppressors [153–155]. Therefore, the possibility of using miRs to block
accumulation of senescent cells to inhibit the establishment of a microenvironment favoring cancer
development and progression could be a potential new approach to cancer prevention.

In this regard, it is extremely important to know which type of miRs can be modulated by nutrients
typical of MD, and to evaluate the possible role of nutrient-induced miRs as chemoprevention therapy.

MiRs are also present in all the biological fluids of our body. The possibility to monitor the
changes of metabolic miR profiling in the blood stream after prolonged diet intervention in humans
could be a relevant achievement. Currently, this topic is in its infancy; in cancer, the study of the
association between miRs expression and diet has been carried out mainly using tumor cell lines or
animal models. The absorption and metabolism of nutrients at the molecular level have been studied
with high-throughput “omics” technologies. The results obtained led to the recognition of certain
nutrients able to regulate gene expression, at the base of nutrigenomics [156]. It is expected that miRs
expression may also change in response to certain dietary bioactive agents, such as PUFAs, vitamins
and phytochemicals and some important data are reviewed as follows:

2.3.1. Fatty Acids

The development of tumors such as colon cancer [157–160], breast cancer [161], and
glioblastoma [162] is inversely related to the intake of ω-3 PUFA. In contrast, diets rich in ω-6
PUFA (linoleic acid, arachidonic acid and LA, AA) favor both the initiation and promotion of
colon cancer [163,164]. In mice, Davidson and colleagues studied the effect of a diet based on corn
oil-cellulose compared with a diet based on fish oil (EPA and DHA) and pectin in the presence
of carcinogens: their results demonstrated an increased expression of miR-16, miR-19b, miR-21,
miR-26b, miR-27b, miR -93, 200c, and miR-203 and the decreased expression of some of their direct
targets, such as, PTK2B, TCF4, PDE4B, HDAC4, and IGF1 [158], thus suggesting some different
molecular mechanisms involving the fish oil diet. Vinciguerra et al. observed that unsaturated
fatty acids inhibit PTEN expression in human hepatocytes by up-regulating miR-21 synthesis via
mTOR/NF-κB-dependent signaling, exemplifying a regulatory mechanism by which fatty acids affect
PTEN expression and trigger liver disorders [165].

Butyrate has chemoprotective properties acting as an inhibitor of histone deacetylase, decreasing
proliferation and increasing apoptosis in tumor cells of the colon-rectum [166–169]. Human colon
cancer cells (HCT116) treated with butyrate reduce the expression of different miRs belonging to the
miR-17-92-18b, miR-106a and miR-106b-25 clusters [170] mediated by p21, which is a direct target of
miR-106b. Experiments in rats showed that butyrate, generated by fermentable fiber and fish oil (EPA
and DHA) have a synergistic protective action towards colon tumorigenesis. The increased expression
of miR-19b, -26b, -27b, -200c, -203 and the concomitant decrease of their targets expression mediate the
tumor suppression mechanisms [171].

2.3.2. Vitamins

All-trans-retinoic acid, the most biologically active metabolite of vitamin A, acts as a tumor
suppressor factor in lung, liver, bladder, prostate, breast, and pancreatic cancer models [172]. In breast
cancer cells (MCF-7), exposure to retinoic acid inhibited cell proliferation by inducing miR-21 [173].
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Recent studies show that vitamin D may exert its protective effects by modulating the expression
of miRs and their targets. Vitamin D3 down-regulated miR-181a and miR-181b in human myeloid
leukemia cells, resulting in an up-regulation of p27Kip1 and p21Cip1 and cell cycle arrest [174].

2.3.3. Phytochemicals

As described in previous paragraphs, many studies showed that the consumption of foods rich in
polyphenols was associated with the prevention of chronic diseases [175–178]. In particular, quercetin,
hesperidin, narangin, anthocyanins, catechins, proanthocyanin, caffeic acid, ferulic acid, and curcumin,
act through a common mechanism envisaging the modulation of five miRs, i.e., miR-30c, miR-291b-5p,
miR-296-5p, miR -373, and miR-467b [179].

The treatment of human pancreatic cancer cells with curcumin led to a significant up-regulation of
eleven miRs and down-regulation of eighteen miRs [180]. Among all, miR-22 was the most significantly
up-regulated and was associated with the suppression of Sp1 and estrogen receptor 1, while miR-199a*
was the most significantly down-regulated miR. Curcumin and its synthetic analogue, curcumin
diflourinated (CDF), alone or in combination, down-regulate miR-200 and miR-21 expression, inducing
the up-regulation of its target PTEN in pancreatic cancer cells [181].

Hereafter, changes in blood levels of miRs after the consumption of specific nutrients could be
used as biomarkers to monitor the metabolic effects of dietary intervention over time and thus identify
dietary interventions that may protect our body from the development of cancer.

3. Gut Microbiota, Inflammation and Cancer

Inflammaging and immunosenescence are the main culprits of the changes in microbiota
composition in older people [182,183]. It is well known that the human digestive tract is colonized
by over 100 trillions of bacteria, which constitute the so-called “gut microbiota” (GM) [184]. These
microorganisms, responsible for the degradation of certain complex substances ingested by diet,
allowing their digestion and the absorption of certain micronutrients, contribute substantially to our
metabolism, and are also essential for the normal development of the immune system. Longitudinal
studies have shown that the intestinal microbiota is extremely malleable and could be altered in
response to changes in the environment, geography, genetics, metabolism, age, antibiotic treatments,
stress, and diet. This plasticity allows the human body to optimize performance while preserving
metabolic and immune homestasis as well as health [185].

