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b Research Centre for Natural Sciences, Cancer Biomarker Research Group, Institute of Enzymology, Magyar tudósok krt. 2, H-1117 Budapest, Hungary 
c National Laboratory for Drug Research and Development, Magyar tudósok krt. 2, H-1117 Budapest, Hungary   

A R T I C L E  I N F O   

Keywords: 
cancer metabolism 
Fasting-mimicking diet 
Caloric restriction 
Ketogenic diet 
Dietary intervention 

A B S T R A C T   

Renewed interest in tumor metabolism sparked an enthusiasm for dietary interventions to prevent and treat 
cancer. Changes in diet impact circulating nutrient levels in the plasma and the tumor microenvironment, and 
preclinical studies suggest that dietary approaches, including caloric and nutrient restrictions, can modulate 
tumor initiation, progression, and metastasis. Cancers are heterogeneous in their metabolic dependencies and 
preferred energy sources and can be addicted to glucose, fructose, amino acids, or lipids for survival and growth. 
This dependence is influenced by tumor type, anatomical location, tissue of origin, aberrant signaling, and the 
microenvironment. 

This review summarizes nutrient dependencies and the related signaling pathway activations that provide 
targets for nutritional interventions. We examine popular dietary approaches used as adjuvants to anticancer 
therapies, encompassing caloric restrictions, including time-restricted feeding, intermittent fasting, fasting- 
mimicking diets (FMDs), and nutrient restrictions, notably the ketogenic diet. Despite promising results, much 
of the knowledge on dietary restrictions comes from in vitro and animal studies, which may not accurately reflect 
real-life situations. Further research is needed to determine the optimal duration, timing, safety, and efficacy of 
dietary restrictions for different cancers and treatments. In addition, well-designed human trials are necessary to 
establish the link between specific metabolic vulnerabilities and targeted dietary interventions. However, low 
patient compliance in clinical trials remains a significant challenge.   

1. Introduction 

In recent decades, tumor metabolism has sparked renewed interest in 
cancer prevention and treatment. Altered metabolism is one of the well- 
described hallmarks of cancer [1]. Tumor cells increase their nutrient 
uptake and metabolic processes to provide energy for uncontrolled 
growth and proliferation. They also use different strategies to reprogram 
their metabolism to improve their survival in a harsh microenvironment 
[2]. Nevertheless, their remarkable adaptability also creates potentially 
exploitable vulnerabilities for dietary and pharmacological in
terventions [3]. 

Cancers are highly heterogeneous in their metabolic dependencies 
and preferred energy sources [3]. Tumor type, anatomical location, 
tissue of origin, aberrant signaling, and microenvironment all modulate 
metabolic requirements. The distinct microenvironment is further 
potentiated by the abnormal and dysfunctional tumor vasculature [3,4]. 
The complex interplay between genomic losses in cancer and immediate 
nutrient availability may facilitate particular „nutrient addictions” that 

profoundly determine signaling pathway activations, cellular growth, 
and drug sensitivity [5]. The tumor’s addiction to glucose, fructose, 
amino acids, or lipids can be explored for therapeutic purposes [6]. As a 
result, metabolic enzymes are attractive targets in oncology [7]. 
Nevertheless, few metabolic drugs have been translated from the bench 
to the bedside [7]. 

Dietary and lifestyle habits are associated with the onset and 
outcome of several cancers [8]. Excess body weight is linked to an 
increased risk of cancer in at least 13 anatomic sites, and the cancer 
burden attributable to obesity can be as high as 11.9% in men and 13.1% 
in women [9]. In the United States, obesity is estimated to account for 
14–20% of all cancer-related mortality. A large-scale prospective anal
ysis identified a >50% increase in cancer-related death among those 
with the highest body mass index. Emerging data suggest that higher 
body fat percentage during childhood and adolescence is associated with 
an increased risk of malignancy at an older age, underscoring the 
importance of preventing childhood obesity [9]. The link between sys
temic metabolic alterations and cancer-risk/cancer-related death 
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suggests that a large proportion of malignancies are preventable by an 
altered lifestyle [10,11]. 

One straightforward way to modulate nutrient availability is to alter 
the diet composition, timing, or volume. Dietary modifications affect 
the circulating nutrient levels in the plasma and the tumor microenvi
ronment [3]. Most preclinical studies suggest that dietary restrictions 
can modulate tumor initiation, progression, and metastasis [12]. 
Combining dietary restrictions may alleviate the adverse effects of 
chemotherapies or may enhance their efficacy [13,14]. Following the 
success of preclinical experiments, translational studies are under 
development. 

This review summarizes nutrient addictions of cancers, signaling 
pathways behind metabolic reprogramming, and discusses approaches 
to target metabolic vulnerabilities by dietary restrictions. We do not 
attempt to provide a complete summary for each discussed topic; 
instead, we aim to synthesize nutritional dependencies and in
terventions. Additional reviews offer profound insight into particular 
metabolic preferences of cancers [15–21]. 

There is no one-size-fits-all dietary solution for all cancer types. 
Routine clinical application of dietary alterations requires a better un
derstanding of context-dependent metabolic preferences and signaling 
pathway limitations. Our summary highlights the need to carefully 
evaluate each cancer’s unique metabolic requirements and signaling 
pathway activations for personalized nutrient modifications, especially 
when combined with systemic anticancer therapies. 

2. Rewiring the energy metabolism 

The altered energy metabolism of cancer cells evoked interest in the 
nineteenth century. However, the German physiologist Otto Warburg 
was the first to systematically investigate the altered tumor cell meta
bolism nearly 100 years ago [22]. Unfortunately, Warburg’s initial ob
servations went to oblivion for decades. However, the resurrection of the 
study of cancer metabolism in the past 25 years initiated intense 
research [23]. It led to an expanding field focusing on metabolic alter
ations initiating and fueling malignant transformation [20,24,25]. Most 
hallmarks of cancer, including unlimited proliferation, self-sustained 
growth signals, continuous angiogenesis, resistance to apoptosis, 
insensitivity to anti-growth signals, and invasion and metastasis, in
crease the demand for energy and the amount of material needed for the 
production of daughter cells [1]. Metabolic reprogramming includes 
not only a shift from oxidative phosphorylation to aerobic glycolysis but 
also altered amino acid metabolism, increased glutamine uptake and 
glutaminolysis, altered flux through the pentose phosphate pathway and 
the tricarboxylic acid (TCA) cycle for macromolecule generation; 
increased lipid uptake, lipogenesis, and cholesterol synthesis; altered 
one‑carbon metabolism for the production of (NADH) /NADPH, nucle
otides, and glutathione, and leads to the utilization of alternative sub
strates, including lactate and acetate [26] (Fig. 1). Below, we elaborate 
on the critical substrates affected by these changes, including glucose, 
fructose, amino acids, and lipids. 

Fig. 1. Signaling pathways of tumor metabolism. Nutrient-replete conditions in cancer cells induce anabolic processes, synthesizing nucleotides, proteins, and lipids 
(anabolic processes are labeled red). The aberrant signaling pathways (e.g., PI3K/AKT), abnormal activation of mTORC1, the loss of tumor suppressors, or the 
activation of oncogenes further amplify cellular growth via the transcriptional control of genes associated with metabolism. In contrast, diminished accessibility to 
nutrients induces alternative forms of metabolism including oxidation of fatty acids, BCAAs, and macromolecular degradation through autophagy to support cell 
viability (green labels). (Abbreviations: G6P, glucose-6-phosphate; 3-PG, 3-phosphoglycerate; PPP, pentose phosphate pathway; ATP, adenosine 5′-triphosphate; 
mTORC1, mTOR complex 1; α-KG, α-ketoglutarate; RTK, receptor tyrosine kinase.) (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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2.1. Glucose 

A major distinguishing hallmark of tumor cells is their heightened 
demand for glucose. Cancerous cells undergo a metabolic transition 
from oxidative phosphorylation to “fermentation,” metabolizing 
increased amounts of glucose into lactic acid even when sufficient ox
ygen is available. This phenomenon is referred to as aerobic glycolysis. 
The observed differences in the ratio of “fermentation” to respiration in 
cancer cells have been known as the Warburg effect [22]. Fermentation 
is a seemingly inefficient energy production method yet remains a 
principal metabolic pathway of cancer cells. With aerobic glycolysis, 
only two ATP molecules are derived from a single glucose molecule 
versus 30–32 ATPs during oxidative phosphorylation. However, con
verting glucose to lactate occurs 10–100 times faster as the complete 
oxidation of glucose in the mitochondria [27], and malignant cells 
enhance their glucose uptake by 10-fold, diverting the extra energy to 
biosynthetic pathways to support their rapid proliferation and long-term 
maintenance [25]. The “Warburg effect” is used for synthesizing 
anabolic macromolecules and is no longer viewed as solely a means of 
energy production [25,28]. Rapid glucose metabolism provides sub
strates for non-mitochondrial pathways, including the pentose- 
phosphate pathway, the hexosamine pathway, serine– glycine– and 
one‑carbon metabolism, and glycerol synthesis [28]. Notably, lactate, 
previously identified as a waste product of glycolysis, is now recognized 
as a major circulating carbohydrate fuel for both tumors and healthy 
tissues [29]. Lactate becomes incorporated into the TCA cycle; in fact, its 
incorporation in the TCA cycle surpasses that of glucose in all tissues 
except the central nervous system [30]. 

Glycolysis is the most frequently up- or dysregulated metabolic 
process in most cancer types [31]. However, the intensity of the War
burg effect is not universal among proliferating cancer cells: an eight- 
fold range was discovered in the rate of glucose utilization within a 
panel of 80 NSCLC cell lines [32]. Transformation of glucose metabolism 
is also significantly heterogeneous across tumor types and within the 
tumor microenvironment [33]. Upregulation of glycolysis-related genes 
have been identified in several cancers, including pancreatic thyroid, 
renal, and colon cancers. In contrast, genes participating in oxidative 
phosphorylation were more upregulated in lymphomas, leukemias, lung 
and ovarian cancers [33,34]. 

Warburg originally thought that aerobic glycolysis stems from 
impaired mitochondria unable to perform oxidative phosphorylation, 
causing malignant transformation [35]. However, oxidative metabolism 
persists in the mitochondria even during increased glucose consump
tion. The presence of aerobic glycolysis is not equivalent to the loss of 
oxidative phosphorylation in tumors [28]. It has recently been estab
lished that elevated glucose uptake, glycolysis, and rewired metabolism 
are not restricted to tumors but are also present in normal proliferating 
immune cells [36]. 

2.2. The multifaceted role of lactate in the tumor microenvironment 

The Warburg effect results in elevated lactate production, contrib
uting to the unique features of the tumor microenvironment and influ
encing multiple aspects of cancer progression. Lactate not only serves as 
an energy substrate but as an oncometabolite, modulates intracellular 
and extracellular signaling pathways, and affects the differentiation, 
metabolism, and function of innate and adaptive tumor-infiltrating im
mune cells [37,38]. Lactate concentrations in tumor tissues are 
approximately 100 times higher than in the blood: intratumoral lactate 
levels can reach up to 30 mM, while concentrations within the tumor 
microenvironment range from 5 to 20 mM [37,39]. Elevated lactate 
concentrations in biopsies of colorectal, cervical, breast, lung, head and 
neck cancers were linked to unfavorable prognosis and increased risk of 
metastasis [37]. The low-pH tumor microenvironment created by high 
lactate concentrations can activate HIF-1α and NF-κB independent of 
hypoxia, promote cancer aggressiveness and metastasis, stimulate 

angiogenesis, and increase resistance to anti-cancer therapies 
[38,40–42]. 

Lactate cannot cross the plasma membrane by free diffusion, but 
proton-like monocarboxylate transporters (MCTs) assist the trans
membrane lactate trafficking [43]. MCTs 1–4 are frequently overex
pressed in tumors with high metabolic rates. MCT upregulation has been 
linked to worse disease outcomes in numerous cancers and is also 
implicated in the process of metastasis [37,44–48]. Additionally, lactate 
exerts different effects on metabolically diverse tumor regions. Cells in 
well‑oxygenated regions exhibit high lactate uptake through MCT1. In 
contrast, cells in hypoxic tumor regions show low lactate uptake medi
ated by MCT4, which creates a metabolic symbiosis where cells in 
nutritionally rich areas support the growth of hypoxic tumor cells in a 
rapidly proliferating tumor [37]. 

The inter-conversion between pyruvate and lactate is mediated by 
the lactate dehydrogenase (LDH) enzymes. Out of their multiple iso
forms, LDHA is found predominantly in the skeletal muscle and pref
erentially reduces pyruvate to lactate while transforming NADH to 
NAD+. High LDHA expression has been described in multiple cancers 
and correlates with malignant progression, lower survival rates, and 
resistance to chemotherapy [37,49]. Extracellular lactate impacts 
various cell types within the tumor microenvironment (TME), including 
immune and endothelial cells, cancer-associated fibroblasts (CAFs), and 
non-cancer stroma cells [50]. Lactate may promote tumor immune 
escape through PD-L1 upregulation and the transformation of M1 
macrophages to an M2-like phenotype [51]. GPR81 receptor-mediated, 
lactate-induced PD-L1 upregulation depends on the presence of LDHA: 
knockdown of LDHA significantly decreases glucose-induced PD-L1 
overexpression; thus, elevated glycolysis and the subsequent lactate 
production plays a pivotal role in inducing PD-L1 in the tumor micro
environment [52]. Lactate may also activate GPR81 on non-cancerous 
cells of the tumor microenvironment, including macrophages and den
dritic cells [53]. 

There is a potential interdependence between glycolysis and gluta
mine catabolism pathways: lactate stabilizes HIF-2α and activates c- 
Myc, which increases the expression of glutamine transporter SLC1A5/ 
ASCT2 and the enzyme glutaminase 1 (GLS1), resulting in upregulated 
glutamine uptake and catabolism. A glutamine catabolite, α-ketoglutaric 
acid (α-KG), is eventually converted to pyruvate and lactate by LDHA 
[54]. Thus, the diverse role of lactate in different aspects of tumor 
biology and the tumor microenvironment offers promising opportunities 
for developing innovative anticancer strategies [38]. 

2.2.1. Genetic reprogramming of glucose metabolism 
During metabolic stress, cancer cells frequently exhibit a decreased 

expression of tumor suppressor genes and increased expression of on
cogenes as part of their adaptive response [55]. Increased activity of the 
protein kinase B (PKB/AKT), phosphoinositide 3-kinase (PI3K), RAS, 
and Von Hippel-Lindau (VHL) lead to the non-hypoxic activation of the 
hypoxia-inducible factor 1α (HIF-1α). Conversely, HIF-1α upregu
lates glucose transporter 1 (GLUT1) and hexokinase 2 (HK2), the first 
rate-limiting enzyme of glycolysis, that catalyzes the conversion of 
glucose to glucose-6-phosphate [56,57]. 

High AKT and mTOR activity promote the expression of HIF-1α even 
in the presence of oxygen, leading to persistent activation of glycolysis. 
The expression of mTOR-induced HIF-1α facilitates the upregulation of 
additional glycolytic enzymes, such as pyruvate kinase type M2 (PKM2) 
and phosphoglyceric acid mutase-1 (PGAM1) [58,59]. PKM2 catalyzes 
the final and rate-limiting step in tumor glycolysis, resulting in pyruvate 
production and ATP generation [60]. High PKM2 expression has been 
associated with poor prognosis in multiple myeloma patients, reduced 
survival and resistance to chemotherapy in esophageal squamous cell 
carcinoma, and progression in prostate cancer [61–63]. Moreover, 
PKM2 knockdown increased the radiosensitivity of non-small cell lung 
cancer (NSCLC) cells, and PKM2 inhibition significantly reduced clo
nogenic survival in prostate cancer cell lines [64]. PKM2 exists in 
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catalytically distinct tetrameric and dimeric states that control the bal
ance between ATP synthesis and energy production versus the produc
tion of glycolytic intermediates for other metabolic pathways [65]. 
Thus, PKM2 is a multifaceted protein with numerous cellular functions 
that require further investigation [66]. 

