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Abstract 

Cancer is one of the major diseases threatening human health in the world. According to the latest global cancer 
statistics from the International Agency for Research on Cancer (IARC), there were approximately 20 million new 
cancer cases and 10 million cancer deaths worldwide. Amidst this global health concern, branched chain amino acids 
have emerged as key players, playing an important role in the occurrence and development of cancer. In certain 
malignancies like colorectal cancer, the average level of BCAA in tumor tissues is twice that in normal tissues. BCAA 
metabolism is intricately associated with the progression of multiple tumors and is modulated by diverse enzymes, 
including BCAT, BCKDH, and BCKDK. The metabolism of BCAA involves multiple enzymes and biochemical processes 
via signaling pathways such as PI3K/AKT/mTOR and AMPK/mTOR, etc. In addition, mTOR inhibitors show potential 
value in cancer treatment by regulating the metabolism and signaling pathways of tumor cells, which provides a new 
direction for anticancer efforts. Simultaneously, BCAAs are closely associated with tumor immunity, including NK 
cells, CD4+ T cells, and CD8+ T cells. At present, the research on BCAA metabolism and related enzymes and signaling 
pathways is still in progress, aiming at identifying new targets and ideas for cancer therapy, and combined therapy 
will become an important trend in the future. In this review, we discuss the role and mechanisms of BCAA metabolism 
in human cancer.
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Introduction
Currently, cancer  stands as  one of the primary causes 
of human mortality globally,  consistently attracting the 
dedicated efforts of numerous scientific researchers in the 
pursuit of a deeper understanding [1]. Metabolic disorder 
is one of the key signs of tumor biological characteristics, 
such as abnormal lactate and amino acid metabolism. 
Although previous studies have extensively documented 
the regulatory function of abnormal lactate metabolism 
in different cancers, the abnormal metabolism of amino 
acids in tumors, particularly branched chain amino acids 
(BCAA), remains a promising avenue that needs further 
in-depth investigation in future research.

BCAAs play a pivotal role in the development and 
occurrence of malignancies [2, 3], and profoundly affect 
the tumor microenvironment (TME) [4]. BCAAs, includ-
ing valine, isoleucine, and leucine, are essential amino 
acids mainly obtained through dietary intake [5]. In 
recent years, BCAAs have become an increasingly com-
mon focus in tumor research, and some studies have 
shown that the increasing intake of BCAA in mice can 
inhibit the growth and metastasis of breast cancer (BC) 
[6]. In those suffering from colorectal cancer (CRC), the 
increased intake of BCAA in the diet is positively corre-
lated with the increase of death risk [7], and BCAA may 
also be related to the occurrence of pancreatic ductal ade-
nocarcinoma (PDAC). BCAA transaminase 2 (BCAT2) 
is an indispensable enzyme for BCAA decomposition, 
and its acetylation can inhibit the catabolism of BCAA 
and the growth of pancreatic cancer [8, 9]. Currently, it 
has been firmly established that the metabolic process of 
BCAA is closely associated with the progression of vari-
ous tumors. As depicted in Fig.  1, with the continuous 
deepening of research, it has been discovered that BCAA 
metabolism not only directly governs tumor growth but 
also bears a relation to tumor immunity and drug resist-
ance. Consequently, elucidating the metabolism of BCAA 
in tumors is of utmost significance.

Compounds, polymers, and nanomedicines, as well 
as metabolic abnormalities, are also associated with 
the sensitivity of tumors to chemotherapy [10–12]. 
Valine is an essential amino acid for the occurrence 
and development of gastric cancer (GC) [13, 14]. An 
imbalanced content of amino acids in the body can 
enhance the sensitivity of cells to chemotherapy [10, 15]. 
Future research directions could focus on delving into 
the molecular mechanisms underlying the abnormal 
metabolism of BCAA and their relationships with tumor 
development and chemosensitivity, providing a solid 
theoretical foundation for the development of more 
precise and efficient anti-cancer drugs and treatment 
regimens [16]. Meanwhile, it is necessary to further 
optimize the design and preparation processes of 

compounds, polymers, and nanomedicines to enhance 
their targeting ability, bioavailability, and safety.

This review systematically focuses on the metabolism of 
BCAA within tumors and also comprehensively explores 
the roles of diverse metabolic enzymes and signaling 
pathways in tumor occurrence and development.

Metabolic recombination in tumors
TME  signifies  the  substantial and characteristic  altera-
tions in the metabolic pathways of cancer cells during 
their growth and proliferation. These alterations  actively 
contribute to  tumor development and metastasis. Meta-
bolic reprogramming in tumors is a characteristic feature 
that enables cancer cells to adapt to their rapid growth 
and proliferation needs. Metabolic reprogramming meets 
the increased dietary needs, regulates many pathogenic 
mechanisms in tumors, and leads to the malignancy of 
tumors. This metabolic reprogramming is one of the 
important mechanisms by which tumor cells adapt to the 
harsh microenvironment and support their uncontrolled 
growth [17]. BCAA plays a crucial part in tumor repro-
gramming, and its metabolism can supply acetyl-CoA, 
thus facilitating the TCA cycle in tumor cells.

