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Abstract

Dietary compounds can influence the risk of cancer and other diseases through diverse
mechanisms which include the activation or inhibition of macroautophagy. Macroautophagy is a
catabolic process for the lysosomal degradation and recycling of cytoplasmic constituents which
has been implicated in several pathologies, including cancer and neurodegeneration. In some
instances, macroautophagy acts to suppress tumor formation and neural degeneration. Thus, it may
be feasible to design diets, supplements or therapeutics that can alter the level of macroautophagy
within cells to prevent or treat disease. While critical questions still need to be answered before we
can safely and effectively implement such a strategy, we provide here a review of the literature
regarding dietary constituents that have a demonstrated macroautophagy-modulating function.
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Nutrition in Health and Disease

It is generally recognized that nutrition has a significant role in health. For example, it has
been estimated that diet accounts for about 30 percent of cancers in Western countries1 and
dietary modification has been proposed as a means of reducing cancer risk.2 Several
epidemiological studies have also shown a correlation between dietary habits and the
development of neurodegenerative diseases.3 Many common foods contain ingredients that
promote health and fight disease. These compounds can act by various mechanisms such as
scavenging free radicals, maintaining DNA stability, increasing apoptosis, or decreasing cell
proliferation.4

Many natural compounds, including spices and vitamins, are currently being used or
assessed for disease prevention and treatment. Approximately half of the drugs used in the
clinic today come from natural sources.5 These drugs include many of the most common
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anticancer therapeutics such as the taxanes, derived from plants of the genus 7axus (yews),
and daunomycin-related agents, produced by fungi of the genus Streptomyces.6 Along with
their many other mechanisms of action, we are now realizing that many of these natural
compounds also affect macroautophagy.7-10

Autophagy

Autophagy, literally self-eating, is a general term for lysosomal degradation of cytosolic
components such as long-lived proteins and organelles. There are three main forms of
autophagy: macroautophagy, microautophagy and chaperone-mediated autophagy. The focus
of this review is macroautophagy, a process that occurs when a double membrane of
unknown origin, called an isolation membrane, forms and encompasses a portion of
cytoplasm (Fig. 1). Closure of the double membrane forms an autophagosome which can
fuse with an endosome to form an amphisome. Fusion of an autophagosome or amphisome
with a lysosome forms an autolysosome where the hydrolytic enzymes from the lysosome
degrade the components which can then be released back into the cytoplasm for use in
bioen-ergetic and biosynthetic processes.11-13

Macroautophagy, hereafter referred to as autophagy, occurs at basal levels in many cells to
turn over long-lived cytosolic proteins and organelles, however it is upregulated in response
to cell stresses such as starvation,14,15 radiation16 and an increase in reactive oxygen
species.17 There is much controversy over the role of autophagy in cells under such stresses,
with evidence supporting functions in both cell survival and cell death. For several recent
reviews on this topic, see refs. 11 and 18-20.

Autophagy and Life Span

Almost all organisms experience a decrease in autophagy with age.21 Accordingly, studies
in worms and flies have shown that blocking autophagy decreases life span, while
overexpressing autophagy genes can increase life span.22,23 Calorie restriction (CR), which
involves a reduction in dietary calorie intake, was shown to be the most effective method for
increasing life span in many species, such as yeast, Drosophila and mammals.24,25 In
addition to affecting life span, CR was also shown to delay the onset or reduce incidence of
many age-related diseases such as cancer and neurodegeneration.25 While it is unclear how
CR produces these benefits, much research has been done to determine potential
mechanisms of action.

CR has been shown to activate sirtuins,25 which are also known as silent information
regulator (SIRT) proteins. Sirtuins are nicotinamide adenine dinucleotide (NAD)-dependent
deacetylases that regulate expression of several genes. For a review of sirtuins see refs. 26
and 27. SIRT1 is one of the main mammalian sirtuins that is upregulated in response to CR.
26,28 Recent studies have shown that SIRT1 acts as a positive regulator of starvation-
induced autophagy. One possible explanation for these observations is that SIRT1 increases
the acetylation, and thus expression, of many autophagy-related genes.28 While the
upregulation of sirtuins may have a direct role in the life-span extension induced by CR,
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autophagy may be another mechanism by which CR increases life span and maintains
healthy cells.29

Autophagy in Health and Disease

Functions of autophagy include the degradation of protein aggregates that are too large for
proteosomal degradation, removal of pathogens within the cell, and the removal of damaged
proteins and organelles that may produce DNA-damaging reactive oxygen species.11 Loss
of autophagy could therefore lead to neurodegen-erative disorders, infectious disease, or
possibly genomic instability resulting in cancer. Autophagy has also been shown to play a
role in other diseases including liver, muscle and heart disease.11

In the process of neurodegeneration, autophagy has been shown to play a protective role.
Some neurodegenerative disorders, such as Parkinson disease and Huntington disease, are
caused by an accumulation of mutant proteins that aggregate and interfere with cell
trafficking and the normal function of cytoplasmic proteins. Typically these aggregates are
too large to be dealt with by the proteasome; cell model studies have shown that they are
instead cleared by autophagy.30,31 Mouse models have demonstrated that loss of autophagy
leads to an accumulation of mutant protein aggregates as well as dispersed cytosolic mutant
proteins which may otherwise form aggregates. Both are defects that resemble features
observed in several neurodegenerative diseases and thus suggest that autophagy has a
neuroprotective function.31-33

