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A fasting-mimicking diet and vitamin C: turning anti-aging strategies against cancer
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ABSTRACT
In search of anti-aging interventions with differential effects on normal and cancer cells, we show that 
cycles of a fasting-mimicking diet plus pharmacological doses of vitamin C can be effective in targeting 
KRAS-mutant cancers. This approach represents a promising strategy able to protect the organism while 
killing cancer cells.
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Periodic fasting or fasting-mimicking diet (FMD) cycles have 
been shown to reduce metabolic markers/risk factors asso-
ciated with aging and age-related diseases such as diabetes, 
cardiovascular diseases and cancer in both mice and 
humans.1 Clinical application of fasting or FMDs in oncology 
is also emerging with several clinical trials completed or 
ongoing.2,3

FMDs are caloric-restricted plant–based diets containing 
low proteins, low sugar and high fats which represent a more 
feasible and safer option to water-only fasting.1 Importantly, 
our recent studies showed that FMDs delay tumor progression 
and potentiate chemotherapy efficacy through both immune- 
independent and immune-dependent mechanisms, while pro-
tecting healthy tissues from chemo-associated side effects in 
different cancer models.4,5 These phenomena are known as 
differential stress sensitization and differential stress resistance, 
respectively.4,5

In the recent years, vitamin C at pharmacological doses has 
reemerged as a potential anti-cancer molecule.6,7 In the pre-
sence of metals, and particularly iron, high dose of vitamin 
C exerts a pro-oxidant action by generating hydrogen peroxide 
and hydroxyl radicals via Fenton chemistry.7 Recent findings 
have shown that tumor cells bearing activating mutation in 
Kirsten Rat Sarcoma viral oncogene homologue, best known as 
KRAS, are more susceptible to pharmacological dose of vitamin 
C than KRAS-wild type ones.6 KRAS mutations have been 
detected in the most lethal tumor types (in ~45% of colorectal 
cancers, ~90% of pancreatic ductal adenocarcinomas and in 
~30% of lung adenocarcinomas), and they are frequently asso-
ciated to resistance to the majority of standard treatments.8 So 
far, attempts to selectively target RAS signaling have shown 
limited efficacy in the clinic, pointing to the need for new 
treatments effective against these aggressive tumors.

To address this need, in our recent work,9 we show that 
FMD cycles potentiate high-dose vitamin C anti-cancer effects 
in a range of cancer types. In particular, we provide evidence 

that in vitro an FMD-like culture condition, referred to as 
Short-Term Starvation (STS), synergizes with vitamin C in 
selectively killing KRAS-mutant tumor cells derived from col-
orectal, pancreatic and lung cancers. Consistent with the dif-
ferential sensitivity that we observed in cancer cell lines, 
colorectal cancer cells genetically modified to express the 
mutant form of KRAS are more vulnerable to STS + vitamin 
C toxic effects than their KRAS-wild type counterpart.

In mice, cycles of FMD potentiate high-dose vitamin C in 
delaying tumor progression in xenograft, syngeneic and ortho-
topic models of colon cancer. Importantly, the FMD and vita-
min C combo therapy does not cause toxicity to normal cells 
in vitro and it is safe and well tolerated in different mouse 
strains.

Our findings reveal that the selective efficacy of FMD and 
high-dose vitamin C in cancer cells with a KRAS-mutant back-
ground is caused by the differential regulation of the stress- 
inducible protein Heme Oxygenase-1 (HO-1). HO-1, by cata-
bolizing heme in carbon oxide (CO), biliverdin and free iron, 
which is rapidly sequestered by HO-1-dependent ferritin 
induction, exerts anti-apoptotic, anti-inflammatory and anti- 
oxidant properties. For all these reasons, HO-1 is frequently 
over-expressed as a defense to chemotherapy in different 
tumor types and it is associated with resistance against stan-
dard treatments.10 We found that KRAS-mutant cancer cells 
respond to vitamin C treatment by up-regulating HO-1, and 
consequently limiting vitamin C pro-oxidant action (Figure 1).

Our data shows that FMD is able to revert HO-1 up- 
regulation and because of the consequent reduction in ferritin 
levels, leads to an increase in free reactive iron and oxygen 
species causing DNA damage and cell death (Figure 1). 
Consistent with our findings, antioxidants such as glutathione 
and N-acetyl cysteine, hydrogen peroxide scavenger catalase, 
and the iron chelator desferrioxamine revert STS-dependent 
sensitization to vitamin C by quenching the pro-oxidant reac-
tions and hydrogen peroxide generation.
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Interestingly, in KRAS-wild type tumor cells, HO-1 expres-
sion is not affected upon vitamin C treatment, and in these wild 
type cells FMD/STS exerts an opposite effect by up-regulating 
instead of reducing HO-1 levels.

In agreement with our previous studies demonstrating 
differential stress sensitization by fasting/FMD in tumor 
cells and mice, this study points to KRAS mutations as one 
of the mediators of these differential effects on HO-1/ 
Ferritin expression and death in normal and cancer cells. 
Consistent with our findings, HO-1 activation suppresses 
the ability of STS to potentiate vitamin C toxicity, whereas 
its pharmacological inhibition or genetic down-regulation 
mimics STS in sensitizing cancer cells to the treatment.

In support of our discovery, the analysis from the Cancer 
Genome Atlas Database (TCGA) indicates that patients 
bearing KRAS-mutant colon adenocarcinoma, but not 
KRAS-wild type colon tumors, with low intratumor ferritin 
expression level display a longer 3- and 5-y overall survival 
compared to patients bearing high intratumor ferritin 
mRNA levels, thus supporting the role of HO−1/ferritin 
regulation in the progression of colon cancers harboring 
KRAS mutation.

Our previous studies showed that FMD cycles potentiate 
chemotherapy efficacy in different tumor types,4,5 thus we 
also investigated whether this novel treatment based on the 
combination of two interventions known to delay cellular 
aging could also boost the effectiveness of standard treat-
ment. Interestingly, we found that the nontoxic FMD + 
vitamin C combination therapy is as effective as oxaliplatin 
+ vitamin C in delaying tumor progression while the triple 
FMD, vitamin C and chemotherapy combination treatment 
is the most effective.

Together with other ongoing studies, these findings 
reveal new possibilities for the use of multiple interven-
tions which are nontoxic or may even be beneficial to 
normal cells and organs in cancer treatment. In particu-
lar, FMD and pharmacological vitamin C therapy could 
represent a novel promising intervention to be tested in 

future clinical trials for the treatment of KRAS-mutant 
cancers.
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Figure 1. FMD sensitizes KRAS-mutant cancer cells to vitamin C. In nutrient-rich condition (left), vitamin C’s toxicity to cancer cells is mostly blocked by the up-regulation 
of heme-oxygenase-1 (HO-1), which decreases free reactive iron pool (Fe2+) by inducing ferritin (FTH) expression. Fasting-mimicking diet (FMD) reverts the vitamin 
C mediated HO-1 up-regulation (right), thus increasing the reactive iron pool (Fe2+) and, together with FMD-induced reactive oxygen species (ROS) production, boosts 
pro-oxidant reactions and Fenton chemistry causing DNA damage (yellow bolts) and cell death. The FMD effect is reversed by treatment with antioxidants such as 
glutathione (GSH) and N-acetyl cysteine (NAC), HO-1 activator hemin, iron chelator desferrioxamine (DFO) and H2O2 scavenger catalase.
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