The abnormal metabolism of BCAA plays a pivotal role 
in tumor metabolic reprogramming. In the tumorigenic 
environment, alterations in BCAA metabolism, such as 
abnormal changes in related enzyme activities, drive the 
metabolic reprogramming process. This provides the 
necessary energy and materials for tumor cell growth and 
proliferation, thereby promoting tumor development. 
BCAA can function as a source of energy and precur-
sors for biosynthesis in this process. Tumor metastasis, 
as a critical stage of tumor development, is intertwined 
with the overall tumor progression. Abnormal metabo-
lism of BCAA can enhance the migration and invasion 
capabilities of tumor cells by altering their energy supply 
and metabolic microenvironment. The metabolic repro-
gramming can alter the TME to promote metastasis and 
affect the expression patterns of metastasis-related genes, 
such as the PI3K/AKT/mTOR pathway [18, 19]. Among 
them, BCAA will not only supply necessary substances 
but also regulate signaling pathways to support tumor 
development.

Studies indicate that blocking the specific exogenous 
amino acids on which tumors depend will lead to amino acid 
starvation, growth stagnation, and ultimately triggers apop-
tosis [20]. With the ongoing and in-depth research on amino 
acids, it has been  increasingly recognized  that BCAA,  in 
particular, play a  pivotal  role in the development of many 
tumors. Currently, the mechanism of BCAA involved in 
tumor metabolic reprogramming is intricate and still needs 
to be clarified. In the future, it is anticipated that more com-
prehensive and profound  research will further clarify the 
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specific metabolic pathways and key regulatory nodes in dif-
ferent tumor types.

Previous studies have shown that BCAA plays a key 
role in regulating the function of immune cells and tumor 
growth [21]. The damage of BCAA degradation leads to 
the accumulation of BCAA in CD8+ T cells, leading to 
high activity of CD8+ T cells and enhancing antitumor 
immunity. The accumulation of BCAAs promotes the 
effector function and antitumor immunity of CD8+ T 
cells by reprogramming glucose metabolism [22], making 
BCAA a supplementary component for the clinical effi-
cacy of anti-PD-1 immunotherapy for tumors.

BCAA metabolism has a significant role in tumor 
metabolic reprogramming. Targeting BCAA metabolism 
may offer a potential approach for cancer treatment. 
Understanding the role of BCAAs in the metabolic 

reprogramming of tumors is crucial for us to explore the 
intricate mechanisms underlying cancer development. 
The precise manipulation of BCAA metabolic pathways 
holds the promise of crafting more effective therapeutic 
strategies for cancer treatment.

Metabolism of branched‑chain amino acids
Cancer metastasis is the primary cause of cancer death, 
which needs the support of metabolic reprogramming. 
The metabolic reprogramming of BCAA meets 
the increased nutritional requirements, promotes 
the transformation of tumors, and leads to tumor 
deterioration. The metabolism of BCAA  not only 
furnishes a nitrogen source for tumors but also generates 
carbon skeletons. These carbon skeletons can  fuel the 
energy demands for oxidative phosphorylation and the 

Fig. 1  Metabolism of BCAAs in various tumors in humans. The figure showcases the metabolic processes of BCAA within diverse human tumors, 
aiming to reveal the unique features of these processes in different tumor contexts
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TCA cycle,  playing a pivotal role in maintaining the 
energy metabolism balance within tumor cells [23]. 
From a nutritional perspective, it is undeniable that 
BCAA facilitate tumor progression. Consequently, the 
expression of relevant metabolic enzymes can partially 
modulate tumor development. Studies have shown 
that branched-chain keto-acid dehydrogenase kinase 
(BCKDK), which regulates the rate-limiting enzyme in 
the BCAA catabolic pathway, promotes the proliferation 
of tumor cells [24, 25]. Metabolic alterations of BCAA are 
a distinct feature of various cancers and have a significant 
impact on maintaining tumor proliferation and 
invasiveness [26]. It affects the provision of energy and 
biosynthetic precursors mentioned above, the regulation 
in signal pathways, and some growth-related regulatory 
factors in TME, such as VEGF. All these functions 
establish the special position of BCAA in tumors.

The metabolism of BCAA has been studied in a vari-
ety of tumors (Fig.  1), including hepatocellular carci-
noma (HCC), BC, PDAC, and non-small cell lung cancer 
(NSCLC), etc. [27–31] (Table 1). Tumor cells usually have 
a relatively high ability to obtain BCAA. In addition, the 
latest research has found that the metabolism of BCAA 
and its transporter protein (SLC7A5) might be associated 
with the development of thyroid cancer [32]. Numerous 
studies have indicated that the level of BCAA appears 
abnormal during the development of some cancers. 

Among them, the research on the metabolism of BCAA 
focuses more on BCAA aminotransferase (BCAT). BCAT 
is an enzyme that initiates the catabolism of BCAA, it 
exerts a crucial role in the metabolism of BCAA [33]. 
Previous studies have indicated that the regulatory role of 
BCAT is often decisive in BCAA metabolism. Due to the 
high metabolic demands of tumor cells, the expression of 
BCAT in tumor cells is often elevated.

Metabolic enzymes related to BCAAs
BCAT1
BCAT has been considered a prognostic cancer marker 
and is very important in the development of cancer. Typi-
cally, the upregulation of BCAT1 expression has been cor-
related with more aggressive cancer progression, garnering 
significant scientific interest over the past several years 
[34–36]. A comprehensive and in-depth exploration of the 
mechanism of BCAT1 in cancer is of great significance for 
achieving a more profound understanding of both BCAA 
metabolism and cancer development.  At the same time, 
BCAT1 provides a solid theoretical basis for the develop-
ment of cancer diagnosis and treatment.

