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Hormonal and growth factor alterations, related to an elevated food consumption and excessive adiposity, affect

the regulation of genes involved in cellular processes including proliferation, differentiation and DNA repair,

allowing cells to survive and proliferate despite the accumulation of mutations which lead to malignant

transformation. The growth hormone/insulin growth factor-1 (GH/IGF-1)/ insulin pathway and its downstream

effectors, in fact, are known to promote aging and/or age-related diseases, including cancer, in many model

organisms. The restriction of nutrients is established to have strong effects on levels of hormones and growth

factors, delaying the incidence of age-related diseases and prolonging lifespan.

fasting  growth hormones  aging  age-related disease  DNA damage

cancer prevention

1. Introduction

Higher protein intake increases the release of growth hormone releasing hormone, and consequently growth

hormone release from the pituitary gland and IGF-1 release primarily from the liver . High IGF-1 has been

associated with elevated incidence of a number of cancers . On the other hand, excessive carbohydrate

and/or fat intake can result in excess adiposity, which is associated with high oxidative stress, inflammation,

alterations in hormones and growth factors’ production, acquisition of insulin resistance and consequently

hyperinsulinemia . Overweight women are reported to frequently present insulin resistance and low plasma

levels of sex hormone-binding globulin which lead, as a consequence, to an increase in total and free sex hormone

levels . Hyperinsulinemia, in fact, blocks the production of sex hormone-binding globulin by the liver and,

moreover, is associated with an increased production of androgens which are reported, together with estrogens, to

stimulate the development and growth of several cancers . Furthermore, insulin sustains insulin like growth factor

1 (IGF-1) activity, partly through the reduction of IGF binding protein 1 (IGFBP-1) synthesis, and elevated GH-IGF-

1 increases insulin levels and resistance . Not surprisingly, both elevated concentrations of insulin and

IGF-1 are associated with multiple cancer types, including breast, endometrium, pancreas and colon .

However, it is not clear whether insulin and IGF-1 may promote cancer directly by promoting growth and preventing

apoptosis, or by accelerating the aging process, which is a key risk factor for many cancers.

2. Growth Genes, Longevity, and Cancer

2.1. Growth Genes Aging and DNA Damage in Yeast
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Genome wide screen of deletion mutants obtained by transposon mutagenesis discovered Sch9-Tor pathway as

perhaps the most potent pro-aging pathway in yeast . SCH9, which was originally isolated as a suppressor of

impaired Ras pathway , codes a serine-threonine protein kinase ortholog of mammalian S6K whose deletion

increases resistance to multiple stresses and lifespan. The partial overlap with the PKA pathway is further

confirmed by the phenotype reversion observed in sch9 deletion mutant after PKA hyperactivation. However, the

overlap between these two pathways is not complete since the contemporary deletions of RAS2 and SCH9 has a

greater effect on stress resistance as well as viability with respect to each single deletion. More comprehensive

genome wide analysis performed using each of the aforementioned aging paradigms identified other genes whose

deletion positively affected longevity. Deletion of genes involved in protein synthesis, such as protein component of

ribosomal subunits, or genes involved in nuclear export of tRNA identified the transcription factor Gcn4 as another

longevity regulator . It must also be noted that these effects are not additive to Tor-Sch9 suggesting common

aging regulatory pathways. Deletion of the tRNA wobbling regulator TRM9 was also identified as a lifespan

regulator but its role was argued to be dependent on lower translation efficiency .

Moreover, the activation of transcription factors Msn2 and Msn4 in S. cerevisiae deficient in the Ras/cAMP/PKA

signaling makes cells more resistant to stress, in part by inducing the expression of genes encoding for several

heat shock proteins, catalase (Ctt1), and the DNA damage inducible gene DDR2 . These results suggest that

the effect of mutations in the Tor-Sch9/S6k and Ras/AC/PKA pathways is partly mediated by the regulation of

antioxidant defenses and the reduction of oxidants. In fact, yeasts expressing constitutively active RAS2 oncogene

present a lower resistance to oxidants and a decreased lifespan .

