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G R A P H I C A L A B S T R A C T
� Preclinical studies have shown that
methionine restriction (MR) reduces
cancer cell proliferation via different
mechanisms.

� MR lowers sulfur-containing metabolite
levels, reduces oxidative stress, and en-
hances the immune response.

� Clinical trials suggest that MR, when
combined with conventional treatments,
may sensitize tumors to chemo/
radiotherapy.

� MR disrupts methionine-dependent
pathways, thereby reducing cancer cell
survival.

� The therapeutic potential of MR lies in
its ability to synergize with other thera-
pies, enhancing overall antitumor
efficacy.
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A B S T R A C T

Methionine restriction (MR) has shown significant promise in cancer therapy because it targets the unique
methionine dependency of many tumors. However, despite extensive research on MR, a clear synthesis of pre-
clinical findings and their translation into clinical settings is lacking. This review aims to address this gap by
consolidating existing evidence, identifying challenges, and highlighting opportunities for advancing MR as a
viable cancer treatment strategy. Preclinical studies have revealed that MR effectively hinders cancer cell pro-
liferation, triggers cell cycle arrest, and enhances the effectiveness of standard treatments, including chemo-
therapy and radiotherapy. Mechanistically, MR disrupts critical cancer pathways by influencing epigenetic
regulation, redox balance, and autophagy. Moreover, animal models have demonstrated notable tumor sup-
pression and extended survival, underscoring the therapeutic potential of MR. Early-phase clinical trials are now
examining MR in combination with established therapies, reporting positive preliminary results regarding safety
and tolerability, and investigating biomarkers for predicting patient responsiveness. These findings suggest the
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utility of MR as a complementary treatment strategy, particularly for tumors resistant to conventional therapies.
The outcomes of this study underscore the importance of further research to refine MR protocols, understand
long-term effects, and identify optimal patient groups. Furthermore, combining MR with immunotherapies, tar-
geted treatments, and advanced modalities such as chimeric antigen receptor (CAR)-T cell therapy may offer new
therapeutic pathways. Additionally, the development of MR-mimetic drugs and targeted supplements can improve
patient compliance and broaden the therapeutic applicability of MR. Large-scale clinical trials are essential to
evaluate the efficacy of MR across diverse cancer types, focusing on sustainability and safety over extended pe-
riods. If successful, MR can transform cancer therapy by exploiting metabolic vulnerabilities in cancer cells,
providing a novel and less toxic treatment option for challenging malignancies.
Introduction

Cancer is an abnormal cell type that can spread throughout the body
and rapidly increase in number, which can cause death. According to the
World Health Organization (WHO), cancer is the second most common
cause of death, and it is estimated that there will be 10 million cancer-
related deaths in 2020 worldwide. According to the International
Agency for Cancer Research (IARC), there were 19.3 million new cancer
cases in 2020; 10 million fatal cases are expected to occur by 2030.1 In
the United States in 2023, there were 609,820 deaths associated with
cancer and approximately 1,958,310 new cancer cases.2 Hippocrates
(460–370 Before Christ [BC]) coined the term Karakinos (cancer),
meaning crab, to describe cancer because the disease sticks to the body
stubbornly, like a crab.3 As per WHO, 2020 reports, there were 2.26
million breast cancer, 2.21 million lung cancer, 1.93 million colorectal
cancer, 1.41 million prostate cancer, 1.20 million skin cancers (apart
from melanoma), and 1.09 stomach cancer cases worldwide. Moreover,
approximately 400,000 children per year are diagnosed with cancer.

The hallmarks of cancer provide a framework for the knowledge of
cancer complexities, encompassing the following: sustaining prolifera-
tive signaling, evading growth suppressors, cell death resistance,
enabling replicative immortality, angiogenesis induction, and activating
invasion and metastasis.4 Current therapies rely on the type of cancer,
including pharmacological and radiotherapeutic management.5 Standard
chemotherapy is commonly used to treat cancer. These drugs kill
fast-growing cells but may cause side effects. Normal cells, such as those
found in hair follicles, bone marrow, and the digestive and reproductive
systems, can be damaged by chemotherapy.6 In cancer therapy, tumor
recurrence is mostly caused by innate, acquired, or multidrug resistance
(MDR).7–9 In recent years, cancer therapy has evolved from non-specific
cytotoxic agents to selective mechanism-based treatments.10

Nutrition plays a crucial role in cancer management, with amino acids
such as methionine being essential for tumor growth.11 In 1950, Sugi-
mura et al.12 worked on male Sprague–Dawley rats and found that
tumor-bearing rats fed with methionine deficiency showed slower tumor
growth than those fed with other amino acid deficiencies. Unlike normal
cells, cancer cells cannot divide when methionine is substituted by ho-
mocysteine (Hcy). Despite being able to produce methionine from Hcy,
cancer cells depend on external methionine because of altered metabolic
flux needs; this is called the Hoffman effect.13 This effect is brought about
by the high demand for transmethylation in cancer cells. Moreover,
methionine dependence may affect oncogenic transformation and ther-
apeutic efficacy in several types of human cells.14 This review examines
the methionine metabolism in various cancers and the effects of MR on
cancer cell growth, both in preclinical and clinical studies.
Methionine cycle and the one-carbon metabolic network

Methionine is an essential human amino acid. It is a sulfur-containing
amino acid that supports cell viability and growth via three main meta-
bolic pathways. The L-methionine (L-Met) cycle produces S-adenosyl
methionine (SAM), a crucial methyl donor for DNA, RNA, and protein
methylation. SAM is then converted into S-adenosylhomocysteine (SAH)
and L-homocysteine (L-Hcy). L-Met cannot be produced in the body and
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must originate from a food source. High levels of methionine (300 mg)
are mostly present in animal products, such as meat, poultry, eggs, fish,
and dairy products.

Methionine functions as a protein component and is connected to
other critical metabolic pathways, including those involved in detoxifi-
cation (glutathione [GSH]), nuclear activity (polyamines), epigenetics
(SAM), and phospholipids in cellular membranes. The methionine cycle
indirectly influences nucleotide production and is associated with folate
metabolism. Methionine synthase (MS) remethylates L-Hcy to L-Met
using N5-methyl tetrahydrofolate and cobalamin, which supports the
folate and methionine cycle. The L-Met salvage pathway recycles L-Met
from polyamine synthesis byproducts, such as S-methyl-5-thioadenosine,
converting it through a series of reactions back to L-Met.15 Further, the
transculturation pathway converts L-Hcy to cystathionine and then to
cysteine, which is essential for GSH synthesis and redox balance
[Figure 1].