In cancer, autophagy appears to have dual roles dependent on a number of factors including
stage of disease, cell type and cell stimulus. Prior to cancer development, autophagy can act
as a tumor suppressor by removing oxidative stresses and damaged organelles which could
otherwise have DNA-damaging effects. Conversely, in established tumors, autophagy can
promote tumor survival by allowing cells to adapt to the harsh conditions of the tumor
microenvironment and can protect cells from undergoing apoptosis in response to anticancer
therapies. Alternatively, autophagy appears to promote cell death in response to some
anticancer therapies. The role of autophagy in cancer is discussed extensively in several
recent reviews.11,31,34-36

Monitoring Autophagy

There are several methods, thoroughly described in reference 37, used to monitor autophagy.
The methods relevant to this review are described briefly here, along with some of their
limitations. One common approach is the use of acidotropic stains such as monod-
ansylcadaverine (MDC),38 LysoTracker and acridine orange16 which label acidic
compartments. These stains label autolysosomes but also other acidic compartments within
cells, such as lysosomes and endosomes and thus should be substantiated by other assays
that are specific to autophagy.37 Electron microscopy can also be used to monitor
autophagy. The resolution of electron micrographs allows the identification of many
autophagic structures, with the double-membrane autophagosome being the most easily
recognized.39
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Microtubule-associated protein 1 light chain 3@, or LC3, the mammalian homologue of
yeast Atg8, is an autophagy protein that can be used to monitor autophagy. LC3 exists in two
forms within cells. LC3-1, the cytosolic form, is predominant under normal conditions but is
converted into LC3-11 during autophagy by the addition of phospatidylethanolamine (PE)
which allows for inclusion in the autophagosome membrane. The LC3-11 form is located on
both the inner and outer surfaces of the autophagosome membrane. The conversion of LC3-I
to LC3-11 can be visualized with a western blot and comparison of the amounts of LC3-11 to
appropriate controls (such as actin) can give an indication of relative levels of autophagy
between samples. Relative changes in LC3-11 are tissue and cell-type specific40 so it is very
important to have both positive and negative controls to confirm that the assay is behaving as
expected.37 Fusion of a fluorescent marker, such as green fluorescent protein (GFP), to the
N-terminus of LC3 (or yeast Atg8) allows one to assess the subcellular localization of LC3.
Under normal conditions LC3 appears diffuse in the cytoplasm, while under autophagy-
inducing conditions, LC3 appears as punctate structures (puncta) which represent
autophagosomes.41 The localization of LC3 in cells can also be performed using anti-LC3
antibodies by immunohistochemistry42 or immunofluorescence.43

A caveat of the above-mentioned methods is that they are steady state measurements.
Increases in the number of autophagosomes or autolysosomes may be due to an increase in
autophagy occurring in the cell but it could also be caused by a blockage at a later stage in
the process. It is necessary to use other methods to measure autophagic flux (i.e., lysosomal
delivery and degradation) to determine how exactly autophagy is being affected.37

There are several methods that have been employed to monitor autophagic flux. One such
method is the sequestration assay. This is typically conducted by injecting cytosolic [3H]-
raffinose into cells and measuring the transfer of this cargo into the insoluble cell fraction,
which includes autophagic compartments.44 Another method to analyze autophagic flux is
by monitoring protein degradation using radiolabelled proteins and measuring the release of
radioactive amino acids into the cytosol.37 A method used to analyze autophagic flux in
yeast is the Apel (aminopeptidase 1) maturation assay which involves conversion of the
Apel precursor to the mature protein within the vacuole (the yeast equivalent of the
lysosome).45-48 Additional strategies to measure autophagic flux, including monitoring the
turnover of LC3-11 or the clearance of autophagic substrates, are described in reference 37.

Major Dietary Components and Autophagy

Nutrient availability is the best characterized regulator of autophagy. As such it is not
surprising that the major dietary components, protein, carbohydrates and fats, are able to
influence the levels of autophagy.

Amino acids, the breakdown products of proteins, are well known to be regulators of
autophagy. Amino acid starvation induces autophagy while the presence of some amino
acids is sufficient to inhibit autophagy. Specifically, leucine, tyrosine and phenylalanine are
able to suppress autophagy in various cell types.49,50 The suppression of autophagy in the
presence of amino acids occurs by signaling through mTOR complex 1.51,52 Amino acids
cause an increase in intracellular calcium which leads to enhanced binding of calmodulin to
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hVps34 and activation of mTOR complex 1, a suppressor of autophagy.52 This hVps34
containing complex is distinct from the Beclin 1/hVps34 complex which is required for
autophagosome formation. Thus h\VVps34 appears to be able to regulate two distinct
autophagy responses via different complexes.52 As both plasma and muscle amino acid
levels change in response to dietary modification,53 it may be possible to induce or inhibit
autophagy by eating or not eating particular proteins.

