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Abstract
Background T cell immunoglobulin and mucin-domain containing-3 (TIM-3) is a cell surface molecule that was 
first discovered on T cells. However, recent studies revealed that it is also highly expressed in acute myeloid leukemia 
(AML) cells and it is related to AML progression. As, Glutamine appears to play a prominent role in malignant tumor 
progression, especially in their myeloid group, therefore, in this study we aimed to evaluate the relation between 
TIM-3/Galectin-9 axis and glutamine metabolism in two types of AML cell lines, HL-60 and THP-1.

Methods Cell lines were cultured in RPMI 1640 which supplemented with 10% FBS and 1% antibiotics. 24, 48, and 
72 h after addition of recombinant Galectin-9 (Gal-9), RT-qPCR analysis, RP-HPLC and gas chromatography techniques 
were performed to evaluate the expression of glutaminase (GLS), glutamate dehydrogenase (GDH) enzymes, 
concentration of metabolites; Glutamate (Glu) and alpha-ketoglutarate (α-KG) in glutaminolysis pathway, respectively. 
Western blotting and MTT assay were used to detect expression of mammalian target of rapamycin complex (mTORC) 
as signaling factor, GLS protein and cell proliferation rate, respectively.

Results The most mRNA expression of GLS and GDH in HL-60 cells was seen at 72 h after Gal-9 treatment (p = 0.001, 
p = 0.0001) and in THP-1 cell line was observed at 24 h after Gal-9 addition (p = 0.001, p = 0.0001). The most mTORC 
and GLS protein expression in HL-60 and THP-1 cells was observed at 72 and 24 h after Gal-9 treatment (p = 0.0001), 
respectively. MTT assay revealed that Gal-9 could promote cell proliferation rate in both cell lines (p = 0.001). Glu 
concentration in HL-60 and α-KG concentration in both HL-60 (p = 0.03) and THP-1 (p = 0.0001) cell lines had a 
decreasing trend. But, Glu concentration had an increasing trend in THP-1 cell line (p = 0.0001).

Conclusion Taken together, this study suggests TIM-3/Gal-9 interaction could promote glutamine metabolism in 
HL-60 and THP-1 cells and resulting in AML development.
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Background
Acute myeloid leukemia (AML) is a type of hematologi-
cal malignancy that manifests clonal cell proliferation, 
abnormal and poor differentiation of hematopoietic cells 
inside the bone marrow, blood, and other tissues [1, 2]. 
AML is the second most common type of leukemia diag-
nosed in children and adults, though most cases have 
been reported in adults [3]. While treatment outcomes 
have steadily improved in young adults over the past 20 
years, there have been limited changes in survival for 
those over 60 years of age [4]. Therefore, there is a need 
to use new treatment strategies and reconsider past 
treatments.

Expression of T cell immunoglobulin and mucin-
domain containing-3 (TIM-3) on malignant cells has 
been reported in some leukemia [5]. In most types of 
AML, especially HL-60 (the Myeloblastic (M2) sub-
type cell line) [6] and THP-1 (the Monocytic (M5) sub-
type cell line) [7], TIM-3 is expressed on leukemic stem 
cells (LSCs), but not on normal hematopoietic stem cells 
(HSCs) [8–10]. This protein can be a risk factor for poor 
prognosis, treatment response and also cause relapse in 
AML patients [11]. Consequently, targeting TIM-3 with 
an antibody, microRNA or other TIM-3 inhibitors elimi-
nates LSCs while leaving normal HSCs unaffected [8, 9, 
11]. Nowadays, MBG453 is the only monoclonal anti-
body that has demonstrated efficacy and early safety for 
myelodysplastic syndromes (MDS) and AML in clinical 
studies [12]. Furthermore, TIM-3 inhibition may lead to 
different outcomes in AML compared to other leukemia. 
Some clinical trials have shown that TIM-3 blockade 
alone fails to achieve clinical efficacy for most patients 
with AML or MDS and improvement in clinical outcome 
is only observed when TIM-3 is combined with other 
checkpoint inhibitors, such as tyrosine kinase inhibitors 
(TKIs) or hypomethylating agents (HMA) [11–13].