The impact of the habitual diet on the GM of the elderly [186,187] has been recently highlighted
in a study demonstrating the correlation of diet with the inflammatory status, residence and a different
rate of health decline upon aging [188]. The balance of carbohydrates, proteins and fats has a profound
influence on the maintenance of GM homeostasis [189–191]. The adoption of a specific diet, of animal
origin, rather than a predominantly vegetable one, determines a different composition of the GM at
the expense of interindividual differences in microbial gene expression [192]. Moreover, a diet rich
in animal fats induces the development of inflammation and intestinal diseases by modification of
the GM.

Our group has shown that centenarians have a different composition of the GM in respect to
young subjects and that this is associated with an increase of the “inflammatory state” represented by
high levels of pro-inflammatory cytokines (IL-6 and IL-8) [193].

The dysbiosis condition of GM in the elderly can trigger the development of carcinogenic processes
in the intestinal mucosa. The number of cases of colorectal cancer (CRC), in fact, increases in the elderly
population. The greatest number of CRC occurs in the elderly, with nearly 70% of cases diagnosed in
those older than age 65 and 40% diagnosed in those over 75 years of age [194].

It has been demonstrated that mice with a compromised GM homeostasis are prone to
developing an inflammatory state in the intestinal mucosa, which, in turn, predisposes them to
cancer development [195].
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The next generation sequencing techniques allowed, with extreme accuracy, the identification
of the composition of GM associated with CRC. The feces of CRC patients compared with those of
healthy subjects are particularly rich in pro-inflammatory opportunistic pathogens and microorganisms
responsible for metabolic disorders. The “good” GM, with protective function on the mucous
membrane, is rather very poor. It is therefore possible to assume that there are “families” of
microorganisms able to perform a pro-carcinogenic function (Fusobacterium, Prevotella, Coprobacillus),
as well as other families able to perform a protective function of the intestinal mucosa such as
Bifidobacterium and Faecalibacterium [196].

The mechanisms by which microorganisms induce the development of the CRC are varied and
include the development of a chronic inflammatory process, the production of toxic metabolites, the
development of genotoxins that acts directly on the cell cycle, on the development of DNA and the
activation of food heterocyclic amine which are pro-carcinogenic compounds [197].

Among the various metabolites produced by the intestinal microbiota, pro-carcinogenic molecules
and molecules with important protective functions have been identified. Secondary bile acids,
ammonia, certain amines, phenols and hydrogen sulfide are toxic metabolites, while butyrate plays an
anti-proliferative action, energizes the intestinal cells and has shown an apoptotic action against CRC
cells in vitro [198].

Thus, due to the strong influence of nutrition on GM composition and metabolism [187], the
adoption of an anti-inflammatory dietary pattern such as the Mediterranean Diet will contribute to the
maintenance of a “good” GM with healthy outcomes.

4. A Systems Biology Approach to Diet, Inflammation and Cancer

Systems biology aims to understand how a biological system as a whole responds to internal
and external stimuli. Metabolomics [199], instead, aims to measure the global dynamic metabolic
response of a living system to biological stimuli or genetic manipulation as a whole, and represents
the cutting-edge methodology to fully understand the system-wide effects that diet has on any living
organism. The latter approach neatly superimposes to the first: the final result is in both cases
a “top-down” view of all the biochemistry processes involved in a complex organism, even if at
distinct levels.

Important efforts were made to allow researchers to readily process metabolomics data. The
Human Metabolome Project [200] seeks to reproduce what the Human Genome Project did in the
genome field, hosting a rapidly growing database of thousands of human metabolites, along with their
spectroscopic data. Similarly, the LIPID Metabolites and Pathway Strategy [201] is progressively
characterizing human lipids. Metabolomics represents a first-class tool to understand diseases
where other approaches are falling short [202]. Metabolome-wide association (MWA) studies, deeply
intertwining genome-derived concepts to the “metabolome” world, will in the near future represent a
standard approach [203–206]. A recent study by Watson et al. [207] successfully identified metabolites
that affect Caenorhabditis elegans gene expression and physiology, exploiting an interspecies systems
biology approach. Influence of a herring-based diet on sterol metabolism and protein turnover in mice
was recently identified, with clear implications also on disease development [208].

The common thread connecting cancer, inflammation and diet is now the focus of metabolomics
studies, where the goal is to identify individual metabolites representing end-points of perturbed
molecular pathways. These altered molecular pathways may then be further investigated in depth,
exploiting other “-omics” techniques [209–211]. In a work by Sreekumar et al. (2009), the authors
were able to successfully identify 87 metabolites distinguishing prostate cancer from benign prostate
tissue [212]. More recently, de Boer et al. designed a protocol to easily screen the population to detect
CRC [213] (or its precursor, advanced adenoma) relying only on volatile organic compound (VOC)
analysis. This finding, if confirmed, will pave the way to new, effective and cost-saving methods to
perform preventative, large-scale screening, of the population.
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To strengthen the proofs in favour of this inter-systems link, focused cohort-based studies are
needed. The European Prospective Investigation into Cancer and Nutrition (EPIC) did exactly that:
starting from a cohort of 2380 subjects they analysed a panel of 127 serum metabolites [214], looking
for correlations among metabolite networks and different conditions, i.e., physical activity energy
expenditure, obesity, and waist circumference, shedding light on the possible adoption of some of the
metabolites under analysis as markers to evaluate subjects health. Additionally, an independent cohort
study investigating the effect of a diet based on healthy Nordic foods [208], found a lower incidence
of colorectal cancer in women following such a diet. The same study also suggests that the Nordic
population could better improve their health following diets centered on Nordic food, breaking the
dogma that a “Mediterranean Diet” represents the best possible nutritional intervention in all cases,
independently from anthropological considerations.

