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Abstract The increasingly older population in
most developed countries will likely experience
aging-related chronic diseases such as diabetes,
metabolic syndrome, heart and lung diseases, oste-
oporosis, arthritis, dementia, and/or cancer. Genetic
and environmental factors, but also lifestyle
choices including physical activity and dietary
habits, play essential roles in disease onset and
progression. Sixty-five percent of Americans diag-
nosed with cancer now survive more than 5 years,
making the need for informed lifestyle choices
particularly important to successfully complete
their treatment, increase the recovery from the
cytotoxic therapy options, and improve cancer-
free survival. This review will discuss the findings
on the use of prolonged fasting, as well as fasting-
mimicking diets to augment cancer treatment. Pre-
clinical studies in rodents strongly support the
implementation of these dietary interventions and
a small number of clinical trials begin to provide
encouraging results for cancer patients and cancer
survivors.
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Introduction

Disease incidence increases with age and significantly
contributes to mortality, and thus improved lifespan
most likely reflects a reduced or delayed disease burden.
Evidence that mammalian longevity can be prolonged
emerged during the early 1900s, but it was not until the
1990s that caloric or dietary restriction became exten-
sively used to delay aging and the onset of age-related
diseases. Today, a plethora of studies in model organ-
isms has demonstrated that modifications in dietary
composition (e.g., protein content), caloric intake, or
feeding patterns can have a major impact on the devel-
opment of aging-related diseases, including cancer. In
humans, diet-related overweight and obesity are well-
established risk factors for some of the most prominent
cancers, including breast cancer in post-menopausal
women and colorectal, hepatic, pancreatic, or advanced
prostate cancer [1]. Prostate cancer, the second most
common malignancy in men, has an approximately
sixfold higher incidence in Western than in non-
Western countries, most likely due to differences in
the consumed food. Furthermore, a poor prognostic
outcome, higher risk for cancer recurrence, comorbidity,
and disease-specific or overall mortality has been re-
ported for the overweight. For underweight or malnour-
ished cancer survivors (e.g., as a result of aggressive
treatment modalities) on the other hand, maintaining a
healthy body weight during and after treatment may
prevent delayed wound healing, increase quality of life
impairments, and further reduce the risk of treatment
complications. Advice from healthcare professionals is

https://doi.org/10.1007/s11357-020-00317-7

S. Brandhorst (*)
Longevity Institute, School of Gerontology, and Department of
Biological Sciences, University of Southern California, Los
Angeles, CA 90089, USA
e-mail: brandhor@usc.edu

/ Published online: 7 January 2021

GeroScience (2021) 43:1201–1216

http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-020-00317-7&domain=pdf
http://orcid.org/0000-0003-4131-0876


often conflicting and evidence-based nutritional advice
after cancer treatment remains vague. We hypothesize
that cancer-preventive dietary recommendations most
likely help to avoid the development of secondary
malignancies.

Dietary restriction mediates longevity and stress
resistance

In mammals, various forms of partial or complete food
deprivation have been investigated, ranging from daily
20–40% reduced calorie intake (calorie restriction, CR),
restriction of specific nutrients without affecting daily
calorie intake (e.g., protein restriction), intermittent
fasting (IF, including alternate day fasting, ADF), peri-
odic fasting (PF), time-restricted feeding/eating (TRF,
TRE), as well as fasting-mimicking diets (FMD). The
health benefits of these interventions include an exten-
sion in the lifespan of rodents which is accompanied
with a lower incidence of nearly all chronic diseases and
a more youthful metabolic state [2, 3]. Notably, almost
all these dietary interventions promote stress resistance
which is an often accompanying feature of longevity
extension in various model organisms ranging from
unicellular yeast to mammals, indicating that the under-
lying molecular mechanisms are at least partially con-
served in many species [2, 4, 5]. The varying level of
efficacy in inducing stress resistance however depends
on the form and severity of the implemented dietary
intervention.

Caloric restriction is currently the most robust envi-
ronmental intervention known to increase healthy life
and prolong lifespan in several models, including ro-
dents and monkeys [6–8]. Nearly a century of work has
established that chronic 20–40% CR has profound im-
pacts on age-related diseases including neurodegenera-
tive disorders, autoimmune disease, cardiovascular dis-
ease, and type II diabetes mellitus and that CR reduces
cancer incidence and progression in various rodent
strains [2, 7, 9]. CR attenuates aging-associated shrink-
age of telomeres in many mouse tissues and reduces the
incidence of tumors in mice that overexpress telomerase
[10]. Similarly to humans, cancer incidence increases
with age in rhesus monkeys and intestinal adenocarci-
noma is the most diagnosed cancer [11]. Whereas the
results on lifespan extension in rhesus monkeys remain
inconclusive, two different studies (one at the National
Institute on Aging (NIA) and one at the Wisconsin