PKM2 enhances the phosphorylation of PGAM1, another pivotal 
glycolytic enzyme, that facilitates the bidirectional transformation of 2- 
phosphoglycerate to 3-phosphoglycerate [67]. Elevated PGAM1 has 
been observed in gliomas, breast, pancreatic, lung, liver, colon, prostate, 
kidney, and urothelial bladder cancers, and substantial evidence sug
gests that overexpression of PGAM1 is involved in cancer progression 
[68,69]. 

Other oncogenic pathways promote aerobic glycolysis independently 
of HIF-1α, including the activation of MYC, RAS, AKT, or the loss of 
TP53. Two major classes of glucose transporters have been linked to 
cancer: glucose transporter GLUTs and sodium-glucose co-transporters 
SGLTs, among which GLUT1 and GLUT3 are most frequently overex
pressed in cancers [70]. MYC upregulation, just like HIF-1α, directly 
controls the expression of GLUT and HK2 [71]. Loss of TP53 also 
upregulates GLUT expression [72]. Increased GLUT1 expression has 
been described in triple-negative breast cancer (TNBC), especially in the 
basal-like subtype, exhibiting a glycolytic phenotype. HIF-1α, IGF-1, and 
MIF upregulation were also identified in HER-2-positive breast cancer 
samples [73]. Elevated GLUT1 expression has been described in glio
blastomas and astrocytomas, ovarian, endometrial, and cervical cancers, 
prostate and lung cancers, colorectal, pancreatic, and gastric cancers, 
and hematologic malignancies such as acute myeloid leukemia (AML) 
and chronic myeloid leukemia (CML) [74–76]. Elevated expression of 
GLUT1 has been linked to worse disease outcomes, poor prognosis, and 
low poor overall survival (OS) in most solid cancers [75]. 

Although preclinical studies have demonstrated the effectiveness of 
numerous therapies targeting glucose metabolism and the process of 
glycolysis, their clinical translation has remained limited due to low 
selectivity, high toxicity, and various off-target and side effects 
[74,77,78]. 

2.3. Fructose 

Fructose, frequently consumed as high-fructose corn syrup in the 
Western diet, has been linked to an increased prevalence of metabolic 
syndrome. The small intestine mainly metabolizes small concentrations 
of fructose; however, higher doses reach the circulation and the liver 
[79]. In the liver, fructose induces de novo lipid synthesis and contrib
utes to the development of obesity, metabolic dysfunction-associated 
fatty liver disease (MAFLD – formerly known as non-alcoholic fatty 
liver disease), and type 2 diabetes [80]. Fructose diverges from glucose 
in its stimulation of the glycolytic pathway. Initially phosphorylated to 
fructose-1-phosphate by fructokinase, fructose is subsequently trans
formed to dihydroxyacetone phosphate and glyceraldehyde. These in
termediates are converted to triose phosphates, participating in purine 
nucleotide synthesis and transforming into uric acid [81]. Fructose- 
induced serum uric acid elevation has been implicated in multiple 
pathological conditions associated with altered metabolic processes, 
including endothelial dysfunction, insulin resistance, inflammation, 
cardiovascular risk, and chronic renal disease [82–84]. 

Fructose could be an important alternative energy source for 
malignant tissues, supported by the observation that many cancers 
upregulate the fructose-specific transporter GLUT5 [85,86]. Acute 
myeloid leukemia (AML) cells prefer to utilize fructose with an upre
gulated fructose transporter GLUT5, and in AML patients, elevated 
transcription of the GLUT5-encoding gene SLC2A5 is associated with 
poor disease outcomes [87]. Dietary fructose enhances the hypoxic cell 
survival of intestinal cells and promotes nutrient absorption, weight 
gain, and fat accumulation in mice by increasing the intestinal surface 
area, providing a compelling explanation for fructose-promoted tumor 
growth [88]. Even physiological doses of fructose can promote cancer 

growth: in APC mutant mice predisposed to develop intestinal tumors, 
moderate fructose consumption increases tumorigenesis [89]. Fructose, 
as a critical metabolic substrate, enhances the growth and aggressive
ness of prostate cancer cells both in vitro and in vivo [85]. Metastatic 
cells in the liver upregulate the enzyme aldolase B (ALDOB), which 
enhances fructose metabolism and fuels major proliferation pathways 
[90]. 

2.4. Amino acids 

Amino acids are indispensable building blocks of anabolic processes, 
and the addiction of tumor cells to amino acids has started to receive 
greater attention. The altered amino acid metabolism of cancers offers 
potential avenues for nutritional modifications. Although dietary in
terventions can deplete amino acid levels in the tumor microenviron
ment, it is not as straightforward as glucose deprivation [91]. Restriction 
of essential amino acids may induce systemic adaptive responses, such 
as muscle atrophy, causing an increase in the levels of non-deprived 
amino acids in the blood [92]. 

2.4.1. Glutamine 
Glutamine, the most abundant amino acid in blood and muscle, is 

the second most frequent growth-supporting substrate after 
glucose. Cancer cells’ high demand is not limited to the essential amino 
acids, as restricting non-essential amino acids can be lethal to specific 
tumor cells. 

Glutaminolysis is a versatile metabolic pathway that occurs pri
marily in the mitochondria and can support both aerobic and anaerobic 
energy production as well as various biosynthetic processes [93]. 
Glutamine, whether acquired externally or produced internally, enters 
cells through specific transporters and is subsequently transported to the 
mitochondria. The glutaminase enzyme converts it to glutamate, an 
important intermediate, in the mitochondrial matrix. Glutamate can be 
transaminated with oxaloacetate to produce aspartate or can be con
verted to α ketoglutarate, a key metabolite in the TCA cycle, where it is 
further oxidized to produce ATP [93]. 

In some cases, excess glutamate may be exported from the mito
chondria to the cytosol, where it can participate in various cellular 
processes, including neurotransmitter synthesis and ammonia 
detoxification. 

Abnormal mitochondrial number, pathological ultrastructure, and 
function have been documented in numerous cancers [94]. On the 
submicroscopic level, these ultrastructural abnormalities in mitochon
dria and mitochondria-associated membranes may explain abnormal 
cancer metabolism [95] and lead to greater reliance on substrate-level 
phosphorylation than on OxPhos for energy production. Substrate- 
level phosphorylation involves the transfer of a phosphate from a 
metabolic substrate to form ATP, which yields high-energy phosphates 
in the absence of oxygen and partially compensates for reduced ATP 
synthesis through both OxPhos and glycolysis [94]. Glutamine meta
bolism has been rewired to adapt to mitochondrial dysfunction [96]. 
During glutaminolysis, the enzyme succinyl-CoA synthetase may 
convert α-ketoglutarate to succinyl CoA. Succinyl CoA is converted to 
succinate by succinate-CoA ligase, and the produced ATP provides en
ergetic advantages to cancer cells [94]. 

Glutamine metabolism modulates multiple signaling pathways, 
including mTORC1 [97]. mTORC1 (mammalian target of rapamycin 
complex 1) is a multiprotein complex part of the mTOR (mammalian 
target of rapamycin) signaling pathway. Its primary role is to maintain a 
dynamic equilibrium between anabolic and catabolic processes in 
response to environmental cues, thereby governing cellular functions 
such as growth, metabolism, protein-, lipid-, nucleotide-synthesis, and 
autophagy [98]. Glutamine impairs autophagy through the negative 
regulation of the ULK1 complex, one key regulator of autophagosome 
formation and also by eliminating ROS by glutathione and NADPH 
[99,100]. 

O. Menyhárt and B. Győrffy                                                                                                                                                                                                                 



BBA - Reviews on Cancer 1879 (2024) 189062

5

The metabolic sensor, AMP-activated protein kinase (AMPK), regu
lates various metabolic processes, including pyruvate kinase expression, 
glycolytic enzyme modulation, mitochondrial biogenesis, and fatty acid 
metabolism, ensuring metabolic balance and cellular survival 
[101,102]. Under glucose-deprived conditions, tumor cells increase the 
expression of AMPK to maintain energy homeostasis. AMPK activates 
FOXO3a, which upregulates hematopoietic PBX1-interacting protein 
(HPIP), identified as a proto-oncogene. HPIP, in turn, rewires and en
hances cellular glutamine import by upregulating the expression of 
glutamine transporter SLC1A5/ASCT2 and glutaminase genes to 
replenish TCA intermediates and restore the ATP pool [103]. However, 
under prolonged glucose stress, HPIP undergoes ubiquitination by the 
E3-Ub ligase RNF2, leading to its degradation through the proteasome- 
mediated pathway, ultimately promoting apoptosis. Clinical analyses 
reinforced the correlation between elevated HPIP levels and AMPK 
activation in breast cancer, highlighting the pivotal role of HPIP as a 
signal coordinator during metabolic stress [103]. 

In summary, the classification of glutaminolysis as an anaerobic or 
aerobic pathway depends on the specific metabolic needs of the cell. 
Excess glutaminolysis is often a hallmark of cancer metabolism and is 
regulated by oncogenes, tumor suppressors, and tumor microenviron
ments [93]. Glutamine thus participates in many fundamental cellular 
functions, including energy regulation, cellular signaling, redox ho
meostasis, and the biosynthesis of essential molecules (amino acids, 
fatty acids, purines, and pyrimidines) [93,104]. 

Some cancers, including non-small cell lung cancer (NSCLC), TNBC, 
clear cell renal cell carcinoma, pancreatic cancer, myeloma and brain 
tumors, display a high dependency on glutamine for their growth and 
survival [97,105–108]. Glioblastoma cells consume high amounts of 
glutamine, exceeding the nitrogen demand required for nucleotide 
synthesis or maintenance of the amino acid pools [109,110]. Mutations 
in IDH1 and IDH2 in about 70% of malignant gliomas are linked to 
altered glutamine metabolism [111,112]. A frequent feature of 
glutamine-addicted cancers is the upregulated expression of the gluta
mine transporter SLC1A5 (also known as ASCT2) [104,113]. Moreover, 
cancers harboring the KRAS oncogene are frequently addicted to 
glutamine for growth and survival. For example, PDAC cells are 
dependent on the transportation of glutamine-derived aspartate into the 
cytoplasm, where it is converted into oxaloacetate, then into malate and 
pyruvate, increasing the NADPH/NADP+ ratio to maintain the cellular 
redox state. Glutamine deprivation in PDAC cells increases reactive 
oxygen species and reduces glutathione [114]. Mutations of BRAF, 
KRAS, and HRAS have also been identified in TNBC, suggesting the 
glutamine dependence of these cancers [115]. In the lung, breast, and 
pancreatic cancer cell lines harboring KRAS mutations, glutamine 
deprivation resulted in an S- and G2/M-phase cell cycle arrest, sug
gesting the potential utility of cell cycle phase-specific cytotoxic drugs 
[116]. Similar to KRAS, deregulated expression of MYC induces gluta
mine addiction, which has been demonstrated in a variety of cancer cell 
lines [117,118]. Glutamine metabolism may be reprogrammed by 
additional cancer mutations involving the TP53, LKB1-AMPK, and 
phosphatidylinositol 3-kinase (PI3K) pathways [104,119]. STK11 
(LKB1) is the second most commonly altered tumor suppressor in 
NSCLC, and the loss of the serine/threonine kinase LKB1 frequently 
cooccurs with KRAS alterations. KRAS mutant NSCLCs bearing LKB1 loss 
with additional activation of the KEAP1/NRF2 pathway are particularly 
dependent on glutamine metabolism, making them specifically sensitive 
to glutaminase inhibition [120]. 

2.5. Targeting glutamine metabolism 

Glutamine and glutamine-related enzymes provide valuable oppor
tunities for developing novel diagnostic approaches and targeted ther
apies against cancer cells [7,121–123]. For example, depleting the 
serum from asparagine and glutamine is universally used in treating 
childhood acute lymphoblastic leukemia with manageable adverse 

effects, suggesting that normal cells can adapt to the limited amino acid 
supply [124]. 

However, depriving tumors of glutamine through diet is not a viable 
approach. The availability of glutamine in the tumor environment is 
often limited, reflecting the metabolic plasticity of cancer cells to use 
other carbon sources to fuel the TCA cycle when glutamine is not 
accessible [125]. Moreover, co-existing cells in the tumor microenvi
ronment, such as stromal cells, fibroblasts, and macrophages, support 
tumor cells by de-novo glutamine synthesis [126,127]. 

The current metabolic approaches focus on glutamine depletion, 
glutaminase inhibition, and inhibition of membrane glutamine trans
porters with pharmacological agents, and excellent summaries discuss 
the mechanisms underlying cancer cell resistance to drugs designed to 
target glutamine metabolism [128,129]. Combining glutamine depri
vation with other anti-cancer therapies to enhance the overall effec
tiveness of cancer treatment is an active area of research [105,130]. 
Simultaneous targeting of glycolysis and glutaminolysis emerges as a 
promising strategy for cancer treatment. Notably, treatment with ami
nooxyacetate (AOA) synergistically increased sensitivity to 2-deoxy- 
glucose, inhibiting cell growth in ovarian cancer cell lines [131]. Met
formin combined with a selective glutaminase inhibitor, BPTES, 
encapsulated in nanoparticles, demonstrated more significant inhibition 
of growth in pancreatic tumor cell lines than individual treatments, 
highlighting the potential of targeting multiple metabolic pathways 
[132]. 

Nevertheless, further research and clinical trials are needed to 
determine the safety, efficacy, and optimal combinations for targeting 
glutamine metabolism and other metabolic pathways. 

2.5.1. Methionin 
Some cancers are heavily dependent on methionine. Methionine 

restriction inhibits one‑carbon metabolism and nucleotide synthesis in 
mice and humans and confers several metabolic benefits [6]. Methio
nine depletion has been linked to enhanced cancer treatment in several 
malignancies, including sarcomas, gliomas, where methionine-cystine 
double deprivation inhibited proliferation [133], prostate cancers, 
where reduced methionine consumption reduced development of the 
TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model 
[134], melanomas, where methionine deficient diet substantially 
potentiated the effects of radiotherapy and diminished the tumors’ 
metastatic potential [135], and breast cancers. In triple-negative BC 
models, dietary methionine deprivation enhanced the antitumor effects 
of lexatumumab [136]. It suppressed the metastatic potential of cells 
both in vitro and in vivo [137]. Dietary methionine restriction yielded 
positive therapeutic outcomes in two patient-derived xenograft models 
of chemotherapy-resistant colorectal cancer driven by RAS mutations. It 
also showed efficacy in a mouse model of radiation-resistant soft-tissue 
sarcoma, characterized by a KRAS G12D mutation and p53 knockout 
[91]. In a well-controlled and well-tolerated dietary study involving 
human subjects, restricting methionine had systemic metabolic effects 
that closely paralleled those observed in mice [91]. Thus, methionine 
restriction confers potential possibilities to be considered in anticancer 
therapies. Nevertheless, the restriction of methionine and cysteine has 
pro-angiogenic effects, pointing to careful consideration of diet alter
ations before advising patients [138]. 

