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Abstract: Leucine is an essential amino acid that cannot be produced endogenously in the human
body and therefore needs to be obtained from dietary sources. Leucine plays a pivotal role in
stimulating muscle protein synthesis, along with isoleucine and valine, as the group of branched-
chain amino acids, making them one of the most popular dietary supplements for athletes and
gym-goers. The individual effects of leucine, however, have not been fully clarified, as most of the
studies so far have focused on the grouped effects of branched-chain amino acids. In recent years,
leucine and its metabolites have been shown to stimulate muscle protein synthesis mainly via the
mammalian target of the rapamycin complex 1 signaling pathway, thereby improving muscle atrophy
in cancer cachexia. Interestingly, cancer research suggests that leucine may have either anti-cancer
or pro-tumorigenic effects. In the current manuscript, we aim to review leucine’s roles in muscle
protein synthesis, tumor suppression, and tumor progression, specifically summarizing the molecular
mechanisms of leucine’s action. The role of leucine is controversial in hepatocellular carcinoma,
whereas its pro-tumorigenic effects have been demonstrated in breast and pancreatic cancers. In
summary, leucine being used as nutritional supplement for athletes needs more attention, as its
pro-oncogenic effects may have been identified by recent studies. Anti-cancer or pro-tumorigenic
effects of leucine in various cancers should be further investigated to achieve clear conclusions.

Keywords: amino acid; leucine; muscle protein; cancer; signaling pathway

1. Introduction

Amino acids (AAs) are organic molecules containing an α-carboxyl group, an α-amino
group, and a side chain, the R group. Due to the variations in their R group, amino acids
present remarkably different biochemical characteristics and functions. Among about
500 amino acids that have been identified in nature, 20 AAs (4% of all amino acids) are
known to be involved in assembling proteins, one of the major building blocks of life [1].
Therefore, amino acids play a myriad of roles—functional, structural, metabolic, and
beyond—and remain exceptionally important in maintaining overall human health. To
name a few, amino acids are known to play a fundamental role in skeletal muscle health
in aging, in cardiovascular physiology and pathology, in intestinal physiology and health,
in endocrine function, and in immune response regulation [2–6]. These 20 proteinogenic
(protein assembling) amino acids are further classified as nonessential (11 amino acids)
and essential amino acids (9 amino acids). Nonessential amino acids are synthesized in the
body, while the essential ones must be supplemented via diet.

Of the nine essential amino acids—histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine—leucine (Leu), isoleucine (Ile), and
valine (Val) are grouped as branched-chain amino acids (BCAAs) due to their aliphatic
side chains, which are branched (hence their name), small, and hydrophobic [7]. Because
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of their similarities in metabolism, consumption, and combustion, BCAAs have always
been studied together [8]. Unlike most amino acids, which are catabolized in the liver,
the catabolism of all three BCAAs starts in the skeletal muscle and the same enzymes are
used for the first two steps [7]. At the first step, branched-chain α-keto acids (BCKAs)—2-
ketoisocaproate (KIC) from leucine, 2-keto-3-methylvalerate (KMV) from isoleucine, and
2-ketoisovalerate (KIV) from valine—are generated with the help of branched-chain amino-
transferase enzyme, which is a reversible process. The freed amino groups from BCAAs
are accepted by 2-ketaglutarate, which yields glutamate, by pyruvate, which yields alanine,
and by glutamate, with the addition of another amino group which yields glutamine.
The generated BCKAs, glutamate, alanine, and glutamine are further released from the
muscle and enter systemic circulation. In the second step, isovaleryl-CoA from KIV (from
leucine), 2-methylbutyryl-CoA from KMV (from isoleucine), and isobutyryl-CoA from KIV
(from valine) are generated with the help of the branched-chain α-ketoacid dehydrogenase
(BCKD). These acyl-CoA metabolites further processed by different enzymes and undergo
different breakdown pathways [7,9].