National Primate Research Center (WNPRC)) demon-
strate a reduced incidence of neoplasia in the CR-fed
monkey cohorts. In an adult-onset WNPRC study, can-
cer incidence was reduced by 50%, whereas no neopla-
sia could be identified in the young-onset CR cohort in
the NIA study (compared to the ~ 85% incidence in the
NIA control cohort) [12, 13]. However, no significant
difference in cancer incidence in an old-onset CR and
control cohort was apparent, thus suggesting that early-
onset CR interventions might be necessary to reduce the
risk of developing cancer, at least in rhesus monkeys.
Whether other old-onset fasting-based interventions
may reduce cancer incidence in non-human primates
has not been tested and it remains unclear if they will
demonstrate differences in effectiveness. CR as a life-
long intervention might be effective in cancer preven-
tion, but has not been explored as a treatment modality
in humans. CR as a clinically relevant intervention has
been largely unexplored because the long-term adher-
ence necessary to gain these health benefits makes CR
less likely feasible as a rapidly deployable approach
[14–17].

It is hard to assign all the health benefits of CR to
calorie reduction alone. A major component of most
animal CR studies is the phenomenon that calorically
restricted animals tend to consume all the food that is
presented rather rapidly, thus restricting the overall time
window that animals actively consume food in.
Expanding research in the past decade has established
that this time-restricted feeding (TRF) contributes to
some of the CR benefits but also that TRF has benefits
without the need for CR. In other words, providing a
limited window of time in which rodents consume an
otherwise unlimited amount of food is associated with
improvements in health and longevity [18, 19].

Intermittent fasting (IF) is among the most studied
fasting methods in rodents and consistently has been
shown to promote protection against multiple diseases
and lifespan extension [20–22]. IF is an eating pattern
that cycles between periods of eating and fasting. There
are several different IF methods, all of which split the
day or week into eating periods and fasting periods. IF
consists of eating a calorie-restricted diet for 1–3 days/
week; an example is the popular 5:2 diet [16, 23, 24].
Alternate-day fasting (ADF) is a sub-category of IF,
where days of low-calorie consumption or complete
fasting alternate with days of either ad libitum food
consumption or feasting (> 100% caloric intake) [23,
24].
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Periodic water-only fasting (PF) consists of total food
abstinence for several days, in mouse models generally
48–72 h, without limiting hydration. Benefits of PF in
preclinical studies include weight loss (during the
fasting period but regained after refeeding), improved
insulin sensitivity, autophagy activation, cell renewal,
and anticancer effects, but safety and compliance con-
cerns may be responsible for the limited contribution of
PF to standard medical practice [4, 18, 23, 25–31]. The
differences between IF and PF in mice include the
duration and/or frequency: IF cycles usually last up to
24 h and are separated by 24 h of food intake (caloric
intake may be higher on the refeeding days to compen-
sate for the reduced calories on the fast days). PF instead
lasts 2 or more days and is followed by 1 week of
normal food intake to regain normal weight [4]. Owing
to this difference, the molecular changes of a variety of
growth factors (including IGF-1) and metabolic markers
(such as ketone bodies, serum glucose, etc.) differ sig-
nificantly in their response.

Fasting-mimicking diets (FMDs) were developed to
address the safety concerns associated with PF, such as
low rates of compliance and malnourishment. FMDs—
developed to be a short-term intervention that is low in
protein, high in healthy fats, and containing complex
carbohydrates, as well as essential vitamins and
minerals—mimic the effects of fasting by decreasing
insulin/glucose signaling pathway activation, while
avoiding the potential side effects of lack of essential
nutrients [32, 33]. In mice, the FMD extends median
lifespan, reduces inflammation and cancer incidence,
enhances cognitive performance, and improves overall
health [33–36]. In a randomized crossover clinical trial,
the FMD reduced risk factors for metabolic syndrome,
cardiovascular diseases, cancer, and aging [32]. Addi-
tionally, and similar to other periodic fasting and meal-
timing interventions, the consumption periods between
the interventions can be modulated based on specific
nutrition requirements, for example, an increase in pro-
tein intake to reduce the aging-associated loss of lean
mass in the elderly [37].

It is important to highlight that (i) an increase in
health span (induced by fasting or other anti-aging in-
terventions) does not always associate with increased
longevity [38] and (ii) it remains to be fully established
if increased longevity is associated with all forms of
fasting. Conversely, increased lifespan is not always
associated with increased health span or delayed anti-
aging symptoms [39, 40].

The underlying feature of all these dietary ap-
proaches, despite significant differences and with vary-
ing degrees, is that reduced calories, the time of food
intake, the composition of the diet, or the complete
abstinence of food all affect the organism’s nutrient
availability. Sufficient levels of nutrients are of funda-
mental importance to enable organismal growth and
cellular proliferation. Periods of low food availability
suppress growth and instead activate evolutionary-
conserved protective metabolic pathways to ameliorate
the accumulation of cellular damage and to ensure re-
productive fitness [41, 42]. Notably, the response to
these opposing environmental conditions is regulated
by overlapping pathways: nutrient abundance activates
nutrient-sensing signaling cascades that promote cellu-
lar growth while nutrient scarcity downregulates these
signaling pathways, thereby blocking cellular prolifera-
tion and activating stress resistance transcription factors
which negatively regulate pro-aging pathways [2, 6,
43–45]. Evolutionary-conserved orthologs of the genes
that regulate lifespan and stress resistance in lower eu-
karyotes, including S. cerevisiae and C. elegans, also
regulate stress resistance and/or lifespan in mammals
[46–50].

