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Abstract

There is considerable evidence to support dietary recommendations for prevention of cancer as
well as for patients undergoing or recovering from cancer treatment. We consider here
implications from human, animal and in vitro studies of the effects of dietary factors
(macronutrients and micronutrients-phytochemicals) on cancer. An important epidemiology
study, the China Project found a significant correlation between disease incidence (cancer,
cardiovascular disease, diabetes) and markers of animal product consumption. Evidence of the
role of animal protein in the promotion of cancer also comes from animal studies. Food restriction
as in some form of fasting has been shown in human and animal studies to slow cancer
progression. Phytochemicals from whole plant foods are protective against oxidative stress, inhibit
cell proliferation, induce cell-cycle arrest, and apoptosis, act as antiangiogenesis factors and inhibit
COX-2, which has been related to metastasis. Some mechanisms that mediate the effect of diet
on cancer involve cell signaling through insulin factors and mTOR, a nutrient sensing complex
related to growth, altered gene expression through epigenetics, and the effects of microbial
metabolites produced by the gut microbiota which is strongly influenced by dietary factors. The
evidence that has been accumulating for many years indicates that diet, what we eat every day,
can affect disease. Besides preventing the development of cancer, it seems that this could also be
harnessed to positively influence cancer treatment outcomes as well as prevention of recurrence.
Since research strategies developed for drug studies are not appropriate, it is important that new

methodologies be developed to study these effects.
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Introduction

Advances are continually being made in imaging technology and applied to cancer diagnosis and
monitoring. Coupled with the Precision Medicine Initiative, which aims to select therapies most
appropriate for individual patients, these technologies offer the possibility of early diagnosis and
improved survival. However as exciting as these advances are, they do not address the fact that a
large percentage of cancer occurrences are affected by extrinsic (lifestyle) factors (Wu et al.,
2016). In the case of cardiovascular disease, Dean Ornish et al. (1990), C. Esselstyn (1999) and
others have established that diet and lifestyle changes can prevent progression and even reverse
cardiovascular disease. Ornish et al. have also taken on prostate cancer showing that intensive
lifestyle changes resulted in significant decreases in serum prostate-specific antigen (PSA) after
one year and after two years the same group found that 5% of lifestyle subjects compared to 27%
of controls required conventional prostate treatment (Ornish et al., 2005, Frattaroli et al., 2008).
Fontana et al. (2006) report that a low protein low calorie diet and exercise training are associated
with low plasma growth factors linked to an increased risk of cancer. Evidence from other studies

suggests that the most important lifestyle factor is diet (Barnard et al., 2003).

Much of the early work relating diet and cancer concentrated on the intake of macronutrients.
Macronutrients consist of protein, carbohydrates (including fiber) and fats (including saturated fat,
unsaturated fat, cholesterol) and are necessary for energy and structure. In particular fat intake
has been the focus of a number of studies. Micronutrients (such as phytochemicals) make up the
other dietary category and include vitamins, minerals, antioxidants and other molecules that
support metabolic function. Clues concerning the impact of macronutrients upon cancer risk can

be found in studies of subjects following vegetarian or vegan diets, which reduce or eliminate



consumption of animal products (composed primarily of protein and fat). Direct and indirect
evidence that vegetarian diets reduce risk of cancer has been reported in a review in 2010 (Lanou
and Svenson, 2010). A recent meta-analysis of observational studies found that vegan diets
conferred a significant reduced risk of incidence from total cancer (Dinu et al., 2016). In addition
to a reduction in animal products, these diets most likely represent an increase in micronutrient
consumption via an increase in fruit and vegetable consumption. Here we consider the possibility
that diet — limiting animal products, consuming a variety of whole plant foods (the main source of
micronutrients) and practicing some form of limited fasting or time restricted eating can influence
cancer development. Some of the mechanisms by which diet is thought to interact with cancer

are discussed.

Epidemiology and Clinical Studies related to Macronutrients

Clinical studies have demonstrated that a whole food, low fat diet (allowing a small amount of
animal protein) coupled with exercise decreased plasma levels of insulin-like growth factor 1 (IGF-
1) and serum from subjects following this regimen reduced growth in prostate cancer cell lines
(Ngo et al., 2002, Tymchuk et al., 2001). IGF-1 is a major regulator of cell growth and increased
concentrations are associated with increased risk of breast, colon, lung and prostate cancer (Pollak
et al., 2004). Other studies support an association between cancer and intake of animal products.
A retrospective study of pancreatic cancer found higher survival associated with diet
modifications, which included increased vegetables and whole grains and lower animal protein
(Carter et al., 1993). A more recent study conducted by the National Institutes of health (NIH-
AARP) found dietary fat from animal products was associated with an increased risk of pancreatic

cancer (Thiébaut et al., 2009).



Early epidemiology studies also provide clues concerning the relationship between diet and
disease. Post-war Japanese had age-adjusted mortality from common cancers 5 to 10 fold lower
than in the U.S. at the same time (McCarty, 2014). Their diet at the time was quasi-vegan with 6%
of total calories from animal products. However as the “Western” diet is adopted by more
countries, the incidence of cancer in these countries is increasing. The findings from a study
conducted in China in the 70’s and 80’s (The China Project) a joint collaboration between Cornell,
Oxford, and Beijing University led by T. Colin Campbell, Junshi Chen and Richard Peto found
associations between diet and cancer as well as other diseases (Campbell and Junshi, 1994,
Campbell et al., 1998). This exploration began as a result of a massive survey done by the Chinese
in the 70’s, which indicated that certain cancers were confined to certain geographical locations
(rates ranged by more than 10 fold from highest to lowest) suggesting that diet and environment
rather than genes were responsible. A major finding from the study was that cancer, diabetes and
heart disease were correlated with plasma cholesterol concentration and blood urea nitrogen,
which are correlated with intake of animal protein and fat and inversely correlated with intake of
vegetables (Campbell et al., 1998). Even within the range of the relatively low consumption of
animal products, small increases in meat consumption were associated with increases in cancer,

diabetes and heart disease (Campbell, 2014).

In another study an increase in mortality rates of cancers of the breast, prostate and colon in East
Asian countries in the 2000s was observed (Zhang et al., 2012). This increase follows a shift in the
last several decades from diets based on vegetable foods to diets high in animal foods and

saturated fats (Popkin and Du, 2003).