2.2. Growth Genes Aging and DNA Damage in Worms and Flies

The role of nutrient-response pathways was also examined in the worm Caenorabditis elegans and fruit fly

Drosophila melanogaster. Studies of the nematode Caenorabditis elegans showed that a reduction of the

insulin/insulin-like growth factor signaling pathway (IIS) and the consequent activation of the Forkhead FoxO

transcription factor daf-16 which, similarly to Msn2/4 in yeast, regulates genes involved in the cellular stress

response and detoxification of xenobiotics and free radicals, extends longevity . The extension of lifespan

in worms also requires the heat shock factor hsf-1, which regulates the expression of heat shock proteins . As

observed in yeast, inhibition of TOR-S6 kinase signaling can increase lifespan in worms; in particular, TOR

pathway inhibition can activate the process of autophagy and alter the activity of other TOR targets, such as the

hypoxia-inducible factor 1 (HIF-1) transcription factor, also independently shown to extend lifespan .

Many studies suggest that orthologs of the yeast and worm genes regulate fruit flies’ longevity as well. Drosophila

melanogaster impairment of the insulin receptor, in fact, controls the germline stem cell division and cysts growth

by a cell autonomous mechanism . The fly daf-16 orthologue FOXO, which is involved in lifespan extension,

blocks phosphatidylinositol-3 kinase (PI3K) effect on cell number and the down-regulation of IGF-1 or insulin-

AKT/PKB axis, which is reported to promote cancer growth and metastasis in fruit flies, can extend lifespan by up

to 85% and inhibit uncontrolled cell growth . As in S. cerevisiae and C. elegans, in D. melanogaster the

inhibition of TOR pathway activity, genetically or by rapamycin treatment, increases lifespan partly by activating
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autophagy, reducing S6K activity and increasing stress resistance . Analogously to yeast and worms, fruit flies

with mutations in the insulin/IGF-1 pathway increase SOD expression and increased survival . Furthermore,

mutation in the G-protein-coupled receptor homolog MTH gene results in a 35% increase in lifespan and resistance

to starvation and superoxide toxicity in Drosophila melanogaster .

Thus, in yeast, worms and flies, the activation of nutrient signaling pathways is tightly linked to oxidative stress,

DNA damage and either increased growth or tumors.

2.3. Growth Genes, Aging and Cancer in Mice

In summary, in mice there is very strong evidence for the link between high growth hormone and IGF-1 levels, DNA

damage and cancer, likely mediated at least in part by the activation of AKT, TOR-S6K and PKA signaling,

analogously to what is observed in yeast (Figure 1).

Figure 1. Conserved nutrient signaling pathways in yeast, worms, flies and mammals. A schematic model of the

conserved nutrient-signaling pathways that regulate stress response mechanisms, DNA damage, longevity and

cancer in different model organisms . In Saccharomyces cerevisiae, glucose and amino acids activate

Ras/AC/PKA and TOR/Sch9 pathways, respectively. Their activation leads to serine-threonine kinase Rim15

inhibition and consequently to a lowering in Msn2/Msn4 stress resistance transcription factors. These mechanisms

promote aging in part by decreasing cell stress response and repair thus increasing DNA damage . In

Caenorhabditis elegans, insulin/IGF-1 receptor like (daf-2) signaling, through the activation of AKT/PKB pathway,
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inactivates the Forkhead FoxO transcription factor daf-16, which is involved in the regulation of genes implicated in

the cellular stress response and protection against free radicals. As in yeast, also in worms, amino acids can

activate the TOR/S6K pathway, accelerating the aging process . Analogously to worms, in Drosophila

melanogaster growth factors and amino acids activate AKT/PKB and TOR/S6K pathways, respectively . The

activation of TOR/S6K, PI3K/AKT and Ras/AC/PKA pathways, mediated by glucose, amino acids and IGF-1 like

signaling, is also maintained in rodents and other mammals, suggesting that these nutrient-sensing pathways,

involved in longevity and stress-response mechanisms, are conserved, in part, from the simplest model organism

to humans .