2.5.2. Serine 
In some cancers, extracellular serine supports cellular proliferation, 

whereas other malignancies require de novo serine synthesis, even in 
abundant serine supplementation. Recent studies shed new light on 
active serine synthesis in cancer, suggesting its role in amino acid 
transport, nucleotide synthesis, folate metabolism, and redox homeo
stasis [139]. Anaplerotic reactions are metabolic pathways used to 
replenish intermediates of the citric acid cycle extracted for biosynthesis 
to maintain adequate levels of ATP so that cellular respiration can carry 
on uninterrupted. The enhanced serine synthesis pathway could 
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significantly contribute (~50%) to the anaplerosis of glutamine into the 
mitochondrial TCA cycle [140]. The enzyme phosphoglycerate dehy
drogenase (PHGDH) catalyzes the first step in the serine biosynthesis 
pathway. Protein levels of PHGDH are elevated in 70% of estrogen re
ceptor (ER)-negative breast cancers, associated with increased serine 
synthesis flux, suggesting that certain breast cancers depend upon 
increased serine metabolism [140]. Deprivation of dietary serine was 
harmful to tp53-deficient colon tumors because the cells failed to induce 
G1 arrest in vivo. Moreover, these cells failed to channel the residual 
serine for glutathione production and used it for nucleotide synthesis, 
resulting in oxidative stress [141]. Simultaneous deprivation of serine 
and glycine reduced tumor growth and increased survival in genetically 
engineered mouse models of intestinal cancer (driven by APC inactiva
tion) and lymphomas (driven by MYC activation) [142]. 

Dietary restriction of amino acids may synergize with anticancer 
therapies. The absence of exogenous serine and glycine sensitized 
colorectal, breast, and pancreatic cancer cell lines, patient-derived 
organoids, and syngeneic mouse tumor models to radiotherapy. The 
comprehensive metabolomic and transcriptomic analysis revealed that 
amino acid restriction impacted antioxidant response nucleotide syn
thesis and inhibited the TCA cycle [143]. Thus, dietary deprivation of 
serine, or serine and glycine, is promising, but additional studies are 
needed in combination cancer therapies. 

One early-phase exploratory clinical trial currently explores the ef
fects of Non Essential Amino Acid Restricted medical food (NEAAR) for 
patients diagnosed with metastatic pancreatic cancer (NCT05078775). 
Moreover, the MACS (NCT04469296) trial analyzes the feasibility of 
restricted proteins or ketogenic diet modifications before breast cancer 
surgery for patients with early luminal breast cancer (Table 2). 

2.5.3. Branched-chain amino acids (BCAAs) 
Branched-chain amino acids (BCAAs: leucine, isoleucine, and valine) 

are essential amino acids acquired mainly from the diet and regulate 
protein metabolism via multiple pathways, including mTOR signaling 
[144]. Cancer cells require elevated nutrient uptake for increased 
biomass production, and elevated BCAA uptake and BCAA catabolism 
have been observed in various cancers [145]. In chronic myeloid leu
kemia (CML), BCAT1, a cytosolic aminotransferase for BCAAs, was 
aberrantly upregulated and linked to progression and disease outcome 
[146]. In human pancreatic ductal adenocarcinomas (PDAC), BCAAs 
provide a carbon source for fatty-acid biosynthesis, while elevated BCAA 
uptake was linked to disease progression [147]. 

Based on the metabolomes and consumption profiles of the NCI-60 
cancer cell lines representing nine human cancers, leucine is the most 
heavily used amino acid in the human proteome [148]. Leucine also acts 
as a signaling molecule activating mTORC1 signaling through sestrin-2, 
a cytosolic leucine sensor [149]. Due to the low activity of BCAA 
aminotransferase, BCAAs, including leucine, do not undergo primary 
catabolism in the liver; therefore, leucine concentration increases 
rapidly after a meal in the circulation, indicating the potential for di
etary restrictions targeting these amino acids [150]. Leucine deprivation 
inhibited proliferation and induced apoptosis in breast cancer models by 
reducing the expression of fatty acid synthase, although the effects were 
relatively modest [151]. In a mouse model of CRC, dysregulated amino 
acid sensing involving the expression of the genes Sesn2, Wdr24, or 
Depdc5 induced mTORC1 activation, leading to chemotherapy (5FU) 
resistance. Drug resistance could be reverted by limiting amino acids in 
the diet, particularly by depriving the leucine content [152]. 

2.6. Lipids 

Lipids represent a class of molecules with enormous structural 
complexity and equally diverse functions in cellular physiology as 
essential structural components of biological membranes, secondary 
messengers in signal transduction pathways, and fuel sources for energy 
production. Fatty acids are obtained from the diet or can be synthesized 

de novo from carbohydrate precursors and are stored in the body as 
triglycerides. 

Energy production in normal conditions primarily relies on pathways 
involving stored carbohydrates or non-carbohydrate compounds. Under 
these typical physiological circumstances, the liver continually synthe
sizes a minimal quantity of ketones for utilization as an energy source 
[153]. The conversion of fatty acids into ketone bodies is upregulated in 
the liver when insulin levels are low, glucagon levels rise, and fatty acid 
concentrations are elevated, as typically observed during fasting, star
vation, or adherence to a low-carbohydrate diet. The liver oxidizes fatty 
acids to ketone bodies β-hydroxybutyrate, acetone, and acetoacetate, 
which are then used by the TCA cycle in other tissues [154,155]. 

Obesity and associated metabolic alterations augment cancer risk 
and worsen the prognosis [156]. In obese individuals, adipocyte accu
mulation in locations not classically associated with adipose tissue has 
systemic effects by altering the steroid hormone homeostasis and insulin 
sensitivity, causing low-grade inflammation [156]. Fat accumulation 
also alters the cellular composition of the tumor microenvironment, 
especially in tumors close to adipose tissue, such as breast, ovary, or 
colon tumors [157]. 

Cancer cells are able to reprogram their lipid metabolism by upre
gulating enzymes to increase de novo cholesterin synthesis or exog
enous uptake of fatty acids [158,159]. Several studies found associations 
between altered lipid metabolism and cell migration, invasion, and 
angiogenesis, the essential steps toward forming metastases [156]. 
Increased expression of lipogenic enzymes such as fatty acid synthase, 
responsible for the terminal catalytic step in fatty acid synthesis, is a 
long-recognized metabolic feature of tumors [160]. 

Hypoxia, driven by the activity of hypoxia-inducible factors (HIFs), 
enhances lipogenesis by modulating proteins involved in various aspects 
of fatty acid metabolism, including uptake, hydrolysis, synthesis, stor
age, and usage and promotes lipid storage by the formation of lipid 
droplets [161,162]. Under hypoxic conditions, HIF-1 stimulates the 
upregulation of Lipin 1, a crucial protein involved in the biosynthesis of 
triglycerides, which are the primary constituents of lipid droplets [161]. 
The increase in lipid uptake under hypoxia may seem counterintuitive, 
given that fatty acid oxidation typically requires oxygen. However, it 
represents an adaptive response to challenging environmental condi
tions, as lipid droplets provide an energy reserve for when oxygen be
comes available again. Lipid droplets may also sustain tumor cells 
during nutrient scarcity or metabolic stress. Importantly, this energy 
generation process occurs through beta-oxidation, which does not rely 
on oxygen [162]. This flexibility in energy utilization helps cancer cells 
survive and proliferate under the dynamic and often harsh conditions 
within the tumor microenvironment [163]. 

Some tumors progress rapidly in the presence of fat as the primary 
energy source in the diet [164]. For example, in some models of breast 
cancer, metabolic stress or MYC-overexpression activates fatty acid 
oxidation for ATP production [164,165]. Whole transcriptome profiling 
of breast tissues before and after tumor diagnosis revealed a significant 
upregulation of genes involved in fatty acid uptake/transport, lipolysis, 
and lipid peroxidation in the susceptible breast epithelium [166]. 
Glioblastomas, prostate cancers, and diffuse B-cell lymphomas are also 
actively uptaking and oxidizing fatty acids, especially during metastasis 
and cellular stress [167]. These findings suggest that the increasingly 
popular high-fat ketogenic diet might have adverse, tumor-promoting 
effects in some malignancies. 

In summary, cancers are highly heterogeneous in their metabolic 
dependencies and preferred energy sources [2]. Although the tissue of 
origin profoundly determines metabolic pathways and the prefer
ence for metabolites, cancer metabolism is remarkably dynamic [168]. 
While much has been learned about cancer metabolism, much remains 
to be uncovered and understood about the complex metabolic processes 
involved in cancer initiation and progression. Nevertheless, adjusting 
therapy selection to particular metabolic demands and pathway acti
vations of cancers may lead to the next level of precision medicine 
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[169]. 

3. Systemic therapies targeting the tumor metabolism 

3.1. Anti-metabolite pharmaceutics 

We briefly cover the pharmacologic targeting of metabolic enzymes. 
Anti-metabolites disrupting a cellular function essential for cellular 
division have been used in anticancer therapy for decades. The earliest 
example was the anti-folate aminopterin in children with acute lym
phocytic leukemia (ALL), which changed the course of a previously fatal 
disease. Methotrexate, another folate antagonist with L-asparaginase, is 
still used to treat childhood ALL. More recently, the discovery of mu
tations in isocitrate dehydrogenase (IDH) in gliomas and acute myeloid 
leukemias producing the oncometabolite d-2-hydroxyglutarate 
[170,171], led to the approval of ivosidenib and enasidenib, inhibitors 
of the mutated IDH1 and IDH2, respectively, for relapsed/refractory 
IDH-mutated AML [172]. The discovery of IDH mutations allowed the 
precise targeting of particular metabolic pathways, starting a promising 
new era in metabolic cancer therapy. Overall, only a few metabolism- 
based drugs have been translated from the bench to the bedside [7]. 

Clinical translation of metabolic derangements in tumor cells is 
challenging for several reasons. On the one hand, tumor metabolic 
pathways frequently overlap with the metabolism of healthy cells, 
narrowing the therapeutic window. Moreover, the same pathways are 
used by antitumor cells in the tumor microenvironment: numerous 
metabolic similarities exist between tumors and cells of the immune 
system, particularly in immune cells that transition from a resting stage 
to activated effector cells (G. Andrejeva & J. C. Rathmell, 2017). Several 
promising substances in clinical trials target metabolic pathways in 
malignancies; however, many are in the early phase (Lemberg et al., 
2022). Due to the high toxicity of antimetabolites, combination thera
pies that block multiple metabolic pathways at lower concentrations 
may be superior to single-agent therapies. 

3.2. Dietary alterations influence cancer development and progression 

The relationship between diet and cancer is a complex and evolving 
field of study. While systemic nutrient content impacts tumor growth, 
the extent to which diet plays a role in tumor initiation and progression 
is only beginning to be understood. 

Diet modifications may take different forms: some interventions 
manipulate the content by supplementing or restricting certain nutri
ents, while other approaches control calories, timing, and feeding fre
quency. There are distinctions between dietary restrictions, caloric 
restrictions, and nutrient restrictions. Dietary restrictions refer to 
limitations or modifications encompassing various aspects of a person’s 
overall diet, including types of food, meal timing, and portion sizes. In 
the context of cancer, dietary restrictions may involve avoiding foods 
believed to promote cancer growth or adhering to specific dietary pat
terns known for their cancer-fighting properties. This paper discusses 
two specific dietary restrictions: caloric restriction focuses on reducing 
the total calories consumed while maintaining adequate nutrition to 
extend lifespan, improve metabolic health, and potentially reduce the 
risk of age-related diseases, including cancer. Nutrient restriction is a 
more focused form of dietary restriction that involves limiting specific 
nutrients in the diet linked to the growth of cancer cells, such as glucose 
or specific amino acids. 

Restriction of specific nutrients or the overall calorie content can 
have an anti-tumorigenic effect through several mechanisms, including 
i) deprivation of tumors from essential nutrients they became addicted 
to, ii) the enhancement of anticancer therapies, and iii) activation of the 
anticancer immune response. In the rest of the paper, we focus on the 
effects of caloric restriction and glucose deprivation, as the effects of 
supplementations on cancer progression are summarized in various 
excellent papers [6,173]. 

3.3. Nutrient restrictions: dietary deprivation of carbohydrates, the 
ketogenic diet 

3.3.1. Types of the ketogenic diet 
The ketogenic diet (KD), developed in the 1920s for treating re

fractory epilepsy [174], soon attracted interest in slowing the progres
sion of certain malignancies. The German physician Wilhelm Brünings 
started experimenting with hypoglycemic treatments, including insulin 
administration and KD, to treat head and neck cancers as early as 1943 
with encouraging short-term results [175]. 

Traditional KD consists mainly of fat (90%) with a minimal car
bohydrate (2%) and protein (8%) content, with a ratio by weight of fat to 
protein plus carbohydrate of 4:1 (or 3:1, or 2:1, where more protein is 
required for rapid growth, such as in children and adolescents). Besides 
macronutrient composition, other factors are increasingly recognized 
for long-term adherence and efficacy [176]. Modifications to the tradi
tional bland and restrictive KD include increasing the fat proportion or 
supplementing KD with medium-chain triglycerides (MCTs), omega-3 
fatty acids, or ketone esters to enhance the anti-tumor effects 
[177–180]. Medium-chain triglycerides (MCT) are liquid fats and more 
ketogenic than the long-chain fats of the traditional KD. MTCs are 
swiftly absorbed into the bloodstream and readily oxidized for energy 
due to their ability to diffuse through membranes [181], stimulating the 
synthesis of ketone bodies in the liver [182], although high concentra
tions may cause gastrointestinal distress. An MCT-supplemented KD 
was first introduced into cancer research in 1987, reversing the 
cachectic process and reducing the tumor weight in a colon adenocar
cinoma model [183]. With an 8:1 ratio comprising 25% MCTs and 75% 
long-chain triglycerides (LCTs), the modified KD decelerated tumor 
growth more effectively than the KD consisting solely of LCTs [177]. 

Other alternatives to KD include the Atkins diet, developed in the 
1970s for weight loss, which promotes a low carbohydrate, high-fat diet 
without calorie or protein restriction. The modified Atkins diet (MAD) 
is more restrictive, allowing 15–20 g/day of carbohydrates (10 g/day in 
children) and encouraging high-fat food without fluid, caloric, and en
ergy restrictions [184]. The low glycemic index diet, as a ketogenic- 
like diet, encourages the consumption of carbohydrates with low gly
cemic index, which could be as effective but more palatable than the 
traditional KD [185]. 

The paleolithic KD, developed by the gastroenterologist Voegtlin, 
consists of at least 70% animal-based food with a fat: protein ratio of 
approximately 2:1 in grams, with a preference for fatty red meats over 
lean meats, including liver, brain, and marrow [186]. The diet restricts 
the consumption of dairy, milk, grains, cereals, legumes, oilseeds, 
nightshades, all plant oils, refined sugars, artificial sweeteners, and 
foods with additives. The classic version of the KD has been associated 
with various early-onset complications, including hypomagnesemia as 
one of the most well-known side effects [187]. The paleolithic KD en
sures adequate magnesium levels, moreover, it does not predispose to 
vitamin C deficiency [188,189]. The efficiency of the various KD ap
proaches underscores the importance of optimizing diet composition to 
inhibit tumor growth more effectively. 

3.3.2. Mechanisms behind the KD 
KD mimicks a chronic fasting state by suppressing the feeding- 

induced insulin spike and inducing persistently elevated circulating 
ketone bodies, offering alternative approaches to fasting-mimicking 
diets [190]. KD slightly decreases body weight and increases whole- 
body oxygen consumption and energy expenditure [154]. 