BCAT1 is capable of catalyzing the transamination 
reaction of BCAA. The high expression of BCAT1 can 
result in an enhanced catabolism of BCAA, providing 
energy and precursors of biosynthesis for tumor cells, 
thus promoting the growth and proliferation of tumor 

Table 1  BCAA alterations and related proteins in human cancers

↑, increase. ↓, decrease. N.D., not determined. PDAC, pancreatic ductal adenocarcinoma

HCC hepatocellular carcinoma, BC breast cancer, NSCLC non-small cell lung cancer, GBM glioblastoma multiforme, GC gastric cancer, OSCC oral squamous cell 
carcinoma, CcRCC​ clear cell renal cell carcinoma

Cancer type BCAA levels Protein levels Effect on cancer progression References

PDAC N.D BCAT2↑ Tumor growth [8]

↑ BCAT2↑ BCKDHA↑ Tumor growth [50]

↑ BCAT2 mutation Tumor growth [9]

↑ BCAT2↑ Tumor growth [51]

HCC ↑ Hyperactivation of mTOR Tumor growth [27]

N.D BCAT1↑ Tumor growth [36]

↑ BCKDH↓ Tumor growth [56]

BC ↑ N.D Tumor shrinkage [6]

N.D BCAT1↑ Tumor growth [31]

N.D BCKDK↑ Tumor growth [62]

NSCLC ↑ BCKDHA↓ BCKDK↑ Tumor growth [30]

↑ BCKDK↑ Tumor growth [63]

GBM N.D BCAT1↑ Tumor growth [39]

N.D BCAT1↑ BCKDK↑ Tumor growth [38]

GC N.D BCAT1↑ Tumor growth [40]

N.D BCAT1↑ Tumor growth [73]

OSCC N.D BCKDH↑ Tumor growth [58]

ccRCC​ N.D BCAT1↑ Tumor growth [99]
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cells. In various tissues, the regulation of plasma BCAAs 
and its catabolic defects are mainly caused by the changes 
in the enzymatic activity of the first two enzymes, namely 
BCAT and branched-chain α-keto acid dehydrogenase 
(BCKD) [37]. To sum up, BCAT1 exerts significant effects 
in various types of cancers. By catalyzing the initial step 
of BCAA decomposition, BCAT1 affects cell prolifera-
tion, regulates the interaction of intracellular molecules, 
and drives the growth, migration, invasion and prolif-
eration of tumors, which provides a new perspective and 
direction for cancer diagnosis and treatment.

Some studies indicate that BCAT1 facilitates the initial 
phase of BCAA degradation and is highly upregulated 
in cells that are resistant to anti-estrogen treatment. 
BCAT1 expression can be detected in primary BC and 
positively correlates with an elevated Ki-67 proliferation 
index. In triple-negative breast cancer and glioblastoma 
multiforme (GBM), BCAT1 plays an important role in 
tumor migration, invasion, and proliferation [38, 39]. The 
abnormal expression and functional alteration of BCAT1 
in multiple cancer types suggest its crucial significance 
in the process of tumorigenesis and development, 
laying a foundation for further exploration of its specific 
mechanism of action in other cancers.

In the research on GC, the mutation of alanine at 
codon 61 (BCAT1E61A) caused by glutamic acid of 
BCAT1 leads to its increased function. BCAT1E61A’s 
higher enzymatic activity can promote the catabolism 
of BCAA and accelerate cell growth and metastasis, 
and BCAT1 can also activate the PI3K/AKT/mTOR 
pathway to contribute to the development of tumors [40]. 
Moreover, BCAT1 directly interacts with RhoC, resulting 
in an increase in RhoC activity. The activity of RhoC plays 
an important role in the development and metastasis of 
various cancers, such as GC and bladder cancer [41–43]. 
The latest research indicates that the transcription factor 
EB (TFEB) is highly expressed in pancreatic cancer and 
regulates BCAT1 to modulate the catabolism of BCAA, 
thereby partially inhibiting the proliferation of pancreatic 
cancer cells, providing a new direction for the treatment 
of targeted metabolic reprogramming of pancreatic 
cancer [44]. Accumulating evidence has demonstrated 
that BCAT1,  functioning as a key promoter of tumor 
metastasis and proliferation, holds  paramount 
significance not only in the early detection of tumors but 
also plays a pivotal role at the treatment phase [45]. These 
research findings indicate that the regulatory role of 
BCAT1 in GC and pancreatic cancer brings new hope for 
cancer metabolic targeted therapy. Moreover, it further 
highlights the importance of BCAT1 in tumor research 
and provides ideas for subsequent related research in 
more cancer types.

In the BCAT family, BCAT has two isoforms, BCAT1 
and BCAT2, which are encoded by their genes. BCAT1 
mainly functions in the cytoplasm, while BCAT2 is 
mainly located in the mitochondria. BCAT2 is widely 
expressed, whereas BCAT1 is only expressed in certain 
organs like the brain, etc. Given the unique intracellular 
localization and ubiquitous expression characteristics 
of BCAT2, further investigation is warranted to deeply 
explore its functional mechanism in BCAA metabolism, 
which differs from that of BCAT1.

