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Abstract. Cytarabine is a key chemotherapy drug for treating 
leukemia; however, chemotherapy‑induced multidrug resis‑
tance is a major cause of therapy failure or tumor recurrence. 
Current medical treatment strategies still cannot address the 
issue of multidrug resistance phenotypes in the treatment 
of leukemia. Curcumin counteracts tumor development by 
inducing apoptosis in cytarabine‑resistant acute myeloid 
leukemia cells. Branched‑chain amino acid transaminase 1 
(BCAT1), an aminotransferase enzyme, acts on branched‑chain 
amino acids. Moreover, the aberrant expression of BCAT1 has 
been observed in numerous cancer cells, and BCAT1 serves a 
critical role in the progression of myeloid leukemia. BCAT1 
can interfere with cancer cell proliferation by regulating 
mTOR‑mediated mitochondrial biogenesis and function. The 
present study aimed to investigate whether curcumin induces 
apoptosis by regulating BCAT1 expression and mTOR signaling 
in cytarabine‑resistant myeloid leukemia cells. Four leukemia 
cell lines and three primary myeloid leukemia cells were treated 
with curcumin, and the expression and activity of BCAT1 and 
mTOR were investigated by reverse transcription‑quantitative 
PCR, western blotting and α‑KG quantification assay. The 
results demonstrated that curcumin inhibited BCAT1 expres‑
sion in Kasumi‑1, KG‑1, HL60, cytarabine‑resistant HL60, 
and cytarabine‑resistant primary myeloid leukemia cells. 
Notably, tetrahydrocurcumin, a major metabolite of curcumin, 

and cytarabine had no inhibitory effect on BCAT1 expression. 
Furthermore, BCAT1 and mTOR signaling may modulate 
each other in cytarabine‑resistant HL60 cells. The present 
results indicated that curcumin may induce apoptosis by inhib‑
iting the BCAT1 and mTOR pathways. Thus, understanding 
the mechanism underlying curcumin‑induced apoptosis in 
cytarabine‑resistant cells can support the development of 
novel drugs for leukemia.

Introduction

Leukemia is a heterogeneous group of hematological cancer 
types and is the most common type of childhood malignancy, 
accounting for ≤30% of all childhood malignancies (1). 
Leukemia is classified into four types: Acute myeloid leukemia 
(AML), chronic myeloid leukemia (CML), acute lymphoblastic 
leukemia and chronic lymphocytic leukemia (2). Cytarabine 
is a key chemotherapy drug for leukemia treatment. However, 
preventing the side effects of chemotherapy drugs and their 
ability to induce multidrug resistance phenotypes remains 
challenging (3). Emerging cancer treatment strategies focus 
on reducing drug toxicity and multidrug resistance pheno‑
types (4). Curcumin is a yellow spice and phenolic compound 
derived from the plant Curcuma longa, and previous studies 
have reported that it is a natural phytochemical with the poten‑
tial to overcome drug resistance (5‑7). Another study also 
observed curcumin induced apoptosis in cytarabine‑resistant 
HL60 cells (4).

Branched‑chain amino acids (BCAAs) are essential 
amino acids (8). For example, to achieve rapid proliferation, 
cancer cells must obtain BCAAs via the circulation or from 
surrounding tissues (9). A retrospective metabolomic study 
reported that elevated plasma BCAA levels were associated 
with a >2 fold increased risk of pancreatic cancer (10). In addi‑
tion, amino acid levels in hepatocellular carcinoma, gastric 
cancer and colon cancer tissues are typically higher compared 
with those in the respective non‑tumorous tissues (11). 
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Reprogrammed cellular metabolism is a common charac‑
teristic of various cancer types (12‑14). However, whether 
metabolic changes directly regulate cancer development and 
progression remains poorly understood.

BCAA transaminase 1 (BCAT1) is a cytosolic aminotrans‑
ferase for BCAAs and is aberrantly activated in several types 
of cancer, including esophageal squamous cell carcinoma (15), 
gastric cancer (16), breast cancer (17), hepatocellular carci‑
noma (18) and myeloid leukemia (19). BCAT1 is upregulated 
during the progression of CML and promotes BCAA produc‑
tion in leukemia cells via the amination of branched‑chain 
keto acids. Furthermore, blocking the expression or activity 
of BCAT1 can induce cell differentiation and impair the 
propagation of blast crisis CML (19). Another study indicated 
that AML with high levels of BCAT1 exhibited a DNA hyper‑
methylation phenotype similar to cases carrying a mutant 
isocitrate dehydrogenase (IDHmut), in which the ten‑eleven 
translocation‑2 (TET2) protein is inhibited by the oncome‑
tabolite 2‑hydroxyglutarate (20). Moreover, high levels of 
BCAT1 are closely associated with shorter overall survival in 
IDH wild‑type (wt)/TET2wt but not in IDHmut or TET2mut 
AML (20).