Methionine metabolism in cancer biology

The functions of methionine relevant to cancer biology include GSH
formation, polyamine synthesis, and methyl group donation.
Glutathione formation

Methionine, a cysteine precursor, is essential for GSH formation.16,17

GSH is an important thiol antioxidant that scavenges reactive oxygen
species (ROS), forming oxidized glutathione (GSSG). Low GSH levels and
a reduced GSH/GSSG ratio indicate oxidative stress, which can activate
the phosphatidylinositol 3-kinase (PI3K) pathway and promote cancer
cell growth.18 The progression of cancer and inflammation can be caused
by chronic oxidative stress.19 Interestingly, dietary MR in rats increases
blood GSH levels despite reducing hepatic GSH levels because of adap-
tations in sulfur amino acid metabolism.20,21 MR enhances antioxidant
ability and reduces oxidative stress by decreasing ROS production.22
Polyamine synthesis

SAM is a decisive methylation cofactor and aminopropyl group donor
in the synthesis of polyamines.23 Polyamine synthesis-related enzymes
are often overexpressed in cancer.24 High intracellular concentrations of
polyamines (typically in the millimolar range) require substantial SAM
levels to maintain homeostasis during cell proliferation.25 Polyamines
preserve chromatin structure, regulate ion channels by modulating their
activity and gating mechanisms, and support membrane stability. The
primary enzyme involved in polyamine biosynthesis, S-adenosylme-
thionine decarboxylase (SAMDC), generates decarboxylated SAMs
(dcSAMs). Polyamine synthesis results in dcSAM generation, the ami-
nopropyl group donor for spermine and spermidine synthase, via SAM
decarboxylation. dcSAM is then converted to 50-deoxy-50-methylth-
ioadenosine (MTA), which is recycled through the methionine salvage
pathway to recover adenine and methionine.

This recycling is crucial for two reasons: dcSAM can inhibit DNA
methyltransferases and other methyltransferases26 while MTA acts as a
protein arginine N-methyl transferase5 (PRMT5) inhibitor,27 a protein



Figure 1. The methionine metabolism
pathway and its interconnected
biochemical processes. Methionine, an
essential amino acid, is converted into
SAM with the help of ATP and magne-
sium. SAM is a crucial methyl donor for
methylation reactions that modify DNA,
RNA, and proteins. After methyl dona-
tion, SAM is converted into SAH, which
is hydrolyzed to Hcy. Hcy can be reme-
thylated to methionine via vitamin B12
and zinc or converted to cysteine, which
is important for glutathione synthesis,
an antioxidant pathway. SAM is also
involved in polyamine synthesis, which
is essential for cell growth. Low levels of
L-Met lead to reduced SAM levels,
resulting in several effects consistent
with the inhibition of β-Hcy methyl-
transferase and methylene tetrahy-
drofolate reductase along with
preventing cystathionine β-synthase
activation to support L-Met cycle flow.
The accumulation of 5-MHTF that in-
hibits glycine N-methyltransferase direct
the utilization of SAN toward DNA
methylation. However, an upregulation
in MAT expression suggests the regula-
tion of SAM production to support
cellular levels, particularly for main-
taining proper epigenetic regulation and
cell proliferation. ATP: Adenosine
triphosphate; Hcy: Homocysteine; L-
Met: L-methionine; MAT: Methionine
Adenosyltransferase; MG: Magnesium;
MHTF: Methylene Tetrahydrofolate; MS:
Methionine synthase; SAH: S-adeno-
sylhomocysteine; SAM: S-adenosylme-
thionine; SAM: S-adenosylmethionine;
Vit B12: Vitamin B12; Vit B13: Vitamin
B13: ZN: Zinc.
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often overexpressed in most cancers and is associated with the survival of
individuals.28 Tumors often show deletions in the methylthioadenosine
phosphorylase (MTAP) gene, which is next to the tumor suppressor gene
CDKN2A. The deletion of MTAP leads to elevated levels of MTA, which
inhibits PRMT5, thereby rendering tumors with these deletions more
susceptible to PRMT5 inhibition.29 Polyamines also regulate the tran-
scriptional and translational stages of protein synthesis and are crucial
for cell growth and proliferation. A depletion of polyamines disrupts the
cell cycle, inducing apoptosis.30,31 Elevated polyamine levels correlate
with increased tumor growth. Polyamine metabolism inhibitors, such as
alpha-difluoromethyl ornithine, can disrupt the cell cycle and DNA syn-
thesis in cancer cells.32 Polyamine also synthesis relies on methionine,
and MR might suppress cancer cell growth by lowering polyamine pro-
duction, thereby offering a potential therapeutic strategy.

Deoxyribonucleic acid methylation

DNA methylation is a highly prominent epigenetic modification that
occurs on Cytosine-phosphate-Guanine (CpG) dinucleotides and affects
approximately 70% of cytosine bases.33 The hypermethylation of CpG
islands within gene promoter regions can aberrantly silence transcrip-
tion, leading to the downregulation of tumor suppressor gene expres-
sion.34 CpG island hypermethylation is a hallmark of various types of
cancer.35,36 SAM acts as a multi-purpose methyl donor for catechol-
amines, proteins, phospholipids, histones, and DNA and RNA
3

methylation.37 It has been shown that in the presence of SAM, the
methylation of biomarkers, including TFP12 (Tumor Formation Preven-
tion 12), SEPT9 (Septin 9), GSTP1 (Glutathione S-Transferase Pi 1), and
MGMT (O6-Methylguanine-DNA Methyltransferase) affects tumor
growth or suppression.38

DNA methylation is reversible. Dietary MR could potentially change
methylation patterns, affecting cancer development and progression.
Aging is associated with global DNA hypomethylation; however, specific
gene regions may be hypermethylated. As suggested, DNA methyl-
transferases sense methionine metabolism, which could alter methylation
patterns and impact the life span of an organism.39 It is interesting to note
that, in rodent studies, the effects of dietary MR on global DNA methyl-
ation vary with age. The livers of older mice (1-year-old at the beginning of
the intervention) showed increased global DNA methylation after 12
weeks of dietary MR, whereas the livers of younger mice (6 weeks old at
the beginning of the intervention) did not show any change in global DNA
methylation.40 These studies suggest that DNA methylation is crucial for
cancer cell development, and dietary MR offers a promising approach for
changing methylation patterns, potentially influencing cancer progression
and health outcomes, with age-dependent effects.

Methionine restriction

Previous studies have shown that MR suppresses tumor growth in rats
and several human cancer cell lines. Normal cells, which can remethylate
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Hcy to generate methionine, are not harmed by this limitation compared
to a targeted approach in cancer therapy.41 Cancer cells are
methionine-addicted; hence, there is a unique opportunity to target this
dependency with methionine-reducing therapies, such as recombinant
methioninase (rMETase), which is known for its antiproliferative effects
and ability to inhibit tumor growth. However, this raises the question of
whether this approach could selectively kill cancer cells and avoid killing
normal tissues.