For example, deleterious mutations in the insulin/
growth hormone (GH)/insulin-like growth factor 1
(IGF-1) axis that decrease intracellular nutrient-sensing
activity result in an increase in lifespan by up to 150% in
laboratory mice [51, 52] and cells derived from these
long-lived mice have a higher resistance against H2O2-
induced oxidative stress, ultraviolet light, genotoxins,
and other stressors including heat and cadmium [52, 53].
Vice versa, the overexpression of GH decreases activi-
ties of the antioxidant enzymes superoxide dismutases
and catalase and shortens the lifespan compared to wild-
type control mice [54–56].

Fasting in cancer treatment

Aging is the major risk factor for the development of
most cancers which requires the exposure to changes in
the environmental niche and the combination of cellular
damage and DNA mutations over time [57–59]. Thus,
changing the likelihood of acquiring these mutations, or
increasing the body’s ability to effectively reduce cellu-
lar damage, also decreases the incidence rates of many
cancers. Numerous studies have shown that CR reduces
the incidence and progression of spontaneous or
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induced tumors in various animal models [13, 60–66].
CR causes potent anti-growth effects in various auto-
and xenograft mouse tumor models, although resistance
has been observed in some cells with mutations that
c a u s e a c o n s t i t u t i v e a c t i v a t i o n o f t h e
phosphatidylinositol-3-kinase (PI3K) pathway [67]. A
20-year longitudinal adult-onset 30% CR study in
rhesus monkeys decreased cancer incidence by 50%
which may indicate that similar interventions could
potentially be effective as a cancer-preventive interven-
tion in humans [12]. Furthermore, CR, when combined
with protein restriction, can reduce clinical markers
associated with increased cancer risk [7, 68]. However,
despite data indicating benefits in cancer prevention in
most animal models, CR as a feasible therapy modality
for humans is expected to be problematic because
chronically restricting the calorie intake of cancer pa-
tients would be likely very difficult to include into
existing treatment paradigms. Even more problematic,
CR only delays, but does not stop, the progression of
established cancers [69, 70]. The biggest concern is that
chronic CR might not be feasible for cancer patients
receiving chemotherapy, surgery, or immunity-based
treatments, or who are at risk for losing weight, as well
as frail and/or cachectic patients, because CR induces
long-term weight loss, may delay wound healing, and
impairs immune function [2, 71–73].

To overcome the disadvantage of requiring long-term
interventions, various laboratories deployed variations
of fasting bouts. Unlike CR, the PF approach utilizes
relatively short (up to 4 days) periods of food restriction
that can be easily adopted to comply with existing
chemotherapy regimen and without chronic weight loss
(since body weight is usually regained during the
refeeding period). Additionally, due to the short time
required to achieve the desired metabolic effects which
delay the incidence and growth of cancer cells, fasting is
expected to allow for higher rates of adherence during
the intervention period. A 3-day-long PF decreases
blood glucose levels in mice by up to 75% compared
to the 15% reduction accomplished by long-term CR or
IF [4, 74]; considering the glucose dependence of many
malignant cells, this is an important advantage of PF
over CR or IF [75, 76]. In addition, the pro-proliferative
growth factor IGF-1 is reduced by up to 75% following
PF [77, 78], while CR causes a 25% IGF-1 reduction in
mice [79] and only when CR is combined with protein
restriction are IGF-1 levels in humans reduced [68]. In
rats, fasting for 8 days reduces pre-neoplastic liver

masses by 20–30%, lowers DNA replication, but in-
creases apoptosis and thus reduced the number and
volume of putative pre-neoplastic liver foci by 85%
throughout the following 17months in rats [80]. Despite
these benefits, safety and compliance concerns associ-
ated with PF (usually voiced by the treating medical
professionals) are limiting the use contribution of PF in
the clinic [4, 18, 23, 25–31]. The FMD has been devel-
oped to overcome the PF-associated side effects while
maintaining its benefits and consists of a 4–5-day lasting
plant-based meal plan that provides between 10% and
50% of the recommended daily calories and is low in
protein and sugar, but relatively high in fat content [32,
33].

Prospectively, the role of dietary restriction against
cancer initiation, progression, or development of metas-
tasis in mouse models has been studied extensively and
generally supports an anticancer role [81, 82]. However,
the field should also continue to pay close attention to
those studies that did not report any protection, as, for
example, seen in spontaneous breast and prostate tumor
development [83–86], or colorectal cancer [87]. It is
paramount to understand how to time a PF relative to
any possible intervention since the refeeding phase fol-
lowing a fast is associated with increased cellular pro-
liferation in the liver and colorectal epithelium [33, 88].
Therefore, exposure to carcinogens during the refeeding
period can enhance the growth of mammary tumors or
aberrant crypt foci in the colorectal mucosa even with
otherwise non-carcinogenic doses [89–91]. It is impor-
tant that food intake after any PF cycle should be initi-
ated only after the half-life of potential carcinogens.
Whether the same is true for FMD remains currently
unknown but, given the similar effects to PF, the same
recommendations should be considered.

