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Abstract

The target of rapamycin (TOR)
signaling pathway has emerged 
as the chief regulator of substrate 
and energy allocation at the cellular 
level. The pathwaysignals growth 
when nutrients are abundant. 
Decreased activity of this pathway 
mediates much of the life-extending 
effect of calorie restriction (CR) in 
yeast, worms, flies, and rodents. 
Overactivation of the TOR pathway 
is commonly deranged in human 
tumors and has been implicated 
as a key player in carcinogenesis. 
Thus, dietary interventions targeting 
the TORpathway may help prevent 
cancer. CR is a potent, reproducible 
environmental method to delay 
and reduce incidence, slow tumor 
growth, delay and reduce metastasis 
and prolong survival in a variety 
of animal cancer models. Humans 
who practice CR exhibit similar 
physiologic findings to those in 
CR mammals. Intermittent fasting 
and limiting carbohydrates(CHO) 
are analogous forms of dietary 
restriction also discussed herein. This 
review explains how parallel lines of 
evidence suggest eating less overall, 
less frequently, and/or restricting 
CHO intake may lower cancer 
risk. As a modifiable risk factor, 
research of dietary contribution 
to carcinogenesis is imperative. 
Prospective studies and controlled 
trials are urgently needed to discern 
the entwined links among dietary 
patterns, weight, and cancer. 
 
Introduction

A landmark analysis in 1981 
estimated 35% of cancer deaths are 
related to diet.1 As an alternative 
to conventional pharmaceutical 

or procedural interventions for 
cancer risk reduction, a healthful 
dietary pattern is cheaper, safer, and 
carries a litany of health benefits. 
Components of a diet preventive 
of cancer have been identified, but 
evidence from controlled trialshave 
been underwhelming,2-6 and even 
concerning.7,8 These findings may be 
due to limiting focus to only a few 
nutrients. Global dietary patterns, 
e.g. choosing whole foods rather 
than processed foods, tend to have 
greater health benefits than can 
be explained by the summation 
of their nutrient content.9,10 The 
Mediterranean diet is one dietary 
pattern with strong evidence 
supporting its positive effect on 
physical and mental well-being.11,12 
Furthermore, a randomized 
controlled trial of the Mediterranean 
diet for cardiovascular health 
also resulted in a lower incidence  
of cancer. 

To prevent the development of 
cancer, the American Cancer Society 
(ACS) recommends maintenance of 
a healthy weight, exercise, eating 
at least five servings of fruits and 
vegetables daily, choosing whole 
rather than refined grains, avoiding 
processed and red meat, and limiting 
alcohol consumption.14 Research 
supports these recommendations 
to varying degrees, but current 
guidelines for weight status may not 
accurately reflect optimal health. 
Optimal health can be defined 
as the ability to attain maximal 
physical, psychological, and social 
well-being with the lowest risk of 
future disease or dysfunction.15 A 
body-mass index (BMI) of 18.5-24.9 
is defined as “normal.” Despite 
widespread use in clinical research 

and practice, the categorical cutoffs 
of BMI arearbitrary; a BMI of 18.5-21 
is actually associated with the lowest 
prevalence of chronic diseases and 
risk biomarkers.15,16 People would 
likely benefit from reducing their 
weight to the low end of “normal” 
BMI and weight status should 
instead be viewed as a continuum.

Similarly, the ACS may have 
also explicitly included a simple 
message to Americans- eat less. A 
growing body of evidence suggests 
consuming fewer calories reduces 
risk of developing cancer. Dietary 
patterns at the extremes of caloric 
intake illustrate this well. Obesity per 
se is associated with an increased 
risk of several types of cancer.17 
This finding is attributed to higher 
levels of growth signaling, glucose 
availability, chronic inflammation, 
and oxidative stress in obese 
persons.17 Obesity has been 
described as a state of chronic 
low-grade inflammation18 and 
inflammation plays a critical role in 
the cancer process.19 At the opposite 
end of the spectrum, animal 
models have demonstrated calorie 
restriction (CR) to be the most robust 
and widely applicable environmental 
method to not only slow age-related 
processes generally, but to combat 
cancer by reducing and delaying 
incidence, slowing tumor growth, 
reducing and delaying metastasis, 
and prolonging survival.20,21 The 
anti-cancer potential of CR may 
well extend to humans since 
people practicing CR exhibit similar 
physiologic characteristics to 
other species.15,22 A case-control 
study found women previously 
hospitalized for anorexia nervosa 
had a lower risk of developing 
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breast cancer.23 CR is under-
nutrition without malnutrition, often 
defined as a reduction of 15-40% 
total energy intake compared 
to ad libitum feeding. Without 
environmental restrictions on 
food intake, the American diet is 
practically ad libitum. The majority 
of Americans can live their entire 
lives free of hunger. Parallel lines of 
evidence indicate that eating less 
and other dietary changes might 
reduce one’s risk of cancer via lower 
activity of the target of rapamycin 
(TOR) pathway. This review aims 
to (a) summarize the important 
role of the TOR pathway in cancer 
development, (b) explain how diet 
influences the TOR pathway,and 
(c) discuss implications for cancer 
prevention research.