A study published in 1974 investigated the effects of MR on various
cell types, including rat and mouse cancer cell lines, and normal human
and animal cells.42 This study showed that methionine-depleted media
significantly impaired the growth of malignant cells while leaving
normal cell growth unchanged. This differential effect is due to the ca-
pacity of a typical cell to recycle Hcy via MS, which cancer cells lack
[Table 1].63 Consequently, MR has the potential to selectively target
cancer cells without affecting normal cells.

Methionine restriction influences oncogenic pathways

MR in preclinical studies or cell culture media offers metabolic ben-
efits, such as reduced adiposity, enhanced insulin sensitivity, and
reduced inflammation and oxidative stress, while contributing to lifespan
extension. The effects of MR are mediated by various mechanisms,
including decreased oxidative stress and inflammation, modulation of
autophagy, and a reduction in both cancer incidence and mortality.
Studies suggest that MR affects oncogenic pathways by limiting the
availability of methionine, which is essential for cell proliferation and
DNA methylation in cancer cells. Importantly, MR is effective only when
the non-essential amino acid cysteine is excluded from the diet; adding
cysteine reverses the positive metabolic and antioxidant effects of MR.64

One case reported a 63-year-old female diagnosed with metastatic
pancreatic cancer in October 2023. The patient was started on FOLFIR-
INOX (A chemotherapy regimen consisting of FOLinic acid (leucovorin),
Fluorouracil (5-FU), IRINotecan, and OXaliplatin) as first-line chemo-
therapy in combination with MR, which included 250 units of oral-
rMETase twice daily and a low-methionine diet. Five months after the
start of combination therapy, the tumor size of the patient decreased by
40%, her liver metastases regressed, and her CA19-9 (Carbohydrate
Antigen 19-9) blood marker level decreased by 86%. These findings
suggest that MR, consisting of o-rMETase, a low-methionine diet, and
standard chemotherapy, may offer a highly effective strategy for man-
aging advanced inoperable cancers.65

Methionine metabolism in cancer and normal cells

Methionine is an essential amino acid that plays crucial roles in various
metabolic pathways, including protein synthesis, epigenetics, detoxifica-
tion, and cellular membrane formation. In normal cells, methionine can be
synthesized from its metabolic precursor Hcy, allowing these cells to
obtain the necessary levels even upon dietary MR. This flexibility in
methionine metabolism supports consistent cellular functions, such as
DNAmethylation, without relying solely on externalmethionine sources.66

However, methionine metabolism differs in cancer cells. Unlike
normal cells, most cancer cells exhibit a unique dependency on external
methionine, known as methionine dependence or the Hoffman effect.
Although cancer cells can convert Hcy to methionine, they require higher
methionine levels due to the increased demand for metabolites derived
from methionine, such as SAM, which is critical for DNA and histone
methylation. This heightened methionine requirement supports rapid
cell proliferation and extensive epigenetic modifications that drive
oncogenesis and tumor progression.13

Studies have shown that methionine dependence correlates with
increased transmethylation activity in cancer cells, leading to genome-
wide hypomethylation, a factor associated with genomic instability and
tumor aggressiveness. This correlation emphasizes the distinct metabolic
demands of cancer cells, where methionine overuse contributes to the
4

hallmark characteristics of cancer, such as accelerated growth and
disrupted epigenetic regulation.67

Comparative effectiveness of methionine restriction on different cancer types

MR has shown diverse therapeutic effects in multiple cancer models
and human studies, with varying efficacies depending on the cancer type,
MR sensitivity, and the mechanistic pathways involved. MR has shown
promising results in breast cancer cell culture by inhibiting the growth,
migration, and invasion of aggressive breast cancer cells such as MDA-
MB-231(M.D. Anderson-Metastatic Breast 231), thereby affecting focal
adhesion kinase (FAK) phosphorylation and matrix metalloproteinase
(MMP) activity. Similarly, MR inhibited tumor growth in nude mice
injected with breast cancer cells by upregulating the expression of cell
cycle inhibitors. In colon cancer, MR increases oxidative stress, induces
cell cycle arrest, and promotes the apoptosis of p53(Tumor Protein 53)-
deleted cells. Animal models treated with MR also showed a >80%
reduction in early colon cancer marker levels, highlighting the potential
of MR in colon cancer prevention and therapy. Prostate cancer cell lines
respond to MR by selectively inhibiting FAK and ERK phosphorylation,
suggesting interference with tumor proliferation signaling pathways.68

For gastric cancer, MR improves the efficacy of chemotherapeutic
drugs, such as 5-fluorouracil (5-FU), by modulating folate metabolism and
tumor marker activity, leading to significant tumor reduction in both
xenograft models and patient studies.58 Triple-negative breast cancer
(TNBC) also shows responsiveness to MR in cell cultures and animal
models, where MR inhibits growth, induces apoptosis through
GCN2(General Control Nonderepressible 2) and PERK-independent path-
ways, and reduces lung metastasis rates.62 In metastatic melanoma and
glioma, MR combined with chemotherapeutic agents, such as cystemus-
tine, produced moderate results, offering limited survival benefits but
proving to be well-tolerated, showing that MR could complement existing
treatments.50 Gastrointestinal cancers have also been treated with MR,
with clinical trials showing considerable tumor shrinkage when combined
with 5-FU, as the effects of MR on plasma methionine reduction alter
tumor cell metabolism.64 MR also enhances sensitivity to chemotherapy by
affecting redox and nucleotide metabolism in colorectal cancer models,
including patient-derived xenografts (PDXs).64 Human studies have simi-
larly demonstrated the ability of MR to stabilize colorectal cancer when
combined with chemotherapy regimens such as FOLFOX(Folinic acid
[leucovorin calcium], fluorouracil, and oxaliplatin).58

Overall, the efficacy of MR depends on the cancer type and context,
with certain cancers, such as breast, colon, and gastrointestinal cancers,
responding robustly to MR through significant effects on cell growth,
migration, and chemotherapy resistance. For more resistant cancers, such
as melanoma and glioma, MR shows limited standalone effectiveness but
holds potential as an adjunct therapy, particularly for cancers with
metabolic vulnerabilities to methionine.69

Biomarker prediction of methionine restriction response in personalized
medicine

Identifying biomarkers for predicting the response to MR has
opened new avenues in personalized cancer treatment, enabling the
development of more precise and effective therapy choices. Methionine
dependency, a hallmark of many tumor cells, has allowed researchers to
explore MR as a strategy for targeting cancer metabolism. Biomarkers
such as MET-positron emission tomography (PET) imaging have shown
promise, offering a noninvasive approach to assess methionine meta-
bolism directly within tumors. This imaging technology has been
proven to have superior sensitivity in identifying methionine-addicted
cancers, particularly when compared to standard imaging techniques
such as fluorodeoxyglucose (FDG)-PET. MET-PET can effectively visu-
alize active tumor sites, allowing clinicians to predict which patients
might benefit from methionine-restriction-based therapies and to check
the response over time.70



Table 1
Effects of methionine restriction in cancer specimens and human studies.