BCAT2
BCAT1 and BCAT2  exert disparate functions  in the 
metabolic pathway of BCAA. BCAT1 is  predominantly 
localized in the cytoplasm. Its function lies in catalyzing 
the transfer of the amino group from BCAA to α-keto 
acids, thereby  yielding the corresponding α-keto acids 
(BCKAs) and ammonia. This process  represents the 
initial step  in the catabolism of BCAA. The generated 
α-keto acids can undergo further metabolism to partake 
in energy-generating processes or other biosynthetic 
pathways. BCAT2 mainly functions in the mitochon-
dria, particularly in organs with high metabolic activity, 
such as the liver and kidneys. The function of BCAT2 is 
analogous to BCAT1, both catalyzing the transamination 
reaction between BCAAs and αKG, producing BCKAs 
and glutamic acid [46]. In the metabolism of BCAA, 
αKG accepts the amino groups removed from BCAT1 or 
BCAT2 by BCAAs and is converted into glutamic acid 
(Fig. 2).

After BCAT1 and BCAT2 catalyze their reactions, 
BCAAs are converted into corresponding BCKAs, 
which are primarily processed by the BCKD to produce 
acetyl-CoA, subsequently entering the TCA cycle. These 
processes are crucial steps in the metabolic pathway of 
BCAA, ensuring that the catabolism of amino acids can 
proceed efficiently in the mitochondria, providing cells 
with energy and intermediate products required for 
biosynthesis [47].

In melanoma (MM), BCAT2 has been identified as 
a carcinogenic factor and promotes the progression of 
melanoma [48]. Compared with other tumors, BCAT2 is 
more extensively studied in PDAC. PDAC is known for 
its high invasiveness, early metastasis tendency, lack of 
specific symptoms, and difficulty in treatment. Numerous 
studies have demonstrated the important role of BCAT2 
in the occurrence of PDAC [49–51]. Furthermore, 
BCAT2 may play a certain role in the progression of 
prostate cancer and could serve as a potential marker for 
developing new therapeutic targets. [52]. Additionally, 
another group of researchers concluded through 
proteomic analysis that the expression of BCAT2 is 
associated with a poor prognosis of prostate cancer [53]. 
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Apart from the aforementioned tumor types, studies 
in intrahepatic cholangiocarcinoma (ICC) were also 
found that the metabolism of BCAA and the expression 
of BCAT affect the development of ICC, providing 
a potential target for subsequent BCAA research 
[54]. During the growth and proliferation procedures 
of various tumors, BCAT2 participates in different 
occurrence and development pathways. Inhibiting the 
proliferation of some tumors by gene knockout of BCAT2 
has made certain progress [55]. Future research should 
further investigate the mechanism of BCAT2 in different 
tumors and its interaction with other molecules, thus 
fully understanding the role of BCAT2 in tumors related 
to BCAA metabolism.

Given the specific and discrepant expression of 
BCAT1 and BCAT2 in tumor cells, they hold promise as 
diagnostic markers for certain malignancies. Detecting 
the expression levels of BCAT1 and BCAT2 in tumor 
tissues or blood can assist the early diagnosis of tumors. 
Moreover, their expression levels are linked to tumor 
prognosis, making them potential prognostic indicators. 
Developing inhibitors targeting BCAT1 and BCAT2 
is a promising therapeutic strategy, as these inhibitors 

can disrupt tumor cell energy supply and biosynthesis 
pathways by inhibiting BCAA metabolism, thereby 
suppressing cell growth and proliferation. They can also 
serve as potential targets for tumor treatment in the 
future, and the combined use with some drugs, such as 
anti-PD-1 drugs, holds great prospects in the future. 
However, current research on BCAT1 and BCAT2 is still 
in its early stages, and further in-depth studies on their 
biological functions and mechanisms as well as their 
clinical application value in tumors.

BCKDH and BCKDK
On the other hand, branched-chain keto acid 
dehydrogenase (BCKDH) and BCKDK are also key 
enzymes regulating BCAA metabolism. The BCKDH 
kinase mainly acts on the BCKDH complex in 
mitochondria and is responsible for catalyzing the final 
step of BCAA metabolism, converting α-keto acid 
into branched-chain acyl coenzyme A. The BCKDH 
kinase inhibits the activity of the BCKDH complex 
by phosphorylating the E1α subunit of the BCKDH 
complex, thereby reducing the catabolism of BCAA 

Fig. 2  Role of BCAA-metabolizing enzymes BCAT1 and BCAT2. This figure illustrates the crucial functions of the BCAA metabolizing enzymes BCAT1 
and BCAT2
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[56, 57]. Clarifying the roles of BCKDH and BCKDK in 
BCAA metabolism is crucial for understanding BCAA 
metabolism and its regulation mechanism in tumors.

For example, in the study of oral squamous cell carci-
noma (OSCC), it is reported that BCKDH is overexpressed 
in OSCC and affects the tumor process [58]. Moreover, the 
knockdown of BCKDHA can also significantly inhibit the 
proliferation of PDAC cells [50, 59]. Many discoveries have 
also been made in the study of the interaction between 
BCKDK and MEK/ERK signal pathway. The BCKDK-MEK1 
axis may contribute to the development of CRC [60], and 
BCKDK promotes the proliferation and migration of ovar-
ian cancer by activating the MEK/ERK signaling pathway 
[61]. Moreover, downregulating the expression of BCKDK 
can inhibit the migration of BC cells [62]. At the same time, 
downregulating BCKDK will also reduce the in  vitro pro-
liferation of NSCLC cells and aggravate apoptosis [63]. The 
metabolism of BCAA regulated by BCKDK and its func-
tion in different tumor types have been verified. Besides, the 
latest research has found that the modification of BCKDK 
enhances the anticancer efficacy of CAR-T cells.