BCAAs have been extensively studied in many diseases, such as liver cirrhosis, renal
failure, sepsis, trauma, burn injury, and cancer [10]. Under normal conditions, the levels of
BCAAs are maintained in balance by their intake and expenditure. In a fasting state, the av-
erage levels of BCAAs in circulation are approximately 200 µM of valine, 100 µM of leucine,
and 60 µM of isoleucine [11]. BCAAs obtained from the diet or released from tissues with
protein breakdown can be used in protein synthesis. Elevations in circulating BCAAs have
been reported in many tumors and BCAAs released from protein degradation or obtained
from the tumor microenvironment are also hypothesized to fuel growing cancer cells [11],
where BCCAs can serve as nitrogen donors used to produce nucleic acids and other macro-
molecules that are vital for the proliferation of tumors [12]. BCAAs play a pivotal role in
various metabolic reactions and act as biochemical regulators of protein turnover [13–15].
BCAAs supplementation has increased in sports nutrition and has become a vital part of the
daily diet of bodybuilders and gym-goers, as BCAAs promote protein synthesis, preventing
its breakdown induced by intensive exercise [16–18]. They also play fundamental role in
the muscles’ post-exercise recovery [19,20], and are implicated in the delay of fatigue by
reducing the brain’s uptake of tryptophan and synthesis of 5-hydroxytryptamine [21,22].
These functions make BCAAs a “panacea” for professional and amateur athletes. As a
result of such attention, the global sales of BCAAs have been steadily increasing from year
to year [23,24]. Interestingly, the potential benefits of BCAAs on performance, strength
gains, and muscle mass have been a subject of ongoing debate [25–27]. Adding to this
controversy, recent studies have shown that BCAA metabolism may be also associated with
the progression of various types of tumors [28,29].

Even though the three BCAAs exhibit significant differences in their biological effects,
they are often studied together as a single group, leading to potentially erroneous assump-
tions about their individual impacts [8]. Therefore, in this review, we primarily focus on
Leu, as it is considered the most influential regulator and signaling molecule among the
BCAAs [27,30].

2. Leucine and Muscle Protein Synthesis: Mechanisms and Impacts

Leucine was first discovered in cheese in 1819 and was first isolated from skeletal
muscle and wool in 1820. More than a century later, leucine was synthesized from isovaler-
aldehyde [31]. Since then, leucine has been extensively studied in protein synthesis and
energy production within cells.