Cancer models Effect of methionine restriction Reference

Cell culture model
Human breast cancer cell line Methionine restriction significantly impairs the growth of MDA-MB-231-CD63-GFP

cells while promoting increased exosome production and secretion.
Li et al.43

Peritoneal-metastatic cancers from patient-derived samples Tumors with high sensitivity to rMETase, particularly colorectal cancer and
pseudomyxoma, showed significant responses to methionine restriction therapy.
Pancreatic and ovarian cancers also show responsiveness but to a lesser degree.

Hoshiya et al.44

p53-deleted colon cancer cells SAMe overcomes uL3-mediated drug resistance by cell cycle arrest induction in the S-
phase, inhibiting autophagy, increasing reactive oxygen species, and promoting
apoptosis in p53-deleted colon cancer cells.

Hens et al.45

Human TNBC and mouse fibroblast cell lines In TNBC cells, MR caused apoptosis and growth inhibition in a manner that was
independent of PERK and GCN2.

Komninou et al.46

Human prostate cancer cell lines In PC-3 cells, MR suppresses FAK and ERK phosphorylation but not protein expression. Jeon et al.47

MDA-MB-231 and Hs 578T cell lines Methionine deficiency attenuated invasion and migration. It also attenuated matrix
metalloproteinase phosphorylation, MMP-2 and MMP-9 activity, and mRNA
expression; it elevated TIMP-1 expression; it attenuated urokinase plasminogen
activator, It also attenuated matrix metalloproteinase phosphorylation; it attenuated
MMP-2 andMMP-9 activity and mRNA expression; it elevated the TIMP-1expression; it
attenuated urokinase plasminogen activator; and it attenuated the expression of
plasminogen activator inhibitor 1.

Komninou et al.48

p53-deficient colon cancer cells S-adenosyl-L-methionine overcomes uL3-mediated drug resistance in colon cancer cells
with p53 deletions. It enhanced reactive oxygen species, triggered apoptosis, hindered
autophagy, and induced cell-cycle arrest in the S-phase.

Mosca et al.49

Animal studies
Walker tumors implanted subcutaneously in Sprague–Dawley
rats

Restricting methionine inhibited the growth of tumors. Thivat et al.50

Human gastric cancer xenografts in nude mice Methionine deficiency altered intratumoral folate metabolism, which enhanced the
anticancer efficacy of 5-FU.

Epner et al.51

Human pre-malignant epithelial breast cell lines implanted into
mice

Methionine restriction increases the levels of cell cycle inhibitors in nude mice,
reducing the formation of breast tumors.

Hoffman52

F344 rats treated with azoxymethane to induce colon cancer Methionine restriction inhibits the development of colonic tumors during the post-
initiation phases of carcinogenesis, partially due to the inhibition of cell proliferation.

Kubota et al.53

4T1-mouse TNBC model Animals on a methionine-deprived diet had fewer lung metastases than those on a
controlled diet.

Ji et al.54

F344 rat model MR reduced the levels of early colon cancer markers by >80% in rats and decreased
colon cell growth by 12%, potentially preventing tumor development.

Sinha et al.55

Chemoresistant RAS-driven colorectal cancer PDXs and
KRASG12Dþ/�TP53�/� soft tissue sarcomas

MR led to therapeutic responses by altering one-carbon metabolism, affecting redox
and nucleotide metabolism and enhancing sensitivity to chemotherapy and radiation.

Meyskens et al.56

Human studies
Cohort of 20 patients with metastatic melanoma and two with
recurrent glioma (n ¼ 22)

MR showed no impact on survival but was well-tolerated (no signs of toxicity or
nutritional issues).

Lu et al.57

Patients with advanced gastric cancer (n ¼ 14) Total parenteral nutrition deficient in methionine synergized with 5-FU on gastric
cancer progression TS activity.

Ahn et al.58

Metastatic solid tumors in adults phase-I clinical trial with eight
patients

Enteral MR was both safe and bearable. Within 2 weeks, there was a notable 58%
decrease in plasma methionine levels, accompanied by either steady or elevated levels
of serum albumin and pre-albumin. The only adverse impact noted was a weekly
weight loss equivalent to approximately 0.5% of the whole body mass index.

Fu et al.59

Gastrointestinal tract cancers phase I clinical trial MR TPN AO-90(Antioxidant 90) combined with 5-FU resulted in a more significant
tumor reduction compared to MR TPN with methionine in patients with resected
gastric cancer.

Hu et al.60

Melanoma and glioma in Phase II trial With a median overall survival of 4.6 months and median disease-free survival of 1.8
months, dietary MR in combination with cystemustine was well-tolerated. Plasma
methionine levels were reduced by 40%.

Metastatic colorectal cancer Combining dietary MR with a FOLFOX regimen reduced plasma methionine levels by
58% and led to a partial response in three out of four patients and disease stabilization
in one.

Case of a 55-year-old male with recurrent locally advanced rectal
cancer

Administered a treatment regimen comprising a low-methionine diet and oral
recombinant methioninase. The treatment was associated with stable CEA levels and
stable tumor size even without standard chemotherapy. This diet may be effective for
the stabilization of long-term disease in rectal cancer.

Lu and Epner61

Human feeding study MR produced similar effects on systemic metabolism as seen in mice, suggesting its
potential to influence tumor cell metabolism and cancer outcomes.