When carbohydrate intake is insufficient due to caloric restriction, 
prolonged fasting, high-fat, low-carbohydrate KD, or endurance exer
cise, hepatic ketogenesis increases, and oxidation of fatty acids in
tensifies. In the liver, circulating fatty acids are transformed into ketone 
bodies, mainly β-hydroxybutyrate, acetone, and acetoacetate, increasing 
the circulating levels of ketones, which are then exported to other tissues 
[155]. In healthy adults, total ketone body concentrations exhibit 
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circadian oscillations between 100 and 250 μM. Ketosis is achieved 
when blood β-hydroxybutyrate reaches 0.5 mmol/L concentrations 
[191]. After prolonged exercise or 24 h of fasting, ketone concentrations 
rise to ~1 mM but can reach 20 mM in pathological states like diabetic 
ketoacidosis [192]. The daily 300 g of ketone bodies produced by the 
liver supply about 5–20% of energy requirements, depending on fed, 
fasted, or starved states [193,194]. 

Among the ketone bodies, β-hydroxybutyrate and acetoacetate are 
more abundant than acetone, and their generation and utilization are 
regulated on several levels. Ketogenesis occurs in the mitochondrial 
matrix through a series of enzymatic reactions, assisted by a rate- 
limiting ketogenic enzyme 3-hydroxy-3-methylglutaryl-CoA synthase 2 
(HMGCS2), abundantly expressed in the hepatocytes [195]. In the liver, 
the lack of metabolic enzyme succinyl-CoA:3-ketoacid CoA transferase 
(SCOT) prevents liver cells from using ketone bodies for energy; there
fore, β-hydroxybutyrate and acetoacetate enter the bloodstream to be 
distributed to different body tissues with the help of monocarboxylate 
transporters [196]. Ketone bodies are primarily used by the heart and 
the brain and in smaller amounts by other organs, where they are 
oxidized into acetyl-CoA. Acetyl-CoA enters the TCA cycle, or lipogen
esis, or is excreted by the urine [155]. 

In the brain, which does not effectively take up fatty acids, 
β-hydroxybutyrate and acetoacetate are widely assumed to be the major 
fuels during ketosis and are metabolized mainly via mitochondria to 
produce adenosine triphosphate (ATP). An isotope tracing of circulating 
nutrients comparing high-carbohydrate-rich diets and KD showed that 
glucose remained the largest TCA substrate of the brain along with 
lactate [154]. Nevertheless, during a short-term (4 days) high-fat KD, 
ketone bodies supplied as much as 33% of brain energy requirements 
and were utilized at a rate inversely proportional to glucose [197]. 
During prolonged starvation, a more pronounced shift was reported 
toward ketone bodies as a fuel supply for the brain [192]. Moreover, 
β-hydroxybutyrate was capable of supplying all basal (housekeeping) 
energy requirements of the brain and around half of the energy needs of 
neuronal activity if the blood concentration of β-hydroxybutyrate was 
high enough [198,199]. In addition to functioning as an alternative 
energy source during energy stress, β-hydroxybutyrate also operates as a 
signaling molecule affecting a broad range of physiological processes at 
cellular and systemic levels, affecting stress response, orchestrating an 
antioxidant defense program and exerting a neuroprotective role 
[200,201]. 

Some tumors cannot efficiently utilize ketone bodies for energy 
during glucose withdrawal. Ketone bodies are metabolized exclusively 
in mitochondria, but widespread defects in mitochondrial structure and 
function in cancer cells impair the tumor’s reliance on ketones [202]. 
Also, many tumors do not express the SCOT enzyme necessary to utilize 
ketone bodies [203]. 

Ketone bodies possess several additional characteristics that impair 
cancer cell proliferation and survival: in normal cells, ketones decrease 
mitochondrial ROS production and enhance endogenous antioxidant 
defenses, but not in cancer cells [204], ketones decrease the rate of 
glycolysis, reducing energy resources of tumors [205,206], and 
β-hydroxybutyrate may act as an endogenous HDAC inhibitor [207], 
thus by controlling the cancer epigenome ketones may alter the 
expression of oncogenes and tumor suppressors [200,208,209]. 

3.3.3. KD in preclinical studies 
A growing number of preclinical studies suggest some effectiveness 

of KD in anticancer therapy, leading to increased survival and decreased 
tumor growth [210–213]. Nevertheless, the effectiveness of KD mono
therapy widely varies across tumor models and depends on timing and 
particular aspects of the diet [214]. 

Delayed tumor growth and reduced inflammation were reported in 
mice inoculated by mouse colon or human gastric cancer cell lines and 
fed by KD [179,215]. KD has also been linked to prolonged survival in 
mouse models of malignant glioma, explained by both direct tumor 

growth inhibition and suppression of the pro-inflammatory microenvi
ronment [216]. In mice with astrocytomas, a restricted standard diet 
and KD reduced tumor growth and plasma levels of IGF-1 [217]. KD-fed 
mice also showed increased innate and adaptive immune responses, 
including increased cytokine production and CD4 infiltration, suggest
ing an adjuvant immunologic role of the diet [218]. Ketone adminis
tration elicited anticancer effects in vitro and in vivo independent of 
glucose levels or calorie restriction: in vitro ketone supplementation, 
even in the presence of high glucose concentration in the culture media, 
decreased cellular viability and proliferation of VM-M3 cells. Dietary 
ketone supplementation with 1,3-butanediol or a ketone ester, which 
are metabolized to the ketone bodies β-hydroxybutyrate and acetoace
tate, prolonged survival in VM-M3 mice with metastatic cancer by 51 
and 69% [202]. 

Meta-analyses and systematic reviews provide beneficial insight into 
the field’s current state. Eight studies out of nine exploring the rela
tionship between carbohydrate restriction and cancer supported the 
protective role of KD in involving prostate, brain, gastric, and metastatic 
cancers on murine models [12]. In a systematic review, 72% of animal 
studies yielded evidence of the antitumor effects of KD [219]. Pooled 
results of 17 animal studies indicated significantly prolonged survival 
time and reduced tumor weight and tumor volume after KD mono
therapy in certain tumor types [212]. A recent and more robust meta- 
analysis reporting on 65 mouse experiments corroborated the survival- 
prolonging effect of KD monotherapy [211]. 

There is evidence of synergy between KD and anti-cancer therapies in 
preclinical studies: for example, KD enhanced survival when combined 
with whole-brain radiation in mice [220]. KD has also been suggested to 
have implications in treating malignancies with altered PI3K signaling. 
PI3K inhibitors induce insulin feedback that reactivates the PI3K–mTOR 
signaling axis in tumors, compromising treatment effectiveness. KD 
reduced the systemic insulin response in model tumors in mice and, 
combined with PI3K inhibitors, widened their efficacy in a wide range of 
tumors [221]. A meta-analysis reported that KD combined with radio
therapy and targeted therapy, based on the results of four and ten ex
periments, increased survival in murine models of cancers. However, the 
same study could not identify a synergy between KD and chemotherapy 
[211]. 

Nevertheless, in a neuroblastoma xenograft model, metronomic 
cyclophosphamide combined with MCT-supported KD suppressed tumor 
growth and reduced tumor blood vessel density [177]. In mice bearing 
NCI-H292 and A549 lung cancer xenografts, KD slowed tumor growth 
when combined with radiation therapy or radiation-carboplatin treat
ment by a mechanism that may involve increased oxidative stress [222]. 
KD also synergized with the anti-programmed cell death 1 (PD-1) 
immunotherapy in animal models of RET melanoma, renal cell carci
noma, and lung cancer [223]. Additionally, KD improved overall sur
vival when combined with anti-cytotoxic T lymphocyte-associated 
protein-4 (CTLA-4) immunotherapy in mouse tumor models and 
enhanced the efficacy in breast and colon cancer cells [224]. 

3.3.4. KD in clinical studies 
Data are slowly accumulating from clinical studies suggesting the 

safety, feasibility, and some beneficial effects of KDs during cancer 
therapy. According to a systematic meta-analysis of fifteen studies on 
isocaloric KD in cancer patients, 37% of the participating 177 patients 
could adhere to the dietary recommendations. However, the overall 
antitumor effect of the KD was not significant. Nevertheless, the studies 
utilized different types of KD, with inconsistent and inadequately 
described protocols, complicating the direct comparisons [225]. In 
another systematic review, four studies showed beneficial effects of KDs 
on overall- and progression-free survival across 13 individual clinical 
studies. However, most trials were plagued by severe weaknesses, 
including small sample sizes, low compliance, or lack of controls [214]. 

During a four-week pilot study of ten patients with advanced and 
progressive cancers, the extent of ketosis but not calorie deficit or weight 
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loss was associated with stable disease or partial remission in five par
ticipants [226]. A prospective clinical trial from Japan investigated the 
effects of an MCT-supplemented KD on response rates in stage IV colon 
cancer patients receiving chemotherapy. The trial identified an overall 
response rate of 60% in the KD group and 21% in the control group, 
indicating a synergistic effect between KD and chemotherapy. However, 
the conclusions are based on a relatively low number of patients, with 
ten participants in the KD and 14 in the control group [227]. A ran
domized trial investigated the effects of MCT-based KD on breast cancer 
patients with locally advanced or metastatic disease. Fasting blood sugar 
decreased while serum levels of ketone bodies increased in the KD 
group, and among patients treated with neoadjuvant chemotherapy, the 
overall survival was higher in the intervention group (p < 0.04) [228]. 
In a retrospective study, 44 patients with stage IV metastatic NSCLC 
were treated with a combination of metabolically administered 
chemotherapy, KD, hyperbaric oxygen, and hyperthermia. Despite the 
large percentage of patients with unfavorable prognostic factors, the 
treatment combination resulted in a higher-than-expected overall and 
progression-free survival compared to values from the literature [229]. 

In a study involving tumor patients in primary care clinics, of the 
four palliative patients who adhered to a strict KD, one patient with 
metastatic breast cancer experienced complete remission of bone and 
lung metastases, and another with ovarian cancer experienced stable 
disease [230]. The expression of transketolase-like-1 (TKTL1), a marker 
associated with aerobic glycolysis, was correlated with tumor status, and 
adherence to the strict KD was associated with reduced TKTL1 levels 
[230]. In a case study involving a patient with a myoepithelial tumor of 
the soft palate, not treated by conventional treatment, the paleolithic KD 
resulted in a halted progression of the tumor, with lasting effect at the 
20-month follow-up [231]. 

Regardless of the survival outcomes, several reports support that 
patients who adhere to the KD diet tend to retain higher portions of 
skeletal muscle mass and more favorable body composition than the 
controls [214]. 

3.3.5. Factors influencing the efficacy of KD 
The efficacy of KD is influenced by multiple factors, including the 

cancer type, subtype, genetic and metabolic background: while KD 
showed some efficacy in gliomas, glioblastomas, and neuroblastomas, 
there were little or no effects in other brain tumors [232,233]. In IL-6- 
producing cancers, such as colon or pancreatic tumors, IL-6 reduces 
the hepatic ketogenic potential and impairs the response to the KD, 
while caloric deficiency triggers a rise in glucocorticoid levels, ulti
mately resulting in cancer cachexia [234,235]. Thus, unfortunately, 
accelerated cachexia will shorten survival in IL-6-producing cancers 
despite the decreased tumor growth. The phenomenon results from the 
interaction of two NADPH-dependent pathways: increased lipid perox
idation and saturation of the glutathione (GSH) system lead to the fer
roptotic death of cancer cells, and at the same time, redox imbalance and 
NADPH depletion impair corticosterone biosynthesis [236]. Dexa
methasone administration to mice increased food intake, normalized 
glucose levels, delayed cachexia, and extended the survival of tumor- 
bearing mice fed KD while maintaining reduced tumor growth [236]. 
In addition, despite renal cell carcinomas (RCC) displaying similar en
ergetic features as neuroblastomas, KD dramatically decreased the sur
vival of mice with RCC due to massive weight loss, potentially also 
affected by the associated hepatic dysfunction [237]. 

Thus, a few cancers progress rapidly when fat is the primary 
energy source in the diet [164], including some AML models, where KD 
also accelerates disease progression [221]. For example, breast cancer 
cells undergoing metabolic stress upon loss of attachment activated fatty 
acid oxidation for ATP production [164], and reliance on dysregulated 
fatty acid oxidation has also been identified in an MYC-driven model of 
triple-negative breast cancer [165]. Additionally, a high-fat diet 
enhanced the stemness and tumorigenicity of LGR5(+) intestinal stem 
cells and progenitor cells and allowed aberrant proliferation in vivo and 

colony formation in vitro [238]. Therefore, it is essential to study the 
metabolic preferences of each tumor with careful evaluation for every 
type and subtype before adopting any dietary recommendations for 
patients. 

3.3.6. Current clinical trials on KD 
While KD may have some potential benefits in preclinical studies, it 

is not recommended as a standalone treatment for cancer; however, it 
can only be used under the guidance of a healthcare provider. It may not 
be appropriate for all individuals due to its side effects, such as nausea, 
fatigue, and constipation. More randomized studies with clear, standard 
protocols and strict compliance monitoring are needed for definitive 
conclusions. 

Currently (as of September 2023), 32 clinical trials are recruiting, 
will be recruiting, or are active but not recruiting participants for 
various cancer therapies complemented by KD (www.clinicaltrials. 
gov) (Table 2). Most focus on gliomas, glioblastomas, and recurrent or 
metastatic brain tumors (12 out of 32), and five studies are designed to 
study the effects of KD on breast cancer patients (Table 2). Hopefully, 
the results will address the limitations of previous research and provide 
more precise insights into its clinical feasibility. 

3.4. Caloric restriction 

Caloric restriction (CR) is based on a reduced energy intake (by 
15–40%) for an extended period with a balanced ratio of macronu
trients and has been linked to enhanced health and longevity in obese, 
overweight, or normal-weight individuals [239]. In the CALERIE phase 
II clinical study, two years of 25% CR on healthy humans persistently 
reduced blood pressure, insulin sensitivity, cholesterol levels, and 
metabolic syndrome score, decreasing the 10-year risk of cardiovascular 
disease by 30% [240,241]. In addition, the intervention improved 
several liver biomarkers [242], and reduced whole-body inflammation 
[243]. Moreover, sustained caloric restriction slowed the effects of aging 
[244–246]. Increased inflammation, aging, and metabolic imbalance are 
associated with cancer initiation and progression; therefore, it is un
surprising that a solid rationale can explain the beneficial anticancer 
effects of CR in preclinical animal studies [12]. For instance, in a 20- 
year-long longitudinal study involving rhesus monkeys, a 30% caloric 
restriction (CR) regimen delayed the onset of age-associated pathologies 
and reduced the incidence of neoplasia by 50% compared to the control 
group. Among the control animals, 37% succumbed to age-related 
causes, whereas only 13% of the CR group met the same fate. Further
more, none of the animals on CR exhibited impaired glucose metabolism 
[247]. In a seemingly parallel study conducted by the National Institute 
on Aging (NIA), the CR regimen implemented in both young and older 
rhesus monkeys did not lead to improved survival outcomes despite an 
overall enhancement in health. Several factors may account for the 
disparate results observed between the two studies, including variations 
in diet composition, vitamin and mineral supplementation, access to 
food in the control groups (either ad libitum or near ad lib), and the 
genetic diversity of the two animal populations [248]. Despite these 
distinctions, the significantly improved cancer incidence rates and the 
reinforced immune response observed in the young-onset CR group in 
the NIA study affirm the effectiveness of caloric restriction in preserving 
health. 

However, adherence to CR regimens, especially in cancer patients, is 
not feasible in clinical settings due to the potential danger of muscle loss 
[249]. Another concern is the anti-inflammatory effect of CR, especially 
in immunodeficient patients due to illness or therapy [250]. 