Carbohydrates and lipids have not been shown to have a direct effect on autophagy, however
they may be able to regulate autophagy indirectly through their effects on insulin levels.
Carbohydrates are broken down and presented to cells as glucose, which is the main energy
source for the body.54 The main role of glucose is to regulate endocrine pathways such as
the insulin pathway.55 The presence of glucose induces insulin secretion which leads to the
activation of mTOR and the suppression of autophagy. An increase in glucose uptake by
cells can lead to increases in both ATP and H,O, and render the insulin receptor
constitutively active, thus constantly suppressing autophagy.54 In addition, an increase in
glucose uptake also results in an increase in glycolysis. The result of this is an increase in
NADH and a decrease in NAD, which causes a decrease in sirtuin activity and may also play
a role in suppressing autophagy.54

High glucose availability causes a decrease in the life span of C. efegans.54 This is not
surprising as lack of autophagy has been associated with shortened life span, and high levels
of glucose suppress autophagy.22,23

Insulin resistance induced by a high-fat diet was shown recently to increase autophagic
vacuole formation in the p-cells of nondiabetic C57BL/6 mice.56 Serum levels of free fatty
acids are increased in insulin-resistant states.56 Fatty acids can interact with the GPR40
receptor which leads to an increase in intracellular calcium ions, which is thought to increase
insulin secretion.57 As discussed above, insulin leads to activation of mTOR and suppresses
autophagy. Therefore, one might expect that in the case of insulin resistance, mTOR fails to
be activated and thus autophagy can occur.

Dietary Compounds which Affect Autophagy

Given the associations between autophagy and human disease, as well as the impact of
nutrition on disease occurrence, we review here the literature regarding specific dietary
compounds that affect autophagy. Where relevant, we have included information regarding
the investigation of these compounds as chemopreventative agents or therapeutic agents for
cancer and other diseases. The compounds described below have been shown to affect
autophagy based on changes in the levels of autophagic and/or acidic structures or
measurements of autophagic flux. The latter has not been measured in the majority of the
cited literature so it is currently unknown, in those cases, whether the compound actually
induces or inhibits the autophagic process. The following information is summarized in
Table 1.
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Amentoflavone

Apigenin

Amentoflavone is a secondary metabolite found in many plants with medicinal properties,
including Ginkgo biloba.58 In vitro studies in rat hepatocytes showed that 100 uM amen-
toflavone inhibits autophagy. The authors used sequestration of [3H]-raffinose as a measure
of autophagy and found a greater than five-fold decrease in autophagy upon treatment with
amentoflavone compared to untreated controls.59

Later studies on amentoflavone found the compound also has anti-inflammatory and
antioxidative properties. In addition, amen-toflavone is able to inhibit phospholipase C1 and
cAMP-dependent phosphodiesterase, iINOS expression, NFxB activation and IxB
degradation.60

Apigenin is a plant secondary metabolite and phytoestrogen found in celery, olives, hot
peppers, parsley, oregano, rosemary and thyme.61 In vitro studies in rat hepatocytes showed
that 100 uM apigenin resulted in autophagy inhibition. Sequestration of [3H]-raffinose
revealed a greater than five-fold decrease in autophagy upon treatment with apigenin
compared to untreated controls.59

Apigenin was shown to increase SIRT1 activity in a yeast model62 and another study
suggested that SIRT1 is a positive regulator of autophagy.28 However, the latter study was
conducted in mammalian cells so it may be that these potentially contrasting findings are
due to cell type or species differences. Apigenin has many other molecular targets, including
mitochondrial FoF1-ATPase.63 In addition, apigenin induces cell cycle arrest in epidermal,
fibroblast and human colon cancer cell lines, and inhibits growth in colon cancer cells and
skin cancer mouse models, suggesting it may be useful as an anticancer therapy.64

Benzyl isothiocyanate

Bromovanin

Benzyl isothiocyanate is a compound found in cruciferous vegetables which has
chemoprotective properties.65,66 Treatment of MDA-MB-231 breast cancer cells with 2.5 to
10 uM benzyl isothiocyanate resulted in cell cycle arrest, apoptosis, and an increase in the
number of autophagic structures as determined by electron microscopy.67 The authors also
found that treatment with 2.5 UM benzyl isothiocyanate led to a decrease in the amount of
Bcl-2 protein and an increases in the generation of reactive oxygen species,67 both of which
have been associated with an increase in autophagy.17,68

Bromovanin is a derivative of vanillin, the agent responsible for the aroma and flavor of
vanilla. In vitro studies in the HepG2 liver cancer cell line showed that treatment with 40 M
bromovanin led to an accumulation of autophagic structures. The authors used electron
microscopy to quantify autophagic structures and showed that bromovanin treatment led to
an increase of organelle-containing vacuoles, presumably autophagosomes.69 Additional
analyses showed that bromovanin also induced apoptosis and double-stranded DNA breaks
in some cell lines, decreased the activity of the DNA-dependent protein kinase catalytic
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subunit, promoted the degradation of c-Myc, a proto-oncogene, and led to an increase in
reactive oxygen species,69 which has been shown to be required for autophagy.17

Caffeine occurs naturally in coffee, tea and cocoa, and is added to soft-drinks and cola as a
flavoring component.70 A study performed in food spoilage yeasts Zygosaccharomyces
bailii and Saccharomyces cervisiae found that autophagy is induced upon treatment with 10
mM caffeine.71 The authors used the Apel maturation assay as well as GFP-Atg8
localization to measure autophagy flux and induction.