Strekalova et al.62

This table summarizes the outcomes of MR in various cancer models, including cell culture, animal studies, and human clinical trials. MR exhibits diverse therapeutic
effects, including growth inhibition, apoptosis induction, and enhanced efficacy of chemotherapeutic agents. The results of human studies highlight the safety,
tolerability, and potential role of MR in synergy with standard treatments. The data presented herein include references to specific cancer types, the mechanism of action
of MR, and notable findings from each study. 4T1: A murine mammary adenocarcinoma cell line; 5-FU: 5-Fluorouracil; AO-90: A human breast cancer cell line; CEA:
Carcinoembryonic antigen: ERK: Extracellular signal-regulated kinase; F344: A rat strain; FAK: Focal adhesion kinase; GCN2: General control nonderepressible 2; Hs
578T: A human breast cancer cell line; KRASG12Dþ/�: A specific mutation in the KRAS gene linked to cancer; “G12D” refers to glycine-to-aspartic acid at codon 12;
MDA-MB-231: A human triple-negative breast cancer (TNBC) cell line; MDA-MB-231-CD63-GFP: A genetically modified MDA-MB-231 cell expressing green fluorescent
protein (GFP) tagged to CD63; MMP: Matrix metalloproteinase; MR: Methionine restriction; mRNA: Messenger ribonucleic acid; p53: Tumor protein 53,; PC-3: A human
prostate cancer cell line; PDX: Patient-derived xenograft; PERK: Protein kinase RNA-like endoplasmic reticulum kinase; RAS: A family of proteins (HRAS, NRAS, KRAS)
involved in cell signaling and oncogenesis; rMETase: Recombinant methioninase; SAMe: S-adenosylmethionine; S-phase: The DNA synthesis phase of the cell cycle
during which DNA replication; TIMP-1: Tissue inhibitor of metalloproteinases-1; TNBC: Triple-negative breast cancer; TP53�/�: A knockout mouse model lacking
functional p53; TPN: Total parenteral nutrition; TS: Thymidate synthase; uL3: A ribosomal protein.
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Specific genetic biomarkers in tumor tissues, such as upregulated
methionine cycle-related genes, have been associated with stemness and
chemoresistance in certain cancers. For example, four genes, SDHAF2,
MRPS34, MRPL11, and COX8A, are linked to methionine dependency in
intrahepatic cholangiocarcinoma (ICC) and influence the responses to
transarterial chemoembolization (TACE) in patients with high methio-
nine cycle activity. The regulation of immune checkpoints, such as PD-L1
(Programmed Death-Ligand 1) expression via methionine-derived SAM,
is another biomarker of interest, as increased PD-L1 expression in certain
cancers suggests the potential for combining MR with immune check-
point inhibitors to enhance immunotherapy outcomes.71 In liver cancer,
hepatocyte nuclear factor 4α (HNF4α) and its regulation of sulfur amino
acid metabolism can also predict response to MR, as its presence or
absence dictates cancer cell sensitivity to MR.

Research on resected peritoneal-metastatic cancers, including colo-
rectal, pancreatic, and ovarian cancers, and pseudomyxomas treated with
rMETase showed varying degrees of sensitivity to MR. Colorectal cancer
and pseudomyxoma exhibited the highest responsiveness, whereas
pancreatic and ovarian cancers only showed moderate responses. These
findings suggest that patients with at least 40% sensitivity to rMETase, as
determined by a histoculture drug response assay (HDRA), may benefit
from MR therapy, particularly in combination with a low-methionine diet.
Additionally, investigations on the antitumor immune effects of methio-
nine restriction diet (MRD) have revealed that MRD enhances the number
and cytotoxic activity of tumor-infiltrating CD8þ(Cluster of Differentiation
8 Positive) T cells in murine models, thereby inhibiting tumor growth. This
effect is mechanistically linked to methionine-derived SAM, which pro-
motes N6-methyladenosine (m6A) methylation and the translation of im-
mune checkpoints, such as PD-L1 and VISTA (V-Domain Immunoglobulin
Suppressor of T Cell Activation), in tumor cells. Furthermore, the depletion
of YTH domain-containing family protein 1 (YTHDF1) in MRD models
synergizes with programmed cell death protein 1 (PD-1) blockade,
restoring CD8þ T cell infiltration and improving tumor control. Clinically,
YTHDF1 expression has been correlated with poor outcomes in immuno-
therapy, positioning methionine metabolism and YTHDF1 as promising
targets in developing personalized cancer immunotherapy strategies.41,43

These biomarkers provide a more refined approach to cancer treatment
by allowing clinicians to personalize MR strategies based on a patient's
unique molecular profile. By tailoring MR-based treatments to individual
biomarker patterns, personalized medicine can not only improve patient
outcomes but also minimize unnecessary side effects, offering a promising
new strategy for targeting the metabolic vulnerabilities of cancer.

Prostate cancer is a prominent cause of death among men and
6

currently has limited preventive options. MR has been shown to inhibit
prostate cancer development, particularly in severe lesions in mouse
models.72 The mechanisms of MR in prostate cancer include the reduc-
tion of polyamine production, control of the insulin/insulin-like growth
factor-1 (IGF-1) axis, and inhibition of cancer cell growth, which is vital
for tumor cell dissemination. MR also targets thymidylate synthase (TS),
a key enzyme in nucleotide synthesis, enhancing the chemotherapeutic
efficacy of 5-FU by lowering TS activity and expression.73 Additionally,
MR induces prostate cancer cell apoptosis by impairing mitochondrial
integrity and affecting oncogenic pathways such as Raf(Rapidly Accel-
erated Fibrosarcoma) and Akt (Protein Kinase). However, the effects of
MR can vary among different prostate cancer cell lines, indicating the
need for personalized treatment approaches.51

Breast cancer, particularly TNBC, poses treatment challenges due to
limited therapeutic options. Studies on MR have focused on inhibiting
tumor progression in TNBC models and enhancing the effectiveness of
TRAIL-R2 (Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
Receptor 2) agonists, such as lexatumumab, and upregulating TRAIL-R2
expression. MR also reduced cell migration and invasion in TNBC cells.74

Nevertheless, MR activation of the integrated stress response through ki-
nases such as GCN2 and PERKmay require further optimization to improve
their efficacy.75

MR has shown promise in the prevention and treatment of colorectal
cancer. In PDX models of colorectal cancer, MR inhibited tumor growth
and enhanced the efficacy of 5-FU chemotherapy. In rat models of colon
carcinogenesis, MR significantly reduced the formation of aberrant crypt
foci, which are precursors of colon cancer, demonstrating its preventive
potential.76

Methionine restriction and dietary interventions

MR has also emerged as a valuable adjunct to chemotherapy, uti-
lizing the unique metabolic dependence of cancer cells to enhance
treatment efficacy. Cancer cells often show a heightened reliance on
methionine, making them vulnerable to methionine-depleting thera-
pies. By incorporating MR into traditional chemotherapy, researchers
aim to exploit this vulnerability and improve therapeutic outcomes.
Previous studies have shown that reducing methionine levels can
selectively impair tumor growth without significantly affecting normal
cells. This selective action can be synergistic with chemotherapy as it
may enhance the sensitivity of cancer cells to standard chemothera-
peutic agents. For instance, combining methionine-free diets with drugs
such as cystemustine and 5-FU has shown promising results in reducing
Figure 2. Mechanisms of methionine
restriction in cancer therapy. MR and
METase are effective at reducing plasma
methionine levels, enhancing chemo-
therapy sensitivity, and inducing tumor
suppression in various cancers. Clinical
studies have revealed that MR is gener-
ally well-tolerated with minimal side ef-
fects, such as mild weight loss. In
combination with therapies such as radi-
ation and chemotherapy (e.g., FOLFOX
and cystemustine), MR shows promising
outcomes, including tumor stabilization,
apoptosis induction, and improved drug
efficacy. Preclinical studies support this
potential by revealing mechanisms such
as S/G2-phase cell cycle arrest and im-
mune modulation. FOLFOX: Folinic acid
(leucovorin calcium), fluorouracil, and
oxaliplatin; METase: Methioninase; MR:
Methionine restriction; S/G2: S phase.G2
phase.
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tumor size and improving patient responses [Figure 2].77 MR has also
appeared to be a promising strategy for enhancing the effectiveness of
chemotherapy by targeting the unique metabolic needs of cancer cells.
Methionine is a crucial amino acid on which many cancer cells rely,
making them particularly vulnerable to treatments that reduce their
availability. Cancer cells often have an increased dependence on
methionine compared with normal cells. This differential dependency
allows MR to impair tumor growth while sparing normal cells, which
can be compensated using alternative metabolic pathways. The com-
bination of MR with conventional chemotherapeutic drugs can improve
treatment outcomes. For instance, methionine-free diets paired with
chemotherapeutic agents such as cystemustine and 5-FU have shown
the potential to reduce tumor size more effectively and improve patient
responses than chemotherapy alone.66

