
Academic Editor: Dingtao Wu

Received: 28 March 2025

Revised: 8 May 2025

Accepted: 16 May 2025

Published: 18 May 2025

Citation: Ruban, M.; Pozhidaeva, E.;

Bolotina, L.; Kaprin, A. The Role of

Diet and Nutrition in Cancer

Development and Management: From

Molecular Mechanisms to

Personalized Interventions. Foods 2025,

14, 1788. https://doi.org/10.3390/

foods14101788

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

The Role of Diet and Nutrition in Cancer Development and
Management: From Molecular Mechanisms to
Personalized Interventions
Maxim Ruban 1 , Elizaveta Pozhidaeva 1, Larisa Bolotina 1,* and Andrey Kaprin 1,2

1 P. Hertsen Moscow Oncology Research Institute—Branch of the National Medical Research Radiological
Centre, 105425 Moscow, Russia

2 Department of Urology and Operative Nephrology, Peoples’ Friendship University of Russia
(RUDN University), Mikluho-Maklaya St., 6, 117198 Moscow, Russia

* Correspondence: lbolotina@yandex.ru

Abstract: Diet plays a crucial role in cancer development and progression, beyond tradi-
tional risk factors. This review aims to summarize current evidence on the role of diet
and specific nutrients in cancer development and progression, focusing on molecular
mechanisms. We also discuss the potential of personalized dietary interventions, based on
tumor and patient characteristics, in enhancing cancer prevention and treatment strategies.
The review covers the impact of calories, protein, sugar, and other dietary components
on signaling pathways and growth factors involved in carcinogenesis. We examine the
influence of obesity, insulin resistance, and other metabolic factors on cancer risk and
outcomes. The article also explores current dietary strategies, including calorie restriction,
ketogenic diets, and the role of the gut microbiome in modulating response to anticancer
therapies. Finally, we highlight the need for further research to develop targeted, person-
alized dietary recommendations based on an individual’s tumor profile, stage of disease,
and other clinical factors. Integrating such personalized dietary approaches into cancer
prevention and treatment holds promise for improving patient outcomes and quality of life.

Keywords: cancer; diet; nutrition; nutrients; microbiota

1. Introduction
Cancer is a leading cause of death worldwide, and its incidence continues to rise.

While genetic factors and environmental exposures are well-established risk factors, the
role of diet in cancer development and progression has gained increasing attention in
recent years. Accumulating evidence suggests that dietary habits and specific nutrients can
modulate cancer risk and influence treatment outcomes, highlighting the importance of
considering dietary factors in cancer prevention and management [1,2].

The relationship between diet and cancer is complex, involving multiple biological
pathways and mechanisms. Nutrients and bioactive compounds in food can influence
carcinogenesis by modulating inflammation, oxidative stress, DNA repair, cell proliferation,
and apoptosis [3,4]. Moreover, dietary factors can interact with the gut microbiome, which
has emerged as a key player in cancer development and response to therapy [5].

Despite the growing recognition of diet’s role in cancer, translating this knowledge
into personalized dietary recommendations remains a challenge. Individual responses to
dietary interventions can vary widely, depending on factors such as genetic background,
tumor characteristics, and stage of disease [6,7]. Therefore, a deeper understanding of the
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molecular mechanisms underlying the diet–cancer relationship and the development of
targeted dietary strategies based on individual patient profiles are crucial for improving
cancer prevention and treatment outcomes [8].

In this review, we aim to summarize current evidence on the role of diet and specific
nutrients in cancer development and progression, focusing on molecular mechanisms. We
also discuss the potential of personalized dietary interventions, based on tumor and patient
characteristics, in enhancing cancer prevention and treatment strategies. By integrating
the latest findings on the complex interplay between diet, metabolism, and cancer biology,
we hope to provide insights into the development of more effective, personalized dietary
approaches for cancer prevention and management. Recognizing the complexity of the
role of diet in cancer and its variability across cancer types, this review focuses on the
general molecular mechanisms underlying these interactions, illustrated with examples
from several common cancers.

2. Interrelation of Intracellular Mechanisms of Oncogenesis and Nutrition
The development of cancer is a complex, multistep process that involves the dysregu-

lation of various intracellular mechanisms. Accumulating evidence suggests that dietary
factors can significantly influence these mechanisms, either promoting or suppressing
oncogenesis (Table 1) [7,9]. By understanding the interplay between nutrition and the
key intracellular processes involved in cancer development, we can better appreciate the
potential of dietary interventions in cancer prevention and treatment.

Table 1. Oncogenesis and nutrition interactions.

Mechanism Description Nutritional Factors Involved

Inflammation
Chronic inflammation promotes tumor
development and progression in various
types of cancer.

- Omega-3 fatty acids
(anti-inflammatory)
- Refined carbohydrates and saturated
fats (pro-inflammatory)

Oxidative stress

Imbalance between pro-oxidants and
antioxidants leads to DNA damage and
mutations, contributing to
carcinogenesis.

- Antioxidants (e.g., vitamins C and E,
polyphenols)
- Prooxidants (e.g., heterocyclic amines
in charred meat)

Insulin and IGF-1 signaling
Overactivation of insulin and IGF-1
pathways promotes cell proliferation
and survival in multiple cancer types.

- High glycemic load diets (increase
insulin and IGF-1)
- Calorie restriction (decrease insulin and
IGF-1)

Cell cycle regulation
Dysregulation of cell cycle checkpoints
leads to uncontrolled cell division, a
hallmark of cancer.

- Folate and vitamin B12 (essential for
DNA synthesis and repair)
- Phytochemicals (e.g., curcumin,
resveratrol)

Apoptosis
Evasion of programmed cell death
allows cancer cells to survive and
proliferate.

- Omega-3 fatty acids and flavonoids
(induce apoptosis)
- Saturated fats (inhibit apoptosis)

One of the hallmarks of cancer is chronic inflammation, which creates a microen-
vironment conducive to tumor growth and progression. Dietary factors can modulate
inflammatory pathways, with omega-3 fatty acids exerting anti-inflammatory effects, while
refined carbohydrates and saturated fats promote inflammation [10,11]. Similarly, oxidative
stress, resulting from an imbalance between pro-oxidants and antioxidants, can lead to
DNA damage and mutations that drive carcinogenesis. Antioxidant-rich foods, such as
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fruits and vegetables, can help mitigate oxidative stress, while pro-oxidants like heterocyclic
amines found in charred meat may increase cancer risk [12,13].

Insulin and insulin-like growth factor-1 (IGF-1) signaling pathways also play a crucial
role in cancer development as their overactivation can promote cell proliferation and
survival. High glycemic load diets, which rapidly raise blood glucose and insulin levels,
have been associated with increased cancer risk, while calorie restriction has been shown
to reduce insulin and IGF-1 levels, potentially slowing tumor growth [6,14].

Dysregulation of cell cycle checkpoints and evasion of apoptosis are other key mech-
anisms that allow cancer cells to proliferate uncontrollably and evade programmed cell
death. Nutrients such as folate and vitamin B12 are essential for proper DNA synthesis and
repair, helping maintain cell cycle control. Phytochemicals like curcumin and resveratrol
have also been shown to induce apoptosis in cancer cells, while saturated fats may inhibit
apoptotic pathways [8,15].

In the following subsections, we will delve deeper into each of these intracellular
mechanisms, examining the current evidence on how specific dietary factors influence
oncogenesis at the molecular level. By gaining a comprehensive understanding of the inter-
relation between nutrition and cancer biology, we can pave the way for the development of
targeted dietary strategies for cancer prevention and treatment.

2.1. Inflammation

Chronic inflammation is a hallmark of cancer and plays a pivotal role in tumor initia-
tion, progression, and metastasis. Inflammatory cells, such as macrophages, neutrophils,
and lymphocytes, infiltrate the tumor microenvironment and secrete pro-inflammatory
cytokines, including interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α). These
cytokines activate transcription factors such as nuclear factor-kappa B (NF-κB) and signal
transducer and activator of transcription 3 (STAT3), which regulate the expression of genes
involved in cell survival, proliferation, and angiogenesis [16,17]. The activation of these
pathways creates a microenvironment conducive to tumor growth while simultaneously
promoting immune evasion. Chronic inflammation also generates reactive oxygen species
(ROS) and reactive nitrogen species (RNS), which induce oxidative stress and cause DNA
damage. This damage can lead to mutations in tumor suppressor genes, such as TP53, and
oncogenes, such as KRAS, further driving carcinogenesis [18]. The persistent presence of
inflammatory mediators also facilitates angiogenesis by upregulating vascular endothe-
lial growth factor (VEGF), which supplies the growing tumor with nutrients and oxygen,
thereby enhancing its progression [19].