The two enzymes, BCKDH and BCKDK, play regu-
latory roles in the middle and downstream of BCAA 
metabolism. At present, their regulatory effects on BCAA 
metabolism have been found in a variety of tumors. It has 
been discovered that BCKDK can enhance MEK/ERK 
signal transduction, a crucial pathway driving the growth 
and proliferation of cancer cells. BCKDH and BCKDK 
have emerged as an appealing therapeutic target for 
BCAA-related diseases and cancers [64, 65]. Similar to 
BCAT, the expression levels or activities of BCKDH and 
BCKDK may potentially serve as markers for the diagno-
sis or prognosis of certain types of tumors. Additionally, 
targeting BCKDH and BCKDK holds promise as a cancer 
treatment approach. Hence, further research is required 
to fully clarify their functions and explore their potential 
as therapeutic targets and biomarkers for tumors.

The regulation of BCAA metabolism by BCAA-metab-
olizing enzymes in tumors is a crucial part of tumor met-
abolic reprogramming. These enzymes facilitate BCAA 
metabolism to meet the unique demands of tumor cells 
through precise regulatory mechanisms. During tumo-
rigenesis, BCAA metabolizing enzymes are often over-
expressed. As research progresses, BCAA-metabolizing 
enzymes could potentially assist in tumor diagnosis and 
provide a theoretical basis for developing drugs that tar-
get these enzymes to inhibit tumor progression.

Signaling pathways of BCAA metabolism
In the field of BCAA metabolism, while there has been 
relatively extensive research on related metabolic 
enzymes, the exploration of signal transduction 
pathways is also of utmost significance. BCAA 

metabolism is intricately associated with three major 
signal pathways: the mTOR pathway, the PI3K/AKT 
pathway, and the AMPK pathway. These pathways are 
highly interconnected functionally and regulate BCAA 
metabolism through various dimensions, including 
nutrient sensing and energy homeostasis. The aberrant 
regulation of these pathways is closely intertwined 
with the onset and progression of various diseases, 
particularly tumors. The mTOR pathway has received 
significant research attention due to its central role in 
coordinating BCAA-related metabolic processes and its 
profound implications for disease pathogenesis.

mTOR is a serine/threonine protein kinase that forms 
two different mTOR complexes, namely mTORC1 
and mTORC2. mTORC1 is mainly composed of the 
following components: mTOR is the core kinase used to 
phosphorylate downstream targets; Raptor is the binding 
partner of mTOR and helps recruit and phosphorylate 
downstream targets; mLST8, also known as GβL, is 
related to the stability and activity of mTORC1. PRAS40 
can act as an inhibitor of mTORC1 but can also be 
phosphorylated and activated by mTORC1 under certain 
conditions; Deptor can inhibit the activity of mTORC1. 
mTORC2 is mainly composed of mTOR, Rictor, mSin1, 
Protor-1, mLST8, and Sik3. Rictor, as a binding partner, 
is crucial for the formation and activity of mTORC2; 
mSin1 helps maintain the stability and activity of 
mTORC2; Protor and Sik3 are involved in the regulation 
of mTORC2. The mTOR pathway plays a very critical role 
in tumors, including promoting tumor cell proliferation 
and invasion, inhibiting cell apoptosis, and regulating 
the metabolic reprogramming of tumor cells so that they 
can use nutrients more effectively and promote the rapid 
growth of tumors [66–68]. Abnormal mTOR metabolism 
has already been regarded as a hallmark feature of 
tumorigenesis.

BCAAs, especially leucine, are the main activators of 
mTOR [69]. Therefore, some researchers evaluated the 
growth dependence of osteosarcoma on leucine and 
found that blocking leucine uptake by using the leucine 
structural analog N-acetylleucinamide (NALA) will cause 
the downregulation of mTORC1 and thus affect tumor 
development [70]. In non-tumorigenic human mammary 
epithelial cells, BRCA1 mutation results in a notable 
increase in BCAA levels. Leucine can promote protein 
translation through mTOR and succinyl coenzyme A. 
For isoleucine, the latest research has found that high-
dose isoleucine can significantly inhibit tumor growth 
and reduce tumor burden, which is independent of 
mTORC1 activation [71]. The growth factor pathway 
mainly involves PI3K/Akt and Ras/Raf/MEK/ERK, while 
the energy state pathway is caused by the activation of 
AMPK, including glucose and LKB1 (liver kinase B1). 
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There is also a nutrient sensing pathway that is mainly 
mediated by activation through nutrients such as amino 
acids and glucose [72]. BCAA is closely related to mTOR, 
and the mTOR pathway interacts with multiple signaling 
pathways to perform complex regulatory functions in 
tumors.

In various tumors, the PI3K-AKT-mTOR signaling 
axis is frequently in an abnormally active state. The PI3K 
signaling pathway serves as a crucial upstream regulatory 
route for mTOR activation. The activated PI3K phospho-
rylates AKT, leading to the activation of mTORC1 and 
initiating a cascade of responses that promote tumor 
growth, as shown in Fig.  3. Studies have shown that 
BCAT1 and CDK12 can activate the PI3K/AKT/mTOR 
pathway and participate in the progression of GC [73, 
74]. The dysregulation of mTOR often occurs in various 
tumors, and there are multiple reasons for the abnormal 
activation of mTOR [75]. Including the PI3K/AKT/PTEN 
and insulin/IGF-1 signaling pathways mentioned earlier 
[76, 77], as well as epigenetic changes such as the TME 
and methylation, which may cause abnormal activation 
of mTOR [78, 79]. The activation of mTOR can activate 
protein synthesis and promote the cell cycle and cell 
proliferation, thereby promoting tumor growth. It also 
facilitates angiogenesis to supply nutrients to the tumor 
and utilizes glucose, lipids, and amino acid metabolism 

to provide essential nutrients for tumor growth while 
inhibiting apoptosis and promoting cell survival [80–82]. 
Multiple factors can lead to the abnormal activation of 
mTOR, which plays multifaceted promoting roles in 
BCAA metabolism. Currently, there are still many chal-
lenges in precisely targeting the abnormal activation of 
mTOR to influence BCAA metabolism and thus inter-
vene in tumor progression. Therefore, the development 
of mTOR inhibitors has great potential to become anti-
cancer drugs.