Differential stress resistance

The nutrient-modulated connection between cellular
proliferation and stress resistance is the foundation for
a differential protection of normal cells from toxicity
under fasting conditions. PF reduces circulating IGF-1
and glucose levels and inactivates evolutionary-
conserved nutrient-sensing signaling cascades, includ-
ing mTOR and PKA, in normal cells and thereby in-
duces the resistance to oxidative and other stresses (Fig.
1A). Studies indicate that bouts of fasting have potent
protective effects against many cytotoxic insults, rang-
ing from chemotherapeutics to multifactorial surgical
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stress. For example, fasting has protective effects
against oxidative stress-induced ischemia reperfusion
injury in rodents [92–95]. Fasting ameliorates traumatic
brain injury by inducing neuroprotective effects, re-
duced oxidative damage, and improved cognitive func-
tion [96].

The differential stress resistance (DSR, Fig. 1 A)
hypothesis is based on the fact that in response to
nutrient-scarce environmental conditions, normal cells
reduce proliferation; optimize their metabolism to utilize
metabolites generated from the breakdown of fats, pro-
teins, and organelles; and induce stress response path-
ways [97, 98]. Due to the acquired self-sufficiency
caused by mutations in oncogenes (e.g., Ras, Akt,
mTOR) and tumor suppressor genes (e.g., Rb, p53,
PTEN) that enable proliferation even in an environment
that does not support growth, cancer cells do not enter a
non-dividing state [99]. Thus, DSR is a dietary inter-
vention strategy that increases the cellular resistance
against cytotoxic insults, such as chemotherapy or other
drugs, in normal cells without affecting the efficacy of
these agents against malignant cells [98]. In vivo, 60–72
h of fasting prior to chemotherapy protects various
mouse strains from a lethal dose of etoposide [98,
100]. Similarly, DSR by fasting protects CD-1 mice
from high-dose doxorubicin [78] and reduces the
delayed-type chemotherapy-induced nausea and
vomiting in cancer-bearing dogs receiving doxorubicin
[101]. Fasting protects FabplCre;Apc15lox/+ mice against
irinotecan-induced weight loss, reduced activity, diar-
rhea, and leukopenia [102]. Thus, fasting prior to che-
motherapy allows for the use of higher doses of chemo-
therapeutic agents which may increase treatment effica-
cy in otherwise hard-to-treat situations. Examples of this
may include advanced metastatic tumors that are ex-
tremely difficult to cure once tumor masses have spread
to different organs or a change in limitations of drugs
that have a lifetime cumulative dosage. For example,
doxorubicin is limited to a cumulative dose of < 550mg/
m2 to reduce the risk of cardiotoxicity [103]. Analo-
gously to the fasting-induced reduction in circulating
IGF-1 levels, a conditional liver-specific igf-1 gene
deletion (LID) in transgenic mice results in a 70–80%
reduction in circulating IGF-1 levels and these mice are
protected against high-dose cytotoxic chemotherapy
drugs such as cyclophosphamide, doxorubicin, and 5-
fluorouracil [78]. In particular, the hearts of
doxorubicin-treated control mice showed loss of myofi-
brils and infiltration of immune cells, whereas DXR-

dependent cardiac myopathy was not observed in LID
mice [78]. On the contrary, increased levels of IGF-1
reverse cancer prevention by stimulating cell prolifera-
tion and inhibiting apoptosis and restoring IGF-1 to
normal levels during fasting reverse the protection
against lethal doses of doxorubicin [78]. In addition to
the reduction in IGF-1 levels, serum glucose levels also
play an important role in the fasting-mediated DSR
effects and reducing glucose levels protecting mice
against chemotoxicity [104]. Yet drugs that promote
hyperglycemia, including dexamethasone and
rapamycin, are commonly administered to help with
the management of chemotherapy-related adverse ef-
fects in cancer patients even though they have been
shown to sensitize cardiomyocytes and mice to doxoru-
bicin [104]. This increase in toxicity can be reversed by
combining dexamethasone or rapamycin treatment with
fasting or insulin. Glucose injections alone reverse the
fasting-dependent protection against DXR in mice, in-
dicating that elevated glucose mediates, at least in part,
the sensitizing effects of rapamycin and dexamethasone
[104]. The effects of fasting or glucose restriction are
mediated by PKA and AMP-activated protein kinase
(AMPK) by activating the mammalian Msn2/4 ortholog
early growth response protein 1 (EGR1).