Dietary factors play a critical role in modulating inflammatory pathways, either exacer-
bating or mitigating chronic inflammation. Omega-3 polyunsaturated fatty acids (PUFAs),
particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), exhibit potent
anti-inflammatory effects. These fatty acids inhibit the production of pro-inflammatory
eicosanoids, such as prostaglandin E2, and reduce the expression of inflammatory media-
tors by suppressing NF-κB and STAT3 signaling [20,21]. In contrast, diets high in refined
carbohydrates and saturated fats promote inflammation by activating NF-κB and increas-
ing circulating levels of pro-inflammatory cytokines like IL-6 and TNF-α [7,22]. High-fat
diets also elevate free fatty acid levels, which activate toll-like receptor 4 (TLR4) signaling,
further amplifying inflammation in the tumor microenvironment [23].

Chronic inflammation is a critical driver of cancer development, and dietary interven-
tions represent a promising strategy to modulate inflammatory pathways and reduce cancer
risk. By targeting key inflammatory mediators and signaling pathways, such as NF-κB and
STAT3, dietary factors can influence the tumor microenvironment and potentially mitigate
cancer progression. Future research should focus on personalized dietary interventions
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tailored to an individual’s inflammatory profile and tumor characteristics, which could
provide more effective strategies for cancer prevention and management.

2.2. Oxidative Stress

Oxidative stress arises from an imbalance between the production of reactive oxy-
gen species and the body’s ability to neutralize them through antioxidant defenses. ROS,
which include superoxide anion, hydrogen peroxide, and hydroxyl radicals, are natural
byproducts of cellular metabolism and play a role in normal cell signaling and homeostasis.
However, excessive ROS levels can cause oxidative damage to cellular macromolecules, in-
cluding DNA, proteins, and lipids, leading to genomic instability and tumorigenesis. In the
context of cancer, oxidative stress contributes to all stages of tumor development, including
initiation, promotion, and progression. During the initiation phase, ROS induce DNA dam-
age, such as base modifications, strand breaks, and the formation of mutagenic lesions like
8-oxo-2′-deoxyguanosine, which can result in mutations in critical genes, including tumor
suppressors like TP53 and oncogenes like KRAS. These mutations drive the transformation
of normal cells into malignant ones, setting the stage for carcinogenesis [24,25].

Beyond initiation, oxidative stress plays a critical role in tumor promotion and progres-
sion by creating a microenvironment conducive to cancer cell survival and proliferation.
ROS activate redox-sensitive transcription factors, such as nuclear factor-kappa B (NF-κB)
and hypoxia-inducible factor-1 alpha (HIF-1α), which regulate the expression of genes
involved in cell proliferation, angiogenesis, and survival. For instance, HIF-1α activation
under oxidative stress conditions promotes the secretion of vascular endothelial growth
factor, facilitating angiogenesis and ensuring an adequate supply of oxygen and nutrients
to the growing tumor. Additionally, oxidative stress can suppress the immune response by
impairing the function of natural killer (NK) cells and cytotoxic T cells, allowing cancer
cells to evade immune surveillance and metastasize to distant organs [26,27].

While oxidative stress is a key driver of tumorigenesis, cancer cells often exploit this
phenomenon to their advantage. Tumor cells adapt to high ROS levels by upregulating
antioxidant systems, such as glutathione and NADPH production, to maintain redox
balance and protect themselves from oxidative damage. This dual role of oxidative stress
in cancer highlights its complexity as ROS can both promote tumor progression and induce
cancer cell death when levels exceed a critical threshold. This paradox underscores the
importance of understanding the context-dependent effects of oxidative stress in cancer
biology [28].

Antioxidants, which scavenge ROS and enhance the body’s endogenous antioxidant
defenses, have been proposed as a strategy to mitigate oxidative stress and reduce cancer
risk. These compounds, which are abundant in fruits, vegetables, and whole grains, include
vitamins C and E, polyphenols, and carotenoids. Observational studies suggest that diets
rich in antioxidants are associated with a reduced risk of certain cancers, such as colorectal
and breast cancers. However, the efficacy of antioxidant supplements remains controversial
as randomized controlled trials have yielded mixed results. In some cases, high doses of
antioxidants have been shown to act as pro-oxidants, exacerbating oxidative stress rather
than alleviating it. This discrepancy highlights the need for further research to elucidate
the complex interactions between antioxidants, dietary components, and oxidative stress in
cancer prevention [29,30].

Targeting oxidative stress represents a promising avenue for cancer prevention and
therapy. By reducing ROS levels and enhancing antioxidant defenses, it may be possible to
mitigate the DNA damage and genomic instability that drive tumor initiation. Moreover,
antioxidants may improve the efficacy of cancer treatments by protecting normal cells from
oxidative damage caused by chemotherapy and radiation therapy. However, given the
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ability of cancer cells to adapt to oxidative stress, therapeutic strategies must be carefully
tailored to exploit the vulnerabilities of tumor cells while preserving normal tissue function.
Future research should focus on identifying the optimal balance of pro-oxidants and
antioxidants, as well as understanding the specific roles of oxidative stress in different
cancer types, to develop more effective and personalized approaches to cancer prevention
and management [31,32].

2.3. Insulin and IGF-1 Signaling

The insulin and insulin-like growth factor-1 (IGF-1) signaling pathways are central
regulators of cellular metabolism, growth, and survival. Under normal physiological condi-
tions, insulin facilitates glucose uptake and metabolism, while IGF-1 promotes cell growth
and repair. However, dysregulation of these pathways, often influenced by diet and lifestyle
factors, has been strongly implicated in cancer development and progression. Insulin and
IGF-1 exert their effects by binding to their respective receptors, the insulin receptor (IR)
and IGF-1 receptor (IGF-1R), which activate downstream signaling cascades. The two pri-
mary pathways activated are the phosphoinositide 3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR) pathway and the Ras/mitogen-activated protein kinase (MAPK)
pathway. These pathways promote cell proliferation, survival, and angiogenesis while
inhibiting apoptosis, creating a microenvironment conducive to tumorigenesis [33,34].

Hyperactivation of these signaling pathways is often observed in cancer and is strongly
influenced by dietary patterns. High-calorie diets, particularly those rich in refined car-
bohydrates and saturated fats, lead to hyperinsulinemia and elevated circulating IGF-1
levels. Hyperinsulinemia reduces the levels of insulin-like growth factor-binding proteins
(IGFBPs), which normally sequester IGF-1, thereby increasing the bioavailability of IGF-1.
This results in enhanced activation of IGF-1R and its downstream signaling pathways,
promoting oncogenic processes such as cell proliferation and metastasis. Epidemiological
studies have consistently demonstrated that elevated IGF-1 levels are associated with an
increased risk of several cancers, including breast, colorectal, and prostate cancers [35,36].

Dietary interventions, on the other hand, offer promising strategies to modulate insulin
and IGF-1 signaling and reduce cancer risk. Calorie restriction (CR) and intermittent fasting
(IF) have been shown to lower circulating insulin and IGF-1 levels, thereby attenuating
the activation of oncogenic pathways. In animal models, CR not only reduces tumor
incidence but also enhances the efficacy of cancer therapies by sensitizing tumor cells to
treatment-induced stress while protecting normal cells. Similarly, plant-based diets rich in
fiber improve insulin sensitivity and reduce hyperinsulinemia, further mitigating cancer
risk [37,38].

Specific dietary components also play a role in modulating these pathways. Diets high
in plant-based proteins, whole grains, and legumes have been associated with lower IGF-1
levels, while diets rich in animal proteins, particularly dairy, have been linked to elevated
IGF-1 levels. For instance, studies have shown that dairy protein, especially from milk,
increases circulating IGF-1 levels, which may partly explain its association with prostate
cancer risk. Conversely, omega-3 fatty acids, found in fatty fish and flaxseeds, exhibit
anti-inflammatory and insulin-sensitizing effects, counteracting the pro-cancer effects of
hyperinsulinemia and IGF-1 signaling [30,39].

The Western diet, characterized by high intakes of red meat, processed foods, and
refined sugars, exacerbates insulin and IGF-1 signaling, promoting tumor growth and
progression. In contrast, adherence to plant-based or Mediterranean dietary patterns,
which emphasize fruits, vegetables, whole grains, and healthy fats, has been associated
with reduced cancer risk. These diets not only improve metabolic health but also modulate
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the tumor microenvironment by reducing inflammation and oxidative stress, which are
closely linked to insulin and IGF-1 signaling [38,40].

In conclusion, insulin and IGF-1 signaling pathways are critical drivers of cancer devel-
opment and progression, and their dysregulation is strongly influenced by diet and nutri-
tion. Dietary strategies such as calorie restriction, intermittent fasting, and plant-based diets
offer effective means to modulate these pathways and reduce cancer risk. Future research
should focus on personalized dietary interventions that consider individual metabolic
profiles and genetic predispositions to optimize cancer prevention and management.

2.4. Cell Cycle Regulation

The cell cycle governs cellular growth, DNA replication, and division, ensuring ge-
nomic stability through a regulated network of cyclins, cyclin-dependent kinases (CDKs),
and their inhibitors. This regulation prevents uncontrolled cell proliferation, and its dysreg-
ulation is a hallmark of cancer, allowing tumor cells to bypass checkpoints, evade apoptosis,
and proliferate uncontrollably [41].