It is unknown whether caffeine also induces autophagy in humans, however studies have
shown that caffeine can inhibit many phosphotidylinositol kinase-related kinases in vivo,
with preference for mTOR, a negative regulator of autophagy.72 In addition, caffeine has
been shown to have many functions such as inducing apoptosis, antagonizing adenosine

receptors, and interfering with several regulatory proteins such as p53.73,74

Several studies have shown the ability of caffeine to improve learning and memory in
humans.75-77 One study showed that caffeine was able to reverse the cognitive impairments
of Parkinson disease, a neurodegenerative disorder involving cytoplasmic inclusion bodies
and aggregates, in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyrindine (MPTP) treated rats, a
model for early stage Parkinson disease.78 As autophagy has been shown to be involved in
the clearance of these aggregates in cell models,31 it is possible that caffeine exhibits
neurological effects by inducing autophagy.

It has been estimated that human consumption of caffeine is around 1-2 mg/kg per day with
one cup of coffee resulting in a peak plasma concentration of 1-10 pM, much lower than the
tested concentrations. Interestingly, regular coffee consumption has been linked to decreased
mortality.72

See Vitamin D below.

Concanavalin A

Curcumin

Concanavalin A (Con A) is a mannose-specific lectin found in Jack bean seeds. In vitro
studies showed that 40 pg/ml Con A was able to induce nonapoptotic cell death in ML-1
hepatoma cells. Further studies showed that Con A leads to the accumulation of autophagic
and acidic structures as detected by GFP-LC3 localization, LC3 conversion, electron
microscopy and acridine orange staining. Similar results were also seen in Huh-7, HepG2
and CT-26 hepatoma cells. The authors found that Con A is also cytotoxic to hepatoma cells
in vivo and less cytotoxic to normal hepatocytes, suggesting that Con A may be useful as an
antihepatoma therapeutic.79,80

Curcumin, the active ingredient in turmeric, is the compound that gives curry its yellow
colouring and distinctive taste.81 As a nontoxic and pharmacologically active compound,
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curcumin has been suggested as a potential anticancer drug.82 In vitro studies in U87-MG
and U373-MG glioma cells showed that treatment with 40 uM curcumin resulted in an
increase in the number of acidic and autophagic structures as detected by quantification of
acidic vesicular organelles (AVO’s), GFP-LC3 localization and LC3 conversion. Curcumin
also induced cell death which was inhibited by treatment with the nonspecific autophagy
inhibitor 3-MA,83 suggesting that autophagy may help to promote cell death in curcumin
treated glioma cells.84 Further in vivo studies found that administration of 100 mg/kg
curcumin was able to inhibit growth of subcutaneous U87-MG tumors and increase the
number of autophagosomes as determined by immunohistochemistry of LC3 and analysis of
LC3 conversion.84 Curcumin was found to induce autophagy by downregulating the Akt/
mTOR/p70S6K pathway and activating the ERK1/2 pathway.84,85

Curcumin has been used in traditional Indian medicine for centuries; in 2007, there were
already 13 clinical trials underway employing curcumin. Several studies have shown
curcumin to have potential for treatment of several cancers as well as Alzheimer disease.81

The average daily intake of curcumin in France, where curry is frequently consumed, is
about 1 mg/kg86 with up to 100 mg/day being nontoxic.87 The bioavailability of ingested
curcumin is low88 with the gastrointestinal tract exposed to the largest concentration of
unmetabolized curcumin.89 Studies have shown that the bioavailability of curcumin can be
enhanced with ingestion of food additives such as piperine (a constituent of pepper)90 which
are commonly consumed in Asian diets.89

Fenugreek is a legume grown widely in India, Egypt and Middle Eastern countries. It is
often used as whole seed and is processed into flour and added to wheat products as a
protein supplement.91 Studies conducted in Wistar rats showed that administration of 20
mg/kg Fenugreek seed extract daily for seven days was protective against 7,12-
dimethylbenz[4]anthracene (DMBA)-induced breast cancer. Electron microscopy showed
that breast tissues that were first treated with Fenugreek had extensive vacuolization
compared to breast tissue not treated with Fenugreek. Several vacuoles contained
cytoplasmic material and organelles, suggesting an autophagic origin.92 The active
ingredient in Fenugreek seeds that is responsible for this effect is unknown.

Fisetin is a plant secondary metabolite found in many fruits and vegetables such as
tomatoes, onions, grapes and apples.61 In vitro studies in rat hepatocytes showed that 100
UM fisetin was able to inhibit autophagy by more than five-fold compared to untreated
controls. The authors used sequestration of [3H]-raffinose to measure autophagic flux.59

Fisetin was shown to increase SIRT1 activity in a yeast model62 and, as noted above,
activation of SIRT1 was associated with an increase in autophagic structures.28 The
apparently discrepant findings may be explained by the different model systems employed.
A study in HL-60 leukemia cells showed that fisetin is also able to induce apoptosis.93
Other studies have demonstrated the ability of fisetin to reduce cell proliferation of colon
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cancer cells without cytotoxic effects,94 suggesting that it may be useful for prevention of
colon cancer.