2.4. Growth Genes and Cancer in Humans

Alterations in GH-IGF-1 axis have also been studied also in humans. Notably, human cancers are frequently

mutated in the IGF-1R (2.48% of all cancers) and in its downstream signaling proteins Ras (19% of all cancers)

and Akt (1.8% of all cancers) . In agreement with mouse studies, the modulation of the GH-IGF-1

pathway appears to have a key role in cancer prevention in humans. High levels of IGF-1 are, in fact, associated

with an increased incidence of several cancers, including colorectal, prostate and breast cancers, while mutations

in the human IGF-1R were found to protect against age-related disorders . Recent evidence reports that

centenarians most frequently present heterozygous mutations in the IGF-1R gene, associated with low IGF-1

serum levels and a higher IGF-1R activity compared to controls characterized by high IGF-1 serum levels . The

role of GH/IGF-1 axis activity on longevity and aging-related diseases in human is also supported by long-term

studies of an Ecuadorian cohort affected by Laron syndrome (LS) which is characterized by GHR deficiency and

consequently is responsible for a 90% reduction of the IGF-1 levels. Guevara-Aguirre et al., monitoring LS patients

for more than 20 years, reported that the relation between pro-growth signaling pathways, oxidative stress,

genomic instability and cellular damages shown in several model organisms is also observed in humans and

human cells .

3. Calorie Restriction (CR) and Cancer

Calorie restriction (CR), a dietary intervention that reduces calorie intake without inducing malnutrition, is the most

studied intervention able to extend lifespan but also well established to postpone or even prevent age-related

diseases, including cancer  (Table 1). Several studies showed that CR increases lifespan in multiple organisms

including yeast, flies, worms, rodents and monkeys, protecting from disorders and decline in functions related to

aging .

Table 1. Metabolic, molecular and cellular mechanisms induced by CR to prevent cancer.

Calorie Restriction
(CR)

Metabolic Adaptations Molecular Adaptations Cellular Adaptations

↓ IGF-1
↓ Insulin

↓ Oxidative stress

↓ PI3K/Akt/S6K
↓ mTOR

↓ Ras/MAPK

↓ Cell proliferation
↓ Oxidative damage
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↓ Inflammation
 

↑ Cortisol

 
↑ Nrf2

↑ FOXO
↑ PTEN

↑ DNA repair
↑ Genome instability

4. Fasting and Fasting Mimicking Diets

Fasting methods (Table 2). Fasting can be performed for short-term frequent periods, called intermittent fasting

(IF), or less frequent but longer periods, known as prolonged and periodic fasting (PF) . There are multiple

examples of IF diets, including: complete fasting every other day (also called alternate-day fasting ADF); 70%

energy restriction every other day; time-restricted feeding (TRF), during which food intake is restricted to 6–12 h

per day; and the 5:2 diet, which is achieved by consuming only 500–700 calories for two days a week 

. Thus, IF interventions usually include a phase during which only water is consumed or calorie intake is

extremely low, followed by a normal feeding phase which lasts between 12 and 72 h. PF periods, instead, in most

cases refer to 2–5 days of water-only fasting or 4–7 days of a fasting mimicking diet (FMD), a diet designed to

mimic the metabolic effects induced by fasting . Differently from IF, PF does not need to occur at specific

intervals and in most cases can be carried out only for few times per year . All these types of fasting cause

different degrees of metabolic changes, including the decrease in blood glucose levels, the reduction of glycogen

stores, the decrease in circulating leptin levels and the mobilization of fatty acids accompanied by the generation of

ketone bodies . Moreover, fasting or FMD periods can lead to behavioral changes, including increased

awareness, attention, mental acuity, vigilance and feelings of euphoria, thus lowering depressive symptoms .

Table 2. Dietary approaches to promote health span.

 Type of
Fasting Schedule Description

Intermittent
Fasting

(IF)

ADF 24 h fast/ 24 h eating period Water only fasting every other day

5:2
2 days fast or very low calorie
consumption (500–700 kcal)/ 5

days eating period

Alternation of 2 days of very low-calorie
consumption with a 5 days ad libitum re-

feeding period

TRF
12- to 18 h fast/ 6- to 12 h

eating period
Food intake resctricted to 6–12 h per day

Periodic
Fasting

(PF)

Prolonged
fasting

2–5 days of water fast/ 7 days
eating period (or longer)

Water only fasting period followed by an ad
libitum re-feeding period

Prolonged
FMD

4- to 7 days FMD/ 10- to 25
days eating period

30–50% of the normal caloric intake using
a fasting mimicking diet for 4–7 days

followed by an ad libitum re-feeding period

Fasting can extend lifespan and protect from age-related disorders, including DNA damage or cancer, in different

model organisms .
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5. Fasting Mimicking Diet, Hormones and Cancer Prevention