The cell cycle is divided into four phases: G1 (growth), S (DNA synthesis), G2 (prepa-
ration for mitosis), and M (mitosis). Progression through these phases is controlled by
checkpoints. The G1/S checkpoint ensures DNA integrity, while the G2/M checkpoint
verifies DNA replication accuracy. Cyclins and CDKs, such as cyclin D-CDK4/6 and cyclin
E-CDK2, drive these transitions. Tumor suppressors like p53 and retinoblastoma protein
(Rb) act as gatekeepers, halting the cycle in response to DNA damage. In cancer, mutations
in these regulators—such as loss of p53 or CDK hyperactivation—disrupt cell cycle control,
enabling unchecked proliferation [42,43].

Diet and nutrition significantly influence cell cycle regulation. Polyphenols like epi-
gallocatechin gallate (EGCG) from green tea, curcumin from turmeric, and resveratrol
from grapes inhibit cyclin D1 and CDK4/6, inducing cell cycle arrest in the G1 phase.
Resveratrol also activates p53 and downregulates cyclin E-CDK2, arresting cells in the S
phase. These compounds act through mechanisms such as epigenetic modifications and
PI3K/Akt/mTOR pathway inhibition [44–46].

Calorie restriction and intermittent fasting reduce insulin and IGF-1 levels, downregu-
lating pathways that drive cell cycle progression. These interventions promote cell cycle
arrest and sensitize cancer cells to therapy, while protecting normal cells. Preclinical studies
show that CR suppresses cyclins and CDKs while upregulating CDK inhibitors like p21
and p27, restoring cell cycle control [47,48].

Conversely, diets high in refined carbohydrates, saturated fats, and processed foods ex-
acerbate cell cycle dysregulation by promoting hyperinsulinemia and chronic inflammation.
Elevated insulin and IGF-1 activate the PI3K/Akt/mTOR pathway, driving unchecked cell
proliferation. Chronic inflammation generates reactive oxygen species, damaging DNA,
and further disrupting cell cycle regulation [39,49].

Micronutrients also play a role. Folate, found in leafy greens, is essential for DNA
synthesis and repair, while selenium enhances p53 activity, promoting cell cycle arrest.
Excessive iron intake, however, can induce oxidative stress, emphasizing the need for
balanced nutrition [50,51].

In conclusion, cell cycle regulation is critical for genomic stability, and its dysregu-
lation drives cancer progression. Dietary strategies such as CR, IF, and polyphenol-rich
foods can restore cell cycle control and reduce cancer risk, offering promising avenues for
personalized nutrition-based cancer prevention and therapy.
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2.5. Apoptosis

Apoptosis, or programmed cell death, is a vital process for maintaining tissue home-
ostasis by eliminating damaged or harmful cells. It is characterized by cell shrinkage,
chromatin condensation, and DNA fragmentation. Dysregulation of apoptosis is a hall-
mark of cancer, enabling tumor cells to evade death, accumulate mutations, and resist
therapy [52,53].

Apoptosis occurs via two main pathways: the intrinsic (mitochondrial) pathway and
the extrinsic (death receptor) pathway. The intrinsic pathway is regulated by the Bcl-2
family of proteins, where pro-apoptotic members like Bax promote mitochondrial outer
membrane permeabilization, leading to caspase activation and cell death. The extrinsic
pathway is triggered by external signals through receptors like Fas, activating caspase-8.
Dysregulation of these pathways, such as overexpression of anti-apoptotic proteins (e.g.,
Bcl-2) or loss of pro-apoptotic regulators (e.g., p53), allows cancer cells to evade apoptosis
and resist treatments [54,55].

Dietary components can restore apoptotic control and reduce cancer risk. Polyphenols
like epigallocatechin gallate from green tea, curcumin from turmeric, and resveratrol from
grapes modulate apoptosis by activating pro-apoptotic proteins (e.g., Bax) and inhibiting
anti-apoptotic proteins (e.g., Bcl-2). These compounds also enhance caspase activation,
inducing cell death in cancer cells [56,57]. Flavonoids such as quercetin (found in apples)
and genistein (from soy) further promote apoptosis by modulating mitochondrial function
and inhibiting survival pathways like PI3K/Akt [58].

Calorie restriction and intermittent fasting are dietary interventions that enhance
apoptosis by reducing insulin and IGF-1 levels, thereby suppressing the PI3K/Akt/mTOR
pathway. These interventions sensitize cancer cells to apoptotic signals while protecting
normal cells, improving therapy outcomes [47,48]. Conversely, Western diets high in
refined carbohydrates and fats promote chronic inflammation and oxidative stress, which
inhibit apoptosis and increase cancer risk [59].

In summary, apoptosis is crucial for preventing cancer by eliminating abnormal cells.
Dysregulation of apoptotic pathways allows tumor cells to thrive and resist treatment.
Dietary strategies, including polyphenol-rich foods, flavonoids, and fasting regimens, offer
promising approaches to restoring apoptotic control and reducing cancer risk.

3. Current Dietary Strategies
The established relationship between obesity and an increased risk of cancer, coupled

with the metabolic demands of malignant cells for fuels such as glucose, amino acids,
and fats, highlights the potential of dietary interventions in cancer prevention and ther-
apy [60,61]. Obesity contributes to carcinogenesis through mechanisms such as chronic
inflammation, insulin resistance, and elevated levels of growth factors like IGF-1 and leptin,
which promote tumor growth and progression [62]. Additionally, cancer cells exhibit
metabolic reprogramming, characterized by increased uptake and utilization of glucose,
amino acids, and lipids to support their rapid proliferation and survival [13].

Given these insights, various dietary strategies have been developed to target cancer-
related pathways, including calorie restriction, intermittent fasting, ketogenic diets, plant-
based diets, and anti-inflammatory diets. These approaches aim to modulate processes such
as cell cycle regulation, apoptosis, and inflammation, offering potential benefits in both
cancer prevention and as adjuncts to conventional therapies [7,63]. However, each strategy
has its own advantages, limitations, and contraindications, necessitating a personalized
approach tailored to individual patient profiles and tumor characteristics.

Table 2 provides a comprehensive comparison of these dietary strategies, summarizing
their mechanisms of action, benefits, and potential risks. This framework underscores
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the importance of integrating dietary interventions into cancer care while considering the
unique metabolic and clinical needs of each patient [64].

Table 2. Current dietary strategies.

Diet Type Definition

Calorie restriction Reducing total calorie intake over an extended period, lasting from a few months to
several years.

Starvation
Starvation refers to an acute shortage of calories over an extended period of time,
resulting in exhaustion. Most fasting methods allow unrestricted access to water,
which is why they are also called water-only fasting.

Intermittent fasting Short-term weekly fasting of 24 h, once or twice a week.

Ketogenic diet A diet high in fat, low in carbohydrates, and low or high in protein intake.

High-protein diet A diet in which >20% of calories come from protein.

Mediterranean diet

A diet based on the traditional diet and habits of the Mediterranean countries of
Portugal, Spain, Italy, and Greece. It includes a high consumption of fruits,
vegetables, and legumes, and moderate consumption of unprocessed cereals, olive
oil, fish, and dairy products, with occasional consumption of meat and wine.

Vegetarian and vegan diets

The diet includes a high intake of fruits, vegetables, legumes, and unprocessed
grains, with or without dairy products (lactovegetarianism) (veganism). The diet
excludes meat, seafood, and poultry. Some varieties of vegetarian diets also include
eggs (ovo-lacto-vegetarianism), fish (pescetarianism), or both (ovo-pescetarianism).

3.1. Starvation and Caloric Restriction

Starvation and caloric restriction are dietary strategies that exploit the metabolic
vulnerabilities of cancer cells, offering potential benefits in both cancer prevention and
therapy. These approaches work by limiting the availability of metabolic fuels, such as
glucose, amino acids, and fats, which are essential for the rapid proliferation of malignant
cells. Numerous preclinical and clinical studies have demonstrated that CR and starvation
can inhibit tumor growth, enhance the efficacy of conventional cancer therapies, and
improve overall patient outcomes [47,48].

The typical composition of a caloric restriction diet includes approximately 55–65%
carbohydrates, 30% fat, and 20% protein (Figure 1A), with the total caloric intake reduced
by 20–40% compared to standard dietary recommendations [65]. This composition ensures
that essential nutrients are maintained while reducing overall energy intake to create a
systemic metabolic shift unfavorable to cancer cells.

Mechanistically, CR exerts its anticancer effects by downregulating key growth-
promoting pathways, such as the insulin/IGF-1 and PI3K/Akt/mTOR signaling cascades.
These pathways are critical for cellular growth and survival, and their suppression leads
to reduced cell proliferation, enhanced autophagy, and increased apoptosis in tumor
cells [66,67]. Additionally, CR reduces oxidative stress and inflammation, both of which
are implicated in carcinogenesis. By decreasing the production of reactive oxygen species
and pro-inflammatory cytokines, CR creates a less favorable microenvironment for tumor
growth [68].