Alternative diets are being developed to mimic the effects of CR 
without its adverse side effects. There is a wide variation across feeding 
protocols, and the categories may not be mutually exclusive. Experi
mental designs belong to several major types: i) short-term fasting or 
periodic water-only fasting when 3–4 days or more extended periods of 
low-calorie intake are followed by regular feeding for weeks or months; 
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ii) intermittent fasting, in which usually cyclical short periods (1–2 days) 
of fasting or low caloric intake are interspersed between 1 and 5 days of 
ad libitum (AL) feeding bouts; iii) time-restricted feeding (TRF), which 
limits food intake into a daily 4–12 h window, but can be isocaloric in 
compositions; and iv) fasting mimicking diets (FMD), based on a cycli
cally administered, plant-based, calorie, sugar, and protein-restricted 
composition. It is important to note that various feeding models may 
have different synergistic effects with anticancer therapies. 

Also, many early publications on caloric restriction did not distin
guish between expressions of fasting and starvation, but there is a major 
physiological distinction between the two processes. Fasting is a 
voluntary and controlled, often short-term practice, where an individual 
deliberately abstains from consuming food or caloric beverages for a 
specified period, and when practiced safely and appropriately, it may 
have health benefits. On the other hand, starvation is an involuntary and 
uncontrolled condition when an individual lacks access to essential 
nutrients, including macronutrients and micronutrients, resulting in 
severe health consequences, such as malnutrition and dehydration. The 
majority of the findings in this paper refer to fasting, and all exceptions 
are otherwise stated and explained. 

3.5. Types of caloric restrictions 

3.5.1. Intermittent fasting (IF) 
Intermittent fasting (IF) is an eating pattern involving alternating 

fasting periods with periods of a regular diet. It has many forms, most 
frequently based on alternate-day fasting (ADF), also called every-other- 
day (EOD) feeding, or periodic prolonged fasting (PF) when fasting lasts 
up to 24 h once or twice a week. There is a wide variation in fasting 
protocols, with some allowing calorie intake on fast days while others do 
not [251]. Strictly speaking, time-restricted feeding (TRF) is also a form 
of IF, but we discuss TRF separately. 

In mice, EOD feeding extends the average lifespan by 12–27% 
[252,253], explained by a delay in the development of malignant dis
orders [254]. On a particular strain (OF1) of middle-aged mice, 
alternate-day fasting decreased the production of mitochondrial reactive 
oxygen species and the incidence of age-associated lymphoma [255]. 
The effect of IF is related mainly to the metabolic conversion to use 
ketone bodies instead of glucose as an energy source, and the reduced 
levels of glucose, insulin, and IGF1 are accompanied by cell death. 
However, the refeeding cycles during IF may increase proliferative ac
tivity in the affected tissues driven by the replenishment of growth 
factors that may contribute to the initiation of malignant trans
formation. In rats treated with a subnecrogenic dose of the carcinogen 
diethylnitrosamine (DENA) 24 h post-refeeding, no focal lesions devel
oped in the ad libitum group, while a significant number of focal lesions 
were identified in animals kept on IF diets [256]. Additionally, in SCID 
mice, twice weekly 24-h fasts (IF) followed by ad libitum feeding did not 
delay prostate xenograft tumor growth nor improve survival [257]. A 
systematic meta-analysis found that 37.5% of studies on IF did not show 
preventative effects against cancer development, highlighting the need 
for further research. 

3.5.2. Time-restricted feeding (TRF) 
During TRF, the timing and distribution of meals and the duration of 

fasting play a crucial role. The circadian system, with master pacemaker 
neurons in the central nervous system and peripheral clocks, regulates 
gene expression in various organs and coordinates the activity of hor
mones and enzymes involved in metabolism [258]. Prolonged fasting 
during sleeping is associated with increased hepatic gluconeogenesis 
and a rise in plasma-free fatty acids, ghrelin, and growth hormones 
[259]. The misalignment between fasting-feeding and sleep-wake cycles 
has implications for metabolic processes. Nocturnal mice fed high-fat 
diets during the 12 h light phase gained significantly more weight 
than mice fed during the 12 h dark phase [260]. The alignment of time- 
restricted feeding of high-fat diets with daily activity prevented the 

development of fatty liver disease and obesity in mice [261]. Meal 
timing similarly impacts human health [262]. Limiting food intake to 
the beginning or the middle of the day improved metabolic markers, 
decreased body fat and insulin resistance, and resulted in weight loss 
without calorie counting [263–266]. Bigger breakfasts and smaller 
dinners positively affected the cardiac autonomic nervous system and 
lipid metabolism [267]. Consuming meals before 3 p.m. during a 6-h 
window in prediabetic men ameliorated markers of diabetes by 
improving insulin sensitivity, β cell responsiveness, blood pressure, and 
oxidative stress without weight loss [268]. Nevertheless, based on a 
smartphone app to monitor daily eating patterns, half of the monitored 
adult human population displayed an erratic eating and fasting pattern 
[264]. 

Hyperglycemia has been identified as one of the critical pathogenic 
metabolic components linked to increased cancer risk. An analysis of 14 
studies found a positive relationship between glycosylated hemoglobin 
(HbA1c), a marker of hyperglycemia, and the incidence of numerous 
cancers independent of diabetes [269]. Accordingly, low-baseline gly
cemia is linked to increased survival in triple-negative breast cancer 
[270], while high fasting blood glucose is an independent risk factor for 
breast cancer development both in pre-and postmenopausal women 
[271], and for cancer death in estrogen receptor-positive breast cancer 
patients [272]. In addition, a study based on data from over 2000 
women found an association between nighttime fasting and glycemic 
regulation: an increase in nighttime fasting duration was associated with 
reduced elevated HbA1c, and mean fasting durations of over 13 h 
resulted in decreased recurrence of breast cancer [273,274]. 

3.5.3. Fasting-mimicking diet (FMD) 
Compliance with prolonged water-only fasting or restricted food 

intake is challenging for humans and has potential adverse effects, such 
as exacerbation of malnourishment in frail subjects, including cancer 
patients. Longo and colleagues have developed an alternative dietary 
intervention, called a fasting-mimicking diet (FMD), to emulate the 
physiological effects of prolonged fasting without complete food depri
vation. The low-protein, low-carb plant-based diet comprising 
roughly 200–1100 kcal per day is based on soup, herbal tea, energy bars, 
nuts, and supplements and is administered for 3–5 days, often repeated 
in cycles every couple of weeks [275–277]. FMD maintains a physiologic 
fasting-like state without actual fasting: in a clinical trial, the FMD 
regimen for five days reduced median blood glucose, insulin, and IGF1 
concentration by 18.6%, 50.7%, and 30.3%, respectively, reaching 
levels comparable to water-only fasting [276], while minimizing loss of 
lean body mass [275]. Nevertheless, in 4 T1 murine metastatic models of 
breast cancer, mild levels of daily caloric restriction (20%) produced a 
more robust antitumor response than caloric cycling by FMD [278]. The 
relatively short-term and low-level CR did not reduce lean body mass in 
mice; thus, daily CR could be evaluated as a short-term adjuvant inter
vention when coupled with existing therapies. 

3.5.4. An alternative option: Caloric restriction mimetics (CRM) 
Patients, particularly cancer patients, have difficulties adhering to 

fasting, and in most clinical trials, compliance with caloric restrictions is 
problematic. Caloric restriction mimetics (CRMs) can recapitulate some 
metabolic effects of fasting, particularly by eliciting pharmacological 
autophagy by reducing cellular protein acetylation [279]. Injections 
with hydroxycitrate, a CRM, reduced the bioavailability of IGF-I in vivo 
and mimicked the physiological effects of fasting without significant 
weight loss. CRM treatments improved the outcome of various malig
nancies treated with simultaneous methotrexate chemotherapy. The 
tumor-reducing and survival-improving effects diminished when CD8+
T lymphocytes were depleted from the system, suggesting that the 
synergistic effects between CRMs and chemotherapy depend on an 
adaptive cellular immune response [280]. Autophagy-deficient cells 
could escape immunosurveillance by attracting Tregs into the tumor 
bed; hence, both fasting and CRMs improved the efficacy of 
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chemotherapy via immunological mechanisms that reduce intratumoral 
Treg infiltration [280]. 

3.6. Systemic responses to caloric restrictions 

Fasting in mammals alters the circulating level of numerous hor
mones and metabolites in a tissue-specific manner: the stress of food 
shortage induces ketogenesis in the liver, lipolysis in adipose tissue, 
and ketone consumption in various organs. In the initial phase of fasting, 
insulin levels fall while glucagon increases as the liver’s glycogen stor
age is broken down to glucose. Altered insulin and glucagon also trigger 
the transformation of triglycerides into fatty acids and glycerol. Fasting 
also reduces insulin-like growth factor I (IGF1) levels, in part by 
increasing the concentration of insulin-like growth factor-binding pro
tein 1 (IGFBP1) [275]. Also, growth hormone (GH) resistance of the liver 
caused by low insulin levels inhibits hepatic IGF1 production [281,282]. 
Fatty acids provide the primary energy source for most tissues during 
fasting, while the brain primarily utilizes glucose. By the second or third 
day of fasting, during the ketogenic phase, the rising levels of ketone 
bodies and fat-derived glycerol and amino acids contribute to gluco
neogenesis to maintain stable glucose levels. Fasting also lowers leptin, 
an adipocyte-secreted hormone that reduces hunger [283], and in
creases adiponectin production to break down fatty acids [284]. Glu
cocorticoids and adrenalin also play a role in maintaining blood sugar by 
increasing lipolysis [285]. Altogether, reduced glucose, insulin, leptin, 
and IGF1 levels and increased IGFBP1, ketone bodies, and adiponectin 
concentration are hallmarks of the mammalian systemic response to 
fasting. 

3.6.1. Signaling pathways affected by glucose or caloric restriction 
The IGF1 signaling cascade plays a crucial role in mediating the 

systemic effects of nutrient availability. Under normal nutrition and 
protein consumption, IGF-1R binds to IRS1, which then transmits signals 
through the phosphatidyl-inositol-3 kinase (PI3K)-AKT1-mammalian 
target of rapamycin (mTOR) pathway and through the mitogen- 
activated protein kinase (MAPK) pathway. Increased IGF1 levels stim
ulate AKT and mTOR activity, boost protein synthesis, and inactivate the 
pro-apoptotic protein BAD. Insulin/IGF balances cell growth (PI3K) with 
proliferation (MAPK); the crosstalk between these signaling cascades is 
essential for normal development. 

Insulin and insulin-like growth factor 1 (IGF1) levels decrease 
during fasting, downregulating PI3K, AKT, and PDK1 phosphorylation 
and inducing the expression of the tumor suppressor PTEN [286]. The 
reduced IGF1 and insulin-like growth factor 1 receptor (IGF1R) levels 
decrease the AKT-mediated inhibition of mammalian FOXO transcrip
tion factors, activating enzymes with antioxidant properties and pro
tective effects such as heme oxygenase 1 (HO-1), superoxide dismutase, 
and catalase. 

Reduced glucose levels inhibit the activity of protein kinase A (PKA) 
and increase the activity of the master intracellular energy sensor AMPK 
[287]. AMPK plays a vital role in controlling mitochondrial respiration, 
nutrient transport, autophagy, longevity, differentiation, and cell po
larity [288]. AMPK activation suppresses anabolic pathways, such as 
protein and lipid synthesis, promotes catabolic processes, such as 
glucose uptake and fatty acid oxidation, and activates autophagy, which 
helps the cells recycle cellular components to maintain energy levels 
during starvation. 

AMPK activation during fasting inhibits the mammalian target of 
rapamycin (mTOR), an autophagy inhibitor often called the master 
regulator of cell growth. This serine/threonine protein kinase is a central 
molecular connection between nutrient signals and cellular anabolic 
processes, on which many nutrient sensing and pro-growth oncogenic 
pathways converge, and dysregulation of the mTOR pathway underlies 
various human diseases, including cancer [289]. Reduced mTOR 
pathway activity warns the cells about the nutrient shortage and induces 
metabolic reprogramming by switching toward available nutrient 

sources, such as fatty acids. 
Nutrient availability fluctuates significantly through tumor evolu

tion, and growing tumors with increasing anabolic requirements must 
tune their metabolic responses to the available supplies. Deprivation of 
glucose, lipids, oxygen, or amino acids affects complex gene expression 
programs [290], and influences various families of transcription fac
tors, including the expression of HIFs, SREBPs, and ATF4, which have a 
central role in nutrient sensing [291]. 

Activating transcription factor 4 (ATF4) is at the core of an 
adaptive pathway integrating diverse stress stimuli, including endo
plasmic reticulum stress, viral infections, or amino acid deprivation 
[292]. ATF4 is also one of the master regulators of the stress response 
that promotes cellular adaptation to limited nutrients [291,293,294]. 
Proliferating tumor cells require a great demand of proteins, and ATF4 
levels rapidly increase upon depletion of intracellular amino acids, while 
glucose deprivation or hypoxia also activates ATF4 expression 
[291,294]. ATF4-mediated synthesis of amino acids (e.g., asparagine or 
serine), antioxidants (glutathione), and regulation of autophagy play an 
essential role in cancer cell survival and treatment resistance 
[291,293–296]. The induction of transcriptional factors, such as HIFs or 
ATF4, likely helps cancer cells to compete in a nutritionally scarce 
environment. 

The hypoxia-inducible factor (HIF) proteins are activated by 
limiting oxygen levels, facilitating tumor growth and survival in hypoxic 
areas. HIF upregulation is linked to a cell-intrinsic increase in glucose 
uptake and glycolysis, corresponding attenuation of mitochondrial 
oxidative metabolism, allowing cells to maintain energy production 
under low oxygen. HIF1α and HIF2α exert opposite effects over tumor 
metabolism in some cancer settings, and HIF1α subunit accumulation 
has been associated with poor prognosis in various cancers [290,291]. 

Sterol regulatory element-binding proteins (SREBPs) constitute a 
family of transcription factors with distinctive physiological roles in 
cellular lipid homeostasis. During energy abundance, insulin and growth 
factors activate the PI3K–AKT–mTOR–SREBP signaling axis, a primary 
pathway in anabolic metabolism [297]. Upon lipid depletion, SREBPs 
induce a complex program to restore lipid levels by the activation of 
enzymes for de novo synthesis of fatty acids and sterol lipids. SREBs are 
often upregulated in human cancers, and their activation has been 
implicated in tumor progression and poor disease outcomes [291,298]. 

In a nutrient-rich environment, mTORC1 promotes protein synthesis 
and biosynthesis of macromolecules, including lipids and nucleotides, 
and increases the expression of HIFs, SREBPs, and ATF4. However, 
during nutrient depletion, HIF1α, SREBP, and ATF4 activation results in 
mTORC1 inhibition, blocking anabolic processes and growth [291]. 

3.6.2. Differential stress resistance and differential stress sensitization 
Reduced glucose levels induce cell-cycle arrest, force healthy cells to 

slow division, and enter a protected mode by activating cell mainte
nance and repair [299,300]. Switching from growth to repair en
hances resistance to toxic insults such as chemotherapy and 
radiotherapy [13,14]. 

This physiologic cellular switch is not observed in cancer cells. In 
rapidly proliferating tumors, the constant growth resulting from gain-of- 
function mutations affecting proliferation-inducing oncogenes such as 
AKT, mTOR, RAS, and/or loss of tumor suppressors, such as TP53, Rb, or 
PTEN abrogates the tumor cells’ ability to adapt to the changing nutrient 
levels [1]. Without cell-cycle arrest, cancer cells are more prone to 
chemotherapy-mediated DNA damage. 

Moreover, cancer cells, unlike normal cells, are often metabolically 
inflexible and heavily reliant on glucose for energy. When exposed to a 
ketogenic state induced by fasting or a KD, cancer cells may struggle to 
adapt, which may augment sensitivity to chemotherapy by various 
mechanisms [206,301,302]. 