It has been shown that BCAT1 is a key regulator of 
intracellular α‑ketoglutarate (α‑KG) levels in various types 
of tumor cells, and changes in intracellular α‑KG levels have 
a major effect on AML cell biology (20,21). BCAT1 knock‑
down in leukemia cells causes α‑KG accumulation, resulting 
in EGL‑9 family hypoxia inducible factor 1‑mediated 
hypoxia‑inducible factor‑1α protein degradation (20). 
This results in defects in growth and survival of leukemia 
cell lines, as well as the abrogation of leukemia‑initiating 
potential. By contrast, BCAT1 overexpression in leukemia 
cells reduces intracellular α‑KG levels and leads to DNA 
hypermethylation by altering TET activity (20). However, 
this transamination reaction is reported to be reversible. 
BCAT1 catalyzes the transamination of plasma BCKAs to 
generate BCAAs in order to maintain nutrient sensing via the 
mTOR complex 1 (mTORC1), thereby maintaining prolifera‑
tion signals in leukemia cells (22).

BCAAs also have crucial allosteric regulation and signal 
transduction effects. Among these effects, leucine‑induced 
mTOR pathway regulation is the most widely discussed. It 
has been shown that BCAT1 blockade significantly reduced 
mTORC1 activity in K562 and MCF‑7 cells (17,19). Moreover, 
cell proliferation and colony formation assays revealed that 
rapamycin neutralizes the promotive effects of BCAT1 on 
the cell proliferation rate and colony formation capacity of 
cancer cells, suggesting that mTOR activity contributes to 
BCAT1 function in tumor progression (17,23). The mTOR 
pathway is the catalytic subunit of two distinct multiprotein 
complexes, namely mTORC1 and mTORC2, and it is a critical 
integrator of growth factor‑activating and nutrient‑sensing 
pathways to modulate various cell functions, including 
survival, proliferation, differentiation, autophagy, apoptosis 
and metabolism (24,25). Moreover, up to 80% of human cancer 
types involve mTORC1 signal dysregulation (26).

Previous studies have reported that curcumin can regu‑
late several molecules in cell signal transduction pathways, 
including mTOR (27,28). The anticancer effects of curcumin 
are reflected in its ability to induce growth arrest and apoptosis 

in various premalignant and malignant cells (29). However, to 
the best of the authors' knowledge, studies have not investi‑
gated the regulatory effect of curcumin on BCAT1. To fill this 
gap in the literature, the present study investigated whether 
curcumin induces apoptosis by regulating mTOR and BCAT1 
signaling in cytarabine‑resistant myeloid cells.

Materials and methods

Cell culture and drug treatment. Kasumi‑1, KG‑1 and HL60 are 
three common myeloid leukemia cell lines and were purchased 
from ATCC. Kasumi‑1 cells were cultured with RPMI 1640 
medium (cat. no. A1049101; Gibco; Thermo Fisher Scientific, 
Inc.) with 20% FBS (Thermo Fisher Scientific, Inc.). KG‑1 
cells were cultured with Iscove's modified Dulbecco's medium 
(cat. no. SH30228.02; HyClone; Cytiva) with 20% FBS. HL60 
and resistant (R)‑HL60 cells were cultured with RPMI 1640 
medium supplemented with 10% FBS. The R‑HL60 cell line, 
which was established in the Yu‑Hsin Tseng's laboratory 
(Department of Pediatrics, Kaohsiung Medical University 
Hospital), had a cytarabine resistance level >1,000 times that 
of the parent HL60 cells (4). All cells are cultured at an incu‑
bator with 5% CO2 and temperature of 37˚C.