CR has also been shown to enhance the efficacy of chemotherapy and radiation therapy.
Short-term fasting (STF), a form of CR, sensitizes cancer cells to treatment by inducing
metabolic stress while simultaneously protecting normal cells. This differential effect
is attributed to the reliance of cancer cells on glycolysis and their inability to adapt to
nutrient deprivation, unlike normal cells [69,70]. Clinical trials have begun to explore the
safety and efficacy of CR and fasting-mimicking diets (FMDs) in cancer patients, with
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preliminary results suggesting improved treatment outcomes and reduced therapy-related
side effects [71,72].
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Despite its promise, CR is not without challenges. Prolonged caloric restriction may
lead to malnutrition, fatigue, and reduced quality of life, particularly in cancer patients with
advanced disease or cachexia. Therefore, these strategies require careful monitoring and
should be tailored to individual patient needs. Emerging approaches, such as intermittent
fasting and FMDs, aim to replicate the metabolic effects of CR while minimizing the risks
associated with prolonged nutrient deprivation [73,74].

In conclusion, starvation and caloric restriction represent innovative approaches to
cancer therapy by leveraging the metabolic vulnerabilities of tumor cells. While these
strategies hold significant potential, their application must be personalized and closely
monitored to ensure patient safety and efficacy. Future research should focus on optimizing
CR protocols and integrating them into comprehensive cancer care to maximize their
therapeutic benefits.

3.2. The Ketogenic Diet

The ketogenic diet (KD) is a high-fat, low-carbohydrate, and moderate-protein dietary
approach that has gained attention as a potential adjunctive therapy in cancer treatment.
By inducing a metabolic state of ketosis, where ketone bodies are utilized as an alternative
energy source, the KD creates an unfavorable environment for cancer cells, which are
heavily dependent on glucose for energy production due to the Warburg effect [75]. This
metabolic shift selectively starves cancer cells while preserving normal cell function, making
KD a promising strategy for targeting tumor metabolism.

The standard composition of a ketogenic diet includes approximately 80–85% fat,
10–15% protein, and 5% carbohydrates, with a typical fat-to-carbohydrate ratio of 4:1
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(Figure 1B) [76]. This macronutrient distribution minimizes glucose availability and pro-
motes the production of ketone bodies, which most cancer cells cannot efficiently utilize
due to their impaired mitochondrial function.

Mechanistically, the ketogenic diet exerts its anticancer effects through multiple path-
ways. By reducing circulating glucose and insulin levels, KD suppresses the insulin/IGF-1
signaling axis, a key driver of cancer cell proliferation and survival [68]. Additionally, the
diet enhances oxidative stress within cancer cells by increasing the production of reactive
oxygen species while depriving them of glucose, their primary energy source [77]. This
combination of metabolic stress and nutrient deprivation promotes apoptosis and inhibits
tumor progression.

The ketogenic diet also modulates the tumor microenvironment by reducing inflam-
mation and angiogenesis, both of which are critical for tumor growth and metastasis [78,79].
Furthermore, preclinical studies have demonstrated that KD enhances the efficacy of
chemotherapy, radiation therapy, and immunotherapy by sensitizing cancer cells to treat-
ment while protecting normal cells from damage [80].

Despite its potential, clinical evidence for the ketogenic diet in cancer therapy remains
limited and mixed. For instance, a clinical trial involving patients with glioblastoma
multiforme reported that KD was well tolerated and associated with prolonged progression-
free survival in some patients, but larger, randomized studies are needed to validate
these findings [65,81]. Similarly, in pancreatic cancer patients undergoing chemoradiation
therapy, KD improved treatment tolerability and reduced therapy-related side effects,
although its impact on overall survival remains unclear [82].

However, the ketogenic diet is not without challenges. Common side effects include
lethargy, nausea, and gastrointestinal discomfort, which can affect adherence, particularly
in cancer patients undergoing intensive treatment [81]. Moreover, some studies have raised
concerns about the potential for KD to promote tumor metastasis in specific contexts,
highlighting the need for personalized dietary strategies [83].

In conclusion, the ketogenic diet represents a promising approach to cancer therapy
by exploiting the metabolic vulnerabilities of tumor cells. However, its application must be
tailored to individual patients based on tumor type, metabolic profile, and treatment goals.
Future research should focus on identifying biomarkers to predict which patients are most
likely to benefit from KD and optimizing its integration with standard cancer therapies.

3.3. High-Protein Diet

High-protein diets, characterized by a higher proportion of protein relative to fats
and carbohydrates, exist in various forms (Figure 1C). Common variations include high-
protein, moderate-fat, low-carbohydrate diets (approximately 30–40% protein, 30–40% fat,
20–30% carbohydrates); high-protein, high-fat, very-low-carbohydrate diets, resembling
the ketogenic approach (approximately 30% protein, 60% fat, 10% carbohydrates); and less
common high-protein, low-fat, moderate-carbohydrate diets (approximately 40% protein,
20% fat, 40% carbohydrates) [84]. This macronutrient distribution ensures an adequate
supply of protein to support muscle repair and immune function while maintaining a
balanced energy intake. This dietary approach has been extensively studied for its potential
to preserve lean body mass, improve treatment outcomes, and support recovery during
cancer therapy. However, its role in cancer prevention and management remains controver-
sial, with evidence suggesting both potential benefits and risks depending on the source,
quantity, and timing of protein intake [85].

High-protein diets offer several benefits for cancer patients, particularly those undergo-
ing intensive treatments such as chemotherapy or radiation therapy. Protein plays a critical
role in maintaining muscle mass, repairing tissues, and supporting immune function, all
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of which are essential for recovery and resilience during treatment. Clinical studies have
demonstrated that high-protein diets can mitigate weight loss, improve muscle strength,
and reduce hospitalization rates in cancer patients [86,87]. Additionally, protein supple-
mentation has been associated with improved quality of life and functional outcomes,
particularly in patients at risk for cancer cachexia, a condition characterized by severe
muscle wasting and weight loss [88].

Mechanistically, protein intake stimulates muscle protein synthesis through the acti-
vation of the mTOR signaling pathway, helping preserve lean body mass and counteract
the catabolic effects of cancer and its treatments. Furthermore, protein-rich diets may
modulate immune responses, enhancing the body’s ability to fight infections and recover
from treatment-related side effects [89]. However, excessive protein intake, particularly
from animal sources, has been linked to elevated levels of insulin-like growth factor-1,
which may promote tumor growth and progression in certain cancers, such as prostate and
colorectal cancer [90,91].

The source of protein also plays a crucial role in determining the overall impact of
the diet. While plant-based proteins are associated with lower cancer risks and improved
metabolic health, animal-based proteins, particularly processed meats, have been linked
to increased cancer incidence and mortality [7]. Additionally, high-protein diets that are
low in carbohydrates may alter gut microbiota composition, reducing the production
of cancer-protective metabolites and potentially increasing the risk of gastrointestinal
complications [92].

Despite these concerns, high-protein diets remain a valuable tool in clinical settings to
address the nutritional needs of cancer patients. For example, patients with gastrointestinal
cancers or those undergoing chemoradiation therapy have shown improved outcomes
with high-protein supplementation, including better treatment tolerability and reduced
side effects [86]. However, careful monitoring is required to balance the benefits of protein
intake with the potential risks of overconsumption, particularly in patients with pre-existing
metabolic conditions or advanced-stage cancer.

In conclusion, the high-protein diet offers significant potential for supporting cancer
patients by preserving lean body mass, enhancing recovery, and improving treatment
tolerance. However, its implementation must be carefully tailored, considering the source
and quantity of protein, as well as the patient’s overall metabolic and clinical profile. Future
research should focus on optimizing protein intake and identifying patient subgroups that
are most likely to benefit from this dietary approach.

3.4. The Mediterranean Diet

The Mediterranean diet (MD) is a plant-based dietary pattern inspired by the tradi-
tional eating habits of countries bordering the Mediterranean Sea. It emphasizes whole,
minimally processed foods such as fruits, vegetables, whole grains, legumes, nuts, seeds,
and olive oil, complemented by moderate consumption of fish, poultry, and dairy, and
limited intake of red meat and sweets. This dietary approach is widely recognized for its
health benefits, particularly in reducing the risk of chronic diseases, including cancer [93].

The macronutrient composition of the Mediterranean diet typically includes 45–55%
carbohydrates, 30–35% fat (with a high proportion of monounsaturated fats from olive oil),
and 15–20% protein (Figure 1D) [94]. This balanced distribution provides sufficient energy
while promoting metabolic health, making it an ideal dietary model for cancer prevention
and management.

The anticancer effects of the Mediterranean diet are attributed to its high content
of bioactive compounds, including fiber, polyphenols, antioxidants, and omega-3 fatty
acids. These components work synergistically to reduce oxidative stress, inflammation,
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and insulin resistance, all of which are implicated in carcinogenesis. For example, polyphe-
nols found in olive oil and red wine exhibit antitumor properties by modulating cell
signaling pathways and inducing apoptosis in cancer cells [95]. Similarly, omega-3 fatty
acids from fish and nuts inhibit angiogenesis and metastasis, further suppressing tumor
progression [96].