In our bird’s eye voyage through the three different worlds of diet, inflammation and cancer, we
showed how these worlds are indeed deeply intertwined. The modulatory effect that unsaturated
fatty acids has on the immune systems, the inflammatory response of which can then fuel the
micro-environment propelling tumour progression, is just one of the examples of these extensive
and branched connections. Any effort to understand the functioning of one of these phenomena must
take into consideration all of them, or faces a highly probable failure. In some of the just cited articles,
authors fruitfully applied systems biology approaches to unravel the mechanistic reasons underlining
the effects they observed. Most of these efforts led to results indicating important advances in the field.
In the future, widespread adoption of these analysis techniques will permit breakthrough discoveries
that may eventually have a deep impact on public health.

5. The Mediterranean Diet and Healthy Aging: the European Project NU-AGE Targeted on
Inflammaging to Prevent Age-Related Diseases as a Whole

EU member states are experiencing an extraordinary increase in the life expectancy, which is
predicted to reach 84.6 years for women and 82.5 years for men in 2060 [215]. As a direct consequence
of the improvement of socio-economic-environmental conditions, the increasing longevity of European
citizens will also imply a wide range of societal responsibilities, such as the increased incidence of
age-related diseases and the resulting impact on health care cost. Consequently, there is an urgent need
to provide policies for preventing aging and related disorders, such as cancer and neurodegenerative
disorders among others, allowing the maintenance of reasonably good health as long as possible.

One of the most fascinating anti-aging strategies seems to be the possibility of reducing
inflammaging without compromising the physiological role of inflammation, which is essential for
survival [5]. At present, nutrition represents the most powerful and flexible tool that we have to reach
a chronic and systemic modulation of the aging process in order to improve the health status of the
elderly population.

Several studies analized the effect of an individual food or nutrient on a particular form of cancer.
However, the overall dietary pattern is more than the sum of the single foods or nutrients eaten
and the effect of a dietary intervention on any health outcome is strongly influenced by genetic and
environmental factors. Studies regarding the role of the MD on cancer prevention are often conducted
analyzing the association between MD adherence and the onset of a specific neoplasia. Studies
considering in a comprehensive and integrated way the effect of a balanced whole MD, followed for a
consistent period of time, on the chronic and systemic inflammation typical of aging are still scant in
the scientific literature.

To rectify this gap in knowledge, the European Project NU-AGE (ClinicalTrials.gov Identifier,
NCT01754012) [216,217] will study in a comprehensive and integrated way, the effect of a whole MD
newly designed according to the nutritional needs of people over 65 years of age called “NU-AGE
diet” [218] on the health status of elderly people in the EU.

The specific rationale of NU-AGE is to enroll in the study free-living, apparently healthy,
elderly people including pre-frail subjects (a large segment of the elderly population having the
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potential to benefit from diet change). All the volunteers will be characterized before and after
dietary intervention by measuring a number of robust parameters capable of providing reliable
data about different domains/subsystems (health and nutritional status, physical and cognitive
functions, immunological, biochemical and metabolic parameters). A sub-group of subjects will be
further characterized by advanced techniques (genetics, epigenetics) and highthroughput “omics”
(transcriptomics, metagenomics, pyrosequencing, HITChip array) in order to identify cellular and
molecular targets and mechanisms responsible for the effects of the whole diet intervention.

The massive amount of data collected from the NU-AGE nutritional intervention will be stored in
an ad-hoc built database that, based on an integrated statistical analysis and a system biology approach,
will allow the identification of nutritional risk factors in the elderly associated with inflammaging, and
to identify the pathways and networks responsive to the NU-AGE diet [219].

This approach will allow an evaluation of the whole-organism response considering several tissues
and organs/systems as a functional network instead of assessing the single tissue and organ responses
separately, as in previously funded projects, which thereby missed the fundamental cross-talk between
tissues and organs/systems. For a detailed description of the entire project it is suggested to read the
recently published NU-AGE project dedicated special issue [220].

6. Conclusions

Chronic inflammation plays a pivotal role in each stage of carcinogenesis from the initial genetic or
epigenetic changes to tumour progression and metastatic diffusion [23,25]. Thus, the chronic, low-level
inflammatory state typical in the elderly, that we have named “inflammaging”, likely represents one of
the links between aging and cancer.

Inflammaging is both local and systemic, and a variety of organs and systems provide
inflammatory stimuli that accumulate lifelong [3]. The key mediators of the inflammatory response
activate, in turn, the NF-κB pathway that can be considered the link among cellular senescence,
inflammaging and cancer.

A suitable intervention to combat inflammation is a modification of dietary habits. Actually,
several studies reported that a healthy lifestyle and a balanced diet might provide benefits to health not
only by preventing the risk of diseases but also through facilitating recovery and improving survival.
The MD represents one of the best examples of a healthy diet, considered a heritage of humanity by
UNESCO, and is considered pivotal in many public health programs in Europe. The acceptance of a
Mediterranean lifestyle indeed has a beneficial and preventive role in the onset of cancer and other
diseases associated with increased level of inflammation, oxidative damage and angiogenesis.