Curcumin, tetrahydrocurcumin, cytarabine and PP242 
were purchased from Sigma‑Aldrich (Merck KGaA). The 
BCATc inhibitor 2 was purchased from Cayman Chemical 
Company. Stock solutions of curcumin (50 mM), tetrahydro‑
curcumin (100 mM), PP242 (10 mM) and BCATc inhibitor 2 
(80 mM) were dissolved in DMSO, and stock solution of 
cytarabine (400 mM) was dissolved in ddH2O. The working 
concentration and durations of drug treatment were 0‑50 µM 
curcumin for 2‑48 h, 0‑100 µM tetrahydrocurcumin for 24 h, 
0‑400 µM cytarabine for 24 h, 10 µM PP242 for 24 h and 
80 µM BCATc inhibitor 2 for 24‑48 h. The process of drug 
treatment was performed in a 37˚C incubator with 5% CO2.

Patients and samples. Patients were recruited from the 
inpatients department at Kaohsiung Medical University 
Hospital between December 2017 and December 2018. 
The present study was approved by the Institutional 
Review Board of Kaohsiung Medical University Hospital 
[approval no. KMUHIRB‑SV(I)‑20170038]. Written informed 
consents of patients were obtained from each participant. 
Bone marrow samples were obtained from three patients 
with relapsed cytarabine‑resistant myeloid leukemia. The 
characteristic gene alterations of three patients included FLT3 
internal tandem duplication (FLT3‑ITD) and nucleophosmin 
1cooperating mutations, Breakpoint Cluster Region Protein 
(BCR)‑Abelson Tyrosine‑Protein Kinase 1 (ABL) mutations 
(BCR and ABL genes break off and switch places to form 
a fusion protein) and FLT3‑ITD mutations. Patients were 
9‑year‑old male, 17‑year‑old female and 7‑year‑old male. The 
mononuclear cells were isolated by centrifuging at 1,200 x g 
for 20 min at room temperature using the Ficoll‑Paque 
method (GE Healthcare) (30). The percentage of malignant 
blasts in bone marrow was the diagnostic basis and treat‑
ment outcome assessment for patients with AML (31). 
Complete remission, partial remission and relapse disease 
were defined as <5, 5‑20 and >20% malignant blasts in bone 
marrow, respectively. The percentages of malignant blasts in 
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the three bone marrow samples collected in this study were 
48.6, 21.1 and 22.1%, respectively (data collected from clinical 
medical records).

RNA isolation and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated using a TRIzol® total 
RNA extraction kit (Thermo Fisher Scientific, Inc.), and cDNA 
was synthesized using a Maxima First Strand cDNA Synthesis 
kit (Thermo Fisher Scientific, Inc.). The reaction steps of RT 
were: Incubation 10 min at 25˚C, followed by 15 min at 50˚C, 
and termination of the reaction by heating 5 min at 85˚C. 
Amplification reactions of qPCR was set up in 10 µl reaction 
volumes containing amplification primers and Fast SYBR 
Green Master mix (Thermo Fisher Scientific, Inc.) and detected 
by an ABI 7500 system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Initial denaturation temperature was increased 
to 95˚C for 10 min, following by 40 cycles of denaturation 
at 95˚C for 15 sec, annealing at 60˚C for 60 sec and extension 
at 72˚C for 15 sec. GAPDH expression was used as the internal 
control and was quantified using the 2‑ΔΔCq method (32). The 
primer sequences were as follows: BCAT1 forward, 5'‑TTC 
AAC TCG TGA TAC ACC AA‑3' and reverse, 5'‑ATT CCT GTG 
CTA GAG AGC AT‑3'; and GAPDH forward, 5'‑CTG GGC TAC 
ACT GAG CAC C‑3' and reverse, 5'‑AAG TGG TCG TTG AGG 
GCA ATG ‑3'.

Western blotting. R‑HL60 cells were lysed using RIPA 
lysis buffer with the protease inhibitor and phosphatase 
inhibitor (Thermo Fisher Scientific, Inc.). The samples were 
centrifuged at 13,000 x g for 15 min at 4˚C, and the super‑
natant proteins were then collected for western blotting. The 
protein concentrations were determined using a Pierce BCA 
protein assay kit (Thermo Fisher Scientific, Inc.). Protein 
(20 µg per well) was loaded on 4‑12% Bolt Bis‑Tris Plus 
gels (Invitrogen; Thermo Fisher Scientific, Inc.) and trans‑
ferred to PVDF membranes. The membranes were blocked 
with 5% BSA (Sigma‑Aldrich; Merck KGaA) containing 
0.1% Tween‑20 for 1 h at room temperature and then incubated 
overnight with primary antibodies against human phosphory‑
lated (p)‑mTOR (ser2448; 1:1,000; Arigo Biolaboratories; 
cat. no. ARG40666), total (t)‑mTOR (1:1,000; Arigo 
Biolaboratories; cat. no. ARG57640), BCAT1 (1:3,000; Cell 
Signaling Technology, Inc.; cat. no. 12822), poly (ADP‑ribose) 