Fasting and KD, therefore, increase healthy cells’ resistance to 
stressors, also known as differential stress resistance (DSR), while 
increasing cancer cells’ sensitivity to chemotherapeutic agents, which is 
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known as differential stress sensitization (DSS) [13,14,303,304]. 

3.7. The synergy between fasting-like conditions and chemotherapy 

3.7.1. Preclinical studies 
The efficacy of fasting in augmenting chemotherapy is twofold: 

fasting protects from the toxic effects of high-dose chemotherapy in 
preclinical and clinical studies while simultaneously sensitizing ma
lignant cells to chemotherapeutic drugs. An unusually high concen
tration (80 mg/kg) of etoposide, a chemotherapeutic causing DNA 
double-strand breaks, was significantly less toxic in mice fasted for 48 or 
60 h before treatment. In neuroblastoma-bearing mice, high doses of 
etoposide led to 50% mortality in ad libitum-fed animals, while 48 h 
fasting before treatment protected animals without compromising 
tumor-specific toxicity [14]. Effects of fasting were mediated through 
stem cell populations: in mice fasting for 24 h before etoposide 
chemotherapy, the structure and function of small intestinal crypt stem 
cells were preserved. While in normally fed mice, nearly all small in
testinal stem cells were lost, stem cell populations marked by Lgr5, 
Bmi1, or Hopx contributed to fasting-induced survival [305]. 

A 72-h fast in melanoma-bearing mice protected the animals from 
the toxicity of doxorubicin: 60% of fasted mice achieved long-term 
survival, while all control animals died. Fasting achieved a 70–80% 
reduction of circulating IGF-1 levels, but restoring IGF-1 reversed the 
protective effects of fasting. Conversely, genetically modified mice with 
reduced IGF-1 expression were protected from the toxicity of doxoru
bicin [306]. Similarly, a 24-h fast before and after chemotherapy pro
tected mice from oxaliplatin- or doxorubicin-induced multi-organ 
toxicity. A shorter fasting time (12 h before and after therapy adminis
tration) did not result in the same level of protection compared to the 48 
h of extended fasting [307]. Cancer cell lines supplemented with the 
serum of fasted mice were more susceptible to doxorubicin and cyclo
phosphamide than cells cultured with the serum of ad libitum-fed ani
mals [13]. Intermittent fasting also retarded the growth of subcutaneous 
xenografts: two cycles of 48 h fast were sufficient to reduce tumor 
growth, and more significant effects were achieved when fasting was 
combined with chemotherapy [13]. Short-term fasting in cancer-bearing 
dogs reduced doxorubicin-induced nausea and vomiting [308]. 

A three-day fast before treatment protected against the side effects of 
irinotecan, a highly toxic topoisomerase-I inhibitor in FabplCre; Apc 
(15lox/+) mice with spontaneous intestinal tumors. Although fasting 
did not enhance the treatment’s antitumor activity, it reduced diarrhea 
and leukopenia [309]. One of the potential benefits of fasting prior to 
treatment is the reduction in side effects; as a result, tolerating higher 
doses of therapeutic agents could increase treatment efficacy. 

Some anticancer drugs, including dexamethasone and the pharma
cological inhibitor of mTOR, rapamycin, are hyperglycemic, and the 
elevated glucose levels sensitized cardiomyocytes and mice to the effects 
of doxorubicin. Reducing circulating glucose levels by fasting or in
sulin can alleviate such toxicity. The effects are mediated through 
decreased expression of PKA, leading to increased AMPK and EGFR1 
signaling [287]. In preclinical models of colorectal carcinoma, treat
ment with rapamycin synergized with FMD and inhibited in vitro 
cellular proliferation and in vivo cancer progression. Fasting upregu
lated the expression of the farnesyl-diphosphate farnesyltransferase 1 
gene (FDFT1), encoding an enzyme participating in cholesterin 
biosynthesis. Increasing FDFT1 levels suppressed the proliferation of 
CRC cells by inhibiting the AKT-mTOR-HIF1α pathway and impairing 
aerobic glycolysis. Downregulation of FDFTP1 correlated with poor 
prognosis in CRC patients [310]. 

Recently, short-term fasting increased the anti-tumor activities of 
tamoxifen and fulvestrant in hormone-receptor-positive, HER2 receptor- 
negative breast cancer cell lines, and periodic fasting in mice bearing 
MCF7 xenografts reverted acquired resistance to treatment [311]. 

3.7.2. Human trials investigating caloric restriction 
Short-term fasting is well tolerated in non-cancer patients [312,313]. 

A series of case reports of 10 volunteer cancer patients undergoing 
fasting prior to (48–140 h) and after (5–56 h) various chemotherapy 
treatments reported tolerability and only mild side effects, demon
strating the feasibility of fasting in cancer patients [314]. A subsequent 
study on HER2-negative, stage II/III breast cancer patients confirmed 
the previous findings, as 24 h fast prior and after docetaxel/doxoru
bicin/cyclophosphamide therapy was tolerable and reduced hemato
logical toxicity: patients in the fasting arm had higher erythrocyte- and 
thrombocyte counts and less DNA damage in CD45 + CD3- cells [315]. 

A clinical trial with a dose-escalation protocol investigated water- 
only fasting for 24, 48 h prior to, or 72 h around platinum-based 
chemotherapy (48 h before and 24 h after therapy). Fasting was 
linked to reduced DNA damage in leucocytes in subjects fasting for at 
least 48 h, with a non-significant trend toward reduced grade 3 and 4 
neutropenia [316]. IGF-1 decrease was most substantial in the 24-h 
fasting group, although there was no improvement upon fasting in this 
group. In an individually randomized cross-over trial, 34 patients with 
gynecological cancers fasted for 36 h before and 24 h after chemo
therapy and reported improved quality of life and less fatigue [317]. 

In the randomized phase II DIRECT trial on HER2-negative stage II/ 
III breast patients (NCT02126449), cyclic FMD was administered three 
days before and during standard anthracycline-taxane preoperative 
chemotherapy. The maximum number of required FMD cycles was 
eight. The study was prematurely interrupted due to lower-than- 
anticipated pCR rates and low participant compliance, which might 
have affected the results. Despite the lack of adherence to the experi
mental diet, FMD eliminated the need for dexamethasone and signifi
cantly curtailed chemotherapy-induced DNA damage in T-lymphocytes. 
The treatment somewhat improved the frequency of radiologically 
complete- or partial response but failed to reduce chemotherapy-related 
adverse effects [318]. Notably, the compliant patients had significantly 
higher rates of pathological tumor responses [318,319]. 

The subsequent NCT03340935 clinical trial enrolling 101 patients 
with different tumor types demonstrated the safety and feasibility of 
cyclic FMD combined with standard-of-care antitumor therapies, with a 
much higher compliance rate (91.8%) compared to the DIRECT trial 
[276]. The five-day fast followed by 16–23 days of refeeding resulted in 
a 12.9% incidence of G3/G4 adverse effects and improved the patients’ 
antitumor immune response and general metabolic status. Moreover, a 
sub-analysis of the NCT03340935 trial data revealed that out of the 69 
patients with advanced solid neoplasms, five patients achieved complete 
and long-lasting tumor remission, where FMD might have significantly 
contributed to the exceptional therapy response [320]. 

3.8. Molecular mechanisms underlying differential stress resistance and 
differential stress sensitization 

The possible mechanisms by which fasting protects normal but not 
cancer cells from toxic agents are likely mediated by immune-dependent 
and immune-independent mechanisms [14,306]. 

IGF-1 downregulation is one of the fundamental mechanisms pro
moting chemotherapy tolerance and minimizing significant adverse ef
fects in healthy cells. In mice, a 72 h fast downregulated circulating 
IGF-1 levels by 70%, simultaneously increasing the IGF-1 inhibitor 
IGFBP-1 levels by eleven-fold. IGF-1 deficiency was sufficient to protect 
LID mice from chemotherapy, and restoring IGF-1 levels abrogated the 
protective effects of fasting on normal cells [306]. Furthermore, 
decreased IGF-1 levels reduced the activity of mTOR, and inhibition of 
the mTOR pathway increased the sensitivity of many cancer cells to 
chemotherapy [321]. Fasting also upregulated the expression of the 
farnesyl-diphosphate farnesyltransferase-1 gene (FDFT1), which in
hibits aerobic glycolysis and the AKT-mTOR-HIF1α pathway [310]. 

As short-term fasting down-regulates aerobic glycolysis and reduces 
glutaminolysis, cancer cells are forced to rely more on oxidative 
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phosphorylation. Despite increased oxygen consumption, tumor cells 
fail to generate ATP in the oxidative chain, accumulating toxic reactive 
oxygen species (ROS), a phenomenon termed the anti-Warburg effect. 
Upon chemotherapeutic insult, the resulting ROS sensitizes cancer cells 
to apoptosis [286]. Moreover, many antitumor agents, including 
vinblastine, cisplatin, doxorubicin, and camptothecin, induce oxidative 
stress by increasing the formation of reactive oxygen species that lead to 
single and double-strand DNA breaks and cell death [322]. Findings 
from in vivo studies suggest that fasting in combination with chemo
therapy is beneficial in reducing DNA damage: short-term fasting prior 
to chemotherapy reduced DNA damage in subjects who fasted for ≥48 h, 
evaluated in leukocytes using the COMET assay, although no effects 
were observed when fasting lasted for 24 h only [316]. 

The stress-responsive enzyme heme‑‑oxygenase-1 (HO-1) is a major 
antioxidative enzyme of tumors and another critical mediator of dif
ferential stress sensitization: FMD caused the reduction of HO-1 in 
cancer cells but not in normal cells. In addition, activation of HO-1 in 
mice rendered FMD ineffective in inducing an immune-based attack of 
cancer cells. However, pharmacological inhibition of HO-1 was suffi
cient to reduce tumor progression in the absence of FMD treatment 
[323]. 

Fasting also modulates apoptosis and prevents apoptosis-mediated 
damage to normal cells. Rat pups were allocated into normal size, 
large, and extremely large litters to restrict breast milk access and induce 
underweight. The resulting moderate dietary restriction in large, but not 
in extremely large, litters protected against neurovascular injury after 
hypoxic ischemia. The intervention inhibited the apoptotic machinery 
by suppressing p53 to increase neuronal survival in the brain [324]. In 
addition, fasting cycles augmented the effectiveness of chemothera
peutic drugs in breast cancer cell lines by increasing their sensitivity to 
apoptotic cell death. In contrast, fasting-induced cell cycle arrest pro
tected normal cells from the same drugs [13]. 

Autophagy is a protective housekeeping process that uses a 
lysosome-dependent controlled mechanism to degrade malfunctioning 
cellular components from the cytoplasm for later reuse. Autophagy al
lows cells to react to stress and has been linked to both carcinogenic and 
anticarcinogenic processes [325]. Caloric restriction and fasting trigger 
autophagy in various tissues and organs, regulated by the AMPK, 
mTOR, and PI3K pathways [326]. Fasting-induced upregulation of 
autophagy before exposure to chemotherapeutics may be protective 
against damage to organelles but may also have a pro-survival function 
in some cancer cells, affecting therapy resistance [327,328]. 

The extent of fasting-induced protection is also associated with 
changes in erythrocyte membrane fatty acids and gene expression in 
peripheral blood mononuclear cells (PMBC) [307]. Short-term fasting in 
mice (and humans) altered the composition of cell membranes, enrich
ing them with polyunsaturated fatty acids. Biomarkers of lipid homeo
stasis directly correlated with the extent of fasting-mediated protection 
from chemotherapy in mice: animals with a less dramatic change in their 
insulin-responding genes and membrane fatty acid composition (milder 
decreased in monounsaturated fatty acids and a reduced increase of 
polyunsaturated fatty acids) were more strongly protected from 
chemotherapy toxicity. Consequently, individuals with the best basal 
metabolic status displayed a milder response to fasting and were most 
protected from chemotherapy [307]. 

The periodically reduced IGF-1 levels during fasting affected the 
regeneration of hematopoietic cells: 48 h fasting cycles dramatically 
reduced white blood cells. However, refeeding bouts induced a coordi
nated self-renewal proliferation of stem cells in mice, indicating a potent 
mechanism to regenerate the hematopoietic system [329]. Similarly, in 
chemotherapy-treated cancer patients, 72 h fasting (but 24 h fasting was 
not) was associated with normal lymphocyte counts and maintenance of 
normal lineage balance among white blood cells. The observed effects 
were linked to reduced protein kinase A (PKA) activity downstream of 
IGF-1. Thus, fasting promotes IGF-1/PKA-dependent hematopoietic 
regeneration and reverses chemotherapy-induced immunosuppression 

[329]. 
Ample evidence supports that the synergistic effect between fasting 

and chemotherapy relies on the antitumor immune response. 
Combining low-calorie and low-protein FMD with chemotherapy 
enhanced tumor immunogenicity by increasing the level of common 
lymphoid progenitor cells and cytotoxic CD8+ tumor-infiltrating lym
phocytes, delaying melanoma and breast cancer progression [323]. 
Similarly, a five-day cycling FMD coupled with standard-of-care 
chemotherapy downregulated peripheral blood immunosuppressive 
myeloid cells while boosting cytotoxic T lymphocytes and cytolytic NK 
cells. FMD also affected the tumor microenvironment by switching it 
toward a more favorable phenotype: in a subcohort of breast cancer 
patients, FMD increased CD8+ T cells, NK cells, activated dendritic cells, 
and central and effector memory CD4+ and CD8+ T cells. In post-FMD 
tumors, fasting enriched the IFNγ-activating signature associated with 
favorable outcomes, and some of these effects were present even 40 days 
after the treatment [276]. 

Immune checkpoint inhibitors, including monoclonal antibodies 
against PD-1 and PD-L1, are inefficient in a significant portion of pa
tients. Mechanisms in the tumor microenvironment preventing the 
infiltration and activation of cytotoxic T cells may be overcome by 
combining immune checkpoint inhibitors with short-term fasting. 
Accordingly, 3-day-long complete fasting combined with the anti-PD-1 
antibody RMP1–14 significantly reduced the growth of KRAS-driven 
adenocarcinomas, with a complete response in four out of eight mice 
[330]. Mice that exhibited complete response were protected from 
tumor re-challenge. Consistent with previous findings, the combined 
treatment significantly increased the tumor-infiltrating CD8+ and NK 
cells, reducing the proportion of CD4+ and B cells and Treg in the tu
mors. The effects of the combined therapy were mediated by the 
downregulation of the IGF-1/IGF-1R axis, indicating that IGF-1/IGF-1R 
may contribute to primary resistance toward PD-1 blockade. Conversely, 
in NSCLC patients, the circulating IGF-1 levels in plasma samples were 
inversely associated with the efficacy of the anti-PD-1/PD-L1 therapy. 
Inhibition of IGF-1R synergized with the PD-1 blockade and restored 
antitumor immunity, significantly reducing tumor growth and 
increasing survival in mice [330]. 

Ketone bodies produced during fasting are increasingly recognized 
as essential in modulating differential stress response and stress sensi
tization. Ketones, such as β-hydroxybutyrate, can provide an alternative 
energy source for normal cells, particularly in the brain and heart. Pa
tients on a ketogenic diet or those naturally in ketosis may experience 
reduced side effects like cognitive impairment (chemo brain) and car
diac complications during chemotherapy, as normal brain and heart 
cells become more resistant to stress. The protective effects of ketone 
bodies on normal cells are based on a controlled increase of oxidative 
stress within the mitochondria that activate crucial regulators, 
including the nuclear factor erythroid 2-related factor 2 (Nrf2), sirtuins, 
and AMP-activated kinase. These regulators enhance the cells’ ability to 
defend against damage, improve mitochondria function and growth, aid 
DNA repair, and promote autophagy [331]. Thus, the seemingly coun
terintuitive oxidative stress triggers a protective response in normal cells 
and increases their stress tolerance. Furthermore, caloric restriction and 
KD can bolster DNA repair mechanisms in normal tissues by increasing 
SIRT1 activity and decreasing PI3K-Akt signaling [332]. 