Recent clinical trials explored the integration of MR into various
chemotherapeutic regimens. These studies showed that MR enhanced the
sensitivity of cancer cells to chemotherapy, leading to improved tumor
control and potentially better overall treatment efficacy. In a phase I
clinical trial, patients with diverse types of non-skin cancers were placed
on an MRD for a period extending around their radiation therapy ses-
sions. The study found that the average methionine level dropped to 18.8
μmol/L in nine patients. However, the trial was eventually stopped
because it was challenging to keep patients on a diet and enroll more
participants. Importantly, no severe side effects were reported, suggest-
ing that MRD can be safely integrated with radiotherapy (RT). Another
study focused on patients with metastatic melanomas and recurrent gli-
omas. These patients followed a methionine-free diet for 1 day while
receiving cystemustine, a chemotherapeutic drug. The study included 22
patients and found that the median overall survival was approximately
Table 2
Methionine restriction, the use of methioninase in cancer therapy, and side effect mi

Disease Formulation of
METase

No. of patients/cell
lines

Dose in treatme

Non-skin cancer
malignancies

MRD Nine patients MRD: extended
weeks following
from 2 weeks b
RT

Metastatic melanoma
and recurrent glioma

One-day MET-free
diet

22 patients 60 mg/m3 of
cystemustine ev
weeks; 1-day
methionine-free

Gastrointestinal tract
cancers (phase I)

AO-90 (MR TPN
lacking MET and CYS)

– 5-FU

Melanoma or glioma
(phase II)

MRD 22 individuals (20
with recurrent
glioma and two
with metastatic
melanoma)

60 mg/m2 of
cystemustine fo
every 2 weeks

Metastatic solid tumors
(phase I)

MR medical food Eight patients MRD for 17.3 w
on average

Metastatic colorectal
cancer (feasibility
study)

MRD Four patients FOLFOX regime
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4.6 months, and disease progression was relatively slow for some pa-
tients. In a trial involving patients with gastrointestinal tract cancers, a
specialized amino acid formulation (AO-90) lacking methionine was
tested along with 5-FU, a common chemotherapy drug.

This approach led to a significant reduction in the size and growth
rate of the treated tumors, highlighting the potential benefits of
combining MR with traditional chemotherapy. For patients with met-
astatic colorectal cancer, one study evaluated a methionine-free diet in
combination with a 5-FU-based FOLFOX chemotherapy protocol. The
diet led to a reduction in plasma methionine levels to 58%. Moreover,
three out of four patients showed partial responses to the treatment,
while one had stable disease. Laboratory studies using rMETase, an
enzyme that depletes methionine, showed that targeting methionine in
various tumor cell lines made them more sensitive to chemotherapy
drugs like doxorubicin and cisplatin. This is because methionine
depletion arrests cancer cells in a particular cell cycle phase (S/G2-
phase). Studies on melanoma cells showed that methionine deprivation
stress (MDS) led to increased cancer cell death and made cancer cells
more sensitive to drugs such as temozolomide (TMZ) and cisplatin.
MDS was also found to reduce the ability of cancer cells to divide and
grow, which could potentially enhance the effectiveness of chemo-
therapy.78 A phase II clinical trial that combined a methionine-free diet
with cystemustine in patients with metastatic melanoma and glioma
revealed a decline in the activity of MGMT, a protein that helps tumors
resist chemotherapy, and varied patient responses, including long-term
disease stabilization [Table 2].61 In non-small cell lung cancer (NSCLC)
models, MR during early tumor development improved the effective-
ness of carboplatin, a chemotherapeutic drug, and altered the tumor
environment to make it less favorable for tumor growth. In animal
tigation.

nt In conjunction with
other chemotherapy
drugs

Disease progression monitoring Reference

to 2
RT

efore

None Adverse events of grade �3 were
not reported. Methionine levels
are average at 18.8 μmol/L and
average at 16.8 μmol/L. Due to the
trial's delayed accrual and
challenges sticking to the diet, the
trial was closed.

Durando
et al.79

ery 2

diet

Cystemustine Median OS: 4.6 months; median
TTP: 1.8 months; outcomes: three
cases of SD, 19 cases of PD; two
long-duration stabilizations (7 and
29 months)

DuCote et al.80

None (control TPN
had MET)

Significant cancer reduction was
noted in the AO-90 group,
indicating resected tumors; the
effect was nil in the control group.

Lin et al.81

r
Cystemustine Median disease-free survival:

1.8 months; median OS: 4.6
months; two patients had
stabilizations in longer duration;
depletion of plasma MET: 40%

eeks None Levels of plasma MET dropped by
58% within 2 weeks (from 21.6 to
9.0 μmol/L); side effect: weight
loss of approximately 0.5 kg/
week.

n Leucovorin calcium
(folinic acid),
fluorouracil, and
oxaliplatin

Plasma MET concentration was
reduced by 58% on the first day of
the MRD; three patients showed
partial response and one with SD

(continued on next page)



Table 2 (continued )

Disease Formulation of
METase

No. of patients/cell
lines

Dose in treatment In conjunction with
other chemotherapy
drugs

Disease progression monitoring Reference

Various human tumor
cell lines (in vitro
study)

rMETase, PEG-
rMETase

21 tumor cell lines rMETase: targeted
methionine depletion

Doxorubicin,
cisplatin, 5-
fluorouracil

rMETase-induced S/G2-phase
blockage made cancer cells
extremely sensitive to
chemotherapy. The S/G2-phase
block was found using FUCCI
imaging. This approach enhances
the effectiveness of chemotherapy.