TOR signaling and carcinogenesis

The research fields of cancer and 
aging have converged on the 
TORcellular signaling pathway as the 
key regulator of metabolism, stress 
response, and growth.15,22,24,25 The 
pathway integratesnutrient status, 
intercellular growth signaling, and 
intracellular damage/stress (see 
Figure 1). The pathway is highly 
evolutionarily conserved and 
demonstrates control of growth, 
aging, and reproduction in yeast, 
worms, flies, and rodents,26,27 
and appears to play a similar role 

in humans.22 Activation involves 
an extracellular anabolic signal 
in conjunction with favorable 
intracellular conditions for the 
metabolically expensive processes 
of growth and replication. Inhibition 
of the TOR pathway is a catabolic 
signal pushing cells to halt growth 
and invest sparse resources toward 
maintenance and repair, i.e. survival. 
As examples of cellular stress, DNA 
damage and hypoxia lower TOR 
activity.25,27 The TOR pathway has 
evolved to match growth with 
a hospitable environment and, 
conversely, growth arrest and repair 
with a hostile one. 

Human and animal research 
corroborates the importance of 
the TOR signaling pathway in 
cancer. First,germ-line mutations 
of inhibitor proteins in the TOR 
pathwayunderlie overlapping familial 
cancer syndromes, e.g. Cowden 
syndrome, Peutz-Jegher’s syndrome, 
and Tuberous Sclerosis.24 Germ-
line mutations in the pathway are 
used as cancer models in rodents.28 
Dysregulation of the TOR pathway 
is strikingly common in sporadic 
human cancers.24,28 Pharmacologic 
manipulation of this pathway 
affects prevention and treatment 
of cancer in animal models, and 
regulates growth of human cancer 
cells.24,25,28 Several reviews catalog 
the molecular mechanisms by which 

overactivation of the TOR pathway 
contributes to the development  
of cancer.24-26,29,30

TOR regulation and cancer

The principal extracellular signals 
responsible for activating the 
TOR pathway are growth factors, 
namely insulin and insulin-like 
growth factor I (IGF-1).The beta 
cells in the islets of Langerhans 
release insulin in response to 
elevated levels of blood glucose 
and, to a lesser extent, amino acids 
(AA).31 Obese individuals are often 
hyperinsulinemic and lowering body 
mass, particularly fat mass,has been 
found to reduce circulatinginsulin 
levels.32 Hepatocytes release IGF-1 
in response to growth hormone, 
which is secreted by the pituitary, 
in the presence of sufficient energy 
and protein.33 Insulin itself increases 
the bioavailability of circulating 
IGF-1 by decreasing synthesis of 
IGF-1 binding proteins.17 IGF-1 is a 
key hormonal regulator of aging 
and cancer processes.20 In rodent 
models, serum IGF-1 levels are 
consistently decreased in proportion 
to the severity of CR.21 Exogenous 
administration of IGF-1 to CR rodents 
reverses the beneficial effects of CR 
on tumor progression.34 IGF-1 likely 
plays a role in the development 
of human cancer. Humans with 
completely defective IGF-1 signaling 

Figure 1. 