Further evidence of the connection between diet and disease comes from numerous studies
finding increased rates of cancer in immigrants to the US compared to rates in the native
countries. For Japanese migrants to Hawaii and California, breast cancer incidence rates doubled
in the first generation compared to rates in Japan at the same time (Kolonel et al., 1980).
Japanese migrants also experienced substantial increases in colon cancer compared to the
incidence in Japan which was 25% of that of the Hawaiian population while that of first generation
migrants was the same as that of the Hawaiian population (Kolonel et al., 1980, Kolonel and
Wilkins, 2006). A review and discussion of migrant studies can be found in Kolonel and Wilkins

(2006).

More recently cancer incidence in vegetarians was investigated using a pooled analysis of two
prospective studies in the UK, the Oxford Vegetarian Study and the EPIC-Oxford (Key et al., 2009) .
Subjects were grouped according to whether they did not eat meat or fish (vegetarian), did not eat
meat but did eat fish (fish eaters) and meat eaters (61,566 subjects, 32403 meat eaters, 8562 fish
eaters and 20600 vegetarians). Dairy consumption was not controlled. Vegans, who also do not
eat dairy, had too few cancers for analysis and were included with vegetarians. Results were
controlled for smoking, alcohol, body mass index and physical activity. Stomach cancer risk was
significantly lower for vegetarians than meat eaters, ovarian and bladder cancer risk was lower in
fish eaters and vegetarians than meat eaters. For non-Hodgkin’s lymphoma and multiple myeloma

the risk was lower in vegetarians than meat eaters.

A recent meta-analysis of eighty-six cross-sectional and ten cohort prospective studies assessed
vegetarian and vegan diets with respect to risk factors for chronic diseases, incidence and

mortality from cardio-cerebrovascular disease, total and specific cancers (Dinu et al., 2016). A



vegetarian diet was found to confer a significant protection with respect to total cancer (-8%), and

the vegan diet was associated with a significant reduced risk (-15%) of incidence from total cancer.

In the 1970’s and 1980’s, dietary fat and its relation to disease became a focus of nutrition
committees. The McGovern committee (the United States Senate Select Committee on Nutrition
and Human Needs) held hearings on the relationship between fat intake and heart disease
recommending a reduction in fat intake to 35% of calories to reduce cardiovascular disease. A
second committee (The National Academy of Sciences, United States) looked at the relationship
between fat intake and cancer risk also recommending consumption of lower fat foods. This was
supported by the observation of a positive correlation of breast cancer with total fat intake across
countries with Japan, Thailand and the Philippines having low risk with average consumption less
than 40g/day compared to the U.S., Denmark and the Netherlands with more than 150g/day
(Carroll et al., 1986). However if the data is separated into animal versus plant fat, the correlation
only holds for animal fat intake (Carroll, 1975). The Harvard Nurses’ Health Study incorporated a
dietary fat component in 1984, the hypothesis being that lower fat intake would be associated
with a lower rate of breast cancer, implicitly assuming that dietary fat is an independent and major
cause of breast cancer. The major finding from the study (89,494 subjects) was that a decrease of
fat from 50% of calories to 25-30% was not associated with a decrease in breast cancer rate

(Willett et al., 1992).

The Women'’s Health Initiative Randomized Controlled Dietary Modification Trial was a primary
prevention trial of 48,835 postmenopausal women without breast cancer. The goal was to reduce
fat intake to 20% of calories and increase fruit and vegetable consumption to 5 servings/day. The

intervention group reduced fat intake from 38% to 24% (in year 1) of total calories, but this



occurred with an increase in protein (but a decrease in fat intake from meat) and an increase in
vegetable consumption by only 1 serving/day (Patterson et al., 2003). After 8 years the
intervention group had a slightly reduced (but not significant) risk of invasive breast cancer
(Prentice et al., 2006). Some evidence of a greater risk reduction was seen among women with the
highest fat intake at baseline. A confounding factor is the dietary changes used to achieve the
lower fat. Lower fat meats (for example skinless chicken breast) contain protein and significant
levels of cholesterol, which can both be related to cancer thus potentially negating the benefit of
reduced fat. That cholesterol is a potential factor in breast cancer development is reviewed by
Danilo and Frank (2012). A study of the relationship between total cholesterol and breast cancer
found that women with high total cholesterol had a greater risk than women with low plasma
levels (below 160 mg/dL) (Kitahara et al., 2011). Also increased breast cancer risk was found in
women consuming elevated levels of cholesterol (Hu et al., 2012). Laboratory models are more
definitive. A high fat, high cholesterol diet fed to a mouse model of breast cancer resulted in
larger more advanced tumors than control animals (Llaverias et al., 2011). An association of
cholesterol and cholesterol esters with breast and other cancers is discussed in a review by Antalis

and Buhman (2012).

Two studies tested the effects of dietary change on breast cancer recurrence. The Women’s
Intervention Nutrition Study (WINS), a randomized trial (n=2,437) to determine the effect of fat
intake on recurrence of breast cancer produced a statistically significantly reduction in dietary fat
(29% to 20.3% of total calories from fat) and overall fewer deaths in the intervention group, but
the difference was borderline statistically significant. However, further analyses suggested a
stronger effect in estrogen receptor negative (ER-) cancers (Chlebowski et al., 2006). A second

study of women with early stage breast cancer, The Women’s Healthy Eating and Living (WHEL),



targeted increased vegetable and fruit consumption, dietary fat remained the same between
baseline and intervention (n=2,448). Animal products were not controlled. No reduction in
additional breast cancer events or mortality was observed in the intervention group during a 7-

year follow up period (Pierce et al., 2007).