However, even if the outcomes of the MD on health are well known, knowledge of the reasons of
these outcomes is still rather poor. While recent nutrition research focused on the effects of specific
dietary constituents, it is still unclear which are the molecular and cellular pathways triggered by
the MD as a whole. To this aim, the NU-AGE project is studying in depth the effects of a one-year
whole MD in a representative sample of four geographic and cultural areas of Europe (Northern,
Eastern, Central and Southern) by measuring an unprecedented number of parameters, including
those obtained from “omic” high-throughput analyses, and considering them in a systems biology
perspective in order to get a comprehensive view of this dietary intervention on inflammation in old
age. This strategy could also hopefully provide insight on diet as cancer prevention; NU-AGE and its
study design were noted, in a special issue of the journal Nature, devoted to aging studies, as “the kind
of large, longitudinal study that scientists the world over are clamouring for” [221].
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Abstract: Cancer cachexia, of which the most notable symptom is severe and rapid weight loss, is
present in the majority of patients with advanced cancer. Inflammatory mediators play an important
role in the development of cachexia, envisaged as a chronic inflammatory syndrome. The white
adipose tissue (WAT) is one of the first compartments affected in cancer cachexia and suffers a high
rate of lipolysis. It secretes several cytokines capable of directly regulating intermediate metabolism.
A common pathway in the regulation of the expression of pro-inflammatory cytokines in WAT
is the activation of the nuclear transcription factor kappa-B (NF-κB). We have examined the gene
expression of the subunits NF-κBp65 and NF-κBp50, as well as NF-κBp65 and NF-κBp50 binding,
the gene expression of pro-inflammatory mediators under NF-κB control (IL-1β, IL-6, INF-γ, TNF-α,
MCP-1), and its inhibitory protein, nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha (IκB-α). The observational study involved 35 patients (control group, n = 12 and
cancer group, n = 23, further divided into cachectic and non-cachectic). NF-κBp65 and its target
genes expression (TNF-α, IL-1β, MCP-1 and IκB-α) were significantly higher in cachectic cancer
patients. Moreover, NF-κBp65 gene expression correlated positively with the expression of its target
genes. The results strongly suggest that the NF-κB pathway plays a role in the promotion of WAT
inflammation during cachexia.

Keywords: cancer cachexia; inflammation; white adipose tissue; NF-κB; IκB
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1. Introduction

Cancer cachexia is mainly characterized by involuntary weight loss. This syndrome is present
in around fifty percent of all cancer patients and may be found in more than two thirds of those
in the advanced stage of the disease [1]. It represents the direct cause of at least twenty to forty
percent of all deaths associated with cancer [2]. The etiology of cachexia is extremely complex and
the syndrome compromises survival and quality of life [3]. It is currently accepted that systemic
inflammation plays a major role in the plethora of alterations that characterize cachexia [4]. Indeed,
high concentration of inflammatory cytokines is reported in the plasma and tissues of both animal
models and patients [5]. Yet, one question remains unclear: What elements trigger and maintain
cachexia-related systemic inflammation? We have previously provided evidence that the white
adipose tissue is a potential contributor to the maintenance of systemic inflammation in cachexia,
as it secretes several inflammatory cytokines and adipokines [4,6,7]. These factors directly regulate
several functions related with metabolism, body composition, activity of the complement system
and vascular homeostasis [8]. Among these adipose-derived factors, several pro-inflammatory and
anti-inflammatory mediators are described, including tumor necrosis factor alpha (TNF-α), interleukin
1 beta (IL-1β), interleukin-6 (IL-6) and monocyte chemoattractant protein 1 (MCP-1) [9]. Therefore,
besides being profoundly affected by cachexia [10], the adipose tissue may play an important role in
its etiology.

A central step in the control of the cellular expression of pro-inflammatory cytokines is the
activation in cells of the nuclear transcription factor kappa B (NF-κB), which induces the transcription
of most genes related with inflammation, including the so called ‘classic cachectic cytokines’ TNF-α,
IL-6, IL-1β, interferon gamma (INF-γ) and of chemokines such as MCP-1. This pathway also induces
nitric oxide synthase (iNOS), as well as the expression of adhesion molecules [11]. A large body
of evidence indicates a link between inflammation promoted by the activation of this transcription
factor and cancer (with regard to tumor progression) and it has been shown that inhibition of NF-κB
activation markedly affects cachexia [12]. Thus, NF-κB is considered a target for cancer treatment [13].
Furthermore, extensive lipolysis in white adipose tissue seems to be related with TNF-α action through
the activation of the NF-κB signaling pathway, as demonstrated in cultured adipocytes [14].

The functional form of the molecule of NF-κB consists of dimers (homo-or heterodimers) [14],
Different combinations of NF-κB subunits present different functions in the regulation of the immune
response. The transcription of pro-inflammatory genes in the NF-κB classical signaling pathway is
regulated by the heterodimer NF-κBp65-p50, while the homodimer NF-κBp50-p50 has been described
as anti-inflammatory, repressing the expression of several pro-inflammatory molecules due to the
absence of its COOH-terminal transactivation domain [15]. The most studied heterodimers are
NF-κBp65/NF-κBp50 (NF-κBp65-p50), and NF-κBp52/RelB (NF-κBp52-RelB) [12]. The vast majority
of the studies on inflammation focus on the heterodimer NF-κBp65-p50, due to its unequivocal
inflammatory function. Given the potential role of the white adipose tissue to maintain systemic
inflammation in cancer cachexia, and the high circulating levels of cytokines that are characteristic
of the syndrome, we performed an observational study in which we examined, for the first time, the
correlation of the dimer NF-κBp65-p50 with the induction of gene expression of pro-inflammatory
cytokines and chemokines in the subcutaneous adipose tissue of cachectic cancer patients, as compared
with non-cachectic.