Clinical studies have consistently demonstrated the protective effects of the Mediter-
ranean diet against various cancers. High adherence to this dietary pattern has been
associated with a reduced risk of breast, colorectal, and prostate cancers, as well as im-
proved survival rates among cancer patients [97,98]. For instance, a cohort study found
that individuals who closely followed the Mediterranean diet had a 17% lower risk of
cancer-related mortality compared to those with low adherence [99].

In addition to its preventive benefits, the Mediterranean diet has shown promise as an
adjunctive therapy for cancer patients. Its anti-inflammatory and antioxidant properties
may enhance the efficacy of conventional treatments, reduce therapy-related side effects,
and improve overall quality of life. For example, cancer survivors adhering to the Mediter-
ranean diet have reported lower levels of fatigue and better physical functioning during
recovery [100].

Despite its numerous benefits, the Mediterranean diet is not without challenges.
Adherence may be difficult for some individuals due to cultural or economic factors, and
the diet’s relatively high fat content, primarily from olive oil and nuts, may lead to weight
gain if consumed in excess. However, when implemented thoughtfully, the Mediterranean
diet offers a sustainable and effective approach to cancer prevention and survivorship.

In conclusion, the Mediterranean diet represents a gold standard for healthy eating,
with robust evidence supporting its role in reducing cancer risk and improving outcomes for
cancer patients. Future research should focus on tailoring this dietary pattern to individual
needs and exploring its potential synergistic effects with emerging cancer therapies.

3.5. Vegetarian and Vegan Diets

Vegetarian and vegan diets are plant-based dietary patterns that have gained signifi-
cant attention for their potential role in cancer prevention and management. Vegetarian
diets exclude meat but may include dairy and eggs, while vegan diets eliminate all animal-
derived products. Both diets emphasize the consumption of fruits, vegetables, whole
grains, legumes, nuts, and seeds, which are rich in fiber, antioxidants, and phytochemi-
cals. These components are believed to contribute to the anticancer effects of plant-based
diets [101,102].

The typical macronutrient composition of vegetarian and vegan diets includes 50–60%
carbohydrates, 20–30% fat, and 15–20% protein, depending on the specific dietary choices
and sources of plant-based foods (Figure 1E) [103]. This distribution provides a high intake
of complex carbohydrates and dietary fiber, with lower levels of saturated fat compared to
omnivorous diets.

Vegetarian and vegan diets are associated with several potential benefits for cancer
prevention. Studies have shown that these diets are linked to a modest reduction in overall
cancer risk, with vegetarian diets reducing cancer incidence by 10–12% in some large-scale
observational studies [104]. The high intake of plant-based foods provides a rich source
of antioxidants and phytochemicals, which help neutralize free radicals, reduce oxidative
stress, and modulate inflammation—key factors in carcinogenesis [105]. Additionally, the
fiber content in these diets promotes gut health and supports the production of short-chain
fatty acids, which have been shown to have anticancer properties [106].

In terms of cancer survivorship, vegetarian and vegan diets may improve treatment
outcomes and enhance quality of life. Higher adherence to plant-based diets has been
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associated with better prognosis in cancer survivors, particularly for colorectal and prostate
cancers [107]. These diets may also help mitigate treatment-related side effects, such as
fatigue and inflammation, by providing a nutrient-dense and anti-inflammatory dietary
profile [108].

However, vegetarian and vegan diets are not without challenges. One of the primary
concerns is the potential for nutrient deficiencies, particularly in protein, vitamin B12,
iron, zinc, and omega-3 fatty acids, which are more abundant in animal-based foods. For
example, vegan diets are often lower in protein intake compared to other dietary patterns,
which may require careful planning to ensure adequate consumption of plant-based protein
sources such as legumes, tofu, tempeh, and quinoa [109]. Supplementation with vitamin
B12 and fortified foods is also recommended to prevent deficiencies that could compromise
immune function and overall health [110].

Another consideration is the reliance on processed plant-based foods, which can
be high in added sugars, unhealthy fats, and sodium. These products may undermine
the health benefits of a plant-based diet if consumed excessively. Therefore, a focus on
whole, minimally processed plant foods is essential to maximize the anticancer potential of
vegetarian and vegan diets [104].

In conclusion, vegetarian and vegan diets offer significant promise for cancer pre-
vention and survivorship by emphasizing nutrient-dense, plant-based foods that reduce
inflammation and oxidative stress. However, careful dietary planning and supplementation
are necessary to address potential nutrient deficiencies and ensure a balanced intake of
macronutrients and micronutrients. Future research should explore the long-term effects of
these diets on cancer outcomes and identify strategies to optimize their implementation in
diverse populations.

4. Diet and the Gut Microbiota
The gut microbiota, a complex community of microorganisms inhabiting the gas-

trointestinal tract, plays a central role in regulating human health. It influences metabolic
processes, immune function, and inflammation, all of which are critical in cancer develop-
ment, progression, and treatment outcomes. Diet is one of the most powerful modulators of
the gut microbiota, with specific dietary patterns shaping microbial diversity and activity
in ways that can either promote or reduce cancer risk [111,112].

Dietary fiber, a key component of plant-based diets, is a primary substrate for mi-
crobial fermentation in the colon. This fermentation process produces short-chain fatty
acids (SCFAs), including butyrate, acetate, and propionate, which have profound anti-
inflammatory and anticancer effects. Butyrate, in particular, acts as a histone deacetylase
(HDAC) inhibitor, regulating gene expression, promoting apoptosis in cancer cells, and en-
hancing the differentiation of regulatory T cells (Tregs). These effects collectively strengthen
the intestinal barrier, reduce inflammation, and support immune surveillance, thereby
lowering cancer risk [112,113].

Conversely, diets high in saturated fats, refined sugars, and processed foods—
hallmarks of the Western diet—are associated with gut dysbiosis. Dysbiosis refers to
an imbalance in the microbial community, characterized by reduced microbial diversity
and an overgrowth of pathogenic bacteria. This imbalance leads to the production of
pro-inflammatory metabolites, such as secondary bile acids and lipopolysaccharides (LPS),
which can damage the intestinal lining, promote chronic inflammation, and increase the
likelihood of DNA damage. These mechanisms are strongly implicated in the development
of colorectal cancer (CRC) [114,115].

The Mediterranean diet, which emphasizes fruits, vegetables, olive oil, nuts, and fish,
is a prime example of a dietary pattern that supports a healthy gut microbiota. It promotes
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the growth of beneficial bacteria such as Faecalibacterium prausnitzii and Roseburia, which
are known for their anti-inflammatory effects. Adherence to the Mediterranean diet has
been linked to a lower risk of CRC and improved outcomes in cancer patients [112,113].

Similarly, vegetarian and vegan diets, which are high in fiber and low in saturated
fat, encourage the proliferation of SCFA-producing bacteria and reduce the abundance
of pathogenic species. These plant-based diets have been associated with lower risks of
CRC and other cancers, likely due to their positive effects on gut health [116]. On the other
hand, the ketogenic diet, which is high in fat and low in carbohydrates, induces significant
changes in the gut microbiota. KD reduces the abundance of carbohydrate-fermenting
bacteria while increasing the levels of Akkermansia muciniphila, a bacterium associated
with improved metabolic health and enhanced responses to immunotherapy in cancer
patients. However, long-term adherence to KD may reduce microbial diversity, raising
concerns about its implications for gut health [116,117].

The gut microbiota also plays a pivotal role in modulating the efficacy and toxicity
of cancer therapies, including chemotherapy, radiation therapy, and immunotherapy. Cer-
tain bacterial species enhance the effectiveness of treatments by stimulating antitumor
immune responses. For instance, Akkermansia muciniphila has been linked to improved
responses to immune checkpoint inhibitors. Conversely, an imbalanced microbiota can
impair treatment outcomes and increase side effects, such as gastrointestinal toxicity during
chemotherapy or radiation therapy [113,118,119].

Dietary interventions targeting the gut microbiota are emerging as promising strate-
gies to improve cancer outcomes. Prebiotics, which are nondigestible fibers that feed
beneficial bacteria, and probiotics, which are live beneficial microbes, have shown potential
in restoring microbial balance, reducing inflammation, and enhancing the efficacy of cancer
treatments. Additionally, fecal microbiota transplantation (FMT), though still experimental
in cancer care, is being explored as a way to modulate the gut microbiota and improve
therapeutic responses [120,121].

Despite these advances, challenges remain. The gut microbiota varies significantly
between individuals, influenced by factors such as genetics, age, and lifestyle. This vari-
ability makes it difficult to establish universal dietary recommendations. Furthermore, the
long-term effects of specific diets on the microbiota and cancer outcomes require further in-
vestigation through large-scale studies. Advances in metagenomics and metabolomics will
enable a deeper understanding of the complex interactions between diet, gut microbiota,
and cancer, paving the way for targeted dietary interventions to complement traditional
cancer treatments.

In conclusion, diet is a powerful modulator of the gut microbiota, influencing cancer
risk, progression, and treatment outcomes. While dietary patterns such as the Mediter-
ranean and plant-based diets promote a healthy gut microbiota and reduce cancer risk,
Western diets are associated with dysbiosis and increased cancer susceptibility. Understand-
ing the interplay between diet, gut microbiota, and cancer will enable the development of
personalized dietary interventions to optimize cancer prevention and therapy.