The muscle protein mass is maintained by a dynamic equilibrium between muscle
protein synthesis (MPS) and muscle protein breakdown (MPB), determining the net protein
balance [32]. Leu has been shown to play a particularly central role in MPS [33], stimulating
a robust MPS response in humans at a relatively low dose of about 3 g, even in the absence
of other amino acids [34]. Unlike other essential amino acids, Leu is mainly metabolized
within the skeletal muscle, where, with the help of the mitochondrial branched-chain amino
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transferase 2 (BCAT2), Leu is converted to its keto-acid, α-ketoisocaproate (KIC), which can
be further metabolized either to isovaleryl-CoA by the branched-chain α-keto acid dehydro-
genase complex (BCKDC) or to β-hydroxy-β-methylbutyrate (HMB) by KIC dioxygenase,
ultimately serving as an energetic substrate for the citric acid cycle to produce energy
(Figure 1) [34,35]. Both Leu itself and its metabolites, KIC and HMB, have been shown to in-
crease MPS (Figure 1) [34,36,37]. Due to Leu’s crucial role in regulating protein metabolism,
it is used to combat protein loss in patients with various pathological conditions. This is sup-
ported by recent trials, which demonstrated that Leu supplementation improved sarcopenia
in older adults [38–41]. The mechanism by which Leu and its metabolites enhance protein
synthesis in muscle involves the activation of the mechanistic target of the rapamycin com-
plex 1 (mTORC1) signaling pathway [42,43]. This pathway is a key regulator that integrates
various cellular processes, including protein synthesis [44]. mTORC1 senses signals from
both intra- and extracellular cues, including the availability of amino acids. As a result,
nutrient sensing and responding to their availability are considered the primary functions
of mTORC1. Specific transporters are involved in bringing amino acids into the cells. For
Leu, the solute carrier family 7 member 5 (SLC7A5)/SLC3A2, a heterodimeric bidirectional
transporter, is responsible for transporting extracellular leucine into the cells in exchange
for intracellular L-glutamine [45]. Within the cell, the lysosome is considered a key site for
amino acid sensing, where specific proteins, known as amino acid sensors, help mTORC1
detect amino acids. For Leu, the major detectors in the cytosol are leucine-tRNA ligase
(LARS1) and sestrin 2 (SESN2) [46–49]. These sensors closely interact with Ras-related
guanine triphosphatase (GTP)binding proteins (RagA, B, C, and D), a small GTPase family,
as well as GTPase-activating proteins, such as the multiprotein complex GTPase-activating
proteins toward Rags (GATOR), such as GATOR1 and GATOR2, in order to communicate
information about amino acid availability to mTORC1 [47]. Upon Leu availability, LARS1
specifically interacts with the RagA–RagC or RagB–RagD heterodimers, promoting the
proper nucleotide loading state, which is essential for mTORC1 activation. LARS1 functions
as a GTPase-activating protein towards RagD–GTP, which further facilitates the activation
of the mTORC1 pathway [47]. Additionally, Leu binds to SESN2, causing its dissociation
from GATOR2, which removes the inhibitory effect of GATOR1 on mTORC1, ultimately
activating the pathway (Figure 1) [50,51]. Once activated, mTORC1 phosphorylates p70
ribosomal protein S6 kinase 1 (RPS6KB1) and eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1). The phosphorylation of RPS6KB1 enhances its kinase activity,
further promoting protein translation, while the phosphorylation of 4E-BP1 prevents its
association with eukaryotic translation initiation factor 4E (eIF4E), allowing translation
initiation to occur (Figure 1) [52]. Through these mechanisms, Leu increases MPS via the
activation of the mTORC1 pathway. However, Leu metabolites appear to be sensed differ-
ently from the Leu-sensing pathway described above. For example, KIC has been shown
to increase protein synthesis by promoting the phosphorylation of mTORC1 substrates,
RPS6KB1 and 4E-BP1 [37,53], although the upstream mechanism by which mTORC1 senses
KIC remains unclear. More research has been conducted on HMB, another Leu metabo-
lite. Earlier studies demonstrated that HMB increased the phosphorylation of mTORC1
downstream targets, RPS6KB1 and 4E-BP1, thereby enhancing skeletal MPS [54,55]. An
independent study explored how HMB activates nutrient sensing upstream of mTORC1,
suggesting that the effects of HMB on MPS may be mediated by the phosphatidylinos-
itol 3-kinase (PI3K)-RAC-α serine/threonine-protein kinase (AKT1)-mTORC1 signaling
axis [56]. Although the PI3K-AKT1 signaling pathway primarily transmits signals from
growth factors and cytokines to mTORC1, acting as a major upstream regulator of the
mTORC1 pathway, this study indicates that HMB might also influence mTORC1 through
this pathway (Figure 1) [57,58]. PI3K, when activated in response to growth factors and
cytokines, phosphorylates and activates AKT1. Active AKT1 then phosphorylates and
inactivates TSC2, a component of the tuberous sclerosis complex (TSC), which includes
TSC1, TSC2, and TBC1 domain family member 7 (TBC1D7). The TSC is a negative regulator
of mTORC1, so its inactivation leads to the activation of the mTORC1 pathway [59,60].
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Girón et al. [56] demonstrated that HMB phosphorylates AKT1, mTOR, and its down-
stream targets, RPS6KB1 and 4E-BP1, thereby increasing protein synthesis. However, this
study did not investigate whether AKT1 activates mTORC1 through the TSC, making it
difficult to conclude whether HMB exerts its effects via the PI3K-AKT1-mTORC1 signaling
axis. A more recent study provided evidence that HMB stimulates protein synthesis in
skeletal muscle by inducing the autophosphorylation of mTOR, leading to the activation
of the mTORC1 pathway without involving the SESN2-GATOR2 or Rag GTPase family
proteins [43] (Figure 1). These findings suggest that Leu metabolites, such as KIC and HMB,
may be sensed independently of the traditional Leu-sensing pathway. However, further
research is needed to reach a consensus on the mechanisms by which Leu metabolites
influence protein synthesis.
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Figure 1. Schematic representation of the action of Leu and its metabolites. Solute carrier family
7 member 5 (SLC7A5) transports extracellular Leu into the cells. Amino acid sensors, namely leucyl-
tRNA synthetase (LARS1) and sestrin 2 (SESN2), detect cytosolic Leu. SESN2 alleviates the inhibitory
function of GTPase-activating protein toward Rags 1 (GATOR1) and GTPase-activating protein
toward Rags 2 (GATOR2), leading to the activation of the mechanistic target of rapamycin complex 1
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(mTORC1) signaling pathway, which further promotes muscle protein synthesis (MPS). Leu metabo-
lites also promote MPS via mTORC1. Branched-chain amino transferase 2 (BCAT2) converts Leu
to α-ketoisocaproate (KIC), which phosphorylates p70 ribosomal protein S6 kinase 1 (RPS6KB1)
and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), both markers of mTORC1
activation, thereby increasing MPS. KIC can be further metabolized to β-hydroxy-β-methylbutyrate
(HMB) by KIC dioxygenase and to isovaleryl-CoA by branched-chain α-keto acid dehydrogenase
complex (BCKDC). Rag GTPases are crucial in this pathway. RagA/B typically bind GTP when
Leu is abundant, while RagC/D are in the GDP-bound state. The RagA–RagC and RagB–RagD
heterodimers are key pairs interacting with mTORC1 on the lysosomal membrane, activating it in
response to Leu and promoting MPS. Both HMB and isovaleryl-CoA are involved in energy produc-
tion. HMB increases MPS by activating the AKT1-mTORC1 signaling pathway. However, whether
HMB promotes MPS via the AKT1-mTORC1 axis is not fully characterized, as the effect of HMB
on the tuberous sclerosis complex 1-tuberous sclerosis complex 2-TBC1 domain family member 7
(TSC1-TSC2-TBC1D7) complex, the intermediate between AKT1 and mTORC1. Arrows stand for
“activation”, “stimulation”. Bars stand for “inhibition”. Question mark stands for “uninvestigated”.