polymerase 1 (PARP 1; 1:2,000; Abcam; cat. no. ab32138), 
cleaved (c)‑PARP 1 (1:15,000; Abcam; cat. no. ab32064) and 
GAPDH (1:30,000; Ambion; Thermo Fisher Scientific, Inc.; 
cat. no. AM4300) at 4˚C. The primary antibodies were washed 
in phosphate‑buffered saline plus 0.1% Tween‑20, then the 
blots were incubated with HRP‑linked secondary antibodies 
(1:10,000; Cytiva; cat. no. NA9310) for 1 h at room temperature. 
Bands were visualized using an ECL assay kit (Thermo Fisher 
Scientific, Inc.). X‑ray film was used for chemiluminescence 
detection. The densitometry of quantify protein bands from 
western blot films were analyzed using ImageJ 1.52t software 
(National Institutes of Health).

α‑KG quantification assay. In total, 2x106 R‑HL60 cells were 
harvested for each assay. Cells were washed with cold PBS and 
lysed with 100 µl lysis buffer. The deproteinization step was 
performed using a ReadiUs TCA Deproteinization Sample 
Preparation kit (AAT Bioquest, Inc.). Subsequently, α‑KG levels 
were determined using the α‑KG quantitation assay kit (AAT 
Bioquest, Inc.), according to the manufacturer's instructions.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 5.0 (GraphPad Software, Inc.). The paired t‑tests 
and one‑way ANOVA were used to determine the differences 
between the experimental and control groups and Bonferroni was 
used as a post hoc test following ANOVA. Error bars presented 
herein represent the mean ± SEM from triple replicates. P<0.05 
was considered to indicate a statistically significant difference 
in all comparisons of the experimental group with the vehicle 
control group (H2O for cytarabine, DMSO for curcumin, tetra‑
hydrocurcumin, PP242 and BCATc inhibitor 2).

Results

Curcumin inhibits the mRNA expression levels of BCAT1 in 
myeloid cell lines. The human myeloid leukemia cell lines 
Kasumi‑1 (Fig. 1A), KG‑1 (Fig. 1B) and HL60 (Fig. 1C) were 
treated with different concentrations of curcumin for 24 h. The 
results demonstrated that curcumin effectively reduced the 
mRNA expression levels of BCAT1 in a dose‑dependent manner.

Curcumin inhibits the mRNA expression levels of BCAT1 
in cytarabine‑resistant myeloid leukemia cells. R‑HL60, a 

Figure 1. Curcumin inhibits the expression level of BCAT1 mRNA in myeloid cell lines. (A) Kasumi‑1, (B) KG‑1 and (C) HL60 cells were treated with 0‑50 µM 
curcumin for 24 h, and the expression level of BCAT1 mRNA was detected using reverse transcription‑quantitative PCR. Curcumin reduced BCAT1 mRNA 
expression in all three cell lines. The data represent the mean ± SEM of three independent experiments with triple replicates and were analyzed using the 
one‑way ANOVA test to determine the differences of multiple groups. Bonferroni was used as a post hoc test. *P<0.05 the experimental group vs. the vehicle 
control group. BCAT1, branched‑chain amino acid transaminase 1. 
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cytarabine‑resistant HL60 cell line, was treated with 0‑50 µM 
curcumin, 0‑100 µM tetrahydrocurcumin and 0‑400 µM cyta‑
rabine for 24 h. The results indicated that curcumin (Fig. 2A), 
but not tetrahydrocurcumin (Fig. 2B) or cytarabine (Fig. 2C), 
effectively decreased the mRNA expression levels of BCAT1. 
The cytotoxicity of cytarabine in mononuclear cells isolated 
from the bone marrow of three patient‑derived with AML was 
measured using an XTT assay. The IC50 values of cytarabine 
were 169, 749 and >1,600 µM, respectively (data not shown). 