In contrast to normal cells, cancer cells are often metabolically 
inflexible and heavily reliant on glucose for energy. Numerous studies 
have demonstrated that many tumor cells exhibit inefficiencies in uti
lizing ketone bodies, often attributed to mitochondrial dysfunction and 
inadequate levels of ketolytic enzymes [333]. This metabolic vulnera
bility can render cancer cells more susceptible to the cytotoxic effects of 
chemotherapy [222]. However, cancer cells with lower levels of the 
ketolytic enzymes BDH1 and OXCT1 demonstrated heightened respon
siveness to beta-hydroxybutyrate in both in vitro and in vivo settings 
[334]. 

Ketone bodies may elevate cancer cells’ reactive oxygen species 
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Table 1 
Clinical studies focusing on the effects of special diets administered to cancer patients. The 38 recruiting or soon-to-be-active interventional clinical trials involve dietary interventions incorporating fasting-mimicking 
diets, caloric restriction, and time-restricted feeding.  

Status NCT Number Phase Acronym Conditions Interventions Control #patients Study Designs 

active, not recruiting NCT03162289 N/A FIT2 breast and ovarian cancer intermittent fasting of 72–84 h parallel to the 
application of the chemotherapy (CT): (36–48 h before 
and 24 h after CT): 350-400 kcal per day with 
vegetable juices during the first four cycles of CT. 

60–72 h vegan diet with sugar restriction (36–48 h 
before and 24 h after CT) during the first four cycles of 
CT. 

150 randomized 

active, not recruiting NCT02827370 N/A  breast cancer behavioral, dietary intervention: during 
chemotherapy: patients will receive dietary counseling 
based on the molecular pathways driving their specific 
breast cancers found through genetic testing 

N/A 26 single group 
assignment 

recruiting NCT03131024 N/A CREATE breast cancer 50% caloric restriction for 48 h prior to each 
anthracycline treatment. 

normal diet 56 randomized 

recruiting NCT05113485 N/A  breast cancer diabetes prevention program-based lifestyle change 
intervention (DPP): DPP-based lessons on how to lose 
excess body fat through calorie restriction and 
increased physical activity. 

Highly microbiota-accessible foods (HMAFs) 
intervention: 6 daily instances of minimally processed, 
fiber-rich food sources, drawn from all four of the My 
Plate.gov categories: vegetables, fruits, whole grains, 
and plant-based protein-rich foods (e.g., legumes, 
nuts, and seeds). 

30 randomized 

recruiting NCT05259410 N/A  breast cancer 8-h time-restricted eating combined with 
chemotherapy: all food is eaten between 10:00–18:00, 
water fasting the remaining hours of the day 

eat enough calories, standard of care 40 randomized 

not yet recruiting NCT05432856 N/A IMPACT- 
Women 

breast cancer time-restricted eating, nutrition education, and 
sedentary time reduction strategies, plus standard 
chemotherapy treatment 

standard of care and nutritional education 65 randomized 

recruiting NCT04959474 II  breast cancer, early stage 
(stage 0-3c, triple 
negative, ductal 

carcinoma in situ) 

reduced calorie intake by 25% for 6–12 weeks while 
undergoing stereotactic ablative radiation therapy 

standard diet while undergoing stereotactic ablative 
radiation therapy 

80 randomized 

recruiting NCT04079270 II  breast cancer, early stage, 
hormone receptor-positive 

algorithm-based arm in which patients will receive 
personally tailored dietary recommendations, based 
on their microbiome, and other clinical data, such as 
blood tests and lifestyle features 

Mediterranean-style low-fat diet 200 randomized 

recruiting NCT04298086 II  breast cancer, primary 
hormone receptor-positive 

calorie-restricted plant-based diet plus a structured 
exercise treatment 

nutrition counseling 62 randomized 

active, not recruiting NCT04248998 II BREAKFAST breast cancer, triple- 
negative 

chemotherapy plus fasting-mimicking diet: cyclic, 5- 
day, calorie-restricted (600 KCal on day 1; 300 KCal on 
days 2–5), low-carbohydrate, low protein diet every 
three weeks 

chemotherapy plus fasting-mimicking diet: cyclic, 5- 
day, calorie-restricted (600 KCal on day 1; 300 KCal on 
days 2–5), low-carbohydrate, low protein diet every 
three weeks plus metformin 

30 randomized 

recruiting NCT01802346 II  breast cancer, 
hormone-resistant 
prostate cancer, 

recurrent prostate cancer 

low-calorie diet during three days before 
chemotherapy, 12 weeks of chemotherapy, and 24 h 
after chemotherapy. 

regular diet 120 randomized 

not yet recruiting NCT05023967 II  breast cancer, invasive or 
ductal carcinoma in situ 

(DCIS) 

time-restricted eating and metformin usual dietary pattern 120 randomized 

active, not recruiting NCT04243512 pilot, 
feasibility  

cancer survivorship time-restricted eating for 14 days in a 10-h window N/A 40 single group 
assignment 

recruiting NCT04722341 N/A  colorectal cancer time-restricted eating: 8-h daily eating period, starting 
1–3 h after waking up 

More than equal to a 12-h daily eating period 300 randomized 

recruiting NCT04753359 N/A Bridge CRC colorectal cancer daily calorie restriction (− 500–750 kcal/day) OR a 
Mediterranean diet 

no intervention 192 randomized 

not yet recruiting NCT05384444 N/A FCRC22 colorectal cancer perioperative fasting-mimicking diet (FMD) for 5 days. 
At least 4 cyclic FMDs will be performed after the 
operation. 

regular diet 602 randomized 

(continued on next page) 
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yőrffy                                                                                                                                                                                                                 

http://MyPlate.gov
http://MyPlate.gov


BBA
-ReviewsonCancer1879(2024)189062

15

Table 1 (continued ) 

Status NCT Number Phase Acronym Conditions Interventions Control #patients Study Designs 

recruiting NCT05114798 N/A  elevated CRC risk and 
prediabetic or insulin 

resistance 

time-restricted eating ad libitum from 12:00 pm - 8:00 
pm OR caloric restriction (25%) 

normal diet 255 randomized 

recruiting NCT04763902 N/A TIMESPAN endometrial cancer time-restricted eating within an 8 to a 10-h period for 
eight weeks 

no restriction 30 randomized 

recruiting NCT04783467 N/A TREND endometrial cancer time-restricted eating within 8 to 10 h for six weeks no restriction 15 randomized 
recruiting NCT05082519 II IDEAL2 leukemia, B-cell acute 

lymphoblastic 
15% daily calory deficit. Fat intake will make up 
<25%, carbohydrate <55% of daily calories consisting 
of “low” glycemic load foods (<100/2000 kcal 
adjusted for daily calories). Protein will make up ≥
20% of daily calories. 

standard of care: one-time education on diet and 
exercise 

240 randomized 

recruiting NCT03709147 II  lung adenocarcinoma, 
advanced, LKB-1-inactive 

standard of care chemoimmunotherapy (platinum salt 
+ pemetrexed + pembrolizumab), with metformin 
plus cyclic fasting-mimicking diet (FMD) 

standard of care chemoimmunotherapy with 
metformin 

64 non- 
randomized 

parallel 
assignment 

not yet recruiting NCT05703997 II FASTIMMUNE lung, small cell carcinoma cyclic, 5-day calorie restriction (plant-based, low- 
protein, low-carbohydrate diet) with atezolizumab 
maintenance 

N/A 20 single group 
assignment 

recruiting NCT05376709 N/A  lymphoma, B-cell short-term calorie reduction: water fast 24 h before 
(day 0) and during the first day of chemotherapy. On 
day 2, they will resume normal calorie intake until the 
day before the next cycle of chemotherapy. Most 
patients will receive a total of 6–8 cycles over four to 
six months. 

standard care 200 randomized 

not yet recruiting NCT05433805 N/A MDS-LIME myelodysplastic 
syndromes 

fasting-mimicking diet (FMD) then physiotherapy: 
FMD is a diet held monthly for five days with the 
restriction of calories to <1000 kcal, glucose, and 
proteins. 

physiotherapy, then a fasting-mimicking diet (FMD) 36 randomized 

recruiting NCT04538482 N/A DINING neoplasm calorie-restricted DASH diet (25% fat; 57% 
carbohydrate; 18% protein; 34 g fiber) 

calorie-restricted standard American diet (35% fat; 
51% carbohydrate; %15 protein; 14 g fiber) 

112 randomized 

recruiting NCT05356182 N/A  neoplasm immunotherapy plus intervention low-protein diet 
(10% protein content) 

immunotherapy plus a control protein diet (20% 
protein content) 

30 randomized 

recruiting NCT05359848 pilot, 
feasibility  

neoplasm intermittent caloric restriction and a plant-based diet 
combined with standard chemotherapy 

N/A 30 single group 
assignment 

recruiting NCT05256888 N/A  neoplasm - fatigue 12 weeks of time-restricted eating (10-h window) normal diet 30 randomized 
recruiting NCT05126199 N/A TimeMAP polycystic ovarian 

syndrome 
time-restricted eating on an 18:6 basis (18 h fasting, 6 
h eating window) for 12 weeks 

Normal ad libitum diet 20 randomized 

active, not recruiting NCT03792282 N/A TRF-PCOS polycystic ovary 
syndrome 

time-restricted eating: a diet of 1200-1500 kcal/d and 
be instructed to eat only during a window of 8 h 

general lifestyle counseling 76 randomized 

not yet recruiting NCT05629858 N/A  polycystic ovary 
syndrome 

6-h time-restricted eating: Ad libitum food intake from 
1 to 7 pm every day. Fasting from 7 to 1 pm every day 
(18-h fast). OR calorie restriction: 25% energy 
restriction every day 

usual diet 300 randomized 

not yet recruiting NCT05702905 IV  polycystic ovary 
syndrome 

metformin hydrochloride 500 mg or semaglutide, 
1.34 mg/m or semaglutide, 1.34 mg/ml and 
metformin hydrochloride 500 mg and calorie- 
restricted diet, physical exercise  

75 randomized 

recruiting NCT03679260 II  prostate cancer carbohydrate-restricted diet: 20 g total carbs/day normal diet 40 randomized 
not yet recruiting NCT05990426 N/A FAST endometrial cancer, 

ovarian cancer, uterine 
cancer 

alternate day fasting during chemotherapy for a total 
of 6 weeks 

usual diet 30 randomized  
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Table 2 
Clinical trials that are currently recruiting, will be recruiting in the future, or are active but not recruiting participants for various cancer therapies complemented by 
the ketogenic diet.  

Status NCT Number Acronym Conditions Interventions Phases Enrollment 

Not yet 
recruiting 

NCT05234502  breast cancer 

ketogenic diet program (6%, protein:19%, fat:75%) simultaneously 
with taxane treatment OR adequate and balanced healthy diet 
program (45–60%, protein:10–20%, fat:20–35%) with standard 
neoadjuvant treatment 

N/A 56 

Recruiting NCT04469296 MACS breast cancer isocaloric ketogenic diet OR protein-restricted diet N/A 75 

Recruiting NCT03962647  
breast cancer, estrogen 

receptor-positive 
dietary supplement: 2-week ketogenic diet in combination with 
letrozole 

Early 
Phase 1 36 

Recruiting NCT05090358  
breast cancer, stage iv, 

metastatic breast cancer 

ketogenic diet in combination with endocrine therapy (fulvestrant) 
and PI3K inhibition (alpelisib) OR Low Carbohydrate Diet therapy 
each in combination with SOC endocrine therapy (fulvestrant) and 
PI3K inhibition (alpelisib) OR Canagliflozin with endocrine therapy 
(fulvestrant) and PI3K inhibition (alpelisib). Canagliflozin is an 
inhibitor of SGLT2, the transporter responsible for reabsorbing the 
majority of glucose 

Phase 2 106 

Not yet 
recruiting 

NCT06046755 NUTOBREST breast cancer 
very low-calorie ketogenic diet: 600–800 kcal/day, carbohydrates 
<50 g daily from vegetables and only 10 g of olive oil per day OR 
balanced hypocaloric diet 

N/A 220 

Recruiting NCT05708716  cognitive impairment, 
hematologic malignancy 

modified ketogenic diet using an exogenous ketogenic formula OR 
behavioral online cognitive training 

N/A 80 

Active, not 
recruiting 

NCT03285152  endometrial cancer ketogenic diet with a 3:1 fat to net carbohydrate ratio OR standard 
diet during the presurgical window 

N/A 19 

Recruiting NCT04750941  
follicular lymphoma, 
endometrial cancer ketogenic diet combined with copanlisib Phase 2 42 

Recruiting NCT05564949  brain cancer 
the classic ketogenic diet for three months with a possible extension 
depending on their compliance with the diet 

N/A 15 

Recruiting NCT05428852  brain metastases, adult standard of care + ketogenic diet N/A 24 
Not yet 
recruiting 

NCT03955068  brain tumor, childhood, 
recurrent 

strict classic ketogenic diet administered from a 2:1 to 4:1 ratio; 2 to 
4 parts of fat to 1 part of a protein 

N/A 24 

Active, not 
recruiting NCT01535911 Ketones glioblastoma energy-restricted ketogenic diet N/A 16 

Active, not 
recruiting NCT03278249  glioblastoma 

modified Atkins ketogenic diet in combination with Temodar and 
radiation N/A 11 

Recruiting NCT04730869  glioblastoma 

standard treatment plus metabolic therapy program: 6 weeks of 
chemoradiation - two 5-day fasts during chemoradiation followed by 
a 5-day fast during each adjuvant chemotherapy cycle, with a time- 
restricted modified ketogenic diet between fasts. 
OR 3 weeks of chemoradiation - one 5-day fast during 
chemoradiation followed by a 5-day fast during each adjuvant 
chemotherapy cycle, with a time-restricted modified ketogenic diet 
between fasts. 

N/A 22 

Active, not 
recruiting 

NCT03451799  glioblastoma 16-week-long ketogenic diet in combination with standard-of-care 
radiation and standard-of-care temozolomide 

Phase 1 21 

Recruiting NCT04691960  glioblastoma ketogenic diet and metformin Phase 2 36 
Not yet 
recruiting NCT05708352  glioblastoma an intensive, 18-week ketogenic diet Phase 2 170 

Recruiting NCT05183204  glioblastoma paxalisib, metformin, and a ketogenic diet Phase 2 33 
Not yet 
recruiting 

NCT05373381  glioma supplemental high-fat low carbohydrate (sHFLC) + KetoPhyt N/A 10 

Recruiting NCT04461938 ERGO3 glioma, mixed one fasting cycle of 72 h prior to biopsy/resection N/A 30 
Recruiting NCT04231734  mantle cell lymphoma Prepared ketogenic meals, 3 per day for up to 12 weeks N/A 8 

Recruiting NCT03950635  melanoma high-fat, low-carbohydrate (ketogenic) diet or a fiber-rich diet for 6 
weeks. 