3. Leucine and Cancer

As mentioned above, Leu has been shown to increase MPS and MPB [61,62]. In recent
years, its potential to improve muscle wasting in cancer cachexia (CC) has been extensively
studied [63–65]. CC is a complex syndrome characterized by glucose intolerance, loss of
body fat, significant body weight loss due to muscle mass depletion, and malnutrition.
As a result, nutritional supplementation including Leu has been explored as a novel and
promising therapeutic approach to protect from cancer-associated cachexia [66]. Consider-
ing that leucine supplementation can improve sarcopenia in the elderly, Herrera-Martínez
et al. (2023) recently investigated the feasibility of using a leucine-enriched nutritional
therapy in cancer patients with primary tumors at different sites. The results of this clinical
study showed that hypercaloric, hyperproteic leucine-enriched oral supplementation did
not provide significant improvement in the quality of life of cancer patients compared
with a standard hypercaloric, whey protein-based hyperproteic oral supplementation [67].
However, studies raised the concerns that Leu supplementation also promotes cancer
growth and aggressiveness [68–70], suggesting that Leu could have double-edged effects:
anti-tumor and pro-tumorigenic (Table 1).

Table 1. Summary information on the antitumor or pro-tumorigenic action of leucine intervention in
various types of cancer.

Effects of Leucine Cancer Type Leucine Intervention Mechanisms of Action Source(s)

Antitumor effects

Breast cancer Leu deprivation Increased caspase activity [71]

Liver cancer

L-Leu supplementation Induced apoptosis [72]

Leu supplementation
Increased histone acetylation and expression

of antigen-presenting genes in CD74+
neutrophils

[73]

Leu deprivation Decreased leucine metabolism [74]
Colon cancer Leu supplementation Activated mTORC1 in CD8+ TILs [75]

Colorectal cancer
Leu supplementation

Increased histone acetylation and expression
of antigen-presenting genes in CD74+

neutrophils
[73]

Leu deprivation Limited TGF-β1 secretion in LARS B cells [76]

Lung cancer Leu supplementation
Increased histone acetylation and expression

of antigen-presenting genes in CD74+
neutrophils

[73]
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Table 1. Cont.