The protective effect of fasting is partly mediated by
changes to the stem cell population. Fasting before high-
dose etoposide treatment preserves the architecture and
barrier function of the small intestine by maintaining the
viability of crypt stem cells [100]. PF reduces the im-
munosuppression and mortality of the chemotherapeutic
drug cyclophosphamide through changes in the signal
transduction pathways of long-term hematopoietic stem
cells and niche cells to promote self-renewal and
lineage-balanced regeneration [105], in agreement with
preliminary findings on the PF-induced protection of
lymphocytes from chemotoxicity in cancer patients
[106]. PF also promotes regenerative effects in the
blood, liver, muscle, and nervous system, indicating that
fasting stimulates the regeneration of healthy cells and
tissue following tissue damage after chemotherapy [33,
105]. Chemotherapy combined with radiation ther-
apy is a commonly used treatment approach for
locally advanced pancreatic cancer, yet curative
radiation doses in this disease setting are limited
due to the close proximity of the pancreas to the
duodenum. Fasting in mice improves intestinal
stem cell regeneration, as revealed by microcolony
assay, and improved host survival of lethal doses
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of total abdominal irradiation compared with fed
controls [107].

Differential stress sensitization

The constitutive activation of pro-proliferative pathways
plays a central role in promoting cancer growth and
survival. The Ras and Akt protein are central mediators
within the nutrient-sensing pathways and are frequently
constitutively activated in many cancerous cells [99,
108, 109]. Cancer cells develop in a highly nourished
environment and usually experience an almost unlimit-
ed nutrient supply; thus the reduced availability of glu-
cose, amino acids, and other metabolites during fasting
presents a significant disadvantage to tumor cells. Ma-
lignant cells are commonly characterized by high rates
of glucose uptake and rely on glycolysis (Warburg
effect) to provide them with energy and biosynthetic
precursors essential for proliferation [75] and allow
tumor cell survival and apoptosis evasion through de-
creased respiration and the restriction of cytochrome c–

induced apoptosis [110, 111]. Glucose metabolism
alone only insufficiently supplies the necessary building
blocks for cellular proliferation and malignant cells,
therefore requiring amino acid uptake as a nitrogen
source [75]. Consequently, protein/amino acid restric-
tion delays the onset and progression of various cancer
types and increase longevity [37, 112, 113].

Importantly, the acquired mutations that allow unreg-
ulated cellular growth in malignant cells can be viewed
as their Achilles heel since gain-of/loss-of-function mu-
tations prohibit a response to a changing environment.
For example, relying on high levels of glucose uptake in
the normally nutrient-rich environment would not be
disadvantageous but this scenario changes quickly when
glucose is restricted. In another example, expression of
the oncogene-like RAS2val19 in yeast reverses the
fasting-induced DSR protection against hydrogen per-
oxide. Even more importantly, RAS2val19 expression
sensitizes yeast cells to cytotoxic stressors compared to
wild-type cells [114]. Similar results were observed in
human and rodent cancer cell lines treated with

Fig. 1 Fasting or fasting-mimicking diets improve chemotherapy
efficacy and protect normal cells against cytotoxic side effects. (A)
A nutrient-rich environment promotes cellular growth of normal
cells, making them susceptible to the cytotoxic effects of many
chemotherapeutic agents. Fasting or fasting-mimicking diets
(FMDs) decrease IGF-I and glucose and result in reduced signal-
ing through the intracellular nutrient-sensing cascade, thereby
halting cellular growth but promoting a differential stress resis-
tance (DSR). The activation of intracellular stress resistance path-
ways decreases cytotoxicity and drug treatment–related side ef-
fects. (B) In a well-nourished environment, nutritional require-
ments for unregulated cellular proliferation are met and tumor

growth is supported. Treating the cancer with chemotherapeutic
drugs yields the expected response and the tumor mass shrinks.
Fasting or FMDs greatly limit the availability of metabolites
required to sustain the unregulated growth of malignant cells,
resulting in reduced cancer growth or shrinking of the tumor.
Combining chemotherapy with fasting/FMDs is associated with
two beneficial scenarios: (1) fasting/FMDs induces the activation
of protective response in normal cells, whereasmutations in cancer
cells prohibit the activation of the cellular stress response; (2)
fasting/FMDs sensitizes malignant cells to chemotherapy treat-
ment and thereby increases treatment efficacy, referred to as
differential stress sensitization (DSS)
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doxorubicin and/or cyclophosphamide, or temozolo-
mide in an in vitro model of fasting by reducing glucose
and/or serum availability in the growth medium: com-
pared to the unrestricted conditions, fasted cancer cells
were more susceptible to chemotherapy treatment, a
phenomenon termed differential stress sensitization
(DSS; Fig. 1B) [114, 115]. In human mesothelioma
and lung carcinoma cells, serum starvation alone sensi-
tizes to cisplatin treatment [116]. HepG2 and Huh-7
human hepatocellular carcinoma cell lines show addi-
tive cytotoxic effects in both cell lines when combining
the kinase inhibitor sorafenib with fasting-like condi-
tions [117].