Lee et al.82

Different cell lines from
human tumors (lung,
colon, kidney,
melanoma, CNS,
prostate)

rMETase, PEG-
rMETase

21 cell lines Not specified None IC50 values, S/G2 phase blockage
using FUCCI imaging

Khamisipour
et al.83

Prostate cancer (cell-
lines PC-3, DU-145,
and LNCaP)

MR Three cell lines Methionine-free
medium

None Growth rates, cell cycle phase
distribution, apoptosis, levels of
cyclin-dependent kinases

Non-skin cancer
malignancies (pilot
study)

MRD Nine patients Not specified Standard-of-care
definitive radiation
therapy

Dietary adherence, acute and late
toxicities grade �3, and plasma
methionine levels

Metastatic colorectal
cancer

MRD 11 patients Methionine-free diet
(3 consecutive days)

FOLFOX6 regimen Plasma methionine concentration,
patient response (PR, SD)

Henry et al.84

Metastatic colorectal
cancer

MET-free
diet þ FOLFOX6
regimen

11 patients Median of three 2-
week cycles of MET-
free diet and
FOLFOX6 regimen

FOLFOX regimen Plasma MET concentration
reduction, feasibility, and patient
response evaluation

Kuczynski
et al.85

Melanoma MDS Melanoma cell
lines

Not specified Temozolomide,
carmustine, cisplatin,
and radiation

Apoptosis, mitotic activity loss,
gene expression changes

Metastatic melanoma
and glioma

MET-free
diet þ cystemustine

Six patients MET-free diet for four
cycles while taking
cystemustine
(60 mg/m2)

Cystemustine
(nitrosourea)

MGMT activity in PBMCs and
reduction of plasma MET levels

Vanneman
and Dranoff10

KRAS/Lkb1 mutant
NSCLC

MR Mouse model and
human cell lines

MR during early
tumorigenesis;
carboplatin
treatment

Carboplatin;
combination with
immunotherapy

Tumor progression, carboplatin
efficacy, TIME, T cell proliferation,
CBS levels, apoptosis, lineage
switching

Cellarier
et al.66

MR and methioninase demonstrate effectiveness in reducing plasma methionine levels, enhancing chemotherapy sensitivity, and inducing tumor suppression across
various cancers. Clinical studies reveal that MR is generally well-tolerated with minimal side effects, such as mild weight loss. In combination with therapies like
radiation and chemotherapy (e.g., FOLFOX, cystemustine), MR shows promising outcomes, including tumor stabilization, apoptosis induction, and improved drug
efficacy. Preclinical studies support its potential by revealing mechanisms like S/G2-phase cell cycle arrest and immune modulation. 5-FU: 5-Fluorouracil; AO-90: A
human breast cancer cell line.; CBS: Cystathionine β-synthase; CNS: Central nervous system; CYS: Cysteine; DU-145: A human prostate cancer cell line; FOLFOX: Folinic
acid (leucovorin calcium), fluorouracil, and oxaliplatin; FUCCI: Fluorescent ubiquitination-based cell cycle indicator; IC50: The half-maximal inhibitory concentration;
KRAS/Lkb1: KRAS is an oncogene, while LKB1 (also known as STK11) is a tumor suppressor gene.; LNCaP: A human prostate cancer cell line; MDS: Methionine
deprivation stress; MET: Methionine; METase: Methioninase; MRD: Methionine-restricted diet; MR: Methionine restriction, MGMT: O6-methylguanine-DNA methyl-
transferase; No.: Number; NSCLC: Non-small cell lung cancer; OS: Overall survival; PBMC: Peripheral blood mononuclear cells.; PC-3: Prostate Cancer-3 PD: Progressive
disease; PEG: Polyethylene glycol; RT: Radiotherapy; rMETase: Recombinant methioninase; S/G2: A phase in the cell cycle, representing the transition from the S-phase.
G2-phase; SD: Stable disease; TIME: Tumor immune microenvironment; TPN: Total parenteral nutrition; TTP: Time to progression.
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models, D-methionine has been tested for its ability to protect against
the side effects of cisplatin, a common chemotherapeutic drug. Spe-
cifically, it helped reduce appetite loss, weight loss, and kidney damage
caused by cisplatin.

Collectively, these studies show that MR or manipulation could
potentially improve cancer treatment outcomes by making tumors more
responsive to chemotherapy and reducing the side effects associated with
treatment. However, further research is required to fully understand the
advantages and useful applications of these strategies in clinical settings.

Translational potential

Several studies have investigated the feasibility and safety of MR in
humans. A study involving patients with advanced metastatic cancer
found that MR could be safely implemented without adverse effects on
nutritional status. Another study showed that MR enhanced the effec-
tiveness of 5-FU in individuals with advanced gastric cancer. However, a
phase II clinical trial confirmed that while MR was possible, it did not
show clinically meaningful effects on survival.14 These findings suggest
that MR has potential as a complementary approach to the treatment of
cancer. However, further large-scale clinical trials are necessary to
8

establish the best regimens and efficacy of this approach across different
cancer types.

Mechanism of methionine metabolism and signaling in cancer

Methionine metabolism plays pivotal roles in cancer cell survival,
proliferation, and immune evasion. Cancer cells often rely heavily on
exogenous methionine due to the Hoffman effect, in which cells cannot
proliferate when methionine is replaced by Hcy, even if they synthesize
methionine internally.13 Methionine is converted to SAM by MAT2A
(Methionine Adenosyltransferase 2A), which provides a primary methyl
donor for critical methylation processes, affecting global DNA methyl-
ation and gene regulation. In cancer, methionine extends to the regula-
tion of the cell cycle and DNA methylation patterns, in which
methionine-derived SAM acts as a primary methyl donor. This dona-
tion supports methylation reactions essential for maintaining global DNA
hypomethylation, paired with the hypermethylation of tumor suppressor
genes, favoring tumorigenicity.86 Altered methylation patterns, often
including the hypermethylation of tumor suppressor genes and hypo-
methylation elsewhere, contribute to tumor progression and tumor cell
survival. In addition, methionine scarcity in the cellular environment
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activates the SAM checkpoint, arrests cancer cells in the G1 (Gap 1)
phase, and inhibits cancer growth.

Another aspect of methionine signaling is its influence on immune
checkpoint proteins, where methionine availability affects the
methylation of m6A sites on PD-L1 and VISTA messenger ribonucleic
acids (mRNAs). Moreover, reduced dietary methionine levels decrease
DNA methylation modifications, particularly at key immune-related
gene promoters, resulting in higher cytotoxic CD8þ T cell infiltration
and enhanced antitumor immunity.87 MR has also been shown to sup-
press tumor growth and improve the response to various anticancer
therapies.88 This metabolic dependency of cancer cells on methionine
opens new therapeutic avenues that target methionine metabolism and
SAM synthesis to curb cancer proliferation and modulate immune
responses.