2. Experimental Section

2.1. Patient Recruitment

Patients (n = 35) were recruited between July 2011 and January 2013 at the University Hospital of
the University of São Paulo. The recruitment was conducted by the hospital personnel and consisted
in selecting patients engaged in the treatment of hernia (control group (N), n = 12) and cancer, further
divided in non-cachectic (T), n = 11 and cachectic [16], n = 12. The project was approved by the
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University of São Paulo Biomedical Sciences Institute Ethics Committee (1004/CEP), and by the
University Hospital Ethics Committee (CEP-HU/USP: 752/07). The inclusion criteria were: not having
received prior anticancer or anti-inflammatory treatment, and willingness to participate. The exclusion
criteria were: liver failure, renal failure, AIDS, inflammatory diseases of the bowel and autoimmune
disorders. After the selection, anthropometric measurements were obtained (height, weight) and
the patients were interviewed with a quality of life questionnaire validated for Portuguese (EORTC
QLQ-C30) [17,18], which addresses three clusters that compose quality of life: Functionality (physical,
cognitive, emotional and social), Symptomatic (fatigue, pain, nausea and vomiting) and Global health.
The cancer patients groups division was based on “Cachexia a new definition” [16], in which cachexia
is diagnosed in patients with involuntary weight loss of at least 5% in the past 12 months or BMI <20
kg/m2, plus at least three of the five following criteria: decreased muscle strength, fatigue, anorexia,
low fat-free mass index and abnormal biochemistry (increased circulated inflammatory markers as IL-6
>4.0 pg/mL or C-Reactive Protein (CRP) >5.0 mg/L, anemia (Hb < 12 g/dL) or low serum albumin
(<3.2 g/dL). The non-cachectic cancer group was composed of patients under cancer treatment that
did not fulfill the mentioned criteria. A full written consent form was obtained from each patient.

2.2. Clinical and Biochemical Parameters Assessment

Height and weight were determined and approximately 10mL of blood collected on the interview
day previous to surgery. The samples were then centrifuged and serum was collected and frozen
at −80 ◦C for further analysis. The serum measurements (CRP, Albumin) were performed with the
commercial kit (Turbiquest plus (Cat# 331) ultrasensitive CRP and Albumin (Cat#19)) from Labstest,
Lagoa Santa, MG, Brazil. Haemoglobin measurements were performed by the University Hospital
laboratory (Cidade universitária, São Paulo, Brazil).

2.3. Adipose Tissue Biopsies

Approximately one gram of subcutaneous white adipose tissue was collected during surgery.
Tissue samples were rapidly divided in two tubes: The first with 1 mL of Trizol® for subsequent
total RNA extraction and Quantitative real-time PCR (qPCR) experiments, and the second with 20
mL of PBS 1 X with 5% of phosphatase inhibitor for subsequent ELISA binding assay experiments.
This procedure presented a minimal degree of risk, and did not interfere with the standard surgery
procedure or with anesthesia.

2.4. Gene Expression

Total RNA was isolated using the Trizol® Reagent according to the manufacturer’s instructions.
Total RNA concentrations were quantified using the Biomate 3 spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Complementary DNA synthesis was carried out using the high
capacity cDNA reverse transcription kit (Life Technologies, Grand Island, NY, USA), which consisted
of an assay mix containing 1 μg total RNA, 2 μL 10× RT Buffer, 0.8 μL 25× dNTP mix (100 mM), 2
μL 10× Random primers, 1 μL MultiScribe™ Reverse Transcriptase and 4.2 μL of nuclease-free water
in a final volume of 20 μL. The thermal cycler conditions were: 25 ◦C for 10 min, then 37 ◦C for 120
min followed by 85 ◦C for 5 min. Then, 20 ng of cDNA were mixed with 2× SYBR Green fast PCR
master mix—and primers (Table 1) (Life Technologies, Grand Island, NY, USA)—in a final volume
of 10 μL for qPCR, performed in the Quantstudio 12K Real Time Systems (Life Technologies, Grand
Island, NY, USA).The mRNA levels were determined by the comparative Ct method. For each sample,
a ΔCt value was obtained by subtracting RPL-27 values from those of the gene of interest. The average
ΔCt value of the control group was then, subtracted from the sample to derive a −ΔΔCt value. The
expression of each gene was evaluated by 2−ΔΔCt, according to Livak et al. 2001 [19].
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Table 1. Primer sequences used in the qPCR experiments.

Gene Sense (5′–3′) Antisense (5′–3′)
RPL-27 (NM_000988.3) CCGAAATGGGCAAGTTCAT CCATCATCAATGTTCTTCACGA

NF-κBp65 (NM_021975.3) CCTGGAGCAGGCTATCAGTC ATGGGATGAGAAAGGACAGG
NF-κBp50 (NM_003998.3) CATCCCATGGTGGACTACCT TGGGTCCAGCAGTTACAGTG

IκB-α (NM_020529.2) CTCCGAGACTTTCGAGGAAATAC GCCATTGTAGTTGGTAGCCTTCA
IL-1β (NM_000576.2) AGCCAATCTTCATTGCTCAAGT AGTCATCCTCATTGCCACTGT
IL-6 (NM_000600.3) CAGCCCTGAGAAAGGAGACAT AGCCATCTTTGGAAGGTTCA

