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Abstract

Growing evidence suggests that dietary interventions can influence cancer
progression and patient outcomes. Here, we discuss mechanistic links be-
tween diet and cancer biology including those related to systemic hormone
signaling, modulation of nutrient availability within the tumor microenvi-
ronment, and interactions with the immune system and microbiome, while
highlighting their interconnectedness. Further, we review preclinical and
clinical data evaluating specific diets, including their use with cancer thera-
pies. Given the interest in diet as an adjunct to cancer care, it is essential to
establish evidence-based dietary strategies for optimizing patient outcomes
and quality of life.
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1. INTRODUCTION

Cancer remains a leading cause of morbidity and mortality worldwide. While progress has
been made in understanding cancer biology and improving treatment, incorporating dietary in-
terventions to complement existing therapies is of growing interest; however, our mechanistic
understanding of how diet affects cancer progression, treatment response, and survivorship re-
mains incomplete and is complicated by many factors. These include variability in whole-body
metabolic physiology, comorbidities, and cancer heterogeneity. Moreover, long-held assumptions
about diet and cancer—often based on minimal or anecdotal evidence—have shaped research pri-
orities and public perceptions in ways that hinder systematic evaluation. Such beliefs can introduce
bias into study design and interpretation, encourage self-selection or poor adherence in trials,
or promote inconsistent or imprecisely defined dietary protocols across studies. The result is a
fragmented body of literature where findings are difficult to reproduce or compare, limiting the
translation of dietary interventions into evidence-based clinical practice.

A mechanistic framework that links diet to cancer biology while embracing its inherent com-
plexity is needed. Diet can affect systemic metabolism, tissue nutrient availability, host immunity,
and the gut microbiome, with potential consequences for cancer progression and treatment re-
sponse. However, these variables are complex and interconnected, challenging our understanding
of how diet impacts cancer biology (Figure 1).

Here, we review known mechanistic links between diet and cancer, summarize preclinical data
for how dietary components and patterns can affect tumor biology, and discuss the limited clinical
evidence for integrating dietary interventions into patient care.

2. MECHANISMS LINKING DIET AND CANCER

Epidemiological studies link diet-influenced phenotypes such as insulin resistance and obesity
with both increased risk and worse outcomes for some cancers; however, these associations may
or may not be driven by the same underlying mechanisms. Thus, to improve understanding of how
diet can affect cancer, it is important to not conflate studies assessing risk of a cancer diagnosis
with those examining outcomes of patients with existing disease. Here, we focus primarily on how
diet can impact existing cancers.

Barbeau et al.
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Figure 1

Schematic illustrating mechanisms by which diet can influence tumor progression. Diet can affect systemic
hormone-driven signaling and tissue nutrient levels, which interact with both the immune system and the
microbiome.

2.1. Hormonal

Diet influences endocrine regulation of whole-body metabolism, and several diet-responsive
hormones modulate pathways controlling cell proliferation. Thus, these diet-induced hormonal
changes could impact tumor growth, and we discuss several examples.

2.1.1. Insulin/IGF-1. Insulin can influence cancer progression through multiple mecha-
nisms. Insulin receptor signaling stimulates mitogenic and prosurvival pathways including
phosphoinositide-3-kinase (PI3K)/AKT/mTOR and Ras/MAPK. Notably, AKT activity can pro-
mote glucose transporter translocation to the plasma membrane, facilitating increased glucose
uptake and metabolism associated with cancer (126). Hyperinsulinemia, often caused by consump-
tion of excess calories, high-glycemic-index foods, and low fiber, are associated with poorer cancer
outcomes (217). Conversely, dietary interventions that reduce systemic insulin levels constrain tu-
mor burden and metastasis in preclinical studies and may provide benefit in limited clinical studies
(205).

Insulin-like growth factor 1 (IGF-1), a hormone related to insulin, activates overlapping sig-
naling pathways and is sensitive to macronutrient intake (235) and nutritional state (86). Elevated
circulating IGF-1, or a decrease in its molecular sequestrant IGF-binding protein-3 (IGFBP-3),
has been associated with cancer progression and mortality in some settings (115, 160). However,
clinical trials targeting IGF-1 signaling have been largely unsuccessful, suggesting that additional
factors must be at play in many patients (80).

2.1.2. Glucagon/GLP-1. Glucagon, a peptide hormone produced in response to low blood
sugar levels, stimulates gluconeogenesis and glycogen breakdown. Dietary carbohydrates and
lipids can suppress glucagon secretion, whereas proteins can stimulate glucagon secretion. Some
tumors express glucagon receptors (64), raising the possibility that glucagon signaling could
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directly impact tumor growth. For example, glucagon increases transcription of gluconeogenesis
genes, expressed in some tumor cells, which may support biomass production under glucose-
deprived conditions (64). Beyond any direct effects on tumor growth, glucagon may also play a role
in promoting the muscle and fat breakdown that is associated with worse cancer prognosis (11).

Glucagon-like peptide 1 (GLP-1) is an incretin hormone secreted in response to food intake.
GLP-1 enhances insulin secretion, inhibits glucagon release, and slows gastric emptying, leading
to its role in treating diabetes and obesity (52). In the context of obesity, there is some evidence
that GLP-1 and GLP-1 receptor agonists (GLP-1RAs) improve cancer outcomes, potentially by
reducing insulin resistance (60, 178). However, in tumors that express GLP-1 receptors, GLP-
1RAs may promote tumor growth (207). Of note, GLP-1RAs also accelerate loss of lean body
mass. Therefore, in the context of cancer cachexia, GLP-1RAs could accelerate weight loss with
negative impacts on patients.

While there is epidemiological evidence correlating obesity and associated markers of poor
metabolic health with worse cancer outcomes, whether improving these phenotypes will be ben-
eficial to cancer patients with respect to therapy response and malignant progression is less clear.
The recent success using GLP-1RAs to treat obesity, with corresponding benefits in markers of
metabolic health, will provide an opportunity to determine whether improved metabolic health
will also improve cancer outcomes.

2.1.3. Other hormones impacted by diet. Sex hormone levels can be affected by dietary pro-
tein, fat, fiber, and body mass index (BMI) (13, 155), and sex hormone signaling can impact cell
proliferation and survival (34) as well as alter cancer progression and treatment response (67).
While a dietary pattern associated with increased serum estrogen levels is associated with increased
risk of developing breast cancer (79), a separate study found no link between an estrogen-related
dietary pattern and overall mortality in breast cancer patients (26).

Nutrition can also impact adipokine levels. These hormones are produced by adipose tissue
and can influence tumor progression and drug resistance. Leptin is an adipokine that regulates
appetite (215) and has been reported to promote proliferation, epithelial-mesenchymal transition
(EMT), metastasis, and resistance to chemotherapies (138). Excess leptin and/or leptin resistance
is associated with obesity and thus is associated with obesity-related cancers (215). However, stud-
ies crossing tumor models onto a leptin-deficient 0b/0b mouse background have shown increased
cancer development and progression (94). These data argue for a procancer effect of obesity, but
that effect must be independent of leptin signaling.