Challenges of methionine restriction in clinical applications

We have shown several studies confirming MR as a promising
therapeutic approach in oncology, particularly for gastric cancer,
because of its potential to target the unique methionine dependency of
certain cancer cells and bypass cancer heterogeneity. However, despite
its potential benefits, MR presents several clinical challenges that
require further investigation to establish safe and effective protocols.
For instance, long-term dietary restriction of methionine may lead to
adverse health effects such as bone-related disorders, growth impair-
ment, and hyperhomocysteinemia, which limit the practicality of sus-
tained MR as a standalone treatment. This necessitates careful
monitoring and dose adjustments.89 Conversely, high levels of methi-
onine supplementation, while beneficial in conditions such as hepatic
steatosis and insulin resistance, can trigger adverse metabolic re-
sponses, including hyperhomocysteinemia, weight loss, and increased
cholesterol levels. These side effects illustrate the narrow therapeutic
window of methionine intake, where both deficiency and excess pose
potential health risks, making it difficult to establish a safe, standard-
ized dose for therapeutic use. In addition, the interaction between
methionine and cardiovascular health is crucial for MR therapy.
Excessive methionine intake or insufficient levels of B vitamins (B6,
B12, riboflavin, and folate) can increase plasma Hcy concentration,
elevating the risk of cardiovascular disease (CVD). Consequently, any
MR therapy must consider an individual's baseline methionine and
vitamin intake to avoid exacerbating Hcy levels, especially in at-risk
populations.90 Thus, although MR shows potential as a novel meta-
bolic therapy for cancer treatment, careful consideration of its clinical
applications, including dosage, duration, and patient-specific factors, is
essential to maximize therapeutic benefits while minimizing risks.

Therapeutic approaches involving methionine restriction to treat
cancer alone or as part of a combination therapy

MR has emerged as a promising approach for cancer treatment, both
as a standalone strategy and in combination with established therapies.
Research indicates that the dietary restriction of methionine influences
cancer outcomes by altering one-carbon metabolism, a pathway critical
for various cancer interventions.91 This alteration enhances the efficacy
of apoptosis-inducing chemotherapy and RT; however, its effects on
ferroptosis-targeting therapies and immunotherapy remain poorly un-
derstood. For instance, studies show that prolonged methionine depri-
vation can prevent excessive depletion of GSH by inhibiting cation
transport regulator homolog 1 (CHAC1) protein synthesis, thereby pro-
tecting tumor cells from ferroptosis. Conversely, short-term methionine
starvation accelerates ferroptosis through CHAC1 upregulation, sug-
gesting that the duration of methionine deprivation can significantly
affect the tumor cell response. Intermittent methionine deprivation ap-
pears particularly beneficial, enhancing tumor cell sensitivity to CD8þ T
cell-mediated cytotoxicity and synergizing with checkpoint blockade
therapies, leading to improved survival outcomes in patients.92 In a
9

notable clinical case, combination therapy with doxorubicin and cyclo-
phosphamide followed by docetaxel, when paired with MR, achieved a
remarkable complete response in a patient with invasive lobular carci-
noma (ILC) of the breast, an outcome expected in <10% of patients
receiving standard neoadjuvant chemotherapy alone.93 Additionally,
patients treated with o-rMETase, an enzyme that facilitates methionine
degradation, combined with a low-methionine diet, showed promising
results for long-term disease stabilization in rectal cancer, with signifi-
cant decreases in circulating methionine levels and improvements in
clinical markers. In patients with high-grade gliomas, MR combined with
radiation and TMZ also demonstrated high efficacy, underscoring the
versatility of MR in various cancer types.94 Collectively, these findings
support the potential use of MR as a therapeutic modality, either alone or
in combination with conventional therapies, to enhance treatment effi-
cacy and improve outcomes in patients with cancer. Further clinical
studies with larger patient cohorts are necessary to establish the broader
applicability of MR and its mechanisms in augmenting the effects of
existing cancer therapies.

Future perspectives

The potential use of MR in cancer therapy is expected to expand
considerably, as supported by promising preclinical results and
emerging clinical evidence. Key areas for further exploration include
advancements in precision medicine to identify patients who are most
likely to benefit from MR. Future research should aim to identify ge-
netic and metabolic biomarkers that can predict responsiveness to MR,
enabling more personalized treatments. This strategy could enhance
therapeutic outcomes and reduce unnecessary dietary restrictions for
those unlikely to respond.64 Moreover, the ability of MR to increase the
effectiveness of existing cancer treatments also suggests new opportu-
nities for combination therapies. Studies should examine MR alongside
immunotherapies, targeted treatments, and emerging modalities, such
as chimeric antigen receptor (CAR)-T cell therapy, potentially yielding
more effective and less toxic cancer treatment options. Additionally, the
development of MR-mimetic drugs or targeted dietary supplements
could boost patient adherence and broaden the usability of MR, making
it a feasible and sustainable choice for long-term cancer management.95

To establish MR as a mainstream cancer treatment, large-scale
clinical trials across different cancer types and stages, particularly
treatment-resistant forms, are required. Long-term studies are also
crucial to evaluate the safety and effectiveness of MR over time. Beyond
treatment, MR may also offer preventive benefits to high-risk in-
dividuals. Hence, future research should investigate its role in cancer
prevention. Moreover, as MR transitions from a preclinical research
topic to real-world clinical applications, interdisciplinary collaboration
is essential. By addressing these opportunities, MR could become a
foundational element in cancer therapy, offering new possibilities for
patients with difficult-to-treat cancers.96

Conclusions

In conclusion, this review synthesized evidence from a combination
of in vitro studies, animal studies, and preliminary human data, high-
lighting the complex role of MR in cancer management. While much of
the current data originates from laboratory models, providing valuable
mechanistic insights, there are limitations to the extent of human evi-
dence available. Therefore, we aimed to guide future research with these
preliminary findings, which suggest that MR may be a viable adjunctive
strategy for cancer treatment.

This review focused on the application of MR across different cancer
types and explored both its metabolic implications and therapeutic po-
tential when combined with conventional treatments, such as chemo-
therapy. Specifically, we emphasized the Hoffman effect, the distinct
metabolic vulnerability of methionine-addicted cancer cells, and
explored promising combinations such as MRwith rMETase and standard
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chemotherapies. To date, there have been limited comprehensive ana-
lyses of the role of methionine in metabolic reprogramming as a targeted
approach, and this review aims to bridge this gap by integrating insights
from both preclinical and emerging clinical studies.

Although the preliminary findings regarding MR in cancer treatment
are promising, this review acknowledges the exploratory nature of the
available data. Most of the anticancer effects of MR have been observed in
vitro and in animal models, with limited but encouraging results from
small-scale human studies. Consequently, while MR presents a novel and
potentially effective therapeutic regimen, large-scale, rigorously
controlled human trials are necessary to establish its definitive anticancer
efficacy and safety profile. This review also aims to stimulate further
research, emphasizing the potential of MR as an adjunct therapy while
underscoring the need for continued exploration to translate these find-
ings into robust clinical applications.
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