Curcumin also reduced the mRNA expression levels of BCAT1 
in these mononuclear cells (Fig. 2D).

Curcumin inhibits BCAT1 protein expression and mTOR 
signaling in R‑HL60 cells. R‑HL60 cells were treated with 
0‑50 µM curcumin for 24 h. The results indicated that 
only 50 µM curcumin treatment effectively reduced the 
ratio of p‑mTOR/t‑mTOR and BCAT1 protein expression 
compared with the vehicle control group. (Fig. 3A), so this 

Figure 2. Curcumin inhibits the expression level of BCAT1 mRNA in cytarabine‑resistant myeloid leukemia cells. R‑HL60 cells were treated with (A) 0‑50 µM 
curcumin, (B) 0‑100 µM tetrahydrocurcumin and (C) 0‑400 µM cytarabine for 24 h, and the expression level of BCAT1 mRNA was detected using RT‑qPCR. 
Curcumin, but not tetrahydrocurcumin and cytarabine reduced BCAT1 mRNA expression. (D) Monocytes were isolated from bone marrow samples collected 
from patients with cytarabine‑resistant acute myeloid leukemia and were treated with 0‑20 µM curcumin for 24 h. The expression level of BCAT1 mRNA 
was detected using RT‑qPCR, and the results revealed that curcumin decreased BCAT1 mRNA expression. The data represented the mean ± SEM of three 
independent experiments with triple replicates per experiment and were analyzed using one‑way ANOVA to determine the differences of multiple groups. 
Bonferroni was used as a post hoc test. *P<0.05 the experimental group vs. the vehicle control group. BCAT1, branched‑chain amino acid transaminase 1; 
R‑, resistant; RT‑qPCR, reverse transcription‑quantitative PCR. 

Figure 3. Curcumin inhibits BCAT1 expression and mTOR signaling in R‑HL60 cells. (A) R‑HL60 cells were treated with 0‑50 µM curcumin for 24 h. 
(B) R‑HL60 cells were treated with curcumin at a concentration of 50 µM for 2‑48 h. Curcumin caused the reduction of the ratio of p‑mTOR/t‑mTOR and 
BCAT1 protein expression levels. The data represent the mean ± SEM of three independent experiments with triple replicates and were analyzed using the 
one‑way ANOVA test to determine the differences of multiple groups. Bonferroni was used as a post hoc test. *P<0.05 the experimental group vs. the vehicle 
control group. BCAT1, branched‑chain amino acid transaminase 1; R‑, resistant; p‑, phosphorylated; t‑, total. 
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concentration was chosen to treat cells for different time 
periods. The results indicated that curcumin reduced the 
ratio of p‑mTOR/t‑mTOR and BCAT1 protein expression in 
24‑48 h (Fig. 3B).

BCAT1 and mTOR pathways modulate each other and 
regulate apoptosis in R‑HL60 cells. R‑HL60 cells were treated 
with 10 µM PP242 for 24 h or 80 µM BCATc inhibitor 2 for 
48 h to inhibit the mTOR or BCAT1 pathway, respectively. The 
results demonstrated that the inhibition of mTOR signaling by 
PP242 reduced the expression levels of the BCAT1 and PARP1 
proteins, and induced c‑PARP1 protein expression (Fig. 4A). 
Moreover, inhibition of BCAT1 signaling through use of the 
BCATc inhibitor 2 decreased the ratio of p‑mTOR/mTOR 
and PARP1 protein expression levels and induced c‑PARP1 
protein expression (Fig. 4B).

Curcumin, PP242 and BCATc inhibitor 2 inhibit α‑KG 
levels in R‑HL60 cells. R‑HL60 cells were treated with 
50 µM curcumin, 10 µM PP242 or 80 µM BCATc inhibitor 2 
for 24 h. The results indicated that curcumin, PP242 and 
BCATc inhibitor 2 effectively decreased the levels of α‑KG 
(Fig. 5).

A schematic diagram of curcumin regulating cell apoptosis 
through the BCAT1 and mTOR pathways. A schematic of the 
possible mechanism via which curcumin regulates apoptosis 
by regulating the BCAT1 and mTOR pathways in R‑HL60 
cells is given as Fig. 6.