Adiponectin is the most abundant adipokine in blood (167). Adiponectin acts via receptors on
skeletal muscle and liver to increase fatty acid oxidation as well as glucose uptake and insulin sen-
sitivity (167). Adiponectin levels are inversely proportional to BMI (215), with studies finding that
weight-loss diet interventions increase circulating adiponectin regardless of the macronutrient
composition of the diet (143). Few studies have investigated adiponectin effects on existing can-
cers, but adiponectin-deficient mice display enhanced melanoma and lung tumor growth (216).
Also, in a small study, breast cancer patients with low serum adiponectin levels were reported to
have more aggressive disease (81), and independent of BMI, lower adiponectin levels are associated
with progression of intraepithelial neoplasia to invasive breast cancer in premenopausal women

(144).

2.2. Nutrient Availability

Cancer cell metabolism can be constrained by nutrient availability. Diet can alter the nutrient com-
position of the tumor microenvironment (TME) and is a mechanism by which diet can modulate
tumor growth (136).

Barbeau et al.
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2.2.1. Protein. Modulating protein levels in the diet can alter plasma and tissue amino acid
profiles, with potential consequences for tumor growth (70). While essential amino acids must
be obtained through the diet to support both whole-body and tumor metabolism, nonessential
amino acids can also be limiting for tumor growth with both uptake and de novo synthesis be-
ing important in some contexts (36). Although dietary protein restriction is generally thought to
constrain tumor growth, it is also hypothesized that dietary protein or amino acids could help mit-
igate muscle wasting associated with cachexia (15). This underscores the complex considerations
to navigate when weighing the risks and benefits of protein restriction in cancer management, a
topic we revisit when considering specific diets.

2.2.2. Carbohydrates. Glucose is the carbon precursor for synthesis of nucleotides, fatty
acids, and some amino acids and plays roles in cellular energetics and redox balance. Many
cancers exhibit increased glucose uptake and metabolism through aerobic glycolysis. While a low-
carbohydrate diet can lower blood glucose levels, even complete carbohydrate restriction only
lowers blood glucose to approximately half of normal levels (136). Notably, this level of glucose
is still above the K, for some glucose transporters (136), and cancer cells can upregulate gluco-
neogenesis or glucose transporters as a compensatory response to carbohydrate restriction (181).
Thus, it may not be possible to sufficiently restrict tumor glucose levels by dietary interventions
alone.

Dietary fructose is another monosaccharide that has been implicated in supporting tumor
growth both directly and indirectly. Fructose metabolism is not subject to the same regulation
as glucose metabolism. With high fructose intake, citrate, a precursor in fat synthesis, can accu-
mulate and may partially underly the connection between fructose, obesity, and cancer. Other
fructose effects on tumor growth have also been proposed. One study showed that fructose can
enhance the hepatic production and secretion of phospholipids, fueling cancer growth outside the
liver (69). Accumulation of fructose-1-phosphate and subsequent depletion of ATP has been re-
ported to activate phosphofructokinase and enhance glucose metabolism, potentially supporting
intestinal tumor growth (74). A recent study also showed that high glucose and fructose con-
sumption increased colorectal cancer (CRC) metastasis via raising the ratio of oxidized to reduced
nicotinamide adenine dinucleotide (NAD*/NADH) and fueling the mevalonate pathway (62).

2.2.3. Lipids. Exogenous lipids can directly and indirectly modulate signal transduction, in-
flammation, and gene expression programs that impact cancer cell proliferation and survival (18).
Here, we briefly summarize the current understanding for how specific dietary fatty acids and
lipids influence cancer.

2.2.3.1. Saturated fatty acids and monounsaturated faity acids. Dietary saturated fatty acids
(SFAs) and monounsaturated fatty acids (MUFAs) exert context-dependent effects on tumor pro-
gression, shaped by cancer type and the balance of fats available to the tumor. SFAs, such as
palmitate and stearate, are linked to tumor progression through mechanisms including epige-
netic remodeling via MYC activation (118) or CD36-dependent enhancement of metastasis (184).
However, SFAs can also restrain tumor growth, as observed with stearate-rich diets in ovarian can-
cer models (170). MUFAs, such as oleic acid, similarly display context-dependent effects that vary
across cancer models (186, 239).

The relative balance between MUFAs and SFAs is also important for cancer progression. For
example, a stearate-rich diet hinders subcutaneous ovarian tumor growth, but this effect is reversed
by dietary oleic acid supplementation (170). SFA-enriched diets also inhibit subcutaneous pan-
creatic tumor growth when de novo MUFA synthesis is reduced by caloric restriction (CR) (136),
underscoring how interactions between dietary fat composition and endogenous lipid metabolism
can affect cancers.

www.annualreviews.org o Diet and Cancer Progression
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Figure 2

Chart highlighting common dietary omega-3 and omega-6 fatty acids, including chemical structures and
common food sources. An asterisk (*) denotes essential fatty acids that must be obtained through the diet,
while eicosapentaenoic, docosahexaenoic, and arachidonic acids can be synthesized de novo.

2.2.3.2. Polyunsaturated fatty acids. Dietary omega-3 (w-3) and omega-6 (»-6) polyunsatu-
rated fatty acids (PUFAs) are associated with opposing effects on cancer outcomes (Figure 2). A
meta-analysis of rodent mammary tumor models supports a protumor role for w-6 PUFAs (61).
Consistent with this, a preclinical study showed that linoleic acid can activate mTORCI1 to sup-
port tumor growth, particularly in triple-negative breast cancer where fatty acid binding protein
5 is highly expressed (111). Adverse effects of w-6 PUFAs on tumor progression may also involve
formation of proinflammatory oxylipins (157). Some w-3 PUFAs, such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), have anti-inflammatory properties and are associated
with antitumor effects, including via modulation of the PI3K/AKT and nuclear factor kappa B
(NF-«B) pathways (17). Given these opposing effects, the w-6:w-3 ratio may better predict how
dietary lipids might influence progression of specific cancers. Indeed, a higher plasma w-6:0-3
PUFA ratio is associated with greater cancer mortality (245).

PUFAs also affect sensitivity to lipid peroxidation and ferroptosis. A DHA-enriched diet im-
paired subcutaneous colon tumor growth via inducing ferroptosis compared with an isocaloric
oleic acid-enriched diet (47). How cellular PUFA levels can be controlled to promote cancer cell
ferroptosis is an area of active study (231).

2.2.3.3. Cholesterol. Dietary cholesterol promotes tumor growth and/or metastasis in various
preclinical models (48). This is often attributed to the formation of cholesterol-rich lipid rafts
that facilitate oncogenic signaling (48). Cholesterol also supports steroid hormone synthesis, in-
fluencing hormone-sensitive cancers (158). Certain cancers are cholesterol auxotrophs and rely
on lipoprotein receptors for cholesterol acquisition. For example, clear cell renal cell carcinoma

Barbeau et al.
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suppresses cholesterol biosynthesis and depends on the high-density lipoprotein receptor
SCARBI for cholesterol import, and a high-cholesterol diet promotes xenograft tumor growth
(195).