Although calories from dietary fat were reduced in some studies, the percentage is still
considerably above that observed in areas with low breast cancer risk (11-15%). Also animal
studies have shown a link between intake of animal foods and cancer (Armstrong and Doll, 1975,
Campbell, 2014, Youngman and Campbell, 1991, Fontana et al., 2013). In none of the intervention
studies was animal based food controlled, which may be responsible for the lack of effect on
primary breast cancer or breast cancer recurrence. Even though the WHEL study did not show a
positive effect of fruit and vegetable consumption, recent studies show plant-based diets to be
protective (Dinu et al., 2016). The decreased cancer risk (for four cancers) in the UK prospective
vegetarian studies suggests a role for meat in the incidence of cancer, but the lack of control for
dairy is a significant drawback given the cancer promoting effects of casein in animal studies
(Youngman and Campbell, 1991). A meta-analysis found that cruciferous vegetable consumption
was related to a decreased risk of renal cell carcinoma in seven case-control studies but not in
three cohort studies but other aspects of diet were not controlled (Liu et al., 2013). The dramatic
increase (over 100%) in breast cancer deaths in Japan, China and Korea from 1975 to the present
has occurred with the adoption of a “Western” lifestyle particularly diets with a high intake of
animal foods. Although this does not prove a cause-effect relationship it is suggestive

(Chlebowski, 2013).
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Fiber, another macronutrient, was not found to be protective against cancer in a report published
in 1982 by the National Academy of Sciences working group on nutrition and cancer (United
States); however, recent meta-analysis studies suggest positive effects of high fiber and whole
grain intake on colorectal cancer (CRC)(Aune et al., 2011). Data from the China Study also found
that the highest fiber diets were associated with lower rates of CRC (Campbell and Junshi, 1994).
In a report published in 1971, the very low rate of CRC in Africans (the incidence of colon cancer in
the US was on the order of ten times that in Africa) was attributed to the high fiber content of the
diet (Burkitt, 1971). However the diets of Africans have changed in recent years away from high
fiber intake, but the incidence of CRC is still low in native Africans compared to African Americans
(AA) (O'Keefe et al., 2007). Similar markers for CRC risk were found in Caucasian Americans and
AA implicating environmental factors rather than genetic factors although some forms appear to
be heritable. The connection between diet and CRC is thought to be mediated by microbial
metabolites produced by the gut microbiota, and the composition of the gut microbiota is strongly
influenced by dietary factors (Louis et al., 2014). Although the diet of the Africans changed from
high fiber to resistant starch, they still ate few animal products. High meat intake has been
associated with increased occurrences of CRC (Potter et al., 1993). This is thought to be related to
the production of endogenous carcinogens such as N-nitroso compounds by resident bacteria.
Using three controlled diets that varied in the amount of meat and resistant starch, the amount of
N-nitroso compounds in feces was determined (Silvester et al., 1997). The findings from this study
were that the presence of N-nitroso compounds increased with increased meat consumption. The
addition of resistant starch had little effect on overall N-nitroso compounds when added to a high

meat diet.

Mechanisms (macronutrients)



11

Protein

How diet relates to cancer incidence has been explored through experimental research in rodents.
Early work in the 1990’s demonstrated a link between the percentage of calories in the diet
allocated to protein and incidence of cancer in rats exposed to the carcinogen aflatoxin
(Youngman and Campbell, 1992, Youngman and Campbell, 1991). This research grew out of an
observation of the association of primary liver cancer and animal protein consumption in Filipino
children, and a report published in 1968 that aflatoxin induced hepatocarcinogenesis in rats was
inhibited by low protein diets (Campbell, 2007, Madhavan and Gopalan, 1968). Using an
experimental model of cancer, it was shown that the amount of protein fed after the initiation
stage of cancer controlled the development of tumors independent of the amount of carcinogen
(Youngman and Campbell, 1991). Growth was repressed by the low protein (5% of calories with
casein as protein source) diet compared to the higher protein diet (20% calories as protein). If the
higher animal protein diet was replaced with plant protein, a similar reduction occurred
(Youngman and Campbell, 1992). The study also showed that the early lesions that led to tumors
could be increased or decreased by changes in dietary protein intake at different times during the
experiment (Youngman and Campbell, 1991). Even changing the diet after tumors had developed
resulted in substantial reduction in tumor burden compared to those animals maintained on a
higher protein diet. Similar responses to dietary protein were found using a viral initiator to

produce liver cancer in mice (Cheng et al., 1997, Hu et al., 1997).

More recently a study, reported in 2013, confirms the association of dietary protein and cancer
(Fontana et al., 2013). A 7% protein diet led to a 70% inhibition in tumor growth in prostate

xenografts and 56% inhibition in breast xenografts in mice compared to an isocaloric diet of 21%
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protein. Similar to results of Campbell et al., they also found using 20% plant protein inhibited

tumor growth 37% compared to the same amount of animal protein.

Mechanisms suggested as mediating the effect of diet on cancer include signaling pathways
involving mammalian target of rapamycin (mTOR) which is present in two cellular complexes,
MTORC1 and mTORC2 (Guertin and Sabatini, 2007). mTOR responds to nutrients (glucose and
amino acids), growth factors (such as insulin and insulin-like-growth factor (IGF1)), energy and
stress (Melnik, 2012, Zoncu et al., 2011). Energy is sensed through the ratio of AMP to ATP.
Glycolysis and mitochondrial respiration convert nutrients to ATP (high energy). With a drop in
nutrients, ATP decreases as energy is used and not replenished producing AMP. The role of mTOR
in integrating growth factor signals, nutrient and energy status is to promote cell growth and
metabolism under favorable conditions (when activated) and to suppress protein synthesis and to
promote recycling of cell proteins (autophagy) under low nutrient conditions (when inhibited). A
key pathway leading to mTOR activation is through phosphatidylinositol-3-kinase (PI13k)/Akt (Porta
et al., 2014). Through evolution mammals developed the ability to maximize use of nutrients to
accommodate periods of abundance and periods of limited availability. During periods of fasting
the drop in glucose and amino acids leads to a drop in insulin and an increase in the ratio of AMP
to ATP indicative of low energy thus inhibiting activation of mTOR (Zoncu et al., 2011). Some
amino acids appear to act more strongly on mTORC1 signaling than others (Yan and Lamb, 2012).
It is likely that the differential effect of plant versus animal protein is at least partly due to their
different amino acid profiles with different abilities to influence mTOR signaling. Dairy proteins
and meat provide high amounts of leucine as well as stimulate insulin and IGF-1 (Melnik, 2012).
Leucine robustly activates mTORC1 promoting protein synthesis, and its deprivation inhibits

mTORC1 signaling suppressing protein synthesis (Yan and Lamb, 2012). Increased levels of IGF-1



13

are associated with increased risk of cancer, and protein intake is one of the most important
dietary regulators of circulating IGF-1. Growth factors such as IGF-1 affect signaling pathways that
activate mTOR (see Figures 2 and 3 in Zoncu et al. (2011) for a schematic of pathways involving
mTOR). These systems evolved to promote survival under conditions in which nutrients were in
short supply, which was a frequent occurrence during mammalian evolution. The constant
availability and intake of food we experience today leads to chronic activation of mTOR and
potentially to aberrant cell responses (Zoncu et al., 2011). The reduction in plasma insulin and
IGF-1 levels in vegans consuming a moderate protein diet is thought to be an important factor in
the reduced incidence and mortality of the “Western” cancers — breast, prostate, colon, pancreas,

ovary in this group (McCarty, 2014).