Effects of Leucine Cancer Type Leucine Intervention Mechanisms of Action Source(s)

Pro-tumorigenic
effects

Breast cancer High-fat diet
(Leu releasing) Activated mTOR signaling [77]

Bladder cancer Leu supplementation Activated amino-acid transporters and
oncogenic genes [70,78]

Pancreatic cancer Leu supplementation Activated mTOR signaling or elevated
glucose levels in the bloodstream [68,71]

Colorectal cancer Leu supplementation Increased LARS B cell generationIncreased
TGF-β1 production [75]

3.1. Anti-Tumor Effects of Leucine

Recent investigations have explored the use of Leu as a potential adjunct therapy
in cancer treatment, focusing on its effects in tumor-bearing models and various cancer
cell lines.

Viana et al. observed that a diet rich in Leu led to a metabolic shift of the Walker
256 rat tumor towards a less glycolytic profile [65]. This shift resulted in a reduced tumor
glucose uptake and decreased tumor aggressiveness and metastatic sites in rats, but with
no significant change in tumor size. Both Walker 256 rat tumor cells and tumor biopsies
from rats fed the Leu-rich diet showed an increase in oxygen consumption, which was
accompanied by an upregulation of mitochondrial genes, including proliferator-activated
receptor γ coactivator-1α (PGC-1α), nuclear respiratory factor-1 (NRF-1), cyclooxygenase (COX)
5a, citrate synthetase (CS), and cytochrome C, indicating enhanced mitochondrial biogenesis
and oxidative phosphorylation (OXPHOS) (Figure 2). These findings suggest that Leu
induces a metabolic shift in Walker 256 tumors, favoring OXPHOS over glycolysis, both
in vitro and in vivo [65]. The cytotoxic effects of L-Leu supplementation on cancer have
been demonstrated in hepatocellular carcinoma (HCC) cell lines [72]. In these studies, Leu
supplementation exerted a dose-dependent cytotoxic effect and induced apoptosis, which
was attributed to a decrease in insulin-like growth factor 1 (IGF-1) levels and an increase
in p53 levels, leading to the inhibition of the PI3K/AKT1/mTORC1 signaling pathway
(Figure 2). The combination of Leu supplementation with indoleamine 2,3-dioxygenase 1
(IDO1) and tryptophan 2,3-dioxygenase (TDO) inhibitors has been proposed as a promising
novel therapeutic approach. IDO1 and TDO are enzymes involved in the catabolism
of tryptophan into kynurenine, a substrate in the kynurenine pathway (KP), which is
known for its potent immunomodulatory effects that cancer cells exploit to evade immune
system destruction (Figure 2) [79–82]. Leu, as a substrate of the system L transporter,
competes with kynurenine. Consequently, Leu limits the powerful immunosuppressive
effects of the KP and restores antitumor immunity when used in conjunction with IDO1
and TDO inhibitors [83]. Additionally, kynurenine interacts with transcription factors such
as the aryl hydrocarbon receptor, which promotes the differentiation and activation of
immunosuppressive T-regulatory cells, while inhibiting the proliferation of T cells and
natural killer cells by increasing the expression of programmed cell death protein 1 (PD-1),
a regulatory checkpoint molecule for T cells [84–87]. A recent study further supported
the antitumor effects of Leu, particularly when combined with PD-1 inhibition. This
combination was shown to reverse immune regulation and enhance the antitumor activity
of CD8+ tumor-infiltrating lymphocytes (TILs), mediated by the activation of the mTORC1
signaling pathway (Figure 2) [75]. Another study demonstrated that a leucine-rich diet
combined with anti-PD-1 therapy showed potent antitumor efficacy in lung, colorectal,
and liver cancer models. This effect was associated with leucine’s ability to upregulate
MHC-II genes in CD74+ neutrophils via the acetyl-CoA/H3K27ac/MHC-II axis, leading
to enhanced antigen presentation and increased T cell infiltration into tumors [73]. The
inhibitory effect of Leu, in combination with IDO1 and TDO inhibitors on kynurenine,
represents a promising therapeutic approach for the future.