Discussion

Resistance to chemotherapy is a major reason for treatment 
failure. Our previous study reported that curcumin can induce 
the apoptosis in R‑HL60 cells (4). The present study further 
investigated the mechanism of apoptosis, which may be 
helpful for the treatment of cytarabine‑resistant leukemia. The 
current results demonstrated that curcumin induced apoptosis 
by inhibiting the BCAT1 and mTOR pathways, and the two 
pathways exhibited crosstalk in R‑HL60 cells.

Figure 4. mTOR and BCAT1 pathways can modulate each other and regulate apoptosis. R‑HL60 cells were treated with (A) 10 µM PP242 for 24 h or (B) 80 µM 
BCATc inhibitor 2 for 48 h, and p‑mTOR, t‑mTOR, PARP1, c‑PARP1 and BCAT1 protein expression levels were detected using western blotting. Both PP242 
and BCATc inhibitor 2 significantly decreased the ratio of p‑mTOR/t‑mTOR, PARP1 and BCAT1 expression and significantly induced c‑PARP1 expression. 
The data were compared with the vehicle control group (DMSO) and represented the mean ± SEM of three independent experiments with triple replicates per 
experiment. Paired t‑tests was used to determine the differences between the experimental and control groups. *P<0.05 the experimental group vs. the vehicle 
control group. BCATi, BCATc inhibitor 2; BCAT, branched‑chain amino acid transaminase; R‑, resistant; p‑, phosphorylated; t‑, total; c‑, cleaved; PARP 1, 
poly (ADP‑ribose) polymerase 1. 

Figure 5. Curcumin, PP242 and BCATi inhibit α‑KG levels in R‑HL60 cells. 
R‑HL60 cells were treated with 50 µM curcumin, 10 µM PP242 or 80 µM 
BCATi for 24 h. Subsequently, α‑KG levels were detected using an α‑KG 
quantitation assay kit. Curcumin, PP242 and BCATi significantly decreased 
α‑KG levels. The data represented the mean ± SEM of three independent 
experiments with triple replicates and were analyzed using the one‑way 
ANOVA test to determine the differences of multiple groups. Bonferroni was 
used as a post hoc test. Curcumin, PP242 and BCATi treatment decreased 
α‑KG level in the R‑HL60 cells. *P<0.05 the experimental group vs. the 
vehicle control group. BCATi, BCATc inhibitor 2; BCAT, branched‑chain 
amino acid transaminase; R‑, resistant; α‑KG, α‑ketoglutarate. 

https://www.spandidos-publications.com/10.3892/mmr.2021.12204
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Previous studies have revealed that high levels of 
BCAT1 are closely associated with shor ter overall 
survival in IDHwtTET2wt but not in IDHmut or TET2mut 
AML (20,21). The patients recruited in the current study 
are AML with IDHwtTET2wt, so BCAT1 activation served 
a key role in the development of these tumors. The results 
of the current study indicated that curcumin treatment 
reduced the expression level of BCAT1, which suggested 
that curcumin can interfere with the development of cancer 
cells through BCAT1 signaling. To the best of the authors' 
knowledge, the present study was the first to investigate 
the mechanism underlying curcumin's apoptotic effects 
by inhibiting BCAT1 expression. Tetrahydrocurcumin is a 
major curcumin metabolite, and thus, it was also examined 
whether tetrahydrocurcumin regulates BCAT1 expression. 
Curcumin and tetrahydrocurcumin are known to induce 
cytarabine‑resistant HL60 cell death via distinct pathways 
(apoptosis and autophagy, respectively) (4). Therefore, the 
current results demonstrating that tetrahydrocurcumin 
differed from curcumin in its effect on BCAT1 expression 
were reasonable. In addition, R‑HL60 cells are resistant 
to cytarabine treatment, and therefore, cytarabine treat‑
ment can be used as a negative control group for curcumin 
treatment to induce apoptosis via the mTOR and BCAT1 
pathways.

Previous studies have reported that abnormal expression or 
functional activity in mTOR leads to the occurrence, progres‑
sion and drug resistance of various types of tumors (33,34). 
Moreover, curcumin acts as an antitumor agent that inhibits 
various signaling pathways, especially mTOR (6). Studies have 
also revealed that curcumin inhibits the proliferation of cancer 
cells via PARP1 cleavage (35,36). PARP1 is a nuclear enzyme, 
and its upregulation has been observed in various primary 
human cancer cell lines. PARP1 is cleaved into fragments 
during apoptosis, and c‑PARP1 has become a useful marker 
of apoptosis (6). The ability of mTOR and BCAT1 to regulate 
cell apoptosis has been previously reported (37,38); however, 
to the best of the authors' knowledge, the present study was 
the first to indicate that curcumin can inhibit BCAT1 protein 
expression.