Cholesterol

Cholesterol is a lipid important in the formation and stabilization of membranes. Transformed cells
take up low density lipoproteins (LDL), the circulating source of cholesterol at higher rates than
normal. LDL receptors are overexpressed in several cancer cell lines consistent with the increased
synthesis of new membranes associated with proliferation. Abnormal cholesterol metabolism
reflected by an increase in cholesteryl esters has been observed in tumor cell lines, experimental
tumors and human tumors (Antalis and Buhman, 2012, Tosi and Tugnoli, 2005). ER- breast cells
are reported to have a greater ability to take up and store exogenous cholesterol resulting in a
proliferative advantage (Antalis et al., 2010). This is consistent with the slightly greater effect of

dietary fat reduction in reducing breast cancer recurrence in ER- cancers.

Signals arising outside the tumor cell must cross the lipid membrane barrier to affect change. Itis

suggested that alterations in the lipid membrane structure due to cholesterol can influence signal
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transduction mechanisms related to cancer (Freeman et al., 2007). Antalis and Buhman (2012)
review epidemiology and mechanistic studies of the relationship among lipoproteins, cholesterol

and cancer.

Fiber

The positive effect of fiber intake on CRC could be associated with rapid intestinal transit times
leaving less time for carcinogens such as N-nitroso compounds to act upon the mucosa. Another
possible mechanism to explain fiber’s role in reducing CRC risk, is through the production of
butyrate (Segal et al., 2000). The gut microbiota thrive on fermenting non-digestible fiber, and
release butyrate as a metabolite. The cells of the colon are especially adept at using butyrate, a
short chain fatty acid, as a form of energy, instead of glucose. It is estimated that the colonocytes
get up to 70% of their energy from butyrate and other short chain fatty acids (Roediger, 1980).
When relatively low amounts of butyrate are produced, it is rapidly metabolized by the
mitochondria of the colonocytes, leading to increased proliferation. However, when there is an
excess of butyrate, it accumulates in the nucleus, where it can act through an epigenetic
mechanism as a histone deacetylase (HDAC) inhibitor. Histone modification by hyperacetylation
results in transcriptionally active chromatin whereas deacetylation by histone deacetylase (HDAC)
results in diminished accessibility for transcription. Thus the accumulation of butyrate results in
reduced proliferation and increased apoptosis through HDAC inhibition (Bultman, 2014). In the
case of cancer, colonocytes exhibit the increased glucose uptake and fermentation to lactate
known as aerobic glycolysis or the Warburg effect. In this condition the mitochondria do not
readily metabolize butyrate. Thus butyrate accumulates in the cell to low mM concentrations,
resulting in cell cycle arrest and apoptosis through HDAC inhibition (Donohoe et al., 2012,

Donohoe et al., 2014). Epigenetic modulation by HDAC inhibitors has long been suggested as a
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potential cancer therapy. Indeed, more potent pharmacological HDAC inhibitors, such as
Vorinostat, are currently approved for the treatment of cutaneous T-cell ymphoma and are being
tested in a number of clinical trials for the treatment of other cancers (Mottamal et al., 2015).
These pharmacological HDAC inhibitors act in the same manner as butyrate does naturally in the
colon. While much of the work on dietary fiber has been done on model systems, it has also been
shown that butyrate concentrations are elevated in human colorectal adenocarcinoma cells
(Donohoe et al., 2014). Additionally, two epidemiological studies found that CRC patients had
significantly less butyrate-producing bacteria than healthy controls (Balamurugan et al., 2008,
Wang et al., 2012). The benefits of dietary fiber in reducing cancer risk may not be exclusively
associated with reduced colorectal cancer risk. Two recent studies have also suggested an inverse

relationship between dietary fiber and breast cancer risk (Bradbury et al., 2014, Liu et al., 2014).

Mechanisms (micronutrient intake)

The focus on the macronutrients protein, fat and their restriction however is only part of the story.
Epidemiology studies have consistently shown that diets high in fruits and vegetables and whole
grains are associated with decreased risk of diseases such as cancer and cardiovascular disease
(CVD) (Willett, 1995, Willett, 2002). Phytochemicals are the bioactive compounds in food. These
include phenolics, flavonoids, phenolic acids, carotenoids, etc. (Liu, 2004). They are protective
against oxidative stress from free radicals and can be important in restricting the development and
progression of cancer by inhibiting cell proliferation, inducing cell-cycle arrest and apoptosis and

acting as antiangiogenesis factors.

Inositol hexaphosphate (phytic acid or IP6) is found in grains, nuts, seeds and legumes and is

present in almost all mammalian cells. Known to be an antioxidant IP6 has been recognized in
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cancer prevention and control of experimental tumors. As a cancer preventive agent, it was
effective in experimental models given before or after carcinogen administration. It was shown to
be effective in colon, breast, skin cancer and liver cancer models (Vucenik and Shamsuddin, 2006).
IP6 normalizes proliferation and induces differentiation and maturation of malignant cells and has
anti-angiogenic activity (Vucenik et al., 2004). IP6 can regulate the cell cycle to control cell division
and force malignant cells to differentiate or go into apoptosis. The signaling processes underlying
the effect of IP6 on cancer are under investigation (Fu et al., 2016, Liu et al., 2015). In the past IP6
has been considered an anti-nutrient due to its ability to chelate minerals such as iron, copper and
zinc hindering absorption however recent studies show that this is only when very high IP6 is
consumed in combination with a nutrient poor diet (Silva and Bracarense, 2016). There is

currently much interest in its anticancer properties.