Biomolecules 2024, 14, 1401 7 of 13
Biomolecules 2024, 14, x FOR PEER REVIEW  7  of  14 
 

 

Figure 2. Leu supplementation leads to tumor cell death by inducing apoptosis and oxidative stress. 

Leu supplementation can  lead  to  tumor cells death via  the  following  three mechanisms:  (1) The 

modulation  of  tumor  cell metabolism.  Leu  supplementation  favors  oxidative  phosphorylation 

(OXPHOS) over glycolysis by increasing oxygen consumption and mitochondrial biogenesis, while 

reducing glucose consumption. This metabolic shift promotes apoptosis and oxidative stress in tu-

mor cells; (2) The regulation of the mTORC1 signaling through kinase pathway. Leu supplementa-

tion  inhibits  the expression of  insulin-like growth  factor 1  (IGF-1) and  increases p53  levels. This 

results in the inhibition of the PI3K/AKT1/mTORC1 signaling axis in tumor cells, leading to apop-

tosis and tumor cell death; (3) The modulation of the immune response. Leu supplementation en-

hances anti-tumor immunity by inhibiting immunosuppressive regulatory T cells. This effect is me-

diated by mTORC1 activation, which  leads  to  the  inhibition of programmed cell death protein 1 

(PD-1). Additionally, Leu competes with kynurenine in the kynurenine pathway (KP), thereby re-

storing the antitumor effects of T cells and natural killer (NK) cells. Therefore, the inhibitory effect 

of Leu, in combination with indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase 

(TDO) inhibitors on kynurenine. Arrows in green stand for “activation”, “stimulation”, “increase in 

level”. Arrows in red stand for “decease in level”. Red bars and crosses stand for “inhibition”.   

3.2. Pro‐Tumorigenic Effects of Leucine 

Although the studies mentioned above in Section 3.1 highlighted the anticancer ef-

fects of Leu, an increasing body of research suggests that Leu may also have pro-onco-

genic effects. Like other amino acids, Leu can serve as an energy source, potentially fuel-

ing cancer development [88]. The pro-oncogenic effects of Leu have been studied in vari-

ous cancers, including hepatocellular carcinoma (HCC), breast cancer, and pancreatic can-

cer (Table 1). In contrast to the findings of Hassan et al. [72], Chen et al. [74] demonstrated 

that the growth of HCC cell lines depends on the presence of Leu, with deprivation sig-

nificantly reducing the proliferation, migration, and invasion of cancer cells. This pro-on-

cogenic effect was  linked  to  the regulation of Leu metabolism by enzymes such as  the 

mitochondrial methylcrotonoyl-CoA  carboxylase  (MCC)  enzyme, which  is  highly  ex-

pressed and associated with poor prognosis in HCC patients [74] (Figure 3). The pro-on-

cogenic  role of Leu  in HCC has also been  supported by  recent metabolomics  studies, 

which  identified Leu as one of  the amino acids significantly upregulated  in both HCC 

tumor tissues and the serum of HCC patients [89]. Another recent study using mendelian 

randomization  (MR)  methods  explored  the  possible  causal  relationship  between 