5. Conclusions
The intricate relationship between diet, cancer development, and progression under-

scores the critical role of nutrition in modern oncology. This review highlights the profound
influence of dietary patterns and specific nutrients on molecular mechanisms central to
carcinogenesis, including inflammation, oxidative stress, insulin signaling, cell cycle regu-
lation, and apoptosis. Furthermore, the gut microbiota emerges as a pivotal mediator in
the diet–cancer interplay, modulating immune responses and therapeutic outcomes.
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While current evidence strongly supports the potential of dietary interventions in
cancer prevention and treatment, significant challenges remain. Specifically, translating this
knowledge into effective personalized dietary recommendations requires a more nuanced
understanding of the variability in individual responses to dietary strategies. Factors such
as tumor type, stage of disease, genetic predisposition, and metabolic profile must be
considered to develop truly personalized dietary recommendations. Additionally, the long-
term safety and efficacy of dietary interventions, such as caloric restriction, ketogenic diets,
and plant-based approaches, require further validation through large-scale, randomized
clinical trials.

Key insights from this review include the following:

1. Targeting Tumor Metabolism: Dietary interventions such as caloric restriction and
ketogenic diets can exploit the metabolic vulnerabilities of cancer cells, potentially
enhancing the efficacy of conventional therapies.

2. Modulating Inflammation and Oxidative Stress: Diets rich in antioxidants, polyphe-
nols, and omega-3 fatty acids can mitigate chronic inflammation and oxidative stress,
key drivers of tumorigenesis.

3. Gut Microbiota as a Therapeutic Target: The gut microbiota plays a critical role in
shaping cancer risk and treatment responses. Dietary patterns that promote microbial
diversity, such as the Mediterranean and plant-based diets, offer promising avenues
for cancer prevention and management.

4. Personalized Nutrition: The integration of dietary strategies tailored to the molec-
ular and clinical characteristics of individual patients holds immense potential for
improving outcomes and quality of life.

Future research should prioritize the development of precision nutrition frameworks
that incorporate biomarkers of dietary response, microbiome profiles, and tumor-specific
metabolic dependencies. By bridging the gap between molecular oncology and nutri-
tional science, we can pave the way for innovative, patient-centered approaches to cancer
prevention and care.

In conclusion, diet is not merely a modifiable risk factor but a powerful tool in the fight
against cancer. The integration of personalized dietary interventions into comprehensive
cancer care has the potential to revolutionize prevention and treatment strategies, ultimately
improving patient outcomes and quality of life.
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16. Akkız, H.; Şimşek, H.; Balcı, D.; Ülger, Y.; Onan, E.; Akçaer, N.; Delik, A. Inflammation and cancer: Molecular mechanisms and
clinical consequences. Front. Oncol. 2025, 15, 1564572. [CrossRef] [PubMed]

17. Zhao, H.; Wu, L.; Yan, G.; Chen, Y.; Zhou, M.; Wu, Y.; Li, Y. Inflammation and tumor progression: Signaling pathways and
targeted intervention. Sig. Transduct. Target Ther. 2021, 6, 263. [CrossRef]

18. Wen, Y.; Zhu, Y.; Zhang, C.; Yang, X.; Gao, Y.; Li, M.; Yang, H.; Liu, T.; Tang, H. Chronic inflammation, cancer development and
immunotherapy. Front. Pharmacol. 2022, 13, 1040163. [CrossRef]

19. Zhang, T.; Ma, C.; Zhang, Z.; Zhang, H.; Hu, H. NF-κB signaling in inflammation and cancer. MedComm 2021, 2, 618–653.
[CrossRef]

20. Laviano, A.; Rianda, S.; Molfino, A.; Rossi Fanelli, F. Omega-3 fatty acids in cancer. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16,
156–161. [CrossRef]

21. Cheng, M.; Zhang, S.; Ning, C.; Huo, Q. Omega-3 Fatty Acids Supplementation Improve Nutritional Status and Inflammatory
Response in Patients with Lung Cancer: A Randomized Clinical Trial. Front. Nutr. 2021, 8, 686752. [CrossRef]

22. Charles-Messance, H.; Mitchelson, K.A.; Castro, E.D.M.; Sheedy, F.J.; Roche, H.M. Regulating metabolic inflammation by
nutritional modulation. J. Allergy Clin. Immunol. 2020, 146, 706–720. [CrossRef] [PubMed]

23. Tan, B.L.; Norhaizan, M.E. Effect of High-Fat Diets on Oxidative Stress, Cellular Inflammatory Response and Cognitive Function.
Nutrients 2019, 11, 2579. [CrossRef]

24. Li, K.; Deng, Z.; Lei, C.; Ding, X.; Li, J.; Wang, C. The Role of Oxidative Stress in Tumorigenesis and Progression. Cells 2024, 13,
441. [CrossRef] [PubMed]

25. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [CrossRef] [PubMed]
26. Iqbal, M.J.; Kabeer, A.; Abbas, Z.; Siddiqui, H.A.; Calina, D.; Sharifi-Rad, J.; Cho, W.C. Interplay of oxidative stress, cellular

communication and signaling pathways in cancer. Cell Commun. Signal. 2024, 22, 7. [CrossRef]
27. Saleh, E.A.M.; Al-Dolaimy, F.; Baymakov, S.; Ullah, M.I.; Khlewee, I.H.; Bisht, Y.S.; Alsaalamy, A.H. Oxidative stress affects the

beginning of the growth of cancer cells through a variety of routes. Pathol. Res. Pract. 2023, 249, 154664. [CrossRef]
28. An, X.; Yu, W.; Liu, J.; Tang, D.; Yang, L.; Chen, X. Oxidative cell death in cancer: Mechanisms and therapeutic opportunities. Cell

Death Dis. 2024, 15, 556. [CrossRef]
29. Dong, R.; Wang, J.; Guan, R.; Sun, J.; Jin, P.; Shen, J. Role of Oxidative Stress in the Occurrence, Development, and Treatment of

Breast Cancer. Antioxidants 2025, 14, 104. [CrossRef]
30. Saha, S.K.; Lee, S.B.; Won, J.; Choi, H.Y.; Kim, K.; Yang, G.-M.; Abdal Dayem, A.; Cho, S. Correlation Between Oxidative Stress,

Nutrition, and Cancer Initiation. Int. J. Mol. Sci. 2017, 18, 1544. [CrossRef]
31. Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy:

The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1007/s13668-019-0257-2
https://doi.org/10.1016/j.jff.2024.106584
https://doi.org/10.1038/s41392-024-01771-x
https://doi.org/10.3390/cancers14205149
https://doi.org/10.1177/2050312120926877
https://doi.org/10.1038/s41419-024-06641-6
https://doi.org/10.1158/2159-8290.CD-22-0096
https://doi.org/10.1017/S0029665113000025
https://www.ncbi.nlm.nih.gov/pubmed/23388096
https://doi.org/10.1016/j.molcel.2020.05.018
https://doi.org/10.1016/j.ccell.2020.04.005
https://www.ncbi.nlm.nih.gov/pubmed/32413275
https://doi.org/10.1080/07315724.2018.1500499
https://doi.org/10.3389/fonc.2025.1564572
https://www.ncbi.nlm.nih.gov/pubmed/40165901
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.3389/fphar.2022.1040163
https://doi.org/10.1002/mco2.104
https://doi.org/10.1097/MCO.0b013e32835d2d99
https://doi.org/10.3389/fnut.2021.686752
https://doi.org/10.1016/j.jaci.2020.08.013
https://www.ncbi.nlm.nih.gov/pubmed/32841652
https://doi.org/10.3390/nu11112579
https://doi.org/10.3390/cells13050441
https://www.ncbi.nlm.nih.gov/pubmed/38474405
https://doi.org/10.1016/j.ccell.2020.06.001
https://www.ncbi.nlm.nih.gov/pubmed/32649885
https://doi.org/10.1186/s12964-023-01398-5
https://doi.org/10.1016/j.prp.2023.154664
https://doi.org/10.1038/s41419-024-06939-5
https://doi.org/10.3390/antiox14010104
https://doi.org/10.3390/ijms18071544
https://doi.org/10.1038/s12276-020-0384-2
https://www.ncbi.nlm.nih.gov/pubmed/32060354


Foods 2025, 14, 1788 17 of 20

32. Sosa, V.; Moliné, T.; Somoza, R.; Paciucci, R.; Kondoh, H.; LLeonart, M.E. Oxidative stress and cancer: An overview. Ageing Res.
Rev. 2013, 12, 376–390. [CrossRef] [PubMed]

33. Hua, H.; Kong, Q.; Yin, J.; Zhang, J.; Jiang, Y. Insulin-like growth factor receptor signaling in tumorigenesis and drug resistance:
A challenge for cancer therapy. J. Hematol. Oncol. 2020, 13, 64. [CrossRef] [PubMed]