TNF-α (NM_000594.3) CTCTCTCCCCTGGAAAGGAC ATCACTCCAAAGTGCAGCAG
INF-γ (NM_000619.2) TGGAAAGAGGAGAGTGACAGAA TGGAAAGAGGAGAGTGACAGAA
MCP-1 (NM_002982.3) TCAGCCAGATGCAATCAATG ACACTTGCTGCTGGTGATTCT

2.5. NF-κB Binding Assay

Subcutaneous adipose tissue protein extraction was carried out employing the Active Motif®

Nuclear extract kit (Active Motif®, Carlsbad, CA, USA) according to the manufacturer’s protocol. Total
protein was assessed with the commercial Pierce BCA protein assay kit (Life Technologies, Grand
Island, NY, USA), according to the manufacturer’s protocol. Western blot was performed to verify the
efficacy of nuclear protein extraction as described below:

Samples were boiled at 95 ◦C for 5 min in SDS-mercaptoethanol sample buffer. Then, were
centrifuged for 5 min at 12,000× g. Equal amounts of protein (20 μg per sample) were separated in the
NuPAGE® Novex® 4%–12% Bis-Tris protein gel (Catalog # NP00336BOX) (Life Technologies, Grand
Island, NY, USA) and then transferred to a PVDF membrane. After blocking with 5% non-fat milk in
Tris buffered saline Tween 20 (TBS-Tween 0.1%) for 1 h at room temperature, membranes were washed
three times with TBS-Tween 0.1% for 10 min and then incubated overnight with primary antibodies at
4 ◦C. The Primary antibodies against Lamin A 1:500 (Catalog # sc-20680; Lamin A antibody H-102)
and β-Tubulin 1:1000 (Catalog # sc-9104 β-Tubulin antibody H-235) were obtained from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA, USA). After three washes on the next day, the membranes were
incubated with anti-rabbit IgG secondary antibody (1:5000) for two hours. The membranes were then
incubated with ECL-Plus chemiluminescent detection HRP reagents (Bio-rad, Hercules, California,
USA). Immunoreactive bands were visualized using the ImageQuant LAS 4000 (GE, Fairfield, CT,
USA).

The binding assay was performed employing the NF-κB Family Transam transcription factor
assay kit® (Active Motif®, Carlsbad, CA, USA), according to the manufacturer’s protocol which
consisted of a NF-κB binding sequence (5′-GGGACTTTCC-3′) immobilized in each of the 96-well
plate used in the assay. The protein extract (20 μg) was then pipetted in each well and the binding
process occurred. After binding, antibodies against NF-κBp65 and NF-κBp50 were pipetted, followed
by the secondary antibodies and a developing solution. Absorbance was then measured and compared
between the groups.

2.6. Statistical Analysis

General characteristics (Table 2), Biochemical parameters results are expressed as means ± SD
(Figure 1), Quality of life Score (Figure 2) and gene expression (Table 3 and Figure 3) data are expressed
as means ± SE.. Binding assay results are expressed as means ± SE of percentage of the control
group value (Figure A2). Statistical significance was determined either by ANOVA non-parametric
analysis (Kruskal-Wallis test with Dunn’s post-test), for those parameters that did not present equal
variances, or ANOVA one-way with Tukey’s post-test, for the parameters that showed equal variance,
as assessed by the Bartlett’s test. p < 0.05 was considered statistically significant. Spearman’s correlation
analysis was then performed between paired samples. All statistics analyses were performed with the
Graphpad Prism software (version 5.0).
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Table 2. General characteristics of patients in each group.

N T TC p

n 12 11 12
Male/Female (n) 9/3 7/4 6/6

Age (years) 62.00 ± 2.51 58.64 ± 4.04 60.42 ± 2.93 0.7609
Height (m) 1.65 ± 0.03 1.64 ± 0.02 1.64 ± 0.02 0.9909

Previous body
mass (Kg)

75.48 ± 4.86 75.64 ± 4.532 74.44 ± 2.665 0.9728

Current body
mass (Kg)

75.48 ± 4.86 67.83 ± 3.87 64.45 ± 2.98 0.1432

Δ Body mass (%) 0.00 ± 0.00 9.36 ± 3.27 * 13.58 ± 1.75 * 0.0005

BMI (kg/m2) 27.76 ± 1.40 25.31 ± 1.58 23.89 ± 1.16 0.1573
Tumor stage

I - 18.2% 0% -
IIA/IIB/IIC - 27.3% 25% -

IIIA/IIIB/IIIC - 45.4% 33.3% -
IVA/IVB - 9.1% 41.7% -

Primary tumour
site

Colon and rectum - 72.7% 58.3% -
Stomach - 18.2% 41.7% -

Other - 9.1% 0% -

Data expressed as mean ± standard error. Δ: Difference between self-declared previous body mass and current
body mass. *: Significant difference versus N.

Table 3. Subcutaneous adipose tissue NF-κB signaling pathway proteins and pro-inflammatory
mediators under NF-κB control gene expression.