Insulin and insulin-like growth factor-1 (IGF-1) 
are the key growth factor hormones that activate 
the TOR signaling pathway. High intracellular 
availability of energy and amino acids also drive 
activation. TOR activity is lowered by stresses 
such as DNA damage and hypoxia. TOR signaling 
activates proliferation, protein synthesis, 
and other anabolic metabolic pathways, e.g. 
glycolysis and fatty acid synthesis. Conversely, 
TOR inhibits the expression of catabolic proteins 
involved in fatty acid beta-oxidation and 
oxidative phosphorylation. The TOR pathway 
also inhibits apoptosis, expression of stress 
response genes like DNA repair and antioxidant 
enzymes, and inhibits autophagy, which is the 
degradation ofsenescent cellular organelles 
and proteins. Excessive energy and growth-
substrate availability activate the TOR signaling 
pathway and contribute to the development of 
cancer through a multitude of mechanisms.
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are known as Laron dwarves; there 
have been no reported cases of 
cancer in this unique group of 
people, in comparison to a 9-24% 
incidence among their relatives.35 
A case-control study found 
that higher levels of circulating 
bioavailable IGF-1 was associated 
with an increased risk of colorectal 
cancer in women.36 Another case-
control study revealed a positive 
association between circulating 
IGF-1 and risk of prostate cancer.37 
A cohort of patients treated with 
growth hormone in childhood and 
early adulthood were more likely 
to develop colorectal cancer and 
Hodgkin’s disease compared to 
population-matched controls.38To 
summarize, body weight and 
nutrient status affect levelsof 
circulating insulin and IGF-1; these 
hormones elicit the extracellular 
activation of the TOR pathway. 
Studies in both rodents and 
humans suggestthat higher levels 
of circulating bioavailable IGF-1 
increase the risk of cancer.

Caloric deficit decreases TOR 
activity. Low energy raises the 
intracellular ratio of AMP/ATP, which 
drivesAMP-activated protein kinase 
(AMPK) activity. AMPK inhibits 
the TOR pathway. Metformin, an 
activator of AMPK, is the first-
line pharmacologic treatment for 
diabetes mellitus type 2 (DMT2).39 
The drug has demonstrated anti-
cancer potential in vitro and in 
vivo.40,41 Metformin also decreases 
TOR activity by lowering levels of 
circulating insulin and IGF-1, which 
may mediate its anti-tumorigenic 
effects.42 After adjusting for 
other variables, a cohort study of 
individuals with DMT2 found that 
taking metformin was associated 

with a lower risk of cancer.43 Indeed, 
metformin’s potential for use as 
primary prevention of breast cancer 
is currently under investigation.44 
In addition to energy status, the 
intracellular concentration of AA 
also regulates TOR activity. In the 
presence of high levels of AA, the 
TOR pathway is activated by proteins 
known as Rag GTPases.25,27 These 
characteristics illustrate the nutrient-
sensing capacity of the TOR pathway. 
Cellskeenly activate TOR to stimulate 
growth only when adequate AA and 
energy are available. 

Dietary patterns providing abundant 
energy and building substrate 
create a milieu prime for cancer 
development. High levels of insulin 
and IGF-1 drive excessive activation 
of the TOR pathway. The signaling 
pathway integrates this hormonal 
signal with intracellular energy status 
and AA availability. Lowering TOR 
activity appears to decrease cancer 
risk. There is much effort toward 
the pharmacologic manipulation of 
this pathway, but dietary regimens 
should also be pursued.

Dietary manipulation for  
cancer prevention

Calorie Restriction
Animal research finds CR to be the 
most potent and widely applicable 
behavioral method demonstrated 
to lengthen life by delaying onset 
and slowing the progression 
of age-related diseases such as 
cancer.20,21 This research can be 
tentatively extended to humans 
as findings in people practicing 
CR mirror those found in rodent 
and primate models.22,45 Lack of 
awareness of the health benefits 
and misunderstanding of CR are 
significant impediments to its 

widespread, voluntary adoption. 
As unpalatable as CR may sound, 
calorie-restricted animals are 
often “healthier, sleeker, and 
more active” than their well-fed 
counterparts.21 Nevertheless, CR 
has been disregarded as unfeasible, 
i.e. people would never agree 
to such a draconian regimen. 
But many individuals already go 
to drastic measures to prevent 
cancer, including castration and 
mastectomy. A cohort of people 
who practice CRexhibit excellent 
profiles of cardiovascular risk 
biomarkers.46 Although unproven, 
CR should theoretically decrease 
risk of cancer. Prospective studies 
of the effects CR on human cancer 
incidence will be important to test 
this hypothesis. CR does carry several 
potential negative side effects, e.g. 
decreased bone density, muscle loss, 
increased risk of nutrient deficiencies 
and infection, decreased libido, 
irritability, neurologic deficits, and 
fatigue.15 As in all medical decisions, 
individuals should carefully consider 
the costs and potential risks and 
benefits of CR. Optimal diet would 
likely vary among individuals based 
on genotype, energy expenditure, 
and age.