Lignans along with isoflavones are a class of phytoestrogens. Plant lignans are found in high
concentrations in flaxseeds and sesame seeds but also in sprouts, fruits, berries, vegetables, whole
grains and green tea (Buck et al., 2010). Lignans are metabolized in the gut into bioavailable
metabolites. Proposed mechanisms of action in cancer include reduction of angiogenesis and
stimulation of apoptosis (Bergman Jungestrom et al., 2007, Mense et al., 2008). Flaxseeds were
able to inhibit proliferation of ER+ and ER- tumor cells and were associated with decreased IGF-1
and epidermal growth factor (Chen et al., 2004, Chen et al., 2002). It is also possible that other
constituents accompanying lignans may have a protective effect (Buck et al., 2010). A meta-
analysis on epidemiologic studies of the association of lignans and breast cancer risk found high
plant lignan intake was associated with a risk reduction especially in postmenopausal women
(Buck et al., 2010). In another study it was found that higher lignan intake may be associated with

improved survival among postmenopausal women with breast cancer (McCann et al., 2010). In
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general more favorable breast tumors biomarkers were associated with higher lignan intake (Ha et
al., 2006). In a German case-control study, reduced breast cancer risk was associated with
soybean, sunflower and pumpkin seeds in postmenopausal women, which did not depend upon
ER status (Zaineddin et al., 2012). In breast cancer the action of phytoestrogens may be partially
hormonal through a weak inhibitory effect on aromatase (the enzyme involved in the biosynthesis

of estrogen) thus reducing levels of circulating estrogen (references in Zaineddin et al).

A review of the effect of dietary phytochemicals on angiogenesis in breast cancer was reported in
2012 (see Figure 1 in Reuben et al. (2012)). However, angiogenesis is a component of all tumor
growth not just breast cancer. Dietary phytochemicals influence cellular physiology and
homeostasis, and therefore likely the equilibrium between pro and antiangiogensis factors (Bhat
and Singh, 2008). There are many potential targets in the angiogenesis process. Vascular
endothelial growth factor (VEGF), a signaling protein that stimulates growth of new blood vessels,
is the most important regulator of human tumor angiogenesis (Carmeliet, 2003). Other factors
include fibroblast growth factors, tumor necrosis factor alpha, interleukin-8. The catechins in tea
have been shown in cell lines to inhibit proliferation by suppressing factors associated with
angiogenesis (Reuben et al., 2012). The phytochemical curcumin, in the spice turmeric, has been
shown to have anticancer properties in a number of breast cancer cell lines through a variety of
mechanisms related to angiogenesis (Carroll et al., 2008, Schindler and Mentlein, 2006, Shao et al.,
2002). Also it has been shown effective in animal models of cancer (Anand et al., 2008).
Ellagitannins, polyphenols in nuts and fruit such as almonds, walnuts, raspberries, strawberries
and especially pomegranates have anticancer and antiangiogenic properties (Heber, 2008). Soy
isoflavones (genistein the main soy isoflavone) have been shown to be cytotoxic against breast

cancer cell lines (Banerjee et al., 2008) and has been shown to inhibit several angiogenic factors
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(Valachovicova et al., 2004, Yu et al., 2004). Secretion of VEGF is inhibited by lignan metabolites
(Bergman Jungestrom et al., 2007, Saarinen et al., 2008). Resveratrol, a phytochemical in grapes,
has been widely studied and shown to be associated with a reduction in VEGF secretion in cells
after treatment with the phytochemical (Garvin et al., 2006). Silymarin, a mixture of polyphenols
(in artichokes, also in some spices and grapes, peanuts and berries), is also antiangiogenic (Jiang et
al., 2000). Isothiocyanates, such as sulforaphane (in broccoli, cauliflower, cabbage and kale), exert
a toxic effect on tumor cells (Jackson and Singletary, 2004, Johnston, 2004). Although the above
examples involve cell lines, Reuben et al (2012) also cite in vivo evidence for the antiangiogenic
properties of these dietary phytochemicals. Lycopene (in tomatoes) the most abundant source of
the carotenoids and proanthocyanidins in grapes have antiangiogenic properties in in vivo rodent
studies. The fact that the phytochemicals act in a variety of ways targeting different angiogenic
factors when used collectively from a variety of foods in the diet implies that they will have greater

preventive as well as therapeutic efficacy (Reuben et al., 2012).

Salicylates are widely distributed throughout the plant kingdom where they act as a defense
mechanism against pathogens and environmental stress. Isothiocyanates are also part of plant
defenses and are formed under conditions of physical injury. In mammalian cells salicylic acid (SA)
acts to inhibit prostaglandins arising from COX-2 catalysis of arachidonic acid (Duthie and Wood,
2011). The acetylated form of SA is aspirin, which has therapeutic benefit in chronic inflammation
and has been linked to decreased risk of several cancers (Baron, 2003, Vainio et al., 1997). The
cyclooxygenases COX-1 and COX-2 are frequently overexpressed in many cancers. The
prostaglandins produced from them can act on the lymphatic vasculature leading to increased
metastasis (Karnezis et al., 2012). The anticancer effects of non-steroidal anti-inflammatory drugs

are thought to be due to inhibitory effects on the COX enzymes. Salicylates are readily absorbed
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from food and may contribute to the effects of fruit and vegetable consumption on lowering the
risk of disease (Duthie and Wood, 2011). Urinary excretion of salicylates was found to be
increased in vegetarians compared to non-vegetarians (Lawrence et al., 2003). Spices especially
have high concentrations of salicylates and may be a contributing factor in the low cancer
incidence in rural India (Paterson et al., 2006). SA levels in serum from rural Indians were found to

be almost 3 fold higher than in Western vegetarians.

Phytosterols represent another class of compounds with anticancer properties. They are similar in
structure and function to cholesterol but occur naturally in plants particularly nuts, seeds, cereals
and legumes, and a review of their anticancer properties has recently been published (Shahzad et
al., 2017). Epidemiology studies indicate lower risks of esophageal and ovarian cancers with
dietary intake of beta-sitosterol and stigmasterol, two common phytosterols in the human diet
(references in Shahzad et al). Modes of action have been investigated in cell lines and include

increased apoptosis and cell cycle arrest.