Gene Expression Statistical Analysis Significance

(A) NF-κBp65 p = 0.0147 TC vs. T; TC vs. N
(B) NF-κBp50 p = 0.1719 —
(C) IL-6 p = 0.1458 —
(D) IL-1β p = 0.0049 TC vs. T
(E) TNF-α p = 0.0201 TC vs. N
(F) INF-γ p = 0.2255 —
(G) MCP-1 p = 0.0033 TC vs. T; TC vs. N
(H) IkB-α p = 0.0019 TC vs. T; TC vs. N

(A) Gene expression analysis of NF-κBp65 showed higher values (p = 0.0147) in cachectic cancer patients compared
to controls; (B) Gene expression of NF-κBp50 protein showed no differences among the patients (p = 0.1719); (C)
IL-6 gene expression showed no differences among the patients (p = 0.1458); (D) IL-1β gene expression was higher
in cachectic cancer patients (p = 0.049) compared to non-cachectic patients; (E) TNF-α gene expression was higher
in cachectic cancer patients (p = 0.0201) compared to the control group; (F) INF-γ gene expression showed no
differences among the groups (p = 0.2255); (G) MCP-1 gene expression was higher in cachectic cancer patients (p
= 0.0033), compared to controls; (H) The inhibitory protein IκB-α gene expression was higher in cachectic cancer
patients (p = 0.0019), compared to controls.

Figure 1. Serum Hemoglobin (A) C-Reactive Protein (B) and Albumin (C) concentration. Data
expressed as mean ± standard error; *: p < 0.05; ***: p < 0.001.
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Figure 2. Quality of life Score. Data expressed as mean ± standard error; **: p < 0.01; ***: p < 0.001.

Figure 3. Subcutaneous adipose tissue NF-κBp65 and NF-κBp50 gene expression.
(A) NF-κBp65/RPL-27 gene expression; (B) NF-κBp50/RPL-27 gene expression. Data expressed as
mean ± standard error; *: p < 0.05.

3. Results

3.1. Clinical Findings

Baseline characteristics of the patients are shown in Table 2. The subjects in the three groups were
of similar height, weight and body mass index (BMI). Non-cachectic and cachectic cancer patients
showed a significant difference in serum hemoglobin (p < 0.001), compared with the control group.
TCC also presented significantly higher CRP serum levels (p < 0.001) compared with the other groups.
We did not evaluate lean body mass among the groups, although groups were matched by BMI.

3.2. Quality of Life Analysis

The three parameters that compose the criteria for global quality of life analysis showed cachexia
to negatively influence these parameters (p < 0.001). Non-cachectic cancer patients also demonstrated
a reduction in quality of life compared with the control group (p < 0.001), as shown in Figure 2.
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Figure 4. Subcutaneous adipose tissue gene expression and Spearman’s correlation with NF-κBp65.
(A) IL-6; (B) IL1-β; (C) TNF-α; (D) INF-γ; (E) MCP-1; (F) IκB-α. Data expressed as mean ± standard
error. *: p < 0.05; **: p < 0.01.

3.3. Gene Expression

Groups: Control (N), non-cachectic cancer patients (T) and cachectic cancer patients [16].