Intriguingly, high cholesterol intake may be protective in some contexts. High dietary choles-
terol inhibited hepatocellular carcinoma metastasis in a mouse model, potentially by restricting
CD44 to lipid rafts and impairing migration (240). Indeed, higher serum cholesterol is associ-
ated with improved prognosis for liver cancer patients undergoing resection (240). Nevertheless,
connections between dietary and circulating cholesterol levels and cancer remain murky due to
contradictory evidence.

2.2.4. Micronutrients. Although some evidence links micronutrient intake to lower cancer
incidence, most studies fail to show clinical benefit for patients with established cancers. Some mi-
cronutrients influence cancer progression by impacting DNA synthesis and repair. For example,
DNA synthesis depends on folate-mediated deoxynucleoside triphosphate (AINTP) availability.
When folate levels are depleted, nucleotide synthesis and DNA repair capability can be compro-
mised (33). While folate supplementation may reduce cancer risk (95), folates may also promote
progression of some malignancies such as leukemia (59).

Some studies report anticancer effects of vitamin C. In a meta-analysis of breast cancer patients,
postdiagnosis vitamin C supplementation or dietary intake was associated with reduced mortality
(84). In a CRC model, uptake of oxidized vitamin C was proposed to increase reactive oxygen
species (ROS) and selectively kill KRAS and BRAF mutant cancer cells (242). By contrast, multiple
studies indicate that vitamin E promotes cancer progression. Vitamin E supplementation has been
shown to accelerate lung cancer in mice via reducing ROS, DNA damage, and p53 expression (201)
and to promote melanoma invasion and metastasis by increasing reduced glutathione (GSH) (123).

Because chemotherapy and radiotherapy induce ROS, dietary micronutrients have been ex-
plored to mitigate treatment-related toxicities. Of note, a review of clinical trials combining
antioxidants with chemotherapy found that supplementation did not always increase circulat-
ing micronutrient levels (119). Only selenium supplementation consistently resulted in increased
blood selenium, and this was associated with reduced hematologic toxicity and nephrotoxic-
ity in patients given cisplatin-based regimens (119). However, there is concern that mitigating
therapy-induced ROS might also interfere with efficacy (119).

Micronutrients can also affect therapeutic efficacy through mechanisms independent of ROS
mitigation. Vitamin C has been shown to influence immune cell function, and high-dose vitamin C
enhances immunotherapy responses in mouse models (6, 146). Vitamin D has also demonstrated
anticancer effects, particularly in combination with chemotherapy (236). More studies are needed
to evaluate specific vitamins, dosing, and cancer contexts, particularly given evidence thatincreased
antioxidant supplementation can worsen outcomes in some settings (123, 201). We advise caution
in extrapolating micronutrient data from preclinical studies or specific cancer contexts to inform
patient recommendations without clinical evidence of benefit for a particular cancer type.

2.3. Host Immune System and Microbiome

Dietary nutrients can shape how effective the immune system is in controlling cancer. However,
cancer cells and immune cells within the TME compete for the same nutrients (153), suggest-
ing that diets considered “proimmunity” may also be “protumor” and vice versa. Further, a given
nutrient may enhance the activity of effector immune subsets such as CD8" T cells while si-
multaneously supporting immunosuppressive populations including regulatory T cells (Tregs) or
macrophage subsets. It stands to reason that the net outcome on tumor growth depends on the
balance between opposing immune influences and the metabolic demands of the tumor itself.

www.annualreviews.org o Diet and Cancer Progression
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Additional complexity arises from systemic metabolic and hormonal factors that may influence
both host immunity and the tumor, as well as from immune cross talk with the gut microbiome,
highlighting that context is critical when considering how diet may affect antitumor immunity
to impact tumor growth (153). This complexity might underly mixed results of particular dietary
nutrients on tumor growth. For example, the w-6 PUFA linoleic acid enhanced CD8" T cell-
mediated antitumor responses in melanoma (122), but in obese mice, linoleic acid-rich diets
induced ROS-mediated lipid peroxidation and T cell apoptosis to accelerate mammary tumor
growth (100).

High-fat diets could promote tumor growth by inducing obesity, directly supporting tumor
cells, or by impairing antitumor immunity. Fat source, and therefore the lipid species available to
the tumor and immune cells, also matters. In obese mice, a butter-based high-fat diet accelerated
melanoma growth compared with a palm oil-based diet. Butter increased lipid accumulation in
natural killer (NK) cells and increased CD8* T cell-suppressive long-chain acylcarnitine species,
weakening antitumor immunity (116). In contrast, CR seems to both inhibit tumor growth directly
while also supporting antitumor immunity in some contexts. A study in mice showed that memory
T cells home to the bone marrow upon food restriction, protecting them from nutritional chal-
lenges while also enhancing memory and optimizing function, resulting in better tumor control
(3%).

Diet-modifiable hormones also can influence the immune system. For example, GLP-IR is
expressed on some T cells as a negative costimulatory molecule, and its antagonism was shown
to stimulate antitumor immunity in a mouse CRC model (165). This implicates a potential role
for GLP-1 levels in promoting T cell anergy, although GLP-1 can also be protective against
cancer in some contexts via reducing inflammation (156). Other studies have suggested that leptin
levels can influence antitumor immunity in both positive and negative ways. Leptin may enhance
tumor growth via promoting T cell exhaustion (153) or restrain tumor growth by limiting Tregs
99).

Associations between the microbiome and cancer progression are thought to be mediated by
secreted microbial metabolites. For example, gut microbes have the capacity to produce short-
chain fatty acids (SCFAs) via dietary fiber or protein fermentation. These SCFAs can directly
affect tumor growth, although how they affect tumor growth appears to be context dependent.
Acyl-coenzyme A (acyl-CoA) compounds derived from SCFAs serve as biomass precursors and
can support ATP production, promoting tumor growth (133). However, there is also evidence that
SCFAs can inhibit cancer via acting as signaling mediators and epigenetic regulators that inhibit
proliferation and promote apoptosis (133). Further, butyrate and pentanoate increase CD8* T cell
activity, but butyrate may also dampen immunotherapy efficacy and increase Tregs (133). The
majority of evidence, however, suggests that the net effect of SCFAs is tumor restrictive. In line
with this, patients with solid tumors receiving programmed cell death protein 1 (PD-1) inhibitors
with higher fecal SCFA concentrations showed longer progression-free survival (169). Notably,
the anticancer effects of SCFAs extend beyond gastrointestinal malignancies, suggesting that they
do not only act locally.

The presence and balance of specific bacterial species in the gut have also been associated with
cancer progression. For example, Fusobacterium nucleatum promotes CRC progression in part by
recruiting myeloid-derived suppressor cells (MDSCs) and dampening the anticancer immune re-
sponse (234), and diets high in fiber are associated with decreased fecal F. nucleatum (171). The
microbiome can also modify dietary nutrients and thus impact levels of different nutrients available
to both cancer and immune cells in circulation and in tissues. Dissecting the complicated inter-
play between different microbial species and these variables across different cancers represents an
opportunity for discovery in the coming years.