Figure 2. Leu supplementation leads to tumor cell death by inducing apoptosis and oxidative
stress. Leu supplementation can lead to tumor cells death via the following three mechanisms:
(1) The modulation of tumor cell metabolism. Leu supplementation favors oxidative phosphorylation
(OXPHOS) over glycolysis by increasing oxygen consumption and mitochondrial biogenesis, while
reducing glucose consumption. This metabolic shift promotes apoptosis and oxidative stress in tumor
cells; (2) The regulation of the mTORC1 signaling through kinase pathway. Leu supplementation
inhibits the expression of insulin-like growth factor 1 (IGF-1) and increases p53 levels. This results
in the inhibition of the PI3K/AKT1/mTORC1 signaling axis in tumor cells, leading to apoptosis
and tumor cell death; (3) The modulation of the immune response. Leu supplementation enhances
anti-tumor immunity by inhibiting immunosuppressive regulatory T cells. This effect is mediated
by mTORC1 activation, which leads to the inhibition of programmed cell death protein 1 (PD-1).
Additionally, Leu competes with kynurenine in the kynurenine pathway (KP), thereby restoring the
antitumor effects of T cells and natural killer (NK) cells. Therefore, the inhibitory effect of Leu, in
combination with indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase (TDO)
inhibitors on kynurenine. Arrows in green stand for “activation”, “stimulation”, “increase in level”.
Arrows in red stand for “decease in level”. Red bars and crosses stand for “inhibition”.

3.2. Pro-Tumorigenic Effects of Leucine

Although the studies mentioned above in Section 3.1 highlighted the anticancer effects
of Leu, an increasing body of research suggests that Leu may also have pro-oncogenic
effects. Like other amino acids, Leu can serve as an energy source, potentially fueling
cancer development [88]. The pro-oncogenic effects of Leu have been studied in various
cancers, including hepatocellular carcinoma (HCC), breast cancer, and pancreatic cancer
(Table 1). In contrast to the findings of Hassan et al. [72], Chen et al. [74] demonstrated
that the growth of HCC cell lines depends on the presence of Leu, with deprivation
significantly reducing the proliferation, migration, and invasion of cancer cells. This
pro-oncogenic effect was linked to the regulation of Leu metabolism by enzymes such
as the mitochondrial methylcrotonoyl-CoA carboxylase (MCC) enzyme, which is highly
expressed and associated with poor prognosis in HCC patients [74] (Figure 3). The pro-
oncogenic role of Leu in HCC has also been supported by recent metabolomics studies,
which identified Leu as one of the amino acids significantly upregulated in both HCC
tumor tissues and the serum of HCC patients [89]. Another recent study using mendelian
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randomization (MR) methods explored the possible causal relationship between genetically
predicted circulating BCAA concentrations and various cancers by leveraging the large
datasets for BCAAs provided by genome-wide association studies (GWAS). The results
showed elevated circulating total BCAA levels and leucine levels, indicating a positive
association between leucine and squamous cell lung cancer [12].
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Figure 3. Mechanisms driving the pro-oncogenic effects of Leu. Methylcrotonoyl-CoA carboxylase
(MCC) regulates Leu metabolism promoting tumor cell proliferation, migration, and invasion. Ad-
ditionally, Leu provides energy to tumor cells by activating the mTORC1 pathway and facilitating
glucose uptake, which serves as a necessary energy source for tumor cells. Leu has been found to
be abundant in both tumor tissues and the serum of patients with hepatocellular carcinoma (HCC).
Consequently, Leu deprivation has been proposed as a potential cancer treatment strategy leading
to reduced tumor growth and apoptosis. Arrows in green stand for “activation”, “stimulation”,
“increase in level”, “leucine supplementation”. Arrows in red stand for “leucine deprivation”.

As a result, dietary amino acid supplementation has become an increasingly researched
area as a potential cancer treatment strategy (Figure 3). In vitro studies on breast cancer
have shown that Leu deprivation inhibits cancer cell proliferation and induces apoptosis,
while in vivo studies demonstrated inhibited tumor growth [71]. Another recent study on
breast cancer found that a high-fat diet, leading to the abundant release of Leu, promoted
cancer progression in tumor-bearing mice. This effect was mediated by the activation of the
mTOR signaling pathway, which led to the differentiation and infiltration of polymorphonu-
clear myeloid-derived suppressor cells, a factor associated with poor clinical outcomes in
breast cancer patients [77]. Complementing these observations, the pro-oncogenic effects
of Leu have also been demonstrated in bladder cancer, pancreatic, and colorectal cancer.
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Long-term supplementation with excessive amounts of Leu promoted bladder carcinogen-
esis in rats [70,78], suggesting that both the duration and amount of supplementation play
a role in Leu’s oncogenic potential. In pancreatic cancer, Leu supplementation increased
tumor growth in both lean and overweight mice, but through different mechanisms. In
lean mice, Leu promoted tumor growth by activating the mTOR signaling pathway, while,
in overweight mice, Leu supplementation increased the amount of glucose available to
tumor cells, further accelerating tumor growth (Figure 3) [68].