Intermittent Fasting
Rather than constantly limiting 
energy intake, intermittent fasting 
is a form of dietary restriction that 
limits frequency of eating. Most 
studies employ alternate-day fasting 
(ADF), i.e. alternating “feast days” 
on which animals eat ad libitum 
and “fast days,” on which food is 
completely or partially withheld. In 
comparison to ad libitum controls, 
ADF animals often have lower 
fasting glucose and insulin, as well as 
decreased incidence and prolonged 
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survival of cancer.47 Human trials 
reveal modest effects of short 
interventions of intermittent fasting 
on biomarkers of chronic disease 
risk.47 One study of the effects of 
an eight-week ADFintervention for 
weight loss (“fast days” with <20% 
normal caloric intake) in obese 
adults with asthma found significant 
weight loss, improved pulmonary 
function, improved quality of life, 
evidence of ketosis during “fast 
days,” decreased inflammation, and 
lower measures of oxidative stress;48 

though, these effects may be due 
more to the loss of weight rather 
than the intervention regimen. 
Intermittent fasting has similar 
health effects to CR49 and may 
therefore be another dietary pattern 
capable of reducing cancer risk. It 
will be important to clarify how body 
composition, age, micronutrient 
status, duration of the fast (hours 
to possibly weeks), intensity (total 
versus partial calorie restriction), 
duration of the intervention (a single 
fast, weeks, months, years) and 
fasting frequency (alternating days, 
weekly, monthly, annually) interact 
to moderate the health effects 
of fasting.

Macronutrients
The effects of CR are mediated 
predominantly via decreased activity 
of the TOR pathway.22 Aside from 
total energy content, manipulating 
dietary macronutrient composition 
should affect this pathway too. 
First, limiting carbohydrate (CHO) 
consumption, especially foods with 
a high glycemic index, should lower 
TOR activity by decreasing levels of 
circulating insulin. In the American 
diet, the most commonly consumed 
high glycemic foods include bread, 

pasta, rice, and cooked potatoes; 
they are defined by their ability to 
cause a rapid rise in blood glucose 
and a subsequent compensatory 
release of insulin. People may also 
receive secondary benefits from 
eating less CHO given accumulating 
evidence for enhanced efficacy of 
low CHO diets for weight loss and 
weight maintenance compared to 
standard low fat diets.50-53

Reducing consumption of protein 
may also decrease TOR activity 
through hormonal regulation via 
lower levels of insulin and IGF-1, as 
well as intracellularly from under-
activation of Rag GTPases. However, 
a low-protein diet confers several 
risks of significant concern. Higher 
protein intake (when replacing 
CHO) appears to benefitenergy 
balance and body composition, 
includingi ncreased thermogenesis 
and satiety, lowered overall energy 
intake, as well as enhanced weight 
reduction and fat loss.54,55 At the 
extreme, protein malnutrition can 
increase susceptibility to infection.56 
Various sources and processing 
of protein have differing effects 
on health; a retrospective analysis 
found higher red and processed 
meat consumption associated 
with all-cause mortality, including 
cancer.57 Red and processed meat 
intake positively correlated with 
the incidence of several cancers in 
a large prospective study, though 
those who consumed the most 
red meat also had greater BMI, 
greater total energy intake, were 
less educated, and engaged in 
less vigorous physical activity.58 
The association between eating 
meat and elevated risk of cancer is 
likely related to the nitrosamines, 
nitrosamides, heterocyclic 

amines, and polycyclic aromatic 
hydrocarbons formed during 
preservation and high-temperature 
cooking,59-62 as well as endogenous 
large intestinal N-nitrosation.63

As pieces of the macronutrient 
pie, decreasing CHO and protein 
intake would necessarily result in a 
relative increase in the portion of 
energy consumed from fat. Though 
the ACS recommends limiting 
intake of foods high in fat,14 reviews 
of case-control studies of colon 
cancer64 and prospective studies 
of breast cancer65 find no evidence 
of a positive association between 
total dietary fat intake and cancer 
risk. Importantly, the composition 
of fat consumed can influence 
carcinogenesis; specifically, n-3 
polyunsaturated fatty acids(FA) may 
inhibit the development of cancer.66 

In conclusion, through decreased 
TOR activity, it is mechanistically 
plausible that a low-carbohydrate, 
low/medium-protein, high-fat diet 
would reduce one’s risk of cancer. 
Carefully controlled trials are needed 
to refute or substantiate  
this possibility.