Several studies indicate that PF is a much more viable strategy than a continuous CR, for cancer prevention and

treatment in humans because: (1) it cause a much more extreme set of metabolic changes than CR, including IGF-

1, insulin, leptin and glucose decreases, which can be combined with standard of care drugs to promote strong

anticancer effects and cancer-free survival; (2) it stimulates anticancer immune responses; (3) it prevents muscle

loss; (4) it is amenable to combination with standard cancer treatments but also cancer preventions since it is only

conducted for several days periodically and does not require dietary changes between periodic fasting cycles.

Preliminary clinical data report that 48 h of fasting are necessary to obtain relevant clinical effects in oncology, such

as preventing DNA damages induced by chemotherapy in healthy tissues and improve quality of life to cancer

patients . However, most patients undergoing water-only fasting during cancer treatment had difficulties

with sustaining water fasting and reported side effects such as headache, nausea, light-headedness, anemia and

weakness . Thus, water-only fasting and intermittent fasting which are expected to be repeated every other day

or twice a week, remain a challenging option for the majority of population, especially frail and older subjects and

cancer patients. FMD is a plant-based caloric-restricted alimentary regimen (typically between 300 and 1100 kcal

per day) characterized by low proteins and sugars and relatively high unsaturated fats. It was developed to mimic

many of the metabolic effects induced by water-only fasting but with reduced nutritional risk and burden 

.

6. Alternative Interventions to Reduce Age-Related Diseases
Risk Factors

Aging is frequently associated with impaired glucose tolerance and hyperinsulinemia, due to an increase in insulin

secretion as a result of high glucose levels . A decline in glucose tolerance is often associated with an increased

risk of developing atherosclerosis or non-insulin dependent diabetes mellitus (NIDDM) .

Endurance exercise training reduces insulin levels both during fasting and feeding periods. Several studies showed

that individuals who practice exercise periodically have improved glucose tolerance and responsiveness to insulin

. Seals et al., showed that regular exercise prevented the decline in glucose tolerance and

hyperinsulinemia development in older people . Moreover, exercise training was reported to normalize glucose

tolerance by reducing insulin resistance in patients with mild NIDDM or impaired glucose tolerance (IGT) .

Furthermore, consuming a low-calorie and low-protein vegan diet, composed of unprocessed and uncooked plant-

derived foods, for at least two years, or performing endurance exercise are associated with a decrease in

cardiometabolic risk . In particular, they reduced the plasma concentrations of lipids, lipoproteins, glucose,

insulin, C-reactive protein (CRP) and systolic and diastolic blood pressure .

7. Conclusions
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Studies in simple organisms and mice, demonstrate the link between nutrients and particularly protein intake,

growth factors, DNA damage and cancer. The effect of growth factors on DNA damage and cancer is mediated, at

least in part, by oxidative stress and damage, but in part also by the inhibition of apoptosis. The reduced activity of

growth factors and the lowering of oxidation and DNA damage not only decreases cancer but also extends

longevity, since aging is the most important factor promoting cancer. Calorie restriction is a powerful anti-aging

intervention, but it also forces the organism into an extremely low nourishment state, which may not constitute

malnourishment in the short-term but which may do so long-term. Interventions such as IF and PF are emerging as

alternatives to CR, with some of them being able to minimize side effects and burden while maximizing efficacy.

Studies on PF have also pointed to 2 key processes absent or low in CR and IF: (a) a pronounced breakdown

process both at the intracellular (autophagy etc) and cellular (apoptosis) levels requiring 2 or more days and

associated with a high ketogenic state, (b) a rebuilding/regeneration process involving stem and progenitor cells in

multiple system and associated with the return from PF to normal feeding (re-feeding). The FMD developed and

studied by our laboratories is emerging as a viable and effective intervention in the longevity and cancer prevention

fields, since it does not require chronic treatment, it does not cause malnourishment or loss of muscle mass and

may be effective when performed only a few times a year for 5 days. In the future years it will be important to

continue to test different nutritional interventions with the potential to extend the health span and prevent cancer,

with a focus on those that are safe and feasible for long-term use in humans.
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