The recurrence of cancer after treatment as well as treatment resistance has been linked to the
existence of cancer stem cells which have the capacity for self-renewal (Kim and Surh, 2015).
Dietary phytochemicals, genistein, sulforaphorane, curcumin and the tea catechin,
epigallocatechin (EGCG), target multiple pathways involved in self-renewal, maintenance and

growth of stem cells.

Dietary components can also affect the expression of genes associated with physiological
processes through epigenetics. The primary mechanisms are DNA methylation, histone
modifications and RNA silencing through micro RNAs (miRNA) (Supic et al., 2013). Two patterns of

DNA methylation have been observed. Hypomethylation leads to activation of genes in tumor
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progression, whereas hypermethylation leads to silencing of tumor suppressor genes. Histone
modification also occurs through acetylation and deacetylation resulting in transcriptionally active
or inactive chromatin, respectively. MiRNAs involved in posttranscriptional control of gene
expression, regulate cell proliferation, differentiation and apoptosis. Bioactive food components
can alter the expression of genes at the transcriptional level. This offers the potential of restoring
to normal the aberrant disease associated epigenetic profile through a change in diet. Supic et al.
(2013) discuss the relationship between nutrition and epigenetics and the effect upon cancer
identifying compounds and classes of compounds that influence epigenetics through the three
mechanisms described above. Many appear to work in all mechanisms. These include tea
polyphenols (EGCG), soy isoflavones (genistein), resveratrol and curcumin. The B vitamin folate is
active in DNA methylation and miRNA, and the isothiocyanate, sulforaphane and components in
garlic act through histone modifications. A review of research relating nutritional epigenetics and
hepatocellular carcinoma (HCC), noted that epigenetic changes were found in major processes
related to the development of HCC (Moreno et al., 2016). The green tea component EGCG, active
in the prevention of many cancers, has been shown to inhibit liver carcinogenesis and
preneoplastic states in experimental animal models. EGCG also induced DNA demethylation and
reactivated tumor suppressor genes that were hyper-methylated (Singh et al., 2011). Resveratrol
in addition to other protective effects was found to inhibit HDACs in hepatocarcinogenesis
(Bishayee et al., 2010). The isothiocyanate sulforaphane exhibits a strong inhibitory effect on
HDACs and has been studied in several models of human cancer (Ho et al., 2009). A review of the
regulatory effects of curcumin, a component of the spice turmeric, on epigenetics reports studies
that document demethylation associated with reactivation of tumor suppressor genes (Teiten et

al., 2013). Curcumin also modulates HDAC activity. The ketone body beta-hydroxybutyrate
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produced in the fasting state as well as in the gut in response to fiber is an endogenous HDAC
inhibitor (Shimazu et al., 2013). A recent review explores phytochemical effects on the epigenome

(Zam and Khadour, 2017). Epigenetics and cancer is a rapidly expanding field.

In addition to specific phytochemicals, research has also focused on anticancer properties of the
whole food. Berries for example have consistently shown anticancer properties both in vivo and in
vitro. An investigation of the anticancer properties of berry juices in five cancer cell lines found
that inhibition of proliferation involved cell cycle arrest (Boivin et al., 2007). Arrest of the G1
phase of the cell cycle was also found in a grape seed extract in prostate cancer cells (Agarwal et
al., 2000). There were observed differences between berries in their preventive abilities against
different cell lines indicating the importance of eating a wide variety. Notably antiproliferation
was not linked to antioxidant properties. In a number of preclinical studies, berries have been
shown to protect against oral and colon cancers (Bi et al., 2010, Casto et al., 2013, Harris et al.,
2001). A freeze-dried strawberry powder was found to inhibit esophageal squamous cell
carcinoma induced by N-nitrosomethylbenzylamine in the rat (Chen et al., 2006). Based on these
results the effect of strawberry powder was investigated in a small prevention trial in China using
subjects diagnosed with premalignant lesions (Chen et al., 2012). They demonstrated that the
powder slowed the progression of the precancerous growth. The effect was at least partly due to
decreased expression of inducible nitric oxide synthase (iNOS), COX-2, (two enzymes upregulated
in esophageal cancer in the rat), and of Ki-67, a nuclear protein associated with cell proliferation,

as well as inhibition of mTOR signaling (Chen et al., 2012, Chen et al., 2006).

Aromatase is an enzyme that converts androgens to estrogen and has been a target in the

treatment of breast cancer for tumors, which are ER positive. The common white button
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mushroom can significantly inhibit aromatase activity and could play a significant role in
prevention of primary or recurrent breast cancer (Grube et al., 2001). Interestingly estrogen
receptors are expressed in healthy and tumor lung tissue and estrogen can induce cell

proliferation in vivo and in vitro (Shimazu et al., 2010).

The above discussion on the micronutrient content of food and its relation to cancer prevention is
by no means a complete review but is meant to indicate the importance of known micronutrients

(and others not yet discovered) in preventing disease.

Mechanisms (Food restriction)

Food restriction in general has been shown to be beneficial in the treatment of disease. Tumor
metabolism has been a potential target since the discovery by Otto Warburg that many cancer
cells exhibit increased glucose uptake and fermentation to lactate even in the presence of oxygen
(aerobic glycolysis). It is now known that this occurs even with functioning mitochondria (Liberti
and Locasale, 2016). The increased glucose uptake in cancer cells is the basis for the [**F] labeled
fluorodeoxyglucose (FDG) PET signal. Animal studies of fasting protocols have shown positive
results in prevention as well as treatment in cancer. A number of studies in animal models have
shown that a reduction in calorie intake without malnutrition reduces cancer incidence (Fontana
and Klein, 2007, Hursting et al., 2003). The reduction in glucose levels as a result of fasting places
stress on cancer cells, which rely on a ready supply of glucose. Fasting, calorie restriction (CR) and
a carbohydrate limited ketogenic diet have been used to limit the availability of glucose and slow
cancer progression in both animal and human studies (Hursting et al., 2003, Lee et al., 2012, Longo
and Fontana, 2010, Mukherjee et al., 2002). These studies involved long term CR with weight loss,