As yet, four ligands have been found for TIM-3, Galec-
tin-9 (Gal-9) is the most famous and first ligand that can 
induce apoptosis in Th1 cells and also stimulate other sig-
naling pathways on different immune cells by binding to 
TIM-3 [11, 12, 14]. In general, galectins can bind to cell-
surface molecules and extracellular matrix glycans on the 
outside of the cells and also, they may affect intracellular 
signaling pathways and protein–protein interactions in 
the cytosol and nucleus [14]. There is an autocrine stimu-
latory loop by interaction between TIM-3 and Gal-9 in 
AML cells that contributes to AML development and 
leukemic cell survival through phosphorylation of extra-
cellular signal-regulated kinase (ERK), activation of pro-
tein kinase B (PKB, also known as AKT) and induction 
of the β-catenin pathway and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) [15–17]. On 

the other hand, the ligation of TIM-3 with Gal-9 can also 
stimulate the signaling pathways associated with metabo-
lism, such as phosphatidylinositol-3 kinase (PI3K)/Akt/ 
mammalian target of rapamycin (mTORC) (Fig. 1). After 
mTORC1 activation, its substrates include the translation 
initiation factor 4E binding protein 1 (4EBP1) and ribo-
somal protein S6 kinase enhance protein synthesis and 
cellular proliferation [18–20]. Furthermore, mTORC1 
increases intracellular calcium mobilization and upregu-
lates the hypoxia-induced factor 1 (HIF-1) transcription 
complex and its downstream processes such as glycoly-
sis and vascular endothelial growth factor (VEGF) pro-
duction [21]. Together, these processes support cellular 
adaptation to pro-leukemic, inflammatory stress [20] and 
the promotion of amino acids metabolism [22]. Increas-
ing glycolysis metabolites enhances the tricarboxylic acid 
cycle (TCA) and α-ketoglutarate which is associated with 
the metabolism of amino acids such as glutamate and 
glutamine (Fig. 1) [22].

As proteins are an important source for the immune 
cells metabolism, an imbalance between the consump-
tion of amino acids by cancer cells and their deficiency 
for cellular immunity leads to cancer cells escape from 
the immune system [23]. Some amino acids specifi-
cally “glutamine” appear to play a prominent role in 
immunomodulation, proliferation, and activation of T 
cells and also malignant tumor progression, especially 
in their myeloid group [23–25]. Glutamine, the most 
abundant amino acid in the human body, is the second 
most important nutrient for cell proliferation, after glu-
cose [25, 26]. Glutamine metabolism is very closely con-
nected to mTORC1, a master controller of cell growth 
and metabolism [27]. After glutamine entrance into the 
mitochondria of neoplastic cells, the glutamine metabolic 
pathway (glutaminolysis) is initiated with the glutamin-
ase (GLS) enzyme which converts glutamine (Gln) to 
glutamate (Glu) and subsequently, Glutamate dehydro-
genase (GDH) alters Glu to alpha-ketoglutarate (α-KG) 
(Fig. 1) [28, 29]. This step is necessary for Gln to enter the 
TCA cycle. Studies revealed that GLS is overexpressed 
in cancer cells, especially in hematologic malignancies 
and AML [23, 24]. Consequently, in several leukemic cell 
lines, glutamine depletion can cause significant apoptosis 
[25].