Barbeau et al.
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3. DIETARY PARADIGMS

The popular interest in dietary manipulations as an adjunct to cancer therapy has been largely
dominated by notions of what is healthy, or extrapolating phenotypes from cell culture to di-
etary modifications without considering the complexity of whole-body metabolism. For instance,
many patients are interested in low-sugar diets based on the known affinity of cancer cells for
glucose. However, as discussed above, limiting sugar in the diet will not necessarily restrict cancer
cell glucose uptake given that the body has homeostatic mechanisms to maintain blood glucose
levels.

When interpreting data from macronutrient restriction studies, it is important to consider that
restriction of one macronutrient necessitates a relative increase in others. Therefore, mechanistic
studies must be performed to parse whether a benefit is due to the restriction of a macronutrient
or the enhancement of another. For example, a ketogenic diet (KD) can limit consumption of
both glucose and gluconeogenic amino acids, but it is high in fat. The relative fat content of
KDs impacts how tumors respond to the low insulin state driven by a low-glycemic diet (136),
highlighting the complex considerations that must be embraced to understand how specific diets
affect cancer. Moreover, total caloric intake can affect cancer progression independent of specific
dietary components. In this section, we cover dietary regimens that have been studied in cancer,
focusing on the mechanisms by which they are hypothesized to work. It is important to note
that these dietary interventions are not stand-alone treatments but rather potential adjuncts to
other therapies, and their effects can vary depending on cancer type, stage, and individual patient
factors.

3.1. Caloric Restriction

CR, defined as a reduction in caloric intake without malnutrition, is proposed to inhibit cancer
development, slow progression, and influence response to, or tolerance of, cancer treatment. By
limiting nutrient intake, CR can modulate hormones and alter tissue metabolite levels, which can
influence cell signaling, immune responses, and the gut microbiome (Figure 3). These changes
have been reported to influence the growth and treatment responses of various cancers, largely in
preclinical studies.

The observation that CR can inhibit tumor growth dates back to 1909, when it was demon-
strated that underfed mice exhibited slower growth of implanted tumors (159). Many subsequent
animal studies have shown that CR is effective in lowering cancer incidence, growth, and metasta-
sis across multiple sites (4). It was initially hypothesized that this effect was due to reduced dietary
fat intake; however, studies testing macronutrient composition of CR diets found fats are not
always a major factor, with calorie reduction itself being central to the anticancer effects (110).

A well-supported mechanism for how CR reduces tumor growth in rodents is by lowering
circulating insulin and IGF-1 levels. Indeed, supplementing IGF-1 alongside CR reverts the ben-
eficial effects of CR in multiple cancer types (102). Alterations in other hormones such as leptin,
adiponectin, and IGFBPs have also been observed with CR and hypothesized to partially underlie
CR’s anticancer effects (4). Notably, long-term CR does not seem to lower circulating IGF-1 in
humans unless protein is also restricted (68), highlighting the complex relationship between di-
etary factors and hormone levels and cautioning against extrapolating findings from animal models
to humans.

Tumor tissue from mice on CR often display altered progrowth signaling. This includes re-
duced mTOR-related signaling, which has also been implicated in mediating the beneficial effects
of CR. Pharmacologic inhibition of mTOR with rapamycin at least partially mimics the effects of
CR, while constitutive mTOR activation can abrogate CR’s tumor-suppressive influence in some

www.annualreviews.org o Diet and Cancer Progression
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Figure 3

Schematic of mechanisms by which caloric restriction is proposed to affect cancer. Caloric restriction
induces multisystem changes that may affect tumor growth and treatment response as well as impact the
effect of therapy on normal tissues. Mechanistically, caloric restriction is proposed to exert effects on
hormone secretion, nutrient availability, the immune system, and the gut microbiome. Abbreviations: IGF-1,
insulin-like growth factor 1; IGFBP, IGF-binding protein.

cancer models (121, 168). Likewise, tumors harboring activating PI3K/mTOR pathway muta-
tions are resistant to the anticancer effects of CR (102). In prostate cancer models, CR reduces
tumor AKT and mTOR activation and slows disease progression (14). Increased AMP-activated
protein kinase (AMPK) activation under CR further suppresses mTOR signaling, and combined
AMPK activation with reduced mTOR activity has been linked to decreased breast cancer inci-
dence and multiplicity in mice (97). Caution should be taken, however, when interpreting these
signaling responses to CR as only acting to suppress cancer, as they are also part of the adap-
tive response to reduced nutrition. To this end, in one study, AMPK activation in response to
nutrient stress was shown to inhibit protein translation and, in turn, prevent tumor cell death
(128).

CR may also change nutrient levels in tumors, which could cooperate with changes in hor-
mone levels to affect tumor growth. Likely because of reduced insulin, CR impairs stearoyl-CoA
desaturase (SCD) activity in tumors, leading to reduced conversion of SFAs to MUFAs. Thus,
when low insulin—driven reduction in SCD activity is combined with low tumor lipid availability,
a condition conferred by some but not all low-glycemic diets, cancer cells become dependent on
de novo fatty acid synthesis and desaturation. The reduced ability to carry out fatty acid desatu-
ration associated with CR can result in a high saturated-to-unsaturated fatty acid ratio and impair
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tumor growth (136). This study highlights how both the exact composition of low-glycemic diets,
as well as how they affect tissue nutrients, can impact response.

CR may also influence tumor growth via effects on the immune system. CR enhances antitumor
immune responses via decreasing regulatory immune cells in the TME while enhancing lym-
phocyte function (4). Mechanistically, CR induces B-hydroxybutyrate (BHB) production, thereby
enhancing oxidative metabolism that supports T cell effector function (176). Additionally, changes
to the antitumor response may be influenced by CR modulating the gut microbiome. One group
found that CR specifically enriches for Bifidobacterium bifidum, which secretes acetate and increases
tumor-infiltrating effector T cells to inhibit tumor growth (149).

There is some evidence that CR synergizes with existing cancer treatments. For example, in
murine breast cancer models, CR improves response to radiation and to chemotherapy (4). This
effect may be immune mediated, as the combination of CR plus radiation increased the CD8: Treg
ratio of infiltrating lymphocytes compared with radiation alone, and reduced chemotherapy-
induced inflammation, sensitizing tumors to chemotherapy (210). Further, in humans, breast
cancer patients combining CR with radiation have lower levels of circulating immunosuppressive
cytokines (148).

Preclinical studies also suggest that CR ameliorates treatment-related side effects. CR re-
duced cardiotoxicity associated with doxorubicin treatment, possibly due to protection from
oxidative stress and an increase in mitochondrial biogenesis from enhanced AMPK activity (82).
Another group demonstrated that CR protects against intestinal toxicity from methotrexate or 5-
fluorouracil (5-FU) and also found that the intestinal microbiota becomes enriched in Lactobacillus
species after CR, affording some protection against opportunistic pathogens (219, 220).