Genistein is a plant secondary metabolite found in soy products. Having many mechanisms
of action, such as apoptosis induction, cell cycle arrest and inhibition of angiogenesis,
genistein has been found to be both chemopreventative and chemotherapeutic in several
cancers.95,96 In vitro studies in A2780 ovarian cancer cells found that both 50 and 100 pM
genistein increased the number of autophagosomes, as determined by GFP-LC3 localization.
Treatment of A2780 cells with genistein was associated with a decrease in phosphorylated
Akt.95 Accordingly, a study in yeast showed that genistein slightly activates SIRT1,62
which has been shown to be associated with an increase in autophagic structures.28
Conversely, a study in rat hepatocytes found that 100 uM genistein had no autophagy-related
effect, while 300 pM genistein moderately inhibited autophagy. In this study the
investigators used sequestration of [3H]-raffinose as a measure of autophagic flux.59 The
opposing findings of the studies cited above may be attributed to several factors such as
different methods used to measure autophagy and the use of different cell types, such as
cancerous cells versus normal cells.

Genistein also inhibits mitochondrial proton FoF1-ATPase/ATP synthase with an 1Cgq of 55
UM.63 The blockage of ATP synthesis by genistein may be one way that the compound
signals the cell to undergo autophagy. Consistent with this idea, the ATP synthase inhibitor
oligomycin A was shown to induce autophagy in the IPLB-LdFB insect cell line.97 A
decrease in ATP concentrations leads to an increase in the AMP/ATP ratio and activation of
AMP-activated protein kinase (AMPK) by binding of AMP. AMPK activates tuberous
sclerosis complex 2 (TSC2) which suppresses mTOR and thus activates autophagy.98 It has
been suggested that AMPK may also activate autophagy via other mechanisms which have
yet to be tested.99

Several studies have shown genistein to have poor bioavailability. A review of several
studies showed that maximum plasma concentrations range from 0.4-25.4 uM,100 lower
than the tested concentrations mentioned above.

Hesperedin is a plant secondary metabolite found in peppermint and citrus fruits.61
Hesperedin is deglycosylated by bacteria in the intestine to form hesperetin, which is the
biologically active form of the compound.101 In vitro studies in rat hepatocytes showed that
100 pM hesperetin has moderate inhibitory effects on autophagy. The authors used
sequestration of [3H]-raffinose as a measure of autophagy and found almost a two and a
half-fold decrease in autophagy upon treatment with hesperetin.59

Hesperetin has also been found to inhibit cell proliferation and induce cell cycle arrest and
apoptosis in MCF-7 breast cancer cells, and thus has been suggested as a potential
anticancer agent.101 However, the bioavailability of hesperetin is quite low with maximum
plasma levels reaching only 1.3-2.2 uM after intake of 130-220 mg hesperetin.102
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Hop-derived prenylflavanones

Lithium

Luteolin

MK615

Hop, an essential ingredient for making beer, contains prenylchalcones that are isomerized
into prenylflavanones. In vitro studies showed that 200 uM hop-derived prenylflavanones
induced cell death in PC-3 and DU145 prostate cancer cells which was not characteristic of
apoptosis, but was characterized by an accumulation of vacuoles suggesting an autophagy-
associated mechanism.103

Lithium is an alkali metal found in grains, vegetables, meat and drinking water in a number
of regions.104 In vitro studies in COS-7 African green monkey kidney cells showed that 10
mM lithium increases the number of autophagosomes as visualized by LC3
immunofluorescence and LC3 conversion. The authors found this autophagy effect was
independent of mTOR signaling but rather occurred through the inhibition of inositol
monophosphatase.105 These findings may explain the ability of lithium to protect against
Huntington disease, a neurodegenerative disorder involving protein aggregation. The authors
also found that autophagy, as induced by lithium administration, was able to facilitate
clearance of mutant huntingtin as well as mutant a.-synuclein which is found in some forms
of Parkinson disease.105

The estimated daily intake of lithium for a 70 kg American adult is 650-3100 pg with serum
levels of 7-28 pg/L corresponding to intakes of 385-1540 ug.104

Luteolin is a flavone that occurs in various forms in nature. Luteolin aglycone is found in
perilla seeds, while glycosylated luteolin is found in celery, green pepper and chamomile
tea.106 In vitro studies in rat hepatocytes showed that 100 uM luteolin agly-cone and
glycosylated luteolin were able to inhibit autophagy almost seven-fold and three-fold,
respectively. The authors used sequestration of [3H]-raffinose as a measure of autophagic
flux.59 In apparent contrast, luteolin was shown to increase SIRT1 activity in a yeast model.
62

Luteolin has been found to have antitumorigenic properties in several human cancer cell
lines and there is also in vivo evidence that it can improve the activity of paclitaxel therapy
for oral squamous cell carcinoma.107 It is possible that luteolin exerts this synergistic effect
by inhibiting autophagy; in some instances autophagy provides a way for cells to avoid or
delay apoptosis. Thus, reducing autophagy may enhance anticancer therapy in these cases.31