In this research, we hypothesized that the interaction 
of TIM-3 with Gal-9 on HL-60 and THP-1 cells can be 
related to the glutamine metabolic pathway through 
the mTORC signaling route and AML progression. As a 
result of this study, we may be able to understand more 
aspects of the role of TIM-3 in glutamine metabolism in 
AML LSCs as well as go through the way of proposing 
potential therapeutic approaches in the future.
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Materials and methods
Cell Culture
HL-60 (RRID:CVCL_0002) and THP-1 
(RRID:CVCL_0006) cell lines (Paramedical Faculty of 
Shiraz, Iran) were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 (BIO-IDEA, Iran) supplemented 
with 10% Fetal Bovine Serum (FBS; BIO-IDEA, Iran) 
and 1% antibiotics (100 U/ml penicillin and 100  µg/ml 
streptomycin) (denazist, Iran) [30, 31]. The cells were 
maintained at 37  °C in a humid atmosphere contain-
ing 5% CO2. After cell culturing, cells were divided into 
three groups: the first group was the control group which 
were cells without any treatment. The second group was 
the PMA group which 50 ng/ml of phorbol 12-myristate 
13-acetate (PMA) was added to cells to stimulate more 
TIM-3 expression on cells [32]. The last group was 
PMA + Gal-9 (PG) group that after 24 h of treatment with 

PMA cells were washed with Phosphate-buffered saline 
(PBS) and then were treated with 100 ng/mL of human 
recombinant galectin-9 (Gal-9) (Biolegend, Germany) for 
24 h (PG24), 48 h (PG48) and 72 h (PG72).

RNA extraction, cDNA synthesis, and quantitative RT-PCR
After treatment, total RNA was extracted from each 
group through a parstous RNA extraction kit according 
to the manufacturer’s instruction (Parstous Inst, Iran) 
[33]. AddScript cDNA Synthesis Kit (AddBio, Korea) was 
used to synthesize the cDNA [34]. Real-time quantita-
tive PCR (RT-qPCR) was performed on the transcripts 
by using a Step One Plus™ real-time DNA amplification 
system (Applied Biosystem, USA) [35] and 2X Real-
Time PCR Master Mix, High ROX (SYBR Green I) kit 
(Ampliqon, Denmark), along with specific primers from 
Zist Fanavari Pishgam Inst, Iran. Specific primers for 

Fig. 1 TIM-3/Gal-9 and glutamine metabolism. Gal-9 can be as free form or cell surface ligand on T cells, dendritic cells, and endothelial cells or other 
cells in the tumor microenvironment. After binding of the Gal-9 ligand to the TIM-3 receptor on the surface of AML leukemic cells through autocrine or 
paracrine pathways, the PI3K/AKT/mTORC signaling pathway is activated. mTORC is related to (1) the glycolysis pathway, (2) the Krebs cycle (TCA), (3) 
glutamine metabolism, (4) protein synthesis, and (5) cell proliferation. mTORC can act as an amino acid sensor and after the amino acid glutamine enters 
into the AML cell, it triggers (3) the pathway of glutamine degradation (glutaminolysis) by the enzymes GLS and GDH which respectively converts Gln 
to Glu and Glu to α-KG in mitochondria of leukemic blast. The dimensions of the cell components are relative and not real. The figure was Created in 
BioRender.com. TIM-3: T-cell immunoglobulin and mucin domain 3; Gal-9: Galectin-9; PI3k: phosphatidylinositol 3-kinase; AKT: or Protein kinase B (PKB); 
mTORC: mammalian target of rapamycin complex; TCA: tricarboxylic acid cycle; GLS: Glutaminase; GDH: Glutamate dehydrogenase; Gln; Glutamine; Glu: 
Glutamate; α-KG: alpha-ketoglutarate
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TIM-3, GLS, GDH, and β-actin (ACTB), as a housekeep-
ing gene, were designed by Allele ID 7.0 software, and 
their sequences are listed in Table  1. A thermal cycling 
procedure was performed at one time at 95 °C for 15 min 
(denaturation for starting step) followed by 40 cycles of 
95 °C for 15 s (Denaturation), 60 °C for 30 s (Annealing), 
and 72  °C for 45  s (Extension) [36]. The mRNA expres-
sion level of each gene was calculated in comparison to 
ACTB mRNA expression. The 2−∆∆Ct was used to calcu-
late the relative expression of each studied gene.