Human trials show that CR is feasible and improves markers of metabolic health alongside
altering immune phenotypes in cancer patients (132, 4). However, it remains unclear whether these
CR-driven changes translate to better outcomes. Notably, studies assessing tumor responses to CR
have yielded mixed results. These discrepancies may stem from variations in cancer types studied,
differences in CR protocols, or baseline patient characteristics, such as starting with overweight
or obese individuals compared with those of healthy weight. Two independent trials involving
overweight and obese prostate cancer patients showed that weight loss prior to prostatectomy
either did not affect or increased the proliferative marker Ki67 in resected malignant tissue (45,
87). A similar study in early-stage breast cancer patients failed to show clear benefit for a weight-
loss intervention prior to surgery (46). These studies also combined both CR and exercise to
facilitate weight loss, making it challenging to discern whether the observed phenotypes were
driven specifically by CR or by exercise. Additionally, the impact of the rate of weight loss, whether
rapid or gradual, on these outcomes remains uncertain, as the interventions in these trials were
limited to a duration of less than 2 months.

There are some clinical data on integrating CR into existing cancer treatment, largely based on
the notion that this may enhance either tolerability or efficacy. For example, one study showed that
CR and protein restriction increased the plasma concentration of irinotecan’s active metabolite
without added patient toxicity; whether this improved tumor response was not evaluated (43).
Other trials suggest an augmented therapeutic response when combining chemotherapy with
CR. For example, CR in B cell acute lymphoblastic leukemia patients undergoing chemotherapy
had reduced minimal residual disease compared with historical controls (174). In a prospective
case-control study, breast cancer patients on CR had a better response to neoadjuvant chemother-
apy as measured by tumor size and lymph node status compared with patients on neoadjuvant
chemotherapy alone (25). These data are provocative, but additional trials examining how CR
affects cancer patient outcomes in different clinical contexts are needed.
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3.2. Fasting/Fasting Mimicking Diet

Short-term starvation (STS), intermittent fasting (IF) [e.g., time-restricted feeding (TRF) or
alternate-day fasting], and fasting-mimicking diet (FMD) are among the most-studied fasting
paradigms in cancer research. While STS and IF involve abstaining from food for a defined pe-
riod, a typical FMD is high in fat and low in carbohydrates and protein, designed to reproduce
the metabolic effects of fasting, such as lowering circulating IGF-1 (230). Fasting may or may not
involve CR, depending on caloric intake during refeeding. Notably, several studies demonstrate
benefits of fasting independent of overall CR (39, 206).

STS around chemotherapy or radiotherapy can reduce treatment-related toxicity in normal
tissues while maintaining or enhancing treatment efficacy (41, 190). During nutrient deprivation,
normal cells are proposed to enter a protective state characterized by reduced proliferation and
activation of stress resistance pathways, enabling them to withstand treatment stress (230). In con-
trast, many cancer cells remain proliferative under fasting conditions and are thus more susceptible
to treatment stress than normal cells (230). This phenomenon, termed differential stress resistance,
is proposed to widen the therapeutic window of anticancer treatments, enabling higher or more
frequent dosing with reduced systemic toxicity. This stress resistance is linked to fasting-induced
reductions in IGF-1, as restoring IGF-1 reverses the benefit (124). Clinical studies on fasting have
found reduced therapy-related side effects, including reduced fatigue and reduced gastrointestinal
and hematological toxicities (4). Fasting has also been shown to promote hematopoietic stem cell
renewal and immune rejuvenation via IGF-1/PKA suppression (31), which may explain improved
recovery after chemotherapy.

In some cases, fasting or FMD may also inhibit cancer proliferation. In a leukemia model, fast-
ing suppressed leukemia by upregulating leptin receptor (LEPR) signaling; this effect was lost in
LEPR-deficient mice and mimicked by LEPR overexpression even without fasting (140). Another
study showed that TRF inhibits breast cancer in postmenopausal obese mice due to reduced in-
sulin levels (39). Fasting also influences antitumor immunity by reducing MDSCs and Tregs, while
promoting cytotoxic T cell and NK cell tumor infiltration and activity (29, 230). Additionally, fast-
ing reshapes the gut microbiome, favoring taxa that generate metabolites that enhance antitumor
immunity (230).

Fasting or FMD alone rarely lead to durable responses, but numerous studies demonstrate
that fasting may synergize with various therapies. For instance, STS enhances the effectiveness of
PD-1 blockade by increasing tumor-infiltrating CD8* T cells and enhancing their cytotoxicity (3,
29). These effects were attributed to reduced IGF-1 (3) and increased isoleucine in the TME (29).
FMD or IF can also enhance hormonal therapy efficacy in breast cancer xenografts by lowering
IGF-1, insulin, and leptin levels, suppressing PI3K/AKT/mTOR signaling (21), and enhancing
glucocorticoid signaling (179). Some studies have found that glucose uptake and glycolysis are
disrupted in fasted tumors. They suggest a reliance on mitochondrial respiration and sensitization
of tumors to drugs that target mitochondrial metabolism, such as metformin (56, 151).

Fasting is not uniformly beneficial. Early reports noted reduced survival in fasted mice receiv-
ing chemotherapy (63), and intermittent CR or postfast refeeding can paradoxically accelerate
tumor progression by promoting EMT (117) or regenerative proliferation (93). Fasting may also
exacerbate certain toxicities, such as doxorubicin-induced cardiomyopathy (177). These results
highlight considerations that must be navigated when integrating fasting into cancer care.

In humans, fasting and FMD also lower circulating IGF-1 (150) and reduce immunosuppres-
sive immune cells (229), which may improve clinical outcomes. Although large, randomized trials
are lacking, early clinical data hint at direct anticancer benefits. In breast cancer, nightly fasting
has been associated with a lower risk of recurrence (150), FMD cycles administered alongside

Barbeau et al.



NU46_Art18_VanderHeiden ARjats.cls May 18,2026 14:45

chemotherapy have improved treatment responses (40), and short preoperative fasting regimens
have correlated with longer relapse-free survival (127). Collectively, these findings suggest that
fasting-based interventions may enhance treatment tolerance and, in some contexts, augment ther-
apeutic efficacy, although further studies are needed to define timing and patient selection and to
know how best to incorporate these interventions into care for specific cancers.

3.3. Ketogenic Diet

The KD is characterized by high fat, very low carbohydrate, and moderate-to-low protein to
limit gluconeogenesis from dietary amino acids. Preclinical studies have proposed various mech-
anisms through which KD may affect tumor progression and therapy response, including effects
on whole-body metabolism, changes to microenvironmental nutrients, and immune system mod-
ulation. However, the efficacy of KDs appears to be context-dependent, varying with cancer type,
genetic background, and specific dietary composition.