MK®615 is an extract of compounds from the Japanese apricot. In vitro studies on MDA-
MB-468 and MCF-7 breast cancer cells showed that 300 ug/ml MK615 is able to inhibit cell
proliferation and induce apoptosis accompanied by an accumulation of vacuoles.108 Further
studies in SW480, COLO and WiDr colon cancer cells showed similar antiproliferative and
apoptosis inducing effects and characterized the cytoplasmic vacuoles as autophagic
structures using GFP-LC3 localization.109
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Quercetin is a plant secondary metabolite that accounts for the pigment found in many fruits
and vegetables, such as apple skins and red onions.110 In vitro studies in rat hepatocytes
showed that 100 pM quercetin was able to inhibit autophagy greater than four-fold as
determined by the sequestration of [3H]-raffinose.59 Another study found that 20 uM
quercetin had no effect on autophagy in Caco-2 colon cancer cells but was able to increase
the number of autophagosomes and acidic structures in Caco-2 cells transformed with
oncogenic Ras. These studies were conducted using GFP-LC3 localization and MDC
staining, respectively.111 The opposing findings of the studies cited above may be attributed
to several factors such as different methods used to measure autophagy and the use of
different cell types.

In Caco-2 colorectal cancer cells with oncogenic Ras, quercetin was able to induce Ras
degradation, and thus has the potential to be used for colorectal cancer prevention.111
Quercetin has other characteristics which make it attractive as a chemopreventative agent,
such as antioxidative activity, the ability to inhibit enzymes that activate carcinogens, and the
ability to modify receptor interactions and signaling pathways.112

Quercetin also has effects on SIRT1 activation,62 FgF;-ATPase and several other ATPases,
63 cell proliferation, survival and differentiation.111 As such, it has been suggested as a
potential anticancer agent and initial studies in animal models and humans have shown that
quercetin is able to inhibit tumor growth.111

Quercetin has quite low bioavailability with maximum plasma concentrations of 0.3-7.5
UM, lower than the tested concentrations, after administration of 80-100 mg dietary
quercetin.102

Resveratrol is a natural phytoalexin found in grape skin, nuts and red wine. Resveratrol has
been studied for many years and has been shown to have antioxidant, anti-inflammatory and
anticancer properties,113 and several molecular targets have been identified, including p53
and many kinases.27,114 Several recent studies have focused on determining the molecular
activity of resveratrol that accounts for its anticancer function. In vitro studies in A2780
ovarian cancer cells showed that 50 UM resveratrol induces cell cycle arrest and
nonapoptotic cell death. Further analysis confirmed that resveratrol induces the
accumulation of autophagic and acidic structures as determined by electron microscopy and
MDC staining.115,116 It was subsequently determined that the induction of autophagy by
resveratrol occurs through downregulation of phospho-Akt and mTOR.116

The autophagy-regulating function of resveratrol was analyzed in several other cell lines
with the same effect. GFP-LC3 localization in H460 lung cancer cells, Hec1A and Hec1B
endometrial cancer cells, HSY salivary gland carcinoma cells and MCF-7 breast cancer cells
also showed an increase in autophagic structures after treatment with 100 uM resveratrol.
117
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Further studies in MCF-7 breast cancer cells showed that 64 UM resveratrol increases
autophagic flux and induces autophagy-associated cell death as determined by MDC
staining, GFP-LC3 localization and assays measuring the degradation of long-lived proteins.
The authors further determined that this induction of autophagy occurs via a noncanonical
Beclin 1-independent pathway that is insensitive to PI3K inhibition.118

Resveratrol also inhibits mitochondrial proton FoF1-ATPase/ATP synthase at concentrations
between 0.7-70 uM.63 The blockage of ATP synthesis by resveratrol may be one way that
the compound signals the cell to undergo autophagy. Consistent with such a mechanism, the
ATP synthase inhibitor oligomycin A was shown to induce autophagy in the IPLB-LdFB
insect cell line.97 As described above, reduced ATP levels lead to activation of AMPK,
suppression of mMTOR, and subsequent activation of autophagy.98

The ability of resveratrol to induce autophagy is particularly interesting in light of the
finding that resveratrol is able to prevent the harmful effects of a diet high in calories.
Several studies have shown that CR is able to extend the life span of many model organisms,
and at least some of this effect has been attributed to the activation of SIRT1 and the
induction of autophagy under such conditions.11,119 Studies in mice have shown that
consumption of resveratrol is able to rescue mice from the harmful effects of a high calorie
diet and improve overall health and survival.120 As resveratrol has been shown to induce
autophagy and activate SIRT1, both of which have been associated with the health benefits
of CR, it is possible that these are the mechanisms by which resveratrol also increases life
span.114,121

Although resveratrol is rapidly absorbed after oral administration, it has low bioavailability,
with plasma levels below 5 ng/ml.114 One reason for this is that resveratrol is quickly

metabolized. It is very possible that some of the biological benefits we see from resveratrol
administration are due to the activity of its metabolites but this has not yet been determined.