Currently, structurally diverse mTOR inhibitors are 
in clinical trials, and further research is still needed in 
the next step [83]. mTOR inhibitors have been proven 
to be able to induce autophagy, promote tumor cell 
death, and make individual tumors sensitive to other 
therapeutic agents. The first-generation mTOR inhibitors 
are primarily rapamycin and its derivatives. It was found 
inhibited the immune system by blocking the activation 
and proliferation of T cells and was used to prevent organ 
rejection in kidney transplant patients at that time. TSC1 
(Tuberous Sclerosis Complex 1) and TSC2 (Tuberous 
Sclerosis Complex 2) are two tumor suppressor genes. 
The TSC1 and TSC2 tumor suppressor genes encode 
proteins that form the TSC complex, which functions as 
a GTPase activating protein (GAP) in cells and inhibits 
the activity of Rheb to regulate mTORC1. Rheb is a 

Fig. 3  The role of mTOR in BCAA signaling pathway. This figure elaborates on how mTOR participates in and influences the BCAA signaling pathway
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small GTPase. When it is in the GTP-bound state, it can 
activate mTORC1. The TSC1/TSC2 complex promotes 
the GTPase activity of Rheb, making it change from 
the GTP-bound state to the GDP-bound state, thereby 
inhibiting the activity of mTORC1 (Fig.  3). S6K is a 
downstream effector of the mTORC1 signaling pathway 
and is directly regulated by mTORC1. The triggering of 
S6K can promote protein synthesis and cell growth.

In tumors, the mutation or inactivation of TSC1 or 
TSC2 will lead to the loss of TSC complex function, 
which in turn leads to the continuous activation of 
mTORC1 by Rheb, making S6K continuously phospho-
rylated and activated [84]. The ability of rapamycin to 
inhibit the phosphorylation and activation of S6K indi-
cates that it may have the property of inhibiting cancer 
growth [85, 86]. The efforts of pharmaceutical person-
nel have led to the development of a variety of related 
drugs. Later, researchers collectively called them rapa-
logs, including everolimus temsirolimus, and sirolimus 
(rapamycin), etc. [87, 88] (Fig. 4). First-generation mTOR 
inhibitors have drawbacks such as limitations in their 
mechanism of action, induction of feedback activation, 

and limited anti-tumor activity. To overcome these prob-
lems, the development of second-generation mTOR 
inhibitors has become a necessity.

Nevertheless, these drugs have some adverse reac-
tions, such as causing inflammation, stroke, infarction, 
and drug resistance. They are only significantly effec-
tive against mTORC1 and have relatively little impact 
on mTORC2 [89]. Later, researchers developed dual 
mTORC1/mTORC2 inhibitors and combined them with 
some drugs, which showed good therapeutic effects [90, 
91]. These are called second-generation mTOR inhibi-
tors, such as AZD2014, OSI-027, INK128, etc. However, 
second-generation mTOR inhibitors still need further 
research and development, and their clinical application 
effects and safety still need to be verified.

Targeting mTOR inhibitors for cancer treatment is a 
good therapeutic prospect. It has multi-target effects 
and better therapeutic effects on certain tumors. 
Besides, combination therapy will become an important 
trend in the future. The combined use of mTOR inhibi-
tors and other cancer treatment methods has shown 
great potential [92–94]. However, the side effects of the 

Fig. 4  The function of first-generation mTOR inhibitors
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drugs, alongside drug resistance, are drawbacks that can-
not be overlooked. Additionally, mTOR plays a pivotal 
role  in normal cell growth, metabolism, and immune 
regulation. Therefore, the application of mTOR inhibitors 
may affect the function of normal cells and cause some 
adverse reactions [95]. In conclusion, mTOR inhibi-
tors have broad prospects in cancer treatment. Future 
research will be dedicated to developing more efficient 
and more specific drugs, optimizing combination therapy 
regimens, overcoming drug resistance, regulating the 
tumor immune microenvironment, and realizing preci-
sion medicine treatment, bringing more hope and better 
therapeutic effects to cancer patients.

The metabolism of BCAA in tumor cells is precisely 
regulated by multiple signal pathways, among which 
mTOR is the most crucial regulator. The research on the 
signal pathways of BCAA metabolism provides potential 

targets for tumor treatment. However, the complex 
interactive network among these signal pathways and 
continuous research is still needed to fully comprehend 
their interconnections.And there is huge potential to 
develop new treatments based on this.

BCAA metabolism and tumor immunity
BCAA metabolism is closely associated with tumor 
immunity. It can regulate the differentiation and activity 
of immune cells [96]. Studies have reported that in mice 
with impaired BCAA degradation, BCAA accumulates in 
CD8+ T cells, resulting in high-activity CD8+ T cells and 
enhanced anti-tumor immunity [22] (Fig.  5). Besides, 
BCAA can also support the activities of neutrophils and 
NK cells. Moreover, it can regulate the differentiation 
ability of monocytes, all of which indicate the potential of 
BCAA in immunity.