One rationale underlying interest in the KD is to limit the glucose available to cancer cells
(166). By restricting carbohydrate intake and promoting ketogenesis, the idea is to starve tumors
of glucose while providing ketones as an alternative energy source for normal cells (166). This
mechanism is supported by evidence that cancers sensitive to KD have low expression of ketone-
metabolizing enzymes, while cancers with high expression of these enzymes are KD resistant (243),
although, as discussed above, whether KD lowers glucose enough to limit availability for cancer
cells is unclear.

An increase in ketones available to the tumor may be another mechanism by which KD affects
some cancers. For example, BHB is reported to inhibit aldolase B via lysine hydroxybutyrylation,
resulting in reduced glycolysis and mTOR activity and slowing hepatocellular carcinoma growth
(189). In CRC, KD-derived BHB acts as a signaling molecule by binding the Hcar2 receptor,
inducing Hopx expression to inhibit cell proliferation (50). However, high levels of BHB have
also been reported to promote metastasis (76). Additional mechanisms by which KD may slow
tumor growth are via changes to IGF axis-related hormones (166) or by promoting imbalances in
lipid metabolism (136).

An effect of KD in delaying tumor progression may also work in part via immune mechanisms.
Mice with glioma fed a KD showed increased numbers and cytotoxicity of tumor-infiltrating
CD8* T cells with reduced immune checkpoint receptor expression (141). These findings were
confirmed by another group who also found that BHB prevents programmed death-ligand 1 (PD-
L1) upregulation on myeloid cells and supported effector T cell expansion (65). KD-induced
energy stress also activates AMPK, leading to PD-L1 degradation and increased interferon (IFN)
expression (38). BHB can also inhibit histone deacetylases (HDAC:s) to alter epigenetic regulation,
which can drive upregulation of major histocompatibility complex class I (MHC-I) expression and
suppress prostate tumor growth (162). Recent work has also implicated KD in affecting neutrophil
polarization toward an antitumor phenotype in part by inhibiting HDAC3 and reducing procar-
cinogenic YAP/TAZ signaling (154). In other contexts, KD was shown to enhance metastasis via
impairing NK cell cytotoxicity (22).

Some work has implicated the microbiome in mediating KD efficacy. For example, the anti-
tumor effect of a KD in melanoma was abrogated when mice were treated with antibiotics (65).
KD alters the gut microbiome to increase stearate production, which can impair tumor growth
in an inflammatory CRC model (226). Further, an increase in butyrate production can influence
microglia to impair glioma progression (28).

There is some evidence in mouse models that KD may synergize with various therapies. For
example, independent groups found that KD sensitizes tumors to radiation (1, 5), possibly by

www.annualreviews.org o Diet and Cancer Progression  18.13



NU46_Art18_VanderHeiden

18.14

ARjats.cls ~ May 18,2026 14:45

promoting oxidative stress via mitochondrial lipid oxidation (5). The metabolism of BHB also
sensitizes pancreatic cancer to chemotherapy. BHB is an electron donor and can be oxidized,
generating NADH. Combining chemotherapy and KD further increases NADH generation, re-
sulting in reductive stress and constraints on tumor growth (238). Further, the efficacy of some
therapies when combined with KD may be enhanced in part by reduced blood glucose. For ex-
ample, combining KD with metformin was shown to be effective in treating glycolytic tumors
(246). The effect of KD on lowering blood glucose and insulin can also lead to improved PI3K
inhibitor efficacy by preventing insulin-mediated reactivation of PI3K signaling (90). Lastly, KD
has been shown to improve immune checkpoint blockade efficacy via decreasing PD-L1 levels as
aforementioned (38, 65) as well as by enhancing MHC-I expression and altering TME immune
cell composition (162).

Clinical data on the use of KD in cancer patients is limited and has yielded mixed results.
Overall, KD has been shown to be well-tolerated (104, 193) and may increase patient quality
of life (109). Where studied in cancer patients, KD was successful in inducing ketosis as well
as decreasing serum glucose and insulin (32, 66, 104, 107, 193). This coincided with lower fat
mass, altered circulating metabolites, or a less inflammatory circulating cytokine profile (103, 105,
107, 109). Indeed, some trials suggest a clinical benefit to KD in certain cancer contexts. For
example, KD was associated with improved overall survival and tumor size reduction in locally
advanced breast cancer (104, 105). Similarly, in rectal cancer, KD was associated with enhanced
tumor responses to radiotherapy (108), and in prostate cancer, ketosis slowed prostate-specific
antigen (PSA) doubling time (32). Additionally, a series of case reports in advanced cancers have
described disease control in patients on KD (55, 180, 185, 203). However, in other cancers, such
as in recurrent glioma and metastatic breast cancer, no significant differences in outcomes were
observed between patients on a KD compared with those on control diets (105, 193).

While interest in the KD is high, the mechanisms through which KD may influence cancer
outcomes in humans remain uncertain. Studies present conflicting findings, with some suggest-
ing that stratification based on blood glucose levels or the degree of ketosis reveals a therapeutic
benefit (66, 232), while others propose that the observed advantages are driven by weight loss
rather than ketosis (221). Discrepancies in outcomes between trials might be ascribed to variation
in cancer types, KD protocols, or combination treatments. Specific trials will be needed to clarify
how to use KD in different clinical scenarios.

3.4. Protein Modulation

The relationship between dietary protein and cancer outcomes is complex. Cachexia and malnutri-
tion are contributors to cancer-related mortality (15), and clinical guidelines therefore emphasize
maintaining adequate protein intake to preserve lean mass and functional status (163). Accordingly,
epidemiological studies typically report either no association or a positive association between
higher protein intake and patient survival (85, 89, 101, 212). However, this relationship appears to
vary by age: Higher protein intake was associated with improved survival among older adults but
increased mortality among adults under age 65 (129). Because older patients are more likely to be
malnourished (91), the protective effect of protein may be most relevant in nutritionally vulner-
able populations. Importantly, observational designs cannot disentangle whether dietary protein
benefits arise from improved host preservation or from direct effects on the tumor. Reverse causal-
ity is also possible, as patients with advanced cancer often consume less protein due to anorexia or
digestive dysfunction (173), making higher intake appear protective.

Other clinical studies have correlated protein intake with changes in circulating hormone lev-
els. Specifically, a high-protein diet is associated with increased IGF-1 and decreased markers of
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insulin sensitivity (68, 235). While IGF-1 can promote cancer growth (160), it also supports host
tissue anabolism (241), potentially preserving lean mass to extend patient survival. Some data also
suggest thata high-protein dietis associated with an increased quality of life while the patientis un-
dergoing treatment (192, 197), possibly by preserving nutritional status (23, 51). Taken together,
the benefits and drawbacks of a high-protein diet likely depend on patient age and nutritional
status, tumor type, and the degree to which a cancer is associated with cachexia.