Sulphoraphane

Sulphoraphane is an isothiocyanate found in cruciferous vegetables and some other plants.
Sulphoraphane has several anticancer functions such as protecting cells from genotoxic
damage, and inducing cell cycle arrest and apoptosis.122 As such, it has been suggested
both as a cancer chemopreventative agent as well as a potential cancer therapeutic.123 In
vitro work in PC-3 prostate cancer cells showed that sulphoraphane can also affect
autophagy. Cells treated with 40 uM sulphoraphane exhibited an increase in autophagic and
acidic structures as visualized by electron microscopy, LC3 immunofluorescence, LC3
conversion, GFP-LC3 localization, and acridine orange. This effect on autophagy was
associated with decreases in both cytochrome c release and apoptosis, also induced by
sulphoraphane, which were reversed when autophagy was blocked. These findings suggest
that autophagy has a protective effect in sulphoraphane treated PC-3 cells. Similar effects
were also seen in sulphoraphane treated LNCaP prostate cancer cells.124

Sulphoraphane also leads to a decrease in Bcl-2 expression.122 As Bcl-2 has been shown to
suppress autophagy by binding Beclin1,68 it is possible that reducing available Bcl-2 is one
way in which sulphoraphane activates autophagy.
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Tocotrienols

Tocotrienols are a naturally occurring subclass of vitamin E compounds that are found in
palm oil and rice bran and are well-known as antioxidants.125 When treated with 20 pM
tocotrienols, cells that can lead to pancreatic fibrosis, called pancreatic stellate cells, showed
an increase in acidic and autophagic structures as determined by MDC staining and LC3
conversion, respectively.126

Tocotrienols have been found to have both anticancer and neuroprotective effects (reviewed
in ref. 127) While yet uninvestigated, these health-promoting characteristics of tocotrienols
may be somewhat attributable to their ability to induce autophagy.

Triterpenoid saponins (Group B)

Soyasaponins are a class of trit-erpenoids encompassing three groups of sapogenols, A, B
and E. The B-group is the predominant class in the human diet, found in intact legumes and
soy products.128 In addition to inhibiting cell cycle progression, proliferation and
phosphokinase C acitivty, B-group triterpenoid saponins are able to affect autophagy. An in
vitro study in HCT-15 colon adenocarcinoma cells showed that treatment with 100 p.p.m. B-
group soyasaponins resulted in an increase in acidic structures as determined by MDC
staining, and an increase in autophagic structures as determined by electron microscopy or
LC3-1 and LC3-11 concentrations.128 Treatment with triterpenoid saponins resulted in
inactivation of Akt and activation of the ERK1/2 pathway. Soyasaponins have low
bioavailabilty, appearing to pass undigested through the small intestine after consumption of
soy.128

Soy products contain both B-group triterpenoid saponins and genistein (mentioned
previously), both of which have anticancer properties. Diets high in soy products, such as
diets of many Asian countries, have been associated with decreased levels of breast and
prostate cancer,96 and several in vitro, and animal studies have supported this notion.129

Vitamin C

Vitamin C, also known as ascorbate, is found in many fruits and vegetables, especially citrus
fruits.130 In addition to inducing apoptosis, 500 UM vitamin C increases the number of
autophagosomes and acidic structures in H1299 nonsmall cell lung cancer cells as
determined by GFP-LC3 localization and acridine orange staining, respectively.131 This
finding is consistent with data showing that some patients with neurodegeneration have low
serum levels of vitamin C132 which may translate to low levels of autophagy, a process
implicated in neurodegeneration.

It has been estimated that eating at least five fruits and vegetables a day will result in an
intake of 210-280 mg of vitamin C. At these doses, vitamin C has about 100 percent
bioavailability, however these calculations were done based on a fasted state and the true
bioavailability when administered as part of a normal diet is unknown.133
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Vitamin D is a prohormone that is found in fatty fish and fortified dairy products and is
produced naturally in the skin (as vitamin D3) upon exposure to ultraviolet light.134 It has
long been known that vitamin D has health benefits. High intake of both calcium and
vitamin D is associated with a decreased risk of colon, breast, prostate and ovarian cancer.
134

EB1089 (seocalcitol) is a vitamin D analogue that is being developed for chemotherapeutic
use. In vitro studies in MCF-7 breast cancer cells showed an increase in autophagosomes
and acidic structures after treatment with 100 nM EB1089. Autophagy was measured using
electron microscopy, MDC and Lysotracker staining and dsRed-LC3 localization.135
Another study showed that 100 nM vitamin D3 (the active form of vitamin D) as well as 100
nM EB1089 induced autophagy in MCF-7 breast cancer cells as determined by GFP-LC3
localization, electron microscopy and an assay for the degradation of long-lived proteins.
The authors found that the induction of autophagy by both vitamin D compounds was
dependent on their ability to increase intracellular calcium levels. The release of calcium
was shown subsequently to induce autophagy through a signaling cascade involving mTOR.
136 Specifically, intracellular calcium enhances the binding of calcium/calmodulin to
hVps34 which induces kinase activity and activates mTOR complex 1.52

The average daily intake of vitamin D is between 7.33 and 8.12 ug for American adults.137
The levels of vitamin D achieved in serum are not easy to determine as there are several
factors that affect the absorbance of vitamin D including the starting plasma concentration
and the individual’s body weight.138

See Tocotrienols.