34. Denduluri, S.K.; Idowu, O.; Wang, Z.; Liao, Z.; Yan, Z.; Mohammed, M.K.; Ye, J.; Wei, Q.; Wang, J.; Zhao, L.; et al. Insulin-like
growth factor (IGF) signaling in tumorigenesis and the development of cancer drug resistance. Genes Dis. 2015, 2, 13–25.
[CrossRef]

35. Gallagher, E.J.; LeRoith, D. Minireview: IGF, Insulin, and Cancer. Endocrinology 2011, 152, 2546–2551. [CrossRef]
36. Melnik, B.C.; John, S.M.; Schmitz, G. Over-stimulation of insulin/IGF-1 signaling by Western diet may promote diseases of

civilization: Lessons learnt from Laron syndrome. Nutr. Metab. 2011, 8, 41. [CrossRef]
37. Klement, R.J.; Fink, M.K. Dietary and pharmacological modification of the insulin/IGF-1 system: Exploiting the full repertoire

against cancer. Oncogenesis 2016, 5, e193. [CrossRef]
38. Cancemi, G.; Cicero, N.; Allegra, A.; Gangemi, S. Effect of Diet and Oxidative Stress in the Pathogenesis of Lymphoproliferative

Disorders. Antioxidants 2023, 12, 1674. [CrossRef]
39. Sandhu, M.S.; Dunger, D.B.; Giovannucci, E.L. Insulin, Insulin-Like Growth Factor-I (IGF-I), IGF Binding Proteins, Their Biologic

Interactions, and Colorectal Cancer. J. Natl. Cancer Inst. 2002, 94, 972–980. [CrossRef]
40. Bowers, L.W.; Rossi, E.L.; O’Flanagan, C.H.; deGraffenried, L.A.; Hursting, S.D. The Role of the Insulin/IGF System in Cancer:

Lessons Learned from Clinical Trials and the Energy Balance-Cancer Link. Front. Endocrinol. 2015, 6, 77. [CrossRef]
41. Vermeulen, K.; Van Bockstaele, D.R.; Berneman, Z.N. The cell cycle: A review of regulation, deregulation and therapeutic targets

in cancer. Cell Prolif. 2003, 36, 131–149. [CrossRef] [PubMed]
42. Cavalu, S.; Abdelhamid, A.M.; Saber, S.; Elmorsy, E.A.; Hamad, R.S.; Abdel-Reheim, M.A.; Yahya, G.; Salama, M.M. Cell cycle

machinery in oncology: A comprehensive review of therapeutic targets. FASEB J. 2024, 38, e23734. [CrossRef] [PubMed]
43. Almalki, S.G. The pathophysiology of the cell cycle in cancer and treatment strategies using various cell cycle checkpoint

inhibitors. Pathol. Res. Pract. 2023, 251, 154854. [CrossRef]
44. Shukla, S.; Meeran, S.M.; Katiyar, S.K. Epigenetic regulation by selected dietary phytochemicals in cancer chemoprevention.

Cancer Lett. 2014, 355, 9–17. [CrossRef] [PubMed]
45. Huang, X.; Wang, Y.; Yang, W.; Dong, J.; Li, L. Regulation of dietary polyphenols on cancer cell pyroptosis and the tumor immune

microenvironment. Front. Nutr. 2022, 9, 974896. [CrossRef]
46. Link, A.; Balaguer, F.; Goel, A. Cancer Chemoprevention by Dietary Polyphenols: Promising Role for Epigenetics. Biochem.

Pharmacol. 2010, 80, 1771–1792. [CrossRef] [PubMed]
47. Ibrahim, E.M.; Al-Foheidi, M.H.; Al-Mansour, M.M. Energy and caloric restriction, and fasting and cancer: A narrative review.

Support Care Cancer 2021, 29, 2299–2304. [CrossRef]
48. Pomatto-Watson, L.C.D.; Bodogai, M.; Bosompra, O.; Kato, J.; Wong, S.; Carpenter, M.; Duregon, E.; Chowdhury, D.; Krishna, P.;

Ng, S.; et al. Daily caloric restriction limits tumor growth more effectively than caloric cycling regardless of dietary composition.
Nat. Commun. 2021, 12, 6201. [CrossRef]

49. Mileo, A.M.; Miccadei, S. Polyphenols as Modulator of Oxidative Stress in Cancer Disease: New Therapeutic Strategies. Oxid.
Med. Cell Longev. 2016, 2016, 6475624. [CrossRef]

50. Meeran, S.M.; Ahmed, A.; Tollefsbol, T.O. Epigenetic targets of bioactive dietary components for cancer prevention and therapy.
Clin. Epigenet. 2010, 1, 101–116. [CrossRef]

51. Cozzo, A.J.; Coleman, M.F.; Pearce, J.B.; Pfeil, A.J.; Etigunta, S.K.; Hursting, S.D. Dietary Energy Modulation and Autophagy:
Exploiting Metabolic Vulnerabilities to Starve Cancer. Front. Cell Dev. Biol. 2020, 8, 590192. [CrossRef] [PubMed]

52. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
53. Reed, J.C. Dysregulation of Apoptosis in Cancer. J. Clin. Oncol. 1999, 17, 2941. [CrossRef]
54. Papaliagkas, V.; Anogianaki, A.; Anogianakis, G.; Ilonidis, G. The proteins and the mechanisms of apoptosis: A mini-review of

the fundamentals. Hippokratia 2007, 11, 108–113.
55. Wong, R.S. Apoptosis in cancer: From pathogenesis to treatment. J. Exp. Clin. Cancer Res. 2011, 30, 87. [CrossRef]
56. Khan, N.; Adhami, V.M.; Mukhtar, H. Apoptosis by dietary agents for prevention and treatment of cancer. Biochem. Pharmacol.

2008, 76, 1333–1339. [CrossRef]
57. Khan, N.; Afaq, F.; Mukhtar, H. Apoptosis by dietary factors: The suicide solution for delaying cancer growth. Carcinogenesis

2007, 28, 233–239. [CrossRef] [PubMed]
58. Effects of dietary flavonoids on apoptotic pathways related to cancer chemoprevention. J. Nutr. Biochem. 2007, 18, 427–442.

[CrossRef]
59. Neophytou, C.M.; Trougakos, I.P.; Erin, N.; Papageorgis, P. Apoptosis Deregulation and the Development of Cancer Multi-Drug

Resistance. Cancers 2021, 13, 4363. [CrossRef]

https://doi.org/10.1016/j.arr.2012.10.004
https://www.ncbi.nlm.nih.gov/pubmed/23123177
https://doi.org/10.1186/s13045-020-00904-3
https://www.ncbi.nlm.nih.gov/pubmed/32493414
https://doi.org/10.1016/j.gendis.2014.10.004
https://doi.org/10.1210/en.2011-0231
https://doi.org/10.1186/1743-7075-8-41
https://doi.org/10.1038/oncsis.2016.2
https://doi.org/10.3390/antiox12091674
https://doi.org/10.1093/jnci/94.13.972
https://doi.org/10.3389/fendo.2015.00077
https://doi.org/10.1046/j.1365-2184.2003.00266.x
https://www.ncbi.nlm.nih.gov/pubmed/12814430
https://doi.org/10.1096/fj.202400769R
https://www.ncbi.nlm.nih.gov/pubmed/38847486
https://doi.org/10.1016/j.prp.2023.154854
https://doi.org/10.1016/j.canlet.2014.09.017
https://www.ncbi.nlm.nih.gov/pubmed/25236912
https://doi.org/10.3389/fnut.2022.974896
https://doi.org/10.1016/j.bcp.2010.06.036
https://www.ncbi.nlm.nih.gov/pubmed/20599773
https://doi.org/10.1007/s00520-020-05879-y
https://doi.org/10.1038/s41467-021-26431-4
https://doi.org/10.1155/2016/6475624
https://doi.org/10.1007/s13148-010-0011-5
https://doi.org/10.3389/fcell.2020.590192
https://www.ncbi.nlm.nih.gov/pubmed/33224954
https://doi.org/10.1080/01926230701320337
https://www.ncbi.nlm.nih.gov/pubmed/17562483
https://doi.org/10.1200/JCO.1999.17.9.2941
https://doi.org/10.1186/1756-9966-30-87
https://doi.org/10.1016/j.bcp.2008.07.015
https://doi.org/10.1093/carcin/bgl243
https://www.ncbi.nlm.nih.gov/pubmed/17151090
https://doi.org/10.1016/j.jnutbio.2006.11.004
https://doi.org/10.3390/cancers13174363


Foods 2025, 14, 1788 18 of 20

60. Watts, E.L.; Moore, S.C.; Gunter, M.J.; Chatterjee, N. Adiposity and cancer: Meta-analysis, mechanisms, and future perspectives.
medRxiv 2024. [CrossRef]

61. Mahamat-saleh, Y.; Aune, D.; Freisling, H.; Hardikar, S.; Jaafar, R.; Rinaldi, S.; Gunter, M.J.; Dossus, L. Association of metabolic
obesity phenotypes with risk of overall and site-specific cancers: A systematic review and meta-analysis of cohort studies. Br. J.
Cancer 2024, 131, 1480–1495. [CrossRef] [PubMed]