Fig. 5  The accumulation of BCAAs promote anti-tumor effects. This figure demonstrates how the increased accumulation of BCAA can trigger 
certain biological responses that contribute to inhibiting tumor growth and exerting anti-tumor effects
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After BCAA supplementation, the hyperfunction 
of CD8+ T cells was reproduced, and a synergistic 
effect with anti-PD-1 was observed, indicating that 
BCAAs can serve as a supplementary factor for the 
clinical efficacy of anti-PD-1 immunotherapy in 
NSCLC patients. Immunological analysis revealed a 
significant inverse relationship between the secretion 
of chemokines associated with CD8+ T cells and 
BCAT2 [97]. Subsequently, it was discovered that 
the combination of BCAT2 deficiency and anti-PD-1 
antibody treatment exhibited a synergistic effect in vivo, 
indicating the potential of BCAT2-based combined 
therapy. Moreover, excessive activation of PI3K/mTOR 
is related to lymphocyte depletion and wound-healing 
immune landscapes in uterine leiomyosarcoma [98], 
which contributes to tumor immune evasion. Conversely, 
inhibition of PI3K/mTOR can induce remodeling of 
the TME and promote adaptive anti-tumor immune 
responses.

Similarly, two clusters related to BCAA metabolism 
with distinct prognostic and immune-infiltration 
characteristics were identified in Clear cell renal cell 
carcinoma (ccRCC) [99]. RT-qPCR results demonstrated 
that BCAT1 was overexpressed in ccRCC tissues and cell 
lines. BCAT1 has a tumor-promoting function in ccRCC, 
which is closely associated with immunosuppressive 
cells and checkpoints, and promotes the proliferation 
and metastasis of ccRCC cells. The BCAA metabolism 
signature provides a new perspective for ccRCC 
immunotherapy targets, demonstrating the close 
relationship between BCAA metabolism and tumor 
immunity. These findings provide a theoretical basis for 
further exploring new immunotherapy targets in ccRCC 
and also lay a foundation for studying the relationship 
between metabolism and immunity in other tumor types.

Apart from the metabolic enzymes of BCAA, mTOR, 
as an important protein kinase in BCAA metabolism, 
also plays a crucial role in immune regulation. Leucine, 
one of the major activators of mTOR, can influence T-cell 
differentiation and cytokine production through binding 
to SLC7A5. Therefore, it is necessary to strengthen the 
research on the regulatory mechanism of mTOR on 
tumor immunity [100] in BCAA metabolism [100]. It is 
expected to provide new targets and strategies for tumor 
immunotherapy.

BCAA metabolism is closely associated with tumor 
immunology. BCAA accumulate in CD8+ T cells, 
enhancing their activity and boosting anti-tumor 
immunity. BCAA supplementation can reproduce the 
hyperfunction of CD8+ T cells and show a synergistic 
effect with anti PD-1 immunotherapy in NSCLC patients. 
Moreover, BCAA metabolism is related to the secretion 
of chemokines associated with CD8+ T cells. BCAT2, 

a key enzyme in BCAA metabolism, is inversely related 
to the secretion of these chemokines. The combination 
of BCAT2 deficiency and anti-PD-1 antibody treatment 
exhibits a synergistic effect in  vivo. In addition, mTOR, 
an important protein kinase in BCAA metabolism, also 
plays a crucial role in immune regulation. Leucine, one 
of the major activators of mTOR, can influence T cell 
differentiation and cytokine production through binding 
to SLC7A5. Overall, BCAA metabolism has a significant 
impact on tumor immunity, and further exploration of 
this relationship may provide new targets and strategies 
for tumor immunotherapy.

In summary, whether the BCAA content directly affects 
the abundance of intracellular T cells or influences tumor 
immunity through the expression of BCAA-related 
metabolic enzymes and changes in signaling pathways, it 
offers new insights into tumor immunological research. 
In the future, it is expected to further explore the specific 
mechanisms of BCAA metabolism in different tumor 
types, develop targeted drugs for BCAA metabolism 
pathways to regulate immune microenvironment, and 
enhance the efficacy of tumor immunotherapy. At the 
same time, the combined application of novel treatment 
strategies targeting BCAA metabolism with existing 
tumor immunotherapies (such as immune checkpoint 
inhibitors, adoptive cell therapy, etc.) should be explored.

Dietary BCAA and cancer progression
Oral administration of BCAA, as the most direct 
means of regulating BCAA metabolism, has attracted 
great attention in past research. In mice with HCC, 
supplementation with BCAA may suppress the 
development of HCC [101]. One potential mechanism 
is the inhibition of TGF-β1 signaling via the mTOR 
pathway.

This conclusion, however, needs further research to 
verify, and the situation in humans may be different. The 
accumulation of BCAAs in human body may lead to the 
onset of some tumors and even the death of patients. 
This can be alleviated by restricting BCAA intake in the 
diet [51]. Likewise, in studies on PDAC, it has been found 
that targeting BCAT2 to regulate the metabolism of 
BCAAs and controlling the intake of BCAAs to influence 
the development of PDAC are of great significance [7].