In vivo, water-only fasting cycles (lasting 48–72 h)
can be as effective as chemotherapy in reducing the
progression of subcutaneous melanoma and breast can-
cer models, whereas the combination of fasting with
chemotherapy improves treatment efficacy [114].
Fasting combined with gemcitabine decreases pancreat-
ic tumor progression by ≥ 40%, partially by increasing
gemcitabine uptake [118]. Cisplatin in combination
with fasting reduces mesothelioma progression ≥ 60%
compared to the control and a complete remission is
observed in 60% of the mice treated with PF/cisplatin
[116]. Forty-eight hours of water-only fasting sensitizes
mouse glioma models to radio- and chemotherapy
[115], an effect not observed by dietary protein restric-
tion alone [119]. Similarly, fasting when combined with
radiotherapy delays the growth of an orthotopic KPC
pancreatic tumor model after radiation and increases the
median survival to 43 days compared to 7 days in non-
fasted, irradiated tumor-bearing mice [107]. Water-only
fasting alone or when combined with oxaliplatin has
been shown to reduce the progression of the CT26
colorectal tumor [120]. Mechanistically, this effect was
caused by downregulating aerobic glycolysis and
glutaminolysis, and increasing oxidative phosphoryla-
tion in the mitochondrial electron transport chain which
limits ATP production in the malignant cells, but in-
stead, increases oxidative stress and apoptosis [120]. In
murine 4T1 breast cancer cells, water-only fasting in-
creases oxidative stress, caspase-3 cleavage, DNA dam-
age accumulation, and apoptosis [114]. The fasting-
induced sensitization of mesothelioma cells to cisplatin
is mediated by the AMPK-dependent activation of the
ATM/Chk2/p53 signaling cascade [116]. In 4T1 breast
cancer and B16 melanoma cells, fasting causes the
SUMO2/3-dependent sumoylation of the DNA poly-
merase REV1, resulting in the release of p53 and pro-

apoptotic gene expression and the induction of apopto-
sis in these cells [121]. Many oncogenes are tyrosine
kinases and thereby provide a target for cancer treat-
ment. In in vitro and xenograft models, PF potentiates
the growth-inhibiting efficacy of tyrosine kinase inhib-
itors by inhibiting MAPK signaling and the E2F-
dependent transcription [122]. In a subcutaneous non-
small cell lung cancer xenograft model, crizotinib or
fasting effectively reduced tumor progression but the
combination of PF with crizotinib was more efficient
than both singular treatment options. Similar results
have been demonstrated in a colorectal cancer xenograft
model for the tyrosine kinase inhibitor regorafenib
[122]. In a metastatic mouse neuroblastoma model,
48 h of water-only fasting followed by the single ad-
ministration of a high-dose chemotherapy cocktail
(doxorubicin and cisplatin) successfully reduces drug
toxicity and metastases and results in long-term can-
cer-free survival [114], thus showing that dose escala-
tion approaches which utilize both DSR and DSS might
be a feasible intervention to treat otherwise hard-to-
manage metastasized cancers.

Fasting and fasting-mimicking diets induce similar
changes in the body’s metabolic environment [33] and
thus are predicted to have similar effects in cancer
treatment. This was confirmed by a study showing
that the FMD, alone or in combination with the che-
motherapeutic drugs doxorubicin or cyclophospha-
mide, is as effective as fasting in reducing the tumor
progression in murine breast cancer (4T1) or melano-
ma (B16) models [123]. Notably, in the 4T1 breast
cancer model, the combination of FMD with doxoru-
bicin increases cytotoxic CD8+ tumor-infiltrating lym-
phocyte numbers which is partially mediated by the
stress-inducible protein heme oxygenase-1 (HO-1) and
a reduced number of regulatory T cells in the tumor
bed [123]. KRAS-mutant cancers may exhibit a high
susceptibility to pharmacological doses of vitamin C
through the formation of hydrogen peroxide and hy-
droxyl radicals which, in turn, cause macromolecular
damage and cell death, thus, making the generally
non-toxic vitamin C a potential treatment against this
aggressive tumor type [124–126]. However, vitamin
C’s anticancer activity is limited by the upregulation of
HO-1. The FMD reverses the vitamin C–induced
HO-1 upregulation, resulting in increasing concen-
tration of reactive iron and oxygen species and
subsequent cell death [127]. These effects can be
even further potentiated by combining vitamin C
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and FMD with the chemotherapy drug oxaliplatin
[127].

In MCF7 mouse models of hormone-receptor-
positive breast cancer, periodic fasting as well as the
FMD enhances the activity of the endocrine therapeutics
tamoxifen and fulvestrant while preventing tamoxifen-
induced endometrial hyperplasia. Combining
fulvestrant with the cyclin-dependent kinase 4/6 inhibi-
tor palbociclib and FMD promotes long-lasting tumor
regression and even reverts the acquired resistance to
drug treatment [128]. Of note, many preclinical mouse
models generally utilize relatively young to middle-
aged mice ranging from 4 weeks old to 6 months old
and only rarely utilize old animals.