which would not be suitable for a patient group. However, it has been shown that short term
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dietary restriction (fasting) can protect yeast, mammalian cells and mice from the toxic effects of
chemotherapy (Raffaghello et al., 2008). While normal cells are protected by reallocating energy
resources away from growth processes, cancer cells are not protected. This has been termed
differential stress resistance (DSR). The mechanism for this is suggested to be the same as
observed in protein restriction namely a reduction in free IGF-1 (Raffaghello et al., 2008, Safdie et
al., 2009). While reduced IGF-1 shifts normal cells into a maintenance phase (via mTOR
inactivation), cancer cells exhibit insensitivity to these anti-growth signals and continue dividing.
Fasting has also been shown to differentially regulate many genes associated with cellular
proliferation. The coupling of chemotherapy with prior short term fasting has recently been
shown to increase sensitivity of cancer cells to chemotherapeutic drugs. In mouse models of
neuroblastoma, fasting with chemotherapy resulted in long term survival without long term
weight loss (Lee et al., 2012). In fact, cycles of fasting were shown to be as effective as
chemotherapy in delaying progression of different tumors. These positive effects of fasting in
cancer treatment and prevention are in contrast to the fact that obesity is linked to an increased

incidence of cancer and worse outcomes in response to treatment (Khandekar et al., 2011).

Exploring the mechanisms of food restriction several studies have reported effects of fasting on
the immune system (Cheng et al., 2014, DiBiase et al., 2016, Pietrocola et al., 2016). That fasting
(at least 48 hours) lowers circulating IGF-1 levels and is able to protect mice from the toxicity of
chemotherapy was shown by Lee et al (Lee et al., 2010). Building on this work, multiple cycles of
fasting were found to lead to regeneration of hematopoietic stem cells thus reversing the
immunosuppression caused by chemotherapy (Cheng et al., 2014). The mechanism was found to

involve reduced PKA (cyclic adenosine monophosphate(cAMP) dependent protein kinase) signaling
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in bone marrow cells due partly to the reduced IGF-1 levels. PKA, activated with the binding of
cAMP, is a key regulator of processes related to cell growth and development. Regeneration of
the immune system deficiency begins during the fasting period and completes with refeeding

(Cheng et al., 2014).

More recently a low calorie, low protein fasting mimicking diet (FMD) developed by Brandhorst et
al was used to test the effects of fasting and the FMD on the immune system in a mouse cancer
model (Brandhorst et al., 2015, DiBiase et al., 2016). A trial in healthy human subjects of the FMD
(plant based with reduced calorie (34 to 54% of normal) and protein (9-10%) intake) for 5 days a
month for a cycle of 3 months) resulted in reduction of blood glucose by 11%, which remained
lower after resuming a normal diet, a reduction in IGF-1 by 24% which remained lower (15%) after
resuming the normal diet. In the mouse model, calories were restricted to 9.7% of the normal diet
for 3 days while maintaining high nourishment (Brandhorst et al., 2015). This was found to be as
effective as fasting for 2 days in reducing IGF-1. Three cycles of FMD increased circulating CD8+

lymphocytes.

Fasting is known to be one of the most efficient ways to elicit autophagy, degradation of cellular
components (Mizushima et al., 2004). Fasting and a calorie restriction mimetic (CRM) were found
to increase autophagy in tumor cells leading to an enhanced response to immunogenic
chemotherapy in experimental tumor models (Pietrocola et al., 2016). Autophagy is required for
the release of ATP into the extracellular space-attracting antigen presenting cells to the tumor.
Short-term fasting or caloric restriction mimetics (CRM) that induce autophagy were found to

improve inhibition of tumor growth by chemotherapy. The CRM used in this study to induce
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autophagy was hydroxycitrate, an over the counter weight loss drug, which blocks production of

acetyl CoA leading to extracellular accumulation of ATP (Pietrocola et al., 2016).

Fasting defined as water only or consuming very few calories (<200calorie/day) is distinct from
calorie restriction, which is chronic reduction of calories maintaining meal frequency. Fasting can
take different forms such as intermittent fasting for example fasting every other day or periodic
fasting - 3 days every few weeks. However, recent studies have explored restricting food
consumption to certain hours of the day, designated time restricted feeding. For example longer
nightly fasting was associated with improvements in biomarkers of glycemic control and in a
second study with lower C-reactive protein (Marinac et al., 2016, Marinac et al., 2015). A recent
report suggests that time restricted feeding may be beneficial in preventing cancer recurrence
(Marinac et al., 2016). A shorter nightly fasting duration (< 13 hrs) was associated with a 36%
higher hazard for breast cancer recurrence. This suggests an alternative fasting protocol that may

be easier to implement and more acceptable than fasting in the more traditional sense.

Supplements vs Whole Foods

The beta-carotene lung cancer studies present a cautionary tale in the use of supplements.
Observational studies indicated lower lung cancer risk associated with carotenoid rich food
particularly beta-carotene. Antioxidants such as beta-carotene protect cells from damage from
reactive oxygen species (ROS). ROS and other free radicals may damage DNA leading to tumor
formation. This idea led to trials using beta-carotene supplements. Examples include a double

blind, placebo controlled trial on the prevention of lung cancer in older male cigarette smokers
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supplementing with beta-carotene. The results showed no benefit and suggested an adverse
outcome with more lung cancers diagnosed in the supplement group in (Albanes, 1999, Albanes et
al., 1996). A second study also observed increased mortality in the supplemented group (Omenn
et al., 1996). A more recent review of antioxidant supplements beta-carotene, vitamin A, vitamin
C, vitamin E and selenium found no evidence to support supplements for primary or secondary
prevention - and in fact beta-carotene and vitamin E seem to increase mortality (Bjelakovic et al.,
2012). The effect of dietary antioxidants on a mouse model of lung cancer found increased
proliferation within tumors (Sayin et al., 2014). This was found to be associated with reduced p53
(the product of a tumor suppressor gene) activation occurring in response to antioxidant-induced
reduction in ROS and in DNA damage. This study was limited to effects on tumor progression not
initiation or prevention. Other animal studies have shown that the potential toxic effects of
dietary forms of beta-carotene are associated with high-risk behaviors of smoking and alcohol use
(Forman et al., 2004). It seems that these types of studies should be done prior to human
intervention trials. High folate intake through supplements may also be problematic. Although
deficiency can increase risk of CRC in normal tissue supplementation can promote progression of
existing cancer (Kim, 2007). However, a recent study found no association between naturally
occurring folate or folic acid (from supplements) and cancer incidence in adults with ages greater
than 57 years (Hu et al., 2016). A confounding factor in assessing folate and cancer is that wheat
flour in the US has been fortified with folic acid since 1998. In the past few years, the focus has
shifted to vitamin D, which has been linked to many diseases including autoimmunity, cancer,
diabetes, cardiovascular disease (Welsh and Sattar, 2014). Vitamin D may be one exception to the
previous negative findings of other supplements. A meta-analysis found a reduction in all-cause