Similarly, high-level dietary BCAA intake resulting 
from BCAT2 deficiency promotes the occurrence of 
CRC [102]. It was discovered that the accumulation of 
BCAA promotes the chronic activation of mTORC1, thus 
mediating the carcinogenic effect of BCAA. However, 
the relationship between BCAA and tumor development 
is complex. High levels of BCAA in the diet may have 
both promoting and inhibitory effects on tumors. For 
instance, in studies on BC, the genetic defect in BCAA 
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catabolism caused by knockout of Pp2cm leads to BCAA 
accumulation. This indicates that high BCAA levels 
inhibit the growth and metastasis of BC, highlighting 
the potential of increasing BCAA dietary intake in BC 
treatment [5, 103]. Therefore, comprehensive research is 
still needed to determine whether controlling the intake 
of BCAA in the diet has a therapeutic effect on certain 
types of human cancers.

At the same time, intestinal microflora also has a 
significant impact on the metabolism of the body [104, 
105]. CRC is a typical example. Clostridium symbiosum 
can selectively enrich in the tumor tissues.  Specifically, 
through the mechanism of anaerobic fermentation, 
Clostridium symbiosum generates a large amount of 
BCAAs, including valine, leucine, and isoleucine [106]. 
After being absorbed in the intestine, these BCAAs 
promptly participate in the metabolic processes of 
tumor cells, thereby powerfully promoting the growth 
process of tumor cells. In gastrointestinal cancer, there 
are also studies indicating that the gut microbiota and its 
metabolites can regulate the development of cancer. This 
research area holds broad prospects in both diagnosis 
and treatment [107, 108].

The gut microbiota and diet stand as two pivotal factors 
influencing the levels of BCAAs in tumor patients. The 
gut microbiota synthesizes or consumes BCAAs through 
its metabolic activities. In contrast, diet serves as an 
exogenous source of BCAAs for the body. These two 
elements interact with each other, jointly shaping the 
BCAA levels in tumor patients and, in turn, exerting an 
impact on the occurrence and development of tumors.

Conclusion, challenges, and perspectives
BCAA possess significant significance in the occurrence 
and progression of tumors. The metabolism of BCAA 
is linked to numerous tumors, and its metabolic 
process is regulated by a variety of enzymes, including 
BCAT, BCKDH, and BCKDK. BCAT1 and BCAT2 
have potential value in the diagnosis and treatment 
of tumors, and BCKDH and BCKDK have gradually 
become the focus of research as well. The mTOR pathway 
plays a crucial role in tumors, and mTOR inhibitors 
are anticipated to become anti-cancer drugs, yet they 
encounter issues such as side effects and drug resistance. 
Additionally, BCAA metabolism has a strong connection 
with tumor immunity.

BCAA play a complex role in tumor metabolism, with 
dietary BCAA exerting both promoting and inhibiting 
effects on tumors. In some tumors, BCAA supplementa-
tion supports cell proliferation by supplying energy and 
building blocks, while in others, BCAA supplementa-
tion inhibits tumor development, potentially through 
mechanisms like triggering cell-cycle arrest or enhancing 

immune-mediated anti-tumor responses. The underlying 
causes of these opposing effects remain unclear, mainly 
due to tumor-specific genetic features and microenviron-
ment differences. This dual-characteristic distinguishes 
our research from traditional one-way studies. There is 
an urgent need for in-depth research to clarify the role of 
BCAA in tumor development and treatment and to pio-
neer new concepts for nutritional intervention in oncology, 
which is crucial for developing better cancer treatments.

BCAT1, a critical enzyme in BCAA metabolism, and 
BCKDK, which phosphorylates and inactivates BCKDH 
in BCAA catabolism, are both significant targets for can-
cer research. Suppression of BCAT1 can interfere with 
BCAA metabolism, thus triggering an energy crisis of 
tumor cells and effectively inhibiting their growth. When 
combined with immunotherapy, BCAT1 inhibitors may 
break immune tolerance. By reducing BCAA levels in the 
TME, the activity of immune cells, such as T cells can be 
enhanced, improving their ability to recognize and attack 
tumor cells. Meanwhile, high BCKDK expression in some 
tumors enables cells to adapt to the stress of chemother-
apy drugs, leading to resistance [109]. Understanding 
how BCKDK contributes to drug resistance can guide the 
development of BCKDK inhibitors. Developing highly 
specific BCAT1 and BCKDK inhibitors could lead to 
more targeted and effective anti-cancer drugs with fewer 
side effects on normal cells. These inhibitors could also 
reverse drug resistance, making previously unrespon-
sive tumor cells sensitive to chemotherapy again, thus 
expanding treatment options for cancer patients.

A comprehensive exploration of the metabolic 
mechanism of BCAA in tumors and the development of 
targeted drugs for related enzymes and signal pathways 
will help to break the limitations of existing drugs. 
Simultaneously, it is of great significance for clinical 
practice [110, 111]. We will continue to study the role 
of precise dietary intervention of BCAA in cancer 
treatment, clarify its therapeutic efficacy for specific 
cancers, and initiate a new model of diet-assisted cancer 
treatment. In addition, in-depth study on the metabolic 
mechanism of BCAA in different tumor types is helpful 
to develop precise targeted drugs, regulate tumor 
immune microenvironment and improve the efficacy of 
tumor immunotherapy. Combining metabolic regulation 
with immunotherapy is a great progress in cancer 
treatment strategy. In summary, BCAA metabolism has 
great potential in tumor research. We focus on accurate 
and integrated innovative research, which is expected to 
provide completely new targets and concepts for cancer 
treatment and bring new hope for cancer treatment.
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