In a separate study, Leu was found to promote the growth and proliferation of pancre-
atic cancer cells by stimulating the expression of SESN2 and increasing phosphorylated
mTOR (p-mTOR), indicating the involvement of the mTOR signaling pathway in pancreatic
cancer development. The use of mTOR inhibitors and SESN2 expression vectors in this
study clearly demonstrated that SESN2 promotes glycolysis in pancreatic cancer through
the mTOR signaling pathway (Figure 3) [73].

In colorectal cancer, leucine plays a pro-tumorigenic role by stimulating a subset
of regulatory B cells that express leucine–tRNA synthetase-2 (LARS2) [76]. These cells
are associated with colorectal hyperplasia and decreased survival in colorectal cancer
patients. The underlying mechanism involves cancer immune evasion via transforming
growth factor beta-1 (TGF-β1) secretion by LARS B cells, driven by leucine-stimulated
mitochondrial NAD+ regeneration and oxidative metabolism [76]. As a result, the study
proposed a leucine-restricted diet as a therapeutic approach for colorectal cancer, which
was shown to suppress cancer immune evasion [76].

4. Conclusions

Leu, as a BCAA, has become one of the most popular sport supplements due to its
role in promoting MPS [27]. In the light of this, Leu and its metabolites have been found
to improve muscle wasting in CC [90]. However, the role of Leu remains controversial
in certain cancers [72,74]. Through this review of the literature, Leu has been identified
as a ‘dichotomous’ amino acid, exhibiting both anticancer and pro-tumorigenic effects.
In conclusion, Leu has been found to exhibit significant anticancer activity [65,72,75,83],
leading to cell death by regulating tumor cell metabolism, apoptosis, and immune signaling
pathways. On the other hand, Leu also demonstrates pro-oncogenic activity, promoting
tumor cell proliferation through various mechanisms depending on the cancer type. For
example, Leu can regulate its own metabolism in HCC [74,89], increase glucose availability
to tumor cells, or activate the mTOR signaling pathway in pancreatic, breast, and bladder
cancers [68,71,77,78,91]. The pro-tumorigenic effects of Leu may be achieved in several
ways such as by supporting the metabolic reprogramming of cancer cells, similar to other
amino acids [92], or by stimulating tumorigenesis through the modulation of oncogenic
signaling pathways [93]. Additionally, the duration and amount of Leu supplementation
appear to influence its pro-tumorigenic activity. It was investigated in animal experiments
and demonstrated that a high dose of leucine supplementation for long-term promotes
carcinogenesis [70,78]. Concerns about the adverse effects of leucine with excess amount
intake have been raised. Just recently, tolerable upper intake levels (ULs) of individual
amino acids were recapitulated using well-conducted studies of human-dose response
trials. The ULs for leucine were identified to be 35 g/day for the young and 30 g/day for the
elderly, respectively [94]. More preclinical and clinical trials are needed to investigate the
effects of leucine, either anti-tumor or pro-tumorigenic, along with focusing on the intake
amount and duration. The dual nature of Leu in cancer biology reveals its complexity and
emphasizes the need for careful evaluation. The future use of Leu, either as a nutritional
supplement or a potential cancer treatment, will depend on further research clarifying its
effects. Moreover, suggestions on targeting enzymes involved in Leu metabolism and Leu
dietary interventions as treatment strategies may present challenges, which may arise due
to the complex nature of Leu metabolism, individual variability in response, potential side
effects, and limited research on long-term effects and optimal dosages.
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