Preclinical studies generally support the idea that dietary protein restriction suppresses tumor
growth. One potential mechanism involves modulation of mTORCI signaling in both the tu-
mor and host tissues. Surprisingly, while mTORCI signaling is reduced in cancer cells in animals
exposed to a low-protein diet (LPD) (120, 244), one group reported that mTORCI signaling is
hyperactivated in tumor-associated macrophages (TAMs), giving them a competitive advantage
over breast cancer cells, resulting in reduced tumor growth (244). In other cancer models, LPD
has been suggested to decrease TAM infiltration but still reduce tumor growth (175). Multiple
studies found roles for the immune system in mediating a protective effect of LPD. For exam-
ple, NK T cells were shown to be required for LPD metastasis suppression (131). Another study
found that LPD reduced tumor growth by enhancing cytokine production and immunosurveil-
lance (196). Further, LPD was shown to increase 5-FU efficacy, possibly by increasing immune
cell infiltration (161).

Dietary interventions modulating protein intake must balance potential tumor-suppressive ef-
fects against effects on host metabolism. Approaches modulating specific individual amino acids,
such as methionine or serine, may not necessarily have this same drawback.

3.5. Dietary Restriction of Specific Amino Acids

After consumption, proteins are catabolized into their constituent amino acids before being ab-
sorbed into circulation. However, dietary protein modulation may not necessarily alter levels of
specific amino acids in cancer-relevant tissues because homeostatic mechanisms maintain levels of
some nutrients within a physiological range. Nevertheless, dietary restriction of some amino acids
may affect systemic levels with potential clinical benefit, and here we describe data supporting
methionine or serine restriction in cancer.

3.5.1. Methionine restriction. In the 1950s, reports of tumor-bearing rats fed diets deficient
in different amino acids found that diets lacking methionine slowed tumor growth (213). Since
then, it has been demonstrated that some cancer cells require extracellular methionine for survival,
whereas methionine synthesis from homocysteine can maintain normal cell viability (83). This
suggests a therapeutic window to manipulate dietary methionine levels for cancer treatment.

Several groups have reported that methionine restriction (MR) slows tumor growth in model
systems. In a mammary tumor study, MR acted via an epigenetic mechanism to upregulate p21,
resulting in cell cycle arrest (88). MR has also been observed to inhibit metastasis in several cancer
models. Reported mechanisms include decreased methylation of E-cadherin to inhibit cancer cell
migration (135) and inhibition of NF-kB signaling to attenuate metastatic potential (237). Im-
portantly, MR is often associated with reduced body weight, which can itself slow tumor growth.
Researchers showed that MR reduced plasma IGF-1 levels in a mouse model of prostate cancer,
possibly due to decreased body weight (211). Weight change could therefore be a confounding
variable when evaluating mechanisms by which MR inhibits tumor growth.

Numerous preclinical studies suggest that MR sensitizes tumors to chemotherapy and
radiation. One study found that MR causes ATP and glutathione depletion, which the authors hy-
pothesize limits drug efflux and detoxification (187). MR may also disrupt one-carbon metabolism
and therefore redox and nucleotide synthesis, resulting in sensitization to 5-FU and radiation (71).
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Another group proposed that metabolic changes to phospholipid metabolism underlie observed
synergy between MR and chloroethylnitrosurea in inhibiting mouse melanoma tumor growth
(78).

Studies investigating the effect of MR on antitumor immunity are mixed. MR was shown to
increase cytotoxic CD8" T cell infiltration and reduce PD-L1 expression, improving immune
checkpoint inhibitor efficacy in multiple cancer models (134). However, others found that MR
impairs antitumor immunity by disrupting hydrogen sulfide production from the gut microbiota,
enhancing intestinal cancer progression by reducing T' cells (96).

Clinical studies on MR in cancer are limited, but some promising results have been reported.
Clinical MR reduces plasma methionine levels and is generally well-tolerated (54, 57). In a small
trial involving patients with advanced gastric cancer undergoing treatment with 5-FU, those who
received methionine-depleted total parenteral nutrition showed an improved histopathological
response in resected tumor tissue compared with those receiving 5-FU with standard parenteral
nutrition. Moreover, thymidylate synthase inhibition, a primary target of 5-FU, was greater in
the methionine-depleted group, indicating a potential synergistic effect between this nutritional
intervention and 5-FU (75). MR moderately reduced O6-methylguanine-DNA methyltransferase
(MGMT) activity in peripheral blood mononuclear cells of metastatic cancer patients undergoing
cystemustine treatment (223). MGMT is a DNA repair enzyme that removes alkyl groups from
the O6 position of guanine, and MGMT expression is a resistance mechanism to alkylating agents.
However, trials combining MR with cystemustine therapy for metastatic melanoma and recurrent
glioma, or with FOLFOX for metastatic CRC, were inconclusive (53, 224).

Despite the dearth of clinical trials, several case studies have suggested potential benefits of
MR combined with oral recombinant methioninase, an enzyme that depletes methionine, across
various cancer types, including pancreatic (112), rectal (114), breast (113), and brain (199) cancers.
MR, often combined with other therapies (e.g., FOLFIRINOX, FOLFIRI, or trastuzumab), has
been reported to cause tumor biomarker reductions, long-term stable disease, and in some cases,
complete elimination of metastases (198, 200). Overall, these reports reinforce MR as an inter-
esting potential adjunctive therapy for diverse malignancies that may enhance existing treatment
efficacy.

3.5.2. Serine restriction. Serine is involved in the biosynthesis of glycine, cysteine, sphin-
golipids, and phospholipids. Serine also supplies one-carbon units to folates used for synthesis of
nucleotides and to the histone methyl donor S-adenosylmethionine, and it can affect nicotinamide
adenine dinucleotide phosphate (NADPH) metabolism. Further, via its conversion to glycine, ser-
ine plays a role in the synthesis of the antioxidant GSH. Many tumor types require extracellular
serine for maximal proliferation (152). This has raised interest in restricting dietary serine to slow
cancer. Notably, because serine and glycine interconvert via a reversible reaction, both amino acids
must be restricted from the diet to reduce circulating serine levels.

Serine restriction (SR) inhibits tumor growth via multiple mechanisms. Because serine can con-
tribute to cellular antioxidant capacity, one way SR reduces tumor growth is by inducing oxidative
stress. This effect may be most effective in p53 null tumors because p53 is involved in channeling
limited serine pools into GSH synthesis (145). Serine’s role in NADPH production has also been
suggested to underly increased oxidative stress in response to SR (98).

Serine can influence epigenetics; however, whether this promotes or inhibits tumor progression
is context dependent. For example, one study suggests that SR upregulates serine synthesis, which
generates a-ketoglutarate-dependent demethylation of histones to promote oncogenic epidermal
stem cell differentiation (10). Another study suggests that SR may accelerate breast cancer pro-
gression via disrupting glycolytic flux, ultimately resulting in lower acetyl-CoA generation that, in
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turn, reduces histone acetylation (and thus expression) at promoters of estrogen receptor pathway
genes (130).