Fasting and FMDs in human cancer trials

Although numerous preclinical studies emphasize the
benefits of combining fasting or FMDs with commonly
used chemotherapeutic drugs or other emerging thera-
peutic approaches, only a limited number of clinical
trials on fasting and FMDs in patients undergoing che-
motherapy have been published [106, 128–134]. These
limited trials support the safety and feasibility of fasting/
FMDs when combined with chemotherapy (see
Table 1).

In a case series, 10 cancer patients (4 breast, 2 pros-
tate, 1 ovarian, 1 uterus, 1 lung, and 1 esophageal
cancer) with a median age of 61 years fasted for up to
140 h before and/or up to 56 h following chemotherapy
[106]. The patients, who received an average of 4 cycles
of various chemotherapy drugs in combination with
fasting, self-reported no major side effects caused by
fasting other than hunger and lightheadedness. Six pa-
tients who underwent chemotherapy with and without
fasting reported a significant reduction in fatigue, weak-
ness, and gastrointestinal adverse events while fasting
on chemotherapy compared to chemotherapy alone.
Additionally, fasting did not prevent chemotherapy-
induced reductions in tumor volume or in tumormarkers
in those patients in which cancer progression could be
assessed [106]. In a Dutch study, 7 women with HER2-
negative, stage II/III breast cancer receiving neoadju-
vant (taxotere, adriamycin, and cyclophosphamide) che-
motherapy water-only fasted for 24 h before and after
beginning chemotherapy compared to 6 women who
were advised to eat according to the guidelines for
healthy nutrition [130]. The short-term fast was well

tolerated, and the mean erythrocyte and thrombocyte
counts were higher in the fasted cohort than in the
non-fasted group 7 days after chemotherapy. γ-H2AX,
a marker of DNA damage, levels in leukocytes were
increased 30 min after chemotherapy in non-fasted pa-
tients but not in fasted patients [130]. Twenty patients
primarily treated for either urothelial, ovarian, or breast
cancer with platinum-based chemotherapy were ran-
domized to fast for 24, 48, or 72 h (divided as 48 h
before chemotherapy and 24 h after chemotherapy) in a
dose escalation study [129]. Clinical feasibility, defined
as three or more out of six subjects in each cohort
consuming ≤ 200 kcal per day during the fast period
without excess toxicity, was met. The most common
side effects were fatigue, headache, and dizziness but
were ≤ grade 2 following CTC adverse event v4.0
grading. In patients who fasted for at least 48 h, versus
a 24-h fast, a trend towards less grade 3 or grade 4
neutropenia was also documented. As in the Dutch
study, reduced DNA damage in leukocytes from sub-
jects who fasted for at least 48 h compared with subjects
who fasted for only 24 h could also be detected [129].

The feasibility and potential impact of the FMD in
humans was first tested a pilot clinical trial in generally
healthy adults [33] and then extended in a randomized
clinical crossover trial in 100 healthy volunteers [32].
Subjects who followed 3 months of an unrestricted diet
were compared to subjects who consumed the FMD for
5 consecutive days per month for 3 months. The FMD
resulted in reduced body weight, as well as trunk and
total body fat, lowered blood pressure, and decreased
IGF-1 and blood glucose levels. In a post hoc analysis in
those subjects that completed 3 FMD cycles, body mass
index, fasting glucose, IGF-1, triglycerides, total and
low-density lipoprotein cholesterol, and C-reactive pro-
tein were more beneficially affected in participants at
risk for disease than in subjects who were not at risk
[32]. Blood glucose did not change in participants with
baseline levels ≤ 99 mg/dl but was significantly reduced
in prediabetic participants with baseline fasting glucose
> 99mg/dl; notably, this reduction resulted in glucose
levels within the normal range in these subjects.
Although for serum IGF-1 levels no clinically
relevant risk level has been established, several
epidemiological studies have associated IGF-1
levels ≥ 200 ng/ml with an increased risk for
various cancers [37, 135]. IGF-1 levels in subjects
with baseline levels ≥ 225 ng/ml were reduced
nearly four times more than the reduction observed
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in participants with IGF-1 concentrations below
225 ng/ml [32].