Vitamin K2, or menaquinone, is found in fermented foods such as fermented soybeans.139
In vitro studies using HL-60 leukemia cells showed that 10 pM vitamin K2 leads to an
induction of autophagy, as determined by acridine orange staining, LC3 localization, LC3
conversion, and LC3-11 turnover. This autophagic response was especially high in cells that
were deficient for apoptosis.140

The average intake of vitamin K in North American adults is 59-86 ug/day with
bioavailability of 4-20%.141

Unanswered Questions

As we increasingly focus our attention on disease prevention strategies employing dietary
modification, it is critical to develop a better understanding of health-promoting dietary
constituents and their modes of action. Such food components may act, at least in part, by
altering the cellular process of autophagy. While there is an exponentially growing body of
literature regarding autophagy,142 there is limited information to date on how autophagy is
affected by diet. It has long been realized that molecules such as amino acids can regulate
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autophagy.143 In this review, we reveal many connections between diverse dietary
components and autophagy regulation (Table 1), though the specifics are still largely
unknown. It also remains to be tested whether many of the autophagy-modulating dietary
components result in flux through the entire autophagic pathway (i.e., lysosomal
degradation) as most of the studies performed only steady state analyses. As researchers are
becoming increasingly aware of the importance of measuring autophagic flux, it is likely
that this information will become available for many of the described compounds.

There are also many outstanding questions regarding the effect of autophagy on human
health. It is generally accepted that autophagy is protective against neurodegeneration,
however the role of autophagy in cancer is still unclear. In some circumstances autophagy
acts as a tumor suppressor, while in others it promotes tumor survival. It is important to
determine when autophagy is beneficial and when it is harmful before we can effectively
manipulate the process to improve human health.

In addition, there are still many unanswered questions with regards to autophagy-regulating
dietary agents and how they can affect autophagy in humans. Many of the studies cited were
conducted in vitro, which is extremely different from what occurs in the human body, and
raises several questions: (1) How, when and where are these compounds metabolized?
Would they be available in an active form for long enough and in high enough
concentrations to exhibit an effect in vivo? Are their metabolites also biologically active? (2)
How do the tested concentrations compare to the amount of these compounds consumed by
the average person? How much would need to be consumed to achieve bioactive doses in the
body? And are these concentrations safe? (3) Where will these compounds be available to
induce an effect? Would they only exert a response in the organs that they directly contact,
such as the gastrointestinal tract? Or would they be able to enter the bloodstream and reach
other organs? (4) Would it be necessary to store and prepare foods in a certain way to gain
the most autophagy-related benefit from them? (5) Do these compounds interfere or interact
with pharmaceutical drugs? (6) How are these compounds regulating autophagy? Are they
signaling through the classical mammalian target of rapamycin (mTOR) pathway? Are they
acting through novel signaling pathways? (7) What are the effects of these compounds in
other organs and tissues? We may find that it is sometimes favorable to use a compound to
inhibit autophagy to achieve a health benefit, but what effect will that compound have on
other parts of the body such as the brain? Do these compounds cross the blood-brain barrier?
And if so, is it possible that a compound which inhibits autophagy would speed up
neurodegeneration?

Furthermore, it is necessary to consider that each compound is only one of several in any
given food. It is important to know how all the components would affect autophagy and
other biological processes. For example, if proposed for the treatment or prevention of
cancer (e.g., breast cancer), it would be essential to know the effects of the given dietary
compound on hormone levels. It is also possible that various dietary components may
interact or may affect individuals differently depending on their genetic background.
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Concluding Remarks

Clearly there are important associations between diet and health, with many possible
mechanisms of action. This review focuses on the links between dietary constituents and
autophagy, both of which have known associations with cancer and neurodegeneration. It
was suggested previously that fasting can promote good health and extend longevity through
the induction of autophagy,11,119 but perhaps a more appealing approach would be to
change what we eat to achieve the same effect. Similarly, perhaps we should consider
altering our diets depending on our health status, eating to promote autophagy at some times
but to inhibit autophagy at others. There are still many questions that need to be answered
before we can effectively and safely manipulate our diet to prevent or treat disease, but with
further research this may be achieved. Curried tofu and a glass of red wine, anyone?
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Abbreviations
AMPK AMP-activated protein kinase

Apel aminopeptidase 1

AVO acidic vesicular organelles
CR calorie restriction

Con A concanavalin A

Cvt cytoplasm to vacuole targeting

DMBA 7,12-dimethylbenz[ glanthracene

GFP green fluorescent protein

GPR40 G-protein coupled receptor 40

LC3 microtubule-associated protein 1 light chain 3
MDC monodansylcadaverine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrindine

mTOR mammalian target of rapamycin
NAD nicotinamide adenine dinucleotide
PE phospatidylethanolamine

PI3K phosphoinositide 3-kinase

TSC 2 tuberous sclerosis complex 2
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Diagram of macroautophagy. Macroautophagy occurs when a double membrane structure,
called an isolation membrane, forms and encompasses a portion of cytoplasm. Completion
of the double membrane forms an autophagosome which is able to fuse with an endosome to
form an amphisome. Fusion of an autophagosome or amphisome with a lysosome forms an
autolysosome where the acid hydrolases from the lysosome break down the inner membrane

and cytoplasmic contents which are released back to the cytoplasm for use by the cell.
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