N/A 20 

Recruiting NCT04631445  
pancreatic ductal 
adenocarcinoma, 

metastatic 

ketogenic with triplet chemotherapy or non-ketogenic diet with 
triplet chemotherapy 

N/A 40 

Recruiting NCT03510429  pancreaticobiliary cancer postoperative nutritional supplement, a newly developed ketogenic 
drink: NDKD 

N/A 40 

Not yet 
recruiting 

NCT04175964  polycystic ovary syndrome ketogenic diet OR caloric diet with metformin OR caloric diet only N/A 240 

Recruiting NCT05348967  polycystic ovary syndrome 
ketogenic diet plus a food supplement containing an association of d- 
chiro-inositol and alpha-lactalbumin (TECADRIOL) N/A 44 

Recruiting NCT04228055 CLIPP2 prostate cancer 

24-week lifestyle modification intervention: diabetes prevention 
program and comprehensive lifestyle improvement program with an 
emphasis on a low carbohydrate and keto diet, physical activity, 
sleep optimization, and stress management. 

N/A 36 

Recruiting NCT03679260  prostate cancer carbohydrate-restricted diet and phone counseling with a dietitian. 
After six months, patients will crossover to a non-restricted diet. 

Phase 2 40 

Recruiting NCT04316520 CETOREIN renal cancer, metastatic ketogenic diet plus standard of care N/A 20 
Not yet 
recruiting NCT05119010 KETOREIN 

renal cell carcinoma, 
metastatic 

continuous ketogenic diet OR discontinuous ketogenic diet OR beta- 
hydroxybutyrate (BHB) supplementation N/A 60 

Not yet 
recruiting 

NCT05938322 KOMPARC rectal cancer ketogenic eating plan to be followed throughout the treatment 
period (carbohydrates <30 g/day, 1.2 g–1.5 g protein/kg/day, and 

N/A 194 

(continued on next page) 
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(ROS) levels. In glioma-stem-like cells and the CT26+ colon cancer 
model, KD and β-hydroxybutyrate reduced cell proliferation and 
induced apoptosis by generating ROS, potentially enhancing the effec
tiveness of conventional oxidative therapies like radiation and chemo
therapy [335]. Moreover, KD in mouse models augmented the anti- 
angiogenic effectiveness of anti-cancer therapies [177]. KD also affects 
the immune system and inflammatory processes, potentially enhancing 
the overall response to anti-cancer therapy and contributing to cancer 
prevention [336]. Combining cancer therapy with KD reduced the 
expression of pro-inflammatory factors like COX-2 and cytokines 
such as tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), and in
terleukins, including IL-1β, attributed to the inhibition of NF-κB [337]. 
Additional findings suggest that KD can ameliorate the immunosup
pressive tumor microenvironment, enhancing the anti-tumor effects 
of immunotherapies [338]. 

4. Outlook 

4.1. Ongoing clinical trials investigating nutrient and caloric restrictions 

We searched the database clinicaltrials.gov for studies adopting 
caloric restrictions with the keywords”cancer” and”caloric restriction” 
(Table 1), and we conducted a separate search with the key
words”cancer” and”ketogenic diet” (Table 2) in September of 2023. The 
search was also extended to synonyms of keywords, including tumor, 
oncology, and neoplasm. We selected only recruiting, completed, and 
active but not recruiting studies. Currently, 35 recruiting or soon-to-be- 
active interventional clinical trials incorporate caloric restriction such as 
fasting mimicking diets and time-restricted feeding (Table 1) in thera
pies for glucose-dependent cancers. Most of these clinical trials (12 
studies) focus on various molecular types and stages of female breast 
cancers. 

The CREATE trial (NCT03131024) will test 50% caloric restriction 
for 48 h before each anthracycline treatment cycle in 56 breast cancer 
patients, while in the phase II NCT04959474 trial, calorie intake will be 
reduced by 25% for 6–12 weeks while undergoing stereotactic ablative 
radiation therapy. In the phase II NCT01802346 trial, a low-calorie diet 
will be combined with chemotherapy. In the randomized BREAKFAST 
trial (NCT04248998), 30 triple-negative breast cancer patients will 
receive chemotherapy while on a cyclic fasting-mimicking diet every 
three weeks, either with or without metformin. The NCT04079270 trial 
tests a more targeted approach for early-stage, hormone-positive breast 
cancer patients with personally tailored dietary recommendations based 
on their microbiome and other clinical data, such as blood tests and 
lifestyle features. A similar personalized approach is applied in the 
NCT02827370 trial, in which breast cancer patients undergoing 
chemotherapy will receive dietary counseling based on tumor-driving 
molecular pathways identified through genetic testing. 

Altogether, out of the 35 trials, four studies focus on colorectal car
cinomas, while two prostate cancer, three endometrial cancer, and two 
lung cancer trials are being planned (Table 1). The NCT03709147 trial 
represents a novel, genuinely personalized approach considering the 
disease’s genetic background and metabolic vulnerabilities. LKB1- 
inactive lung adenocarcinomas are particularly aggressive, with poor 
response to immune checkpoint inhibitors. However, they also show an 

exquisite vulnerability to energy deprivation, such as glucose reduction 
or metformin, which inhibits mitochondrial metabolism and reduces the 
intracellular concentration of ATP. The trial will combine chemo
immunotherapy (platinum with pemetrexed and pembrolizumab) with 
metformin, plus a low-calorie, low-carbohydrate, low-protein fasting- 
mimicking diet or metformin alone. 

4.2. Future questions 

The study of cancer metabolism opened up novel possibilities in 
cancer therapy. Caloric and nutrient restrictions are being explored in 
human clinical trials as adjuvants to current cancer treatments. In 
addition, recent trials started to consider subtype-specific metabolic 
vulnerabilities, such as loss of LKB1 activity in lung cancers, moving 
toward more targeted approaches (e.g., NCT03709147) (Tables 1 and 
2). Nevertheless, additional studies are needed to clarify actual meta
bolic dependencies because cellular metabolic changes and limiting 
nutrients frequently depend on the circumstances of the investigation 
[3]. For example, in vitro studies suggest that PDAC cells consume large 
quantities of glucose, glutamine [114,339], and branched-chain amino 
acids [340]. Contrarily, in vivo investigation of PDAC cells found 
depleted arginine in the microenvironment, potentially affecting the 
activation of T lymphocytes in this highly immunosuppressive cancer 
type [3]. 

Moreover, most preclinical studies on fasting involve mouse models, 
but there are significant divergences in fasting responses between 
mice and humans. Both humans and mice show similar blood levels of 
the ketone body β-hydroxybutyrate (β-HB) and similarly reduced 
glucose levels after short-term fast [307]. Nevertheless, comparing the 
body weight after 24 h and 48 h of fasting, humans lost about 1.3% or 
5% of their body weight, respectively, while mice lost 13.5 and 18.8% 
[307]. Also, short-term (24 h) fasting altered the fatty acid composition 
of erythrocyte lipid membranes more profoundly in mice compared to 
humans. In humans, changes in membrane fatty acids correlated very 
closely with levels of cell-free circulating miRNA, particularly of miR- 
29b-3p and miR-100-5p, but not in mice, reflecting different regula
tions between the two species [307]. Furthermore, the basal metabolic 
rate of the mouse is seven to eight-fold higher than that of humans, and 
this difference could cause human tumor cells to grow much slower in 
xenografts due to competition for metabolites [341]. The divergent 
metabolic rate might be responsible for the low incidence of metastases 
in xenograft models implanted with human metastatic samples [342]. 

Lastly, dietary modifications, including caloric restriction and a KD, 
may inhibit tumor growth and progression, but low patient compliance 
not only in clinical trials but also in real-life situations still poses a sig
nificant challenge [6]. Due to the lack of coherent scientific data, evi
dence-based recommendations regarding the optimal diet during 
cancer and its effect on cancer growth cannot be made. 

In conclusion, the role of dietary factors in tumor initiation and 
progression is an area of active investigation, and ongoing research 
continues to shed light on the complex interplay between systemic 
nutrient content and tumor growth. While the potential for dietary in
terventions to impact tumor growth has been recognized, our under
standing of the underlying mechanisms remains limited. The future will 
undoubtedly embrace personalized dietary modifications, which 

Table 2 (continued ) 

Status NCT Number Acronym Conditions Interventions Phases Enrollment 

lipids >65%) OR Mediterranean diet: carbohydrates 45–55%, 
protein 15–20% and lipids 30–35% 

Not yet 
recruiting 

NCT05884723  
liver metastasis of colon 
cancer, liver steatoses 

4-week preoperative very low carbohydrate isocaloric diet 
consisting of 50 g net daily carbohydrates and 1.5 g/kg protein with 
the remaining energy needs consisting of primarily mono- and 
polyunsaturated fats OR 4-week standard diet 

N/A 124  
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must consider each cancer’s unique metabolic requirements and 
signaling pathway activations, especially when combined with phar
macological interventions. Ongoing clinical trials will hopefully provide 
further clarification on practical and targeted cancer-specific 
approaches. 
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Carrancá, J. Manzo-Merino, Lactate in the regulation of tumor microenvironment 
and therapeutic approaches, Front. Oncol. 9 (2019) 1143. 

[38] Z. Li, Q. Wang, X. Huang, M. Yang, S. Zhou, Z. Li, Z. Fang, Y. Tang, Q. Chen, 
H. Hou, L. Li, F. Fei, Q. Wang, Y. Wu, A. Gong, Lactate in the tumor 
microenvironment: a rising star for targeted tumor therapy, Front. Nutr. 10 
(2023). 

[39] B. Faubert, K.Y. Li, L. Cai, C.T. Hensley, J. Kim, L.G. Zacharias, C. Yang, Q.N. Do, 
S. Doucette, D. Burguete, H. Li, G. Huet, Q. Yuan, T. Wigal, Y. Butt, M. Ni, 
J. Torrealba, D. Oliver, R.E. Lenkinski, C.R. Malloy, J.W. Wachsmann, J.D. Young, 
K. Kernstine, R.J. DeBerardinis, Lactate metabolism in human lung tumors, Cell 
171 (2017), 358–371.e359. 

[40] C. Corbet, O. Feron, Tumour acidosis: from the passenger to the driver’s seat, Nat. 
Rev. Cancer 17 (2017) 577–593. 

[41] F. Hirschhaeuser, U.G. Sattler, W. Mueller-Klieser, Lactate: a metabolic key player 
in cancer, Cancer Res. 71 (2011) 6921–6925. 
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[47] J. Pérez-Escuredo, R.K. Dadhich, S. Dhup, A. Cacace, V.F. Van Hée, C.J. De 
Saedeleer, M. Sboarina, F. Rodriguez, M.J. Fontenille, L. Brisson, P.E. Porporato, 
P. Sonveaux, Lactate promotes glutamine uptake and metabolism in oxidative 
cancer cells, Cell Cycle (Georgetown, Tex.) 15 (2016) 72–83. 

[48] G. Zhang, Y. Zhang, D. Dong, F. Wang, X. Ma, F. Guan, L. Sun, MCT1 regulates 
aggressive and metabolic phenotypes in bladder cancer, J. Cancer 9 (2018) 
2492–2501. 

[49] Y. Feng, Y. Xiong, T. Qiao, X. Li, L. Jia, Y. Han, Lactate dehydrogenase a: a key 
player in carcinogenesis and potential target in cancer therapy, Cancer Med. 7 
(2018) 6124–6136. 
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M. O’Donnel, A. Stöger-Kleiber, J.A. Mayr, W. Sperl, B. Kofler, A ketogenic diet 
supplemented with medium-chain triglycerides enhances the anti-tumor and anti- 
angiogenic efficacy of chemotherapy on neuroblastoma xenografts in a CD1-nu 
mouse model, Oncotarget 8 (2017) 64728–64744. 

[178] G.W. Hao, Y.S. Chen, D.M. He, H.Y. Wang, G.H. Wu, B. Zhang, Growth of human 
colon cancer cells in nude mice is delayed by ketogenic diet with or without 
omega-3 fatty acids and medium-chain triglycerides, Asian Pac. J. Cancer Prev. 
16 (2015) 2061–2068. 

[179] C. Otto, U. Kaemmerer, B. Illert, B. Muehling, N. Pfetzer, R. Wittig, H.U. Voelker, 
A. Thiede, J.F. Coy, Growth of human gastric cancer cells in nude mice is delayed 
by a ketogenic diet supplemented with omega-3 fatty acids and medium-chain 
triglycerides, BMC Cancer 8 (2008) 122. 

[180] A.M. Poff, N. Ward, T.N. Seyfried, P. Arnold, D.P. D’Agostino, Non-toxic 
metabolic management of metastatic cancer in VM mice: novel combination of 
ketogenic diet, ketone supplementation, and hyperbaric oxygen therapy, PLoS 
One 10 (2015) e0127407. 

[181] N.D. Shah, The Use of Medium-Chain Triglycerides in Gastrointestinal Disorders, 
2017. 

[182] K.A. Page, A. Williamson, N. Yu, E.C. McNay, J. Dzuira, R.J. McCrimmon, R. 
S. Sherwin, Medium-chain fatty acids improve cognitive function in intensively 
treated type 1 diabetic patients and support in vitro synaptic transmission during 
acute hypoglycemia, Diabetes 58 (2009) 1237–1244. 

[183] M.J. Tisdale, R.A. Brennan, K.C. Fearon, Reduction of weight loss and tumour size 
in a cachexia model by a high fat diet, Br. J. Cancer 56 (1987) 39–43. 

[184] E.H. Kossoff, J.L. Dorward, The modified Atkins diet, Epilepsia 49 (Suppl. 8) 
(2008) 37–41. 

[185] J.M. Freeman, E.H. Kossoff, Ketosis and the ketogenic diet, 2010: advances in 
treating epilepsy and other disorders, Adv. Pediatr. Infect. Dis. 57 (2010) 
315–329. 

[186] W. Voegtlin, The Stone Age Diet: Based on in-Depth Studies of Human Ecology 
and the Diet of Man, Vantage Press, Place Published, 1975. 

[187] H.C. Kang, D.E. Chung, D.W. Kim, H.D. Kim, Early- and late-onset complications 
of the ketogenic diet for intractable epilepsy, Epilepsia 45 (2004) 1116–1123. 
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O. Menyhárt and B. Győrffy                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0730
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0730
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0735
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0735
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0735
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0740
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0740
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0745
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0745
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0745
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0750
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0750
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0755
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0755
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0755
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0760
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0760
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0760
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0760
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0765
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0765
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0770
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0770
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0770
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0775
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0775
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0780
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0780
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0780
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0785
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0785
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0785
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0785
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0790
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0790
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0795
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0795
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0800
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0800
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0805
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0805
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0810
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0810
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0810
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0810
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0810
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0815
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0815
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0815
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0820
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0820
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0825
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0825
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0825
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0825
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0830
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0830
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0830
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0830
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0835
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0835
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0840
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0840
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0840
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0845
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0845
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0850
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0855
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0855
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0855
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0855
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0855
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0860
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0860
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0860
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0865
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0865
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0865
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0870
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0870
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0870
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0875
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0875
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0875
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0880
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0885
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0885
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0885
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0885
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0885
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0890
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0890
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0890
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0890
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0895
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0895
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0895
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0895
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0900
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0900
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0900
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0900
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0905
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0905
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0910
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0910
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0910
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0910
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0915
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0915
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0920
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0920
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0925
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0925
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0925
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0930
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0930
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0935
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0935
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0940
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0940
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0945
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0945
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0950
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0950
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0950
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0950
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0950
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0955
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0955
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0960
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0960
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0965
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0965
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0970
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0970
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0970
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0970
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0970
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0975
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0975
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0980
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0980
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0985
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0985
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0985
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0985
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0985
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0990
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0990
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0990
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0990
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0995
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf0995
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf1000
http://refhub.elsevier.com/S0304-419X(23)00211-1/rf1000


BBA - Reviews on Cancer 1879 (2024) 189062

22

[201] M. Rahman, S. Muhammad, M.A. Khan, H. Chen, D.A. Ridder, H. Müller-Fielitz, 
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