BCAT1 blockade reduces mTORC1 activity; however, 
to the best of the authors' knowledge, this is the first report 

indicating that the mTOR and BCAT1 pathways can modu‑
late each other. Drugs targeting mTORC1 have been used to 
treat various types of malignant tumors; however, the feed‑
back caused by long‑term inhibition of mTOR results in the 
necessity of additional cycles to compensate for factors that 
promote survival (37,39). Previous studies have highlighted 
that by targeting the downstream components of mTOR, the 
problems associated with the feedback mechanism can be 
bypassed, thereby avoiding efficiency limitations, limiting the 
toxicity caused by complete mTOR blockade and avoiding 
the targeting of other kinases (25,40). This indicates that 
curcumin may have a stronger apoptotic effect on R‑HL60 
cells than mTOR inhibitors by blocking both the BCAT1 and 
mTOR pathways.

Studies have reported that histone modification was critical 
for the activation of BCAT1. For example, histone H3 lysine 9 
(H3K9) demethylation promotes BCAT1 upregulation, thereby 
inducing tyrosine kinase inhibitor resistance‑mediated 
BCAT1 activation in lung cancer cells (41). Curcumin 
is known to increase histone deacetylase 2 expression, 
reduced the levels of H3/H4 acetylation and increased 
H3K9 methylation in the promoter region of IL‑8, monocyte 
chemoattractant protein‑1 and macrophage inflammatory 
protein 2α genes (42). Moreover, an in vitro study revealed 
that curcumin inhibited the acetylation of H3K9, as well as 
reversed the upregulation of caspase activity and downregula‑
tion of Bcl‑2 in alcohol‑induced apoptosis in cardiac cells (43). 
Although, to the best of the authors' knowledge, no research 
has yet investigated the regulatory effect of curcumin on 
BCAT1, it can be suggested that curcumin may inhibit BCAT1 
activation by regulating the methylation and/or acetylation of 
H3K9. In addition, mTOR can regulate histone methylation 
and demethylation. For example, mTORC1 phosphorylates the 
H3K9 demethylase jumonji domain containing 1C (JMJD1C) 
in a nutrient‑dependent manner. The p‑JMJD1C then interacts 
with the transcription factor USF‑1 to demethylate H3K9me2 
at genes promoting lipogenesis in the liver (44,45). However, 
whether mTOR induces BCAT1 expression by demethylating 
H3K9me2 and whether curcumin inhibits the expression level 
of BCAT1 by regulating methylation and acetylation of H3K9 
require further investigation.

Although BCAT1 activity reportedly restricts α‑KG levels, 
this transamination reaction is also considered reversible. 
BCAT1 catalyzes the transamination of plasma BCKAs to 
generate BCAAs, and BCAT1 maintains nutrient sensing via 
mTORC1 to sustain proliferative signaling in leukemia cells (20). 
Moreover, BCAAs or α‑KG supplementation reverse the colony 
forming ability of BCAT1 knockdown cells (19). The present 
results indicated that curcumin, PP242 and BCATc inhibitor 2 
significantly reduced α‑KG levels. This finding suggests that 
curcumin reduces the level of α‑KG by inhibiting the BCAT1 
and mTOR pathways, ultimately leading to cancer cell death.

The collection of clinical samples must be coordinated 
with the immediate cell culture tests in the laboratory, so it 
is relatively difficult to obtain data. How to collect more 
experimental data of clinical samples and to study whether 
curcumin inhibits the expression level of BCAT1 by regu‑
lating histone methylation and acetylation requires further 
investigations. In conclusion, curcumin regulates the mTOR 
pathway; however, the present study, to the best of the authors' 

Figure 6. Schematic of curcumin regulating apoptosis via the BCAT1 and 
mTOR pathways. BCAT1, branched‑chain amino acid transaminase 1. 
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knowledge, revealed for the first time that curcumin inhibited 
BCAT1 expression and cell apoptosis via the simultaneous 
regulation of the mTOR and BCAT1 pathways. This discovery 
may broaden the possible treatment options for leukemia.
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