Serine is a substrate for serine palmitoyltransferase (SPT) in sphingolipid synthesis. In SR
conditions, SPT instead utilizes alanine as a substrate, generating toxic deoxysphingolipids and
reducing xenografted tumor growth (164). Sphingolipids derived from serine also play a role in
creating an immunosuppressive TME. Sphinganine interacts with c-Fos to promote the expres-
sion of PD-1 leading to an accumulation of Tregs. Accordingly, SR can reduce the number of
Tregs in the TME, leading to diminished tumor growth (142). Another study found SR promotes
cytotoxic T cell accumulation in tumors and that combining SR with PD-1 inhibition was more
effective than either intervention alone. In a single-arm clinical trial, these researchers demon-
strated that SR is feasible in patients and reduces blood serine levels (225). SR was also shown
to increase radiation sensitivity in orthotopic breast cancer and radiation-resistant rectal cancer
models (58).

Resistance to SR often involves tumor upregulation of de novo serine synthesis (214).
Accordingly, combining SR with serine synthesis inhibitors could enhance the effect of SR. Com-
bining SR with a phosphoglycerate dehydrogenase (PHGDH) inhibitor, for instance, reduced
one-carbon availability and overcame resistance to either single agent in a CRC model (218).

3.6. Mediterranean Diet

The Mediterranean diet (MD) is rich in fruits, vegetables, whole grains, legumes, nuts, olive oil,
and fish, with low intake of red meat and refined sugars. An association between adherence to
MD and reduced cancer risk has been appreciated for decades (42). Early evidence that this pro-
tective effect extends beyond the initial risk of cancer was intimated by a clinical study suggesting
a lower recurrence of colorectal adenomas among those adhering to MD (37). Subsequent pre-
clinical studies assessed how specific components found in MD may affect cancer biology, with
a particular focus on polyphenol compounds in olives. Orally administered S-(-)-oleocanthal in
mice was shown to reduce growth, recurrence, angiogenesis, and metastasis of various cancer types,
possibly through its ability to inhibit mesenchymal-epithelial transition factor (¢c-MET) and/or
SMYD2-EZH2 (209, 222). Hydroxytyrosol also demonstrated anticancer effects by reducing pan-
creatic ductal adenocarcinoma growth and decreasing TME MDSCs, and, when combined with
metformin, it enhanced prostate cancer growth inhibition (188, 233). These studies suggest that
the anticancer effects of MD may be mediated by specific food inclusions in addition to avoidance
of purported procancer foods. However, the MUFA oleic acid found in olive oil was shown to have
protumor effects in multiple models (7, 239).

In addition to supplementation of MD-derived components, an overall MD pattern conferred
benefitin a mouse breast cancer model (191). Interestingly, a study in nonhuman primates showed
that MD induced distinct microbiome profiles in the mammary gland compared with the Western
diet (208), including an increase in Lactobacillus previously shown to be low in malignant breast tu-
mors and high in benign lesions, but whether microbiota changes mediate protective effects of MD
is unknown. Another study found that MD in mice reduced breast cancer metastasis, enhanced
doxorubicin response, and diminished cardiac toxicities. Here, changing the fat component in the
Western diet to fish oil (reducing the w-6:w-3 ratio) was advantageous, suggesting that fat species
drive some of the MD?’ anticancer effects (191).

Some human studies have suggested an anticancer effect of MD. For example, numerous ob-
servational studies have concluded that low MD adherence was associated with greater tumor
aggressiveness compared with high MD adherence (77, 147). Further, MD adherence was asso-
ciated with prolonged progression-free survival (16, 147) and a lower risk of all-cause mortality
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in cancer patients (30, 182), although it is less clear if MD adherence protects against cancer-
related mortality (27, 227). A recent meta-analysis concluded no benefit to MD adherence on
cancer-related mortality in older patents (72). Further, a randomized controlled trial (RCT) in
breast cancer patients identified no difference in recurrence between treatment and control arms,
although a secondary analysis revealed that MD adherence might reduce the risk of recurrence
(12). Randomized trials have shown that MD can reduce some protumoral factors, such as endoge-
nously produced estrogen (24), circulating IGF-1 (20), inflammation indices (8, 73), and metabolic
syndrome parameters (19). MD may also protect against chemotherapy side effects including fa-
tigue (106) and gastrointestinal issues (172) and may enhance quality of life (9). Overall, MD seems
beneficial for overall health, especially compared with a Western diet, but more work is needed to
understand its effect on cancer.

3.7. Plant-Based Diet

Despite substantial heterogeneity across studies, the overall body of evidence suggests that plant-
based diets can slow cancer progression. Clinical interventions have shown reductions in markers
of disease progression following plant-based dietary changes, particularly in prostate cancer (137)
and breast cancer (194). However, a meta-analysis aggregating data across cancer types reported
that while plant-based diets are associated with reduced cancer incidence, they do not significantly
lower cancer-specific mortality (49). Moreover, plant-based diets have been associated with im-
proved quality of life (139) and reduced cancer treatment-related toxicities (2), underscoring a
potential supportive role in cancer care even in the absence of a demonstrated mortality benefit.

Plant-based diets may exert their effects through modulation of hormonal-related factors such
as reductions in insulin (204), IGF-1 (204), or leptin levels (194) as well as altered nutrient levels,
including reduced w-6:w-3 PUFA ratio (125) and lower circulating amino acids (202). Further-
more, plant-based diets are associated with reduced systemic inflammation (194) and alterations
in the gut microbiome (92). The specific microbiome profiles linked to plant-rich diets have been
associated with improved outcomes in patients undergoing immune checkpoint blockade (92).

Although vegetarian and plant-based diets have been associated with slower progression for
some cancers, it remains unclear whether the potential benefits derive primarily from greater in-
take of plant products or from reduced consumption of animal products. Several lines of evidence
support the importance of inclusion: Numerous plant-derived bioactive compounds demonstrate
anticancer activity, and analyses that distinguish “healthful” from “unhealthful” plant-based diets
typically find protection only for patterns rich in minimally processed fruits, vegetables, legumes,
nuts, and whole grains (44), despite both patterns limiting animal foods. Conversely, in prostate
cancer, some evidence suggests that benefits may be more strongly associated with the exclusion
of animal products. In an RCT of patients with early-stage prostate cancer, increasing vegetable
intake without a concomitant reduction in animal foods did not affect disease progression (183).
Differences in amino acid composition between plant and animal proteins may also point to po-
tential benefits of reducing animal product intake. Notably, animal-derived proteins tend to have
a higher methionine content compared with plant-based proteins (228). Thus, minimizing animal
protein consumption may mimic some effects of MR.

4. CONCLUSIONS

The implementation of dietary interventions in clinical settings is challenging. The complexity of
dietand its interaction with cancer biology mean that outcomes can vary based on multiple factors
including both host and tumor genetics, tumor type, stage of disease, specific dietary composition,
and concurrent treatments. Moreover, adherence to specific dietary regimens may be challenging
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for patients, especially when coupled with other cancer therapies, making it important to consider
both efficacy and feasibility of dietary interventions. Most importantly, relying on rigorous science
to guide the use of diet as an adjunct to cancer care is critical, as this will be necessary to provide
the right recommendations for patients.
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