Ketogenic diets are a type of high-fat 
diet regimen that may help prevent 
cancer for several reasons. These 
diets are characterized by their 
ability to induce a physiologic milieu 
similar to starvation, i.e. high rates 
of ketone body (KB) formation, low 
insulin, and low blood glucose.67 

A controlled study of lean men 
found a eucaloric ketogenic diet 
lowered blood glucose.68 A review
of very-low-carbohydrate ketogenic 
diets (VLCKDs) concluded that 
VLCKDs are not only safe, but in 
comparison to low-fat diets for 
weight loss, they often induce 
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greater improvements in lipid 
profiles, e.g. higher high-density 
lipoprotein (HDL), larger size of low-
density lipoprotein particles (LDL), 
and lower triacylglycerides.69 Also 
of importance to cancer, participants 
placed on VLCKDs exhibit decreased 
insulin resistance and lower levels 
of systemic inflammatory markers.69 
Given the poor mitochondrial 
function in tumor cells70 (KBs and 
FA can only be metabolized by 
mitochondria) and their related 
high demand for glucose,71 VLCKDs 
merit investigation as a potential 
dietary regimen to lower risk of 
cancer development. 

Weight Cycling
It is possible that the 
aforementioned dietary patterns 
would need to be adopted for a long 
period of time rather than used as 
a temporary weight loss regimen in 
order to have a cancer preventive 
effect. Short-term, transient CR may 
actually increase risk of cancer. A 
retrospective study found women 
severely exposed to the Dutch 
famine at the end of World War 
II had an elevated lifetime risk of 
breast cancer.72 After adjusting for 
BMI and other confounders, a history 
of weight-cycling in women was 
associated with increased risk of 
renal cell carcinoma in case-control73 
and prospective74 studies. Weight-
cycling refers to large fluctuations 
in weight, often defined as changes 
of more than 10 lbs unrelated to 
pregnancy or sickness, colloquially 
termed “yo-yo dieting.”Weight 
fluctuation in a case-control study 
was associated with a modest 
increased risk of endometrial 
cancer.75 Data from the prospective 
Women’s Health Initiative 
Observational Study found women 

whose weight fluctuated more 
often and to a greater degree had 
an increased risk of non-Hodgkin 
lymphoma.76 Weight-cycling is 
common; weight lost is usually 
regained as the majority of weight-
loss regimens have limited long-term 
efficacy.77 Weight-cycling has been 
linked to physical and psychological 
morbidity,78 though a recent review 
challenges this assertion.79 The 
review also concludes that there is 
no evidence that intermittent CR 
reduces cancer risk.79 The effects 
of stable, intentional weight loss 
are less controversial. Middle-
aged women that intentionally 
lose weight, especially those with 
obesity-related health problems, 
have a decreased risk of premature 
mortality.80 Weight-loss via 
bariatric surgery reduces morbidity, 
including risk of cancer in both 
men and women.81 Weight-loss 
is associated with a decreased 
incidence of prostate cancer.82 
In another prospective study of 
American adults aged ≥35 yrs with 
a BMI ≥25 kg/m2, unintentional 
weight-loss was associated with a 
higher mortality rate, while those 
trying to shed pounds had lower 
mortality regardless of whether 
they lost weight or not.83 Though 
individuals in this study with 
moderate intentional weight loss 
had the lowest mortality, just trying 
to lower one’s weight appeared to 
have a benefit- possibly reflecting 
a general effort to be healthier.83 It 
is not known if reestablishing ideal 
body weight completely abrogates 
obesity-related health risks. 
Prevention of fat accumulation may 
be the most important factor in the 
relationship between energy balance 
and cancer; or, the relationship may 

be entirely dependent upon current 
weight status. In light of the current 
obesity epidemic,84 unraveling the 
immediate and long-term effects  
of weight fluctuation on cancer risk 
is imperative. 

Conclusion

Much progress has been made 
toward understanding the metabolic 
phenotype of cancer and how 
whole-body metabolic function 
affects cancer risk. As the key 
integrator of energy status, growth 
substrate availability, and cellular 
stress, the TOR pathway is a prime 
candidate for mediating dietary 
influence of cancer risk. While 
most Americans, those overweight 
or obese, are recommended to 
lose weight, research of the aging 
process and CR suggests that 
people would generally benefit 
from weighing (and eating) less. 
Circulating insulin and IGF-1 levels 
may mediate the effect of BMI on 
risk of cancer. Countless questions 
remain concerning the interwoven 
relationships among weight, total 
energy content, macronutrient 
composition, and eating frequency; 
their synergistic and independent 
effects on cancer risk are even less 
clear. As reviewed here, mechanistic 
evidence suggests one might reduce 
cancer risk by eating less overall, 
less frequently,and/or restricting 
CHO intake. Prospective studies 
and randomized controlled trials 
are essential for assessing these 
possibilities. Currently, chance and 
family history confer the majority of 
one’s risk of cancer; therefore, as a 
governable variable, understanding 
dietary influences on cancer is 
profoundly important.
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