mortality with D3 supplementation but not D2 (Chowdhury et al., 2014). Recently Schwingshackl
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et al. (2017) reported results from a meta-analysis of primary prevention trials of dietary
supplements for cardiovascular disease and cancer. A decrease in cardiovascular mortality and
disease was associated with vitamin E and folic acid supplements, while vitamin A was linked to an
increased cancer risk and beta-carotene taken alone was associated with an increase in all-cause
mortality. Both were taken in high doses. The conclusion was that while some supplements
produced small beneficial effects, there was not sufficient evidence to support the use in primary
prevention of cause-specific death. A supplement that may be of benefit is S-
adenosylmethionine (SAMe), an endogenous universal methyl donor, which has been reported to
block skeletal metastasis associated with prostate cancer in cell cultures and in mice inoculated
with SAMe treated prostate cancer cells (Shukeir et al., 2015). Treatment of cells with SAMe led to
a dose-dependent inhibition of proliferation, invasion and migration, and mice with SAMe treated
cancer cells had fewer skeletal lesions. The action of SAMe in suppression of metastases is
thought to be epigenetic through methylation of hypomethylated genes in pathways related to
cell invasion and metastasis. This is in contrast to hypermethylation related to the inactivation of
tumor suppressor genes. Shukeir et al. however found that the action of SAMe was selective
leaving tumor suppressor genes unmethylated. They also suggest a possible preventive role in
prostate cancer development. More studies are needed to confirm these results. SAMe has been
available as an over the counter enteric coated supplement since 1999 used for depression, joint
and liver support. It appears to be well tolerated and has been used in a number of studies of
depression (Mischoulon et al., 2002, Papakostas et al.,2010). While there is evidence that some
supplements may be of benefit, their use should be approached with caution particularly with

respect to intake of excessive amounts of single nutrients.
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It should be noted that vegan diets with no animal products require supplementation with B12. In
any case, it seems unlikely that any one phytochemical will be found to be the magic bullet to
prevent or arrest cancer. Also the concentrations of the phytochemicals that promote health are
likely to be found in a range related to what can be obtained from plants in the diet, too little as
well as too much can potentially cause harm. Furthermore the isolated compounds do not act in
the same way as when present in the whole food. The combination of phytochemicals from
variety of whole foods has a synergistic effect so that the combined activity is greater than any one
“this explains why no single antioxidant can replace the combination of natural phytochemicals in

fruits and vegetables” (Liu, 2004) .

Conclusion

A previous review and a recent meta-analysis conclude that vegetarian/vegan diets are a useful
strategy for reducing risk of cancer (Lanou and Svenson, 2010, Dinu et al., 2016). In this review we
have brought together data from epidemiology, clinical, and animal studies and data relating to
the effects of macro and micro-nutrients, as well as studies on the effects of food restriction as in
fasting and time restricted eating. In some cases the epidemiology and intervention studies
presented confusing results due to the focus on fat without controlling for animal products. Also
those studies done in Western countries generally did not have the range of fat or protein intake
to see differences observed in countries with a lower consumption of animal products. We have
also considered potential mechanisms by which diet can affect cancer risk or progression. The
evidence points to a diet with minimal animal products. This reduces both animal protein and
cholesterol and leaves room for a greater consumption of the micronutrients in fruits and

vegetables. A common misperception is that adequate protein can only be obtained from animal
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sources. Dietary analyses of more than 70,000 subjects from the Adventist Health Study 2 found
that non-vegetarians consumed 75.8 g/d of total protein (58% from plants), while strict
vegetarians (eating meat, fish, dairy or eggs not at all or less than once a month) consumed 72.3
g/d, (96% from plants)(Rizzo et al., 2013). Given that the recommended dietary allowance (RDA),
which would be adequate for 97.5% of the population, is 45-56g/d, even the strict vegetarians are
consuming more than enough protein. The most important aspect of diet with respect to cancer
(and health in general) is the phytonutrient content that comes from the inclusion of a wide
variety of fruits, vegetables, nuts, seeds, spices and tea. Diet in addition to some food restriction
can potentially decrease the risk of cancer as well as increase the effectiveness of cancer

treatment and decrease the risk of recurrence.

In addition to minimizing animal products, sugar, soda, pastries, desserts and processed foods in
general (except for whole grain breads, pasta, rice etc.) should be minimized. Some foods that
appear to be particularly beneficial with respect to cancer include: fruit, especially berries; a
variety of vegetables (especially greens) raw and cooked, legumes (beans of any kind —black, pinto,
lentils etc), nuts and seeds (especially flaxseeds, but also sunflower, sesame and pumpkin seeds),
mushrooms, onions, garlic, spices (e.g. turmeric and other Indian spices), herbs and green tea.
Many books and websites are available for recipes and menus for a vegan diet. Also some short-
term fasting practiced periodically or just extended fasting between meals, for example between

dinner and breakfast several times a week appears beneficial.

Experimental protocols to test the effect of diet on disease are much more difficult to design than
those used to test drugs for which the “gold standard” is the double blind randomized controlled

trial. These difficulties are discussed in a recent article in Nature about the use of diet to alleviate
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symptoms of multiple sclerosis (Gupta, 2016). With dietary changes participants are not “blind” to
which group they are in. Also it is very difficult to standardize diets in the way that drug doses are
standardized. Nevertheless the evidence that has been accumulating for many years indicates
that diet can affect disease in spite of the negative outcomes of some studies. It is therefore
important that research strategies to study these effects be developed in spite of the difficulties.
There are important clinical studies that do not fit into the classical research mode, but that does

not mean they should not be done.
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