62. Pati, S.; Irfan, W.; Jameel, A.; Ahmed, S.; Shahid, R.K. Obesity and Cancer: A Current Overview of Epidemiology, Pathogenesis,
Outcomes, and Management. Cancers 2023, 15, 485. [CrossRef] [PubMed]

63. Ilerhunmwuwa, N.P.; Abdul Khader, A.H.S.; Smith, C.; Cliff, E.R.S.; Booth, C.M.; Hottel, E.; Aziz, M.; Lee-Smith, W.; Goodman,
A.; Chakraborty, R.; et al. Dietary interventions in cancer: A systematic review of all randomized controlled trials. J. Natl. Cancer
Inst. 2024, 116, 1026–1034. [CrossRef]

64. Carlson, D.A.; True, C.; Wilson, C.G. Oxidative stress and food as medicine. Front. Nutr. 2024, 11, 1394632. [CrossRef] [PubMed]
65. Meynet, O.; Ricci, J.-E. Caloric restriction and cancer: Molecular mechanisms and clinical implications. Trends Mol. Med. 2014, 20,

419–427. [CrossRef]
66. Xie, L.; Wang, W. Weight control and cancer preventive mechanisms: Role of IGF-1-mediated signaling pathways. Exp. Biol. Med.

2013, 238, 127–132. [CrossRef]
67. Galet, C.; Gray, A.; Said, J.W.; Castor, B.; Wan, J.; Beltran, P.J.; Calzone, F.J.; Elashoff, D.; Cohen, P.; Aronson, W.J. Effects of Calorie

Restriction and IGF-1 Receptor Blockade on the Progression of 22Rv1 Prostate Cancer Xenografts. Int. J. Mol. Sci. 2013, 14,
13782–13795. [CrossRef]

68. Shabkhizan, R.; Haiaty, S.; Moslehian, M.S.; Bazmani, A.; Sadeghsoltani, F.; Bagheri, H.S.; Rahbarghazi, R.; Sakhinia, E. The
Beneficial and Adverse Effects of Autophagic Response to Caloric Restriction and Fasting. Adv. Nutr. 2023, 14, 1211–1225.
[CrossRef]

69. O’Flanagan, C.H.; Smith, L.A.; McDonell, S.B.; Hursting, S.D. When less may be more: Calorie restriction and response to cancer
therapy. BMC Med. 2017, 15, 106. [CrossRef]

70. Icard, P.; Ollivier, L.; Forgez, P.; Otz, J.; Alifano, M.; Fournel, L.; Loi, M.; Thariat, J. Perspective: Do Fasting, Caloric Restriction,
and Diets Increase Sensitivity to Radiotherapy? A Literature Review. Adv. Nutr. 2020, 11, 1089–1101. [CrossRef]

71. Kalam, F.; James, D.L.; Li, Y.R.; Coleman, M.F.; Kiesel, V.A.; Cespedes Feliciano, E.M.; Hursting, S.D.; Sears, D.D.; Kleckner, A.S.
Intermittent fasting interventions to leverage metabolic and circadian mechanisms for cancer treatment and supportive care
outcomes. JNCI Monogr. 2023, 2023, 84–103. [CrossRef] [PubMed]

72. De Gruil, N.; Pijl, H.; van der Burg, S.H.; Kroep, J.R. Short-Term Fasting Synergizes with Solid Cancer Therapy by Boosting
Antitumor Immunity. Cancers 2022, 14, 1390. [CrossRef] [PubMed]

73. Di Tano, M.; Raucci, F.; Vernieri, C.; Caffa, I.; Buono, R.; Fanti, M.; Brandhorst, S.; Curigliano, G.; Nencioni, A.; de Braud, F.;
et al. Synergistic effect of fasting-mimicking diet and vitamin C against KRAS mutated cancers. Nat. Commun. 2020, 11, 2332.
[CrossRef]

74. Xie, Y.; Ye, H.; Liu, Z.; Liang, Z.; Zhu, J.; Zhang, R.; Li, Y. Fasting as an Adjuvant Therapy for Cancer: Mechanism of Action and
Clinical Practice. Biomolecules 2024, 14, 1437. [CrossRef]

75. Weber, D.D.; Aminazdeh-Gohari, S.; Kofler, B. Ketogenic diet in cancer therapy. Aging 2018, 10, 164–165. [CrossRef] [PubMed]
76. Tan-Shalaby, J. Ketogenic Diets and Cancer: Emerging Evidence. Fed. Pract. 2017, 34, 37S–42S. [CrossRef]
77. Talib, W.H.; Mahmod, A.I.; Kamal, A.; Rashid, H.M.; Alashqar, A.M.D.; Khater, S.; Jamal, D.; Waly, M. Ketogenic Diet in Cancer

Prevention and Therapy: Molecular Targets and Therapeutic Opportunities. Curr. Issues Mol. Biol. 2021, 43, 558–589. [CrossRef]
78. Woolf, E.C.; Curley, K.L.; Liu, Q.; Turner, G.H.; Charlton, J.A.; Preul, M.C.; Scheck, A.C. The Ketogenic Diet Alters the Hypoxic

Response and Affects Expression of Proteins Associated with Angiogenesis, Invasive Potential and Vascular Permeability in a
Mouse Glioma Model. PLoS ONE 2015, 10, e0130357. [CrossRef]

79. Su, Z.; Liu, Y.; Xia, Z.; Rustgi, A.K.; Gu, W. An unexpected role for the ketogenic diet in triggering tumor metastasis by modulating
BACH1-mediated transcription. Sci. Adv. 2024, 10, eadm9481. [CrossRef]

80. Chaudhary, R. Ketogenic diet as a treatment and prevention strategy for cancer: A therapeutic alternative. Nutrition 2024, 124,
112427. [CrossRef]

81. Allen, B.G.; Bhatia, S.K.; Anderson, C.M.; Eichenberger-Gilmore, J.M.; Sibenaller, Z.A.; Mapuskar, K.A.; Schoenfeld, J.D.; Buatti,
J.M.; Spitz, D.R.; Fath, M.A. Ketogenic diets as an adjuvant cancer therapy: History and potential mechanism. Redox Biol. 2014, 2,
963–970. [CrossRef] [PubMed]

82. Yang, L.; TeSlaa, T.; Ng, S.; Nofal, M.; Wang, L.; Lan, T.; Zeng, X.; Cowan, A.; McBride, M.; Lu, W.; et al. Ketogenic diet and
chemotherapy combine to disrupt pancreatic cancer metabolism and growth. Med 2022, 3, 119–136. [CrossRef] [PubMed]

83. Bezerra, L.S.; Santos-Veloso, M.A.O. Ketogenic diet and metastasis: A critical review of the literature and possible mechanisms.
Clin. Nutr. ESPEN 2023, 57, 207–212. [CrossRef] [PubMed]

https://doi.org/10.1101/2024.02.16.24302944
https://doi.org/10.1038/s41416-024-02857-7
https://www.ncbi.nlm.nih.gov/pubmed/39317703
https://doi.org/10.3390/cancers15020485
https://www.ncbi.nlm.nih.gov/pubmed/36672434
https://doi.org/10.1093/jnci/djae051
https://doi.org/10.3389/fnut.2024.1394632
https://www.ncbi.nlm.nih.gov/pubmed/39262430
https://doi.org/10.1016/j.molmed.2014.05.001
https://doi.org/10.1177/1535370213477602
https://doi.org/10.3390/ijms140713782
https://doi.org/10.1016/j.advnut.2023.07.006
https://doi.org/10.1186/s12916-017-0873-x
https://doi.org/10.1093/advances/nmaa062
https://doi.org/10.1093/jncimonographs/lgad008
https://www.ncbi.nlm.nih.gov/pubmed/37139971
https://doi.org/10.3390/cancers14061390
https://www.ncbi.nlm.nih.gov/pubmed/35326541
https://doi.org/10.1038/s41467-020-16243-3
https://doi.org/10.3390/biom14111437
https://doi.org/10.18632/aging.101382
https://www.ncbi.nlm.nih.gov/pubmed/29443693
https://doi.org/10.12788/fp.0457
https://doi.org/10.3390/cimb43020042
https://doi.org/10.1371/journal.pone.0130357
https://doi.org/10.1126/sciadv.adm9481
https://doi.org/10.1016/j.nut.2024.112427
https://doi.org/10.1016/j.redox.2014.08.002
https://www.ncbi.nlm.nih.gov/pubmed/25460731
https://doi.org/10.1016/j.medj.2021.12.008
https://www.ncbi.nlm.nih.gov/pubmed/35425930
https://doi.org/10.1016/j.clnesp.2023.06.038
https://www.ncbi.nlm.nih.gov/pubmed/37739657


Foods 2025, 14, 1788 19 of 20

84. Dingemans, A.-M.; van Walree, N.; Schramel, F.; Soud, M.Y.-E.; Baltruškevičienė, E.; Lybaert, W.; Veldhorst, M.; van den Berg,
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