4. Discussion

Systemic inflammation is a central feature of cancer cachexia [16,20–22]. Circulating
pro-inflammatory mediators such as Il-6, TNF-α and acute phase proteins (CRP) are upregulated
in cachectic patients and correlate positively with weight loss and poor prognosis. In this study,
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CRP concentration was significantly higher in cachectic cancer patients. This acute-phase protein
has been described as a marker of systemic inflammation and is also considered as part of cachexia
diagnostic criteria [16]. Our results reinforce the importance of circulatory pro-inflammatory mediators
as cachectic markers and corroborate previous studies with cancer patients [23]. The search for
non-invasive cachexia markers is mandatory, and would warrant earlier intervention, thus preventing
the onset of the symptoms and adverse prognosis. In this study, quality of life was evaluated by
the application of the QLQ-C30 questionnaire. Patients reported diminished quality of life, which
compromises the treatment adherence and survival. The three clusters analyzed in this questionnaire:
Functionality (physical, cognitive, emotional and social), Symptomatic (fatigue, pain, nausea and
vomiting) and Global health were all impaired in the cachectic cancer patients. Amongst the
symptomatic cluster, fatigue is the main declared symptom and is usually present in more than 75% of
cachectic patients [24]. It is accepted that systemic inflammation markedly contributes to the worsening
of cachexia prognosis. Several peripheral organs suffer the consequences of inflammation triggered by
the high circulatory level of pro-inflammatory mediators, that, in turn, induce in peripheral and central
organs the activation of the inflammatory signaling pathways, such as the NF-κB pathway [25]. The
NF-κB/Rel family of proteins, described first by Sen and Baltimore in 1986 [26] consists of transcription
factors intensely studied due to the major implication as key mediators of a wide variety of cellular
responses associated mainly with inflammation, infection and apoptosis. These include the stimulation
of the expression of pro-inflammatory mediators such as TNF-α, IL-6, INF-δ, IL-1β, of chemokines such
as MCP-1, and of reactive oxygen species (ROS) [12,13,27]. The relationship of the NF-κB signaling
pathway with poor prognosis of cancer cachexia has already been extensively studied in the muscle,
where increased NF-κB signaling has been described in patients [28]. Similarly, in patients under
treatment for lung cancer, circulating pro-inflammatory mediators were associated with the activation
of the NF-κB signaling pathway in the muscle [29]. Moreover, the importance of this transcription
factor was confirmed by pharmacological inhibition, which was demonstrated to be an effective tool
to reduce muscle proteolysis and consequently, atrophy [30,31]. Besides the muscle, other organs
such as the liver, the brain, the gut and the adipose tissue are affected by cachexia. Adipose tissue
metabolism is impaired and extensive lipolysis is observed [32]. WAT actively contributes to the
inflammatory state in cachexia by actively secreting pro-inflammatory mediators [4,6,33]. Despite
being recognized as an active player in cachexia, no information is available in the literature about
the role of NF-κB in the development and maintenance of local inflammation of the adipose tissue.
In the present study we demonstrate for the first time, that gene expression of NF-κBp65, which
is a subunit of the one of the most important transcription factors that induce pro-inflammatory
mediator gene expression, is upregulated in the subcutaneous adipose tissue of cachectic cancer
patients, compared with controls. This is a strong indication of the role of NF-κBp65 in the promotion
of inflammation in the subcutaneous adipose tissue in cachectic cancer patients. To confirm such
participation of NF-κBp65 in the regulation of the adipose tissue inflammation, an assay was performed
to evaluate NF-κBp65 and NF-κBp50 binding capacity to its promoter region of the DNA. This assay
may be envisaged as a ‘snapshot’ of the cellular nucleus subunits NF-κBp65 and NF-κBp50 capacity
of action, at the moment of tissue collection. Previous experiments of our group showed that the
NF-κBp65 binding to its promoter region is higher, but not statistically significant among groups,
while NF-κBp50 did not differ among groups (Figure A1). This assay, nevertheless, does not provide
optimal evidence of total binding rate, as NF-κB dimer activity presents a fast up-regulation in the
nucleus and then decays rapidly, migrating back to the cytoplasm, where it is again sequestered by
its inhibitory protein, IκB-α. This is described as a rapid and dose-dependent response, that involves
phosphorylation and subsequently proteasome degradation of the NF-κB inhibitory protein, IκB-α,
which leaves the transactivation domain of the NF-κB dimer free to translocate to the nucleus and exert
its functions as a transcription factor [34]. This rapid and transient stimulus, however, is sufficient to
alter gene expression and cause prolonged changes in the NF-κB target proteins mRNA levels [35].
This led us to hypothesize that actually the best experiment to examine NF-κBp65 activity would
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rather consist of sequential evaluation of binding at different collection times; what is, unfortunately
not possible in a human study due to ethical limitations. An alternative, however, would be the
analysis of the expression of its target genes. Thus, we proceeded with the gene expression analysis of
the NF-κBp65 pro-inflammatory target genes by qPCR, having found that IL-1β, TNF-α and MCP-1
expression were upregulated in cachectic cancer patients compared with controls. This is a strong
indication that the local subcutaneous adipose tissue inflammation described in cachectic cancer
patients may be mediated by the increased expression and activity of NF-κBp65. Considering that
several inflammatory signaling pathways work in concert in promoting inflammation and, in order
to verify the specific relationship between NF-κBp65 and the induction of pro-inflammatory genes
expression, we performed Spearman’s correlation tests. The results show that all genes described
as NF-κBp65 targets present a positive correlation with the expression of NF-κBp65 in the patients’
subcutaneous adipose tissue, including its inhibitor IκB-α, which is significantly more expressed in
cachectic cancer patients, as compared with controls (Figure 4). These data strongly corroborate the
NF-κB target gene expression results obtained in the study. Furthermore, NF-κBp65 is the most active
protein able to induce IκB-α expression [36] and the accumulation of newly synthesized IκB-α is
described as a pivotal factor in the termination of NF-κB activity and shuttling NF-κB complexes from
the nucleus back to the cytoplasm [36]. Therefore, parallelism between NF-κBp65 and IκB-α, in a
feedback mechanism was expected. This result was a confirmation of previous studies that pointed out
a role of the NF-κB signaling pathway in the promotion of an inflammatory state related with cachexia.
Despite these very encouraging results, other signaling pathways such as the signal transducer and
activator of transcription 3 (STAT3), the c-Jun N-terminal kinase (JNK), p38 and AP-1 are also of interest
in WAT inflammation. While in this study we focused solely on the NF-κB signaling pathway, these
other pro-inflammatory pathways may not be disregarded, as they are known to participate actively
as co-players of the worsened prognosis in cachexia [37–39]. The limitations of the study should be
acknowledged. There was no measurement of the patient’s lean body mass, although the patients and
groups presented similar BMI. Owing to human tissue sample implicit variation, some of the analyses
were not performed with the total number of patients formerly enrolled as some samples fell out of
the detection range of assays.

5. Conclusions

NF-κB classical signaling pathway protein NF-κBp65 gene expression is increased in the
subcutaneous white adipose tissue of cachectic cancer patients. Its target genes IL-1β, TNF-α, MCP-1
and IκB-α are also up-regulated. NF-κBp65 gene expression was positively correlated with all the
targets genes analysed in this study. We strongly suggest a role for the NF-κB classical pathway in the
inflammation of WAT in cachectic cancer patients.
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Appendix A

NF-κB Binding Assay

Groups: Control (N), non-cachectic cancer patients (T) and cachectic cancer patients [16].
In order to assure that only nuclear proteins were used in the assay, first a Western blot assay

with antibodies against a specific nuclear protein (Lamin A) cytoplasmic protein (β-Tubulin) in two
different samples (sample 1 and 2) was performed. The cytoplasmic fraction was contaminated with
nuclear proteins, but the nuclear fraction, which was employed in the assay, was free from cytoplasmic
protein. The binding assay revealed no difference between the groups in the two NF-κB subunits:
NF-κBp65 (p = 0.2874) and NF-κBp50 (p = 0.1469).

Figure A1. Western blot for nuclear and cytoplasmic protein extraction purity confirmation:
β-Tubulin—51kd (A) and Lamin A—69 kd (B).

Figure A2. NF-κBp65 binding to the DNA NF-κB promoter region (A) and NF-κBp50 binding to the
DNA NF-κB promoter region (B).
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