In a randomized crossover clinical trial of 34 patients
with breast or ovarian cancer, the FMD effects on the
quality of life and side effects in combination with
chemotherapy (including taxanes (docetaxel, paclitax-
el), platinum agents (carboplatin, cyclophosphamide),
anthracyclines (epirubicin, doxorubicin, methotrexatate,
fluorouracil), the IgG1 antibody bevacizumab, and
pertuzumab or trastuzumab for patients with HER2/
neu overexpression) were assessed [132]. The FMD
consisted of a daily caloric intake of < 400 kcal primar-
ily stemming from vegetable juice and small standard-
ized quantities of light vegetable broth starting 36–48 h
before the beginning of chemotherapy and lasting until
24 h after the end of chemotherapy. The FMD prevented
the chemotherapy-induced reduction in quality of life
without serious adverse events and it also reduced fa-
tigue. The combination of periodic FMD and endocrine
therapeutics in 36 patients with hormone-receptor-posi-
tive/HER2 breast cancer (clinical trials NCT03595540
and NCT03340935) indicates promising results: 3 pa-
tients treated in the second-line treatment setting re-
ceived a total of 10 (one patient) and 8 (two patients)
FMD cycles. Two of those patients demonstrated a
clinically controlled disease (at time of the data publi-
cation in July 2020), whereas one of the patients that
completed 8 FMD cycles progressed after 11 months;
the median progression-free survival (PFS) in this clin-
ical setting is 9 months [128]. In these trials, the FMD
lowered blood glucose, serum IGF-1, leptin, and C-
peptide, while increasing circulating ketone bodies, re-
sults that are in line with the mechanistic understanding
obtained from preclinical studies. In the randomized,
multi-center phase 2 “DIetary REstriction as an Adjunct
to Neoadjuvant ChemoTherapy for HER2 Negative
Breast Cancer (DIRECT)” trial, 131 patients with
HER2-negative stage II/III breast cancer received either
a FMD or their regular diet for 3 days prior to and during
neoadjuvant chemotherapy [134]. The authors report no
difference in toxicity between both study arms, despite
the fact that the corticosteroid dexamethasone was omit-
ted in the FMD group, suggesting that the FMD may
obviate the need for dexamethasone in the prevention of
the side effects of chemotherapy. In the FMD arm, a
radiologically complete or partial response occurred
more often and the per-protocol analysis reveals that
the Miller and Payne 4/5 pathological response (indicat-
ing 90–100% tumor cell loss) was more likely to occurT
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in patients using the FMD [134]. Per-protocol analyses
also indicates better emotional, physical, cognitive, and
social functioning scores as well as lower fatigue, nau-
sea, and insomnia symptom scores for patients adhering
to the FMD in comparison with non-adherent patients
and patients on their regular diet [133].

However, the use of periodic fasting or of FMDs in
cancer treatment is not free of concerns, particularly in light
of the possibility that these dietary regimens may precipi-
tate malnutrition, sarcopenia, and cachexia in predisposed
or frail patients (e.g., patients who develop anorexia as a
consequence of chemotherapy). Additionally, general ex-
clusion criteria (incl. age < 18 years; BMI < 20 kg/m2;
pregnant or nursing, prior diagnosis of eating disorders;
severe heart, liver, kidney, or lung diseases; known allergy
to FMD components) as well as disease-specific
disqualifying criteria (i.e., previous chemotherapy treat-
ment, baseline peripheral blood cell counts, metastasis,
diabetes mellitus treated with insulin or insulin secreta-
gogues, etc.) must be considered before the FMD, or other
diet-based interventions can be explored.

Considering the reported trials above, no instances of
severe (above grade 3) weight loss or of malnutrition
were reported in the clinical studies of fasting in com-
bination with chemotherapy, and those patients who did
experience weight loss during the fasting period typical-
ly recovered their weight before the next fast. Neverthe-
less, regular anorexia and nutritional status assessments
should be included in fasting studies to correct any
ensuing nutritional impairments. Most importantly, the
effectiveness of fasting/FMD interventions on reducing
tumor growth with/without the combination of chemo-
therapy, endocrine therapy, etc. remains largely undoc-
umented and limited to very few cancer types (i.e.,
breast cancer) in phase I/II clinical trials. Therefore,
the effectiveness, safety, and practicability of different
forms of fasting to fight cancer should still be carefully
approached.

Conclusions

In summary, these findings above convincingly show that
restricting glucose, amino acids, and growth factors by
fasting and FMDs induces the protection of the organism,
organs, and cells while simultaneously reducing tumor
progression in a nutrient-restricted challenging environ-
ment, particularly in combination with commonly used
chemotherapeutic drugs or other emerging therapeutic

approaches. FMD cycles are expected to be more feasible
than chronic dietary regimens because patients consume
food during the FMD, but it has to be considered that
almost all fasting-based interventions might be difficult to
adhere to for a majority of people. The FMD approach
may increase compliance because patients can maintain
their regular diet between cycles ormay choose alternative,
potentially complementary dietary approaches during the
refeeding period. Most importantly, FMDs do not result in
severe weight loss and have shown no detrimental effects
on the immune and endocrine systems. Several clinical
trials of FMDs in combination with chemotherapy or with
other types of active treatments are currently ongoing at
US and European hospitals, primarily in patients who are
diagnosed with breast cancer, with single-arm clinical
studies designed to assess the feasibility and safety of the
FMD or randomized clinical studies to evaluate FMD
effects on the toxicity of chemotherapy or on the quality
of life in patients undergoing chemotherapy. At the time of
cancer diagnosis, patients may inquire about which life-
style modifications they can initiate that may slow tumor
progression. Notably, identifying a “personalized dietary
strategy” that benefits a subject most meets the need for an
active engagement of patients in their care process (“pa-
tient empowerment”), which, in the perspective of promot-
ing patient participation in the therapeutic process, is
strongly recommended by the oncology community.
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