Flow cytometry
HL-60 and THP-1 cells from controls and PMA treated 
groups after 24 h treatment were collected from the wells 
and centrifuged. Then, the supernatant was removed 
and 2 µL of FITC anti-human TIM-3 (CD 366) (Bioleg-
end, UK) was added to each cell pellet and samples were 
incubated at 4 °C for 30 min in the dark. Flow cytometer 
FACS Callibuor instrument (BD Bioscience, San Jose, 
USA) was used to measure the TIM-3 expression on the 
cells [31]. Results were analyzed by using Flowjo v10.5.3 
software.

Protein extraction, SDS-PAGE, and western blotting
GLS and mTORC protein expression was determined by 
western blot technique and compared to β-actin as load-
ing control. Total protein from each group was extracted 
by using a protein extraction kit (Anacelltec Inst, Iran) 
according to the kit protocol. To measure the protein con-
centration in the samples, we used the Bradford test [37]. 
The optical absorbance (OD) of each sample was read 
at a wavelength of 595  nm with the Microplate reader 
(Hyperion, Germany). Protein samples with the amount 
of 50  µg/well were separated by 10% Sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS–PAGE) 
and transferred onto 0.2  μm immune-Blot™ polyvinyli-
dene difluoride (PVDF) membranes. The membranes 
were then blocked with 5% BSA in 0.1% Tween 20 for 1 h. 
Then, the membranes were incubated with Anti-mTORC, 
Anti-Glutaminase (Anti-GLS), and anti-β-actin-loading 
control antibodies (Abcam, United Kingdom) for 1  h 
at room temperature. Subsequently, membranes were 
washed thrice with Tris-buffered saline with 0.1% Tween 
20 detergent (TBST), and incubated with goat anti-rabbit 
IgG H&L (HRP) (Abcam, United Kingdom) secondary 
antibody. Then, enhanced chemiluminescence (ECL) for 

1–2  min was used to incubate the membranes. Protein 
expressions were normalized to β-actin. Densitometry of 
protein bands was performed by using the ImageJ Ver-
sion 1.44 software and gel analyzer Version 2010a soft-
ware (NIH, USA) [38, 39].

MTT assay
For cell proliferation rate measuring, MTT DNA Bio-
tech kit (kalazist Inst, Iran) was used. According to the 
kit protocol, 50,000 cells/well from each group (control, 
P24, PG72) were seeded duplicated in 96 well plates. In 
the first two wells, an equal amount with the cell volume 
of the culture medium without any cell was added as a 
blank solution. Based on the procedure, 10 µL of MTT 
reagent solution containing tetrazolium bromide and 
90 µL of sterile PBS were added to each well. Then, cells 
were incubated in a 37 °C incubator for 3–4 h. After the 
incubation time, 100 µL of detergent solution was added 
to each well to dissolve the ferromazan crystals. In the 
last step, the optical density (OD) of each sample against 
blank was read at a wavelength of 570 nm with a micro-
plate reader (Hyperion, Germany) [21]. This value was 
proportional to the number of living cells in each well.

Reverse phase high-performance liquid chromatography 
(RP-HPLC)
For sample derivatization, 200 µL sample (cell culture 
supernatant of HL-60 or THP-1) + 50 µL internal stan-
dard (norleucine) + 800 µL methanol 10% were added to 
each other and centrifuged at 5000  rpm for 5  min. To 
derivatize, the supernatant was added to 100 µL MPA 
(100 µL 3-mercaptopropionic acid + 10 mL distilled 
water), 50 µL OPA (300 µL methanol + 20  mg ortho-
phthalaldehyde + 10 mL distilled water) solutions [40], 
and 50 µL mobile-phase A (1  g potassium dihydrogen 
phosphate and 0.5  g dipotassium hydrogen phosphate 
in 500 mL distilled water). The resulting mixture was 
injected into HPLC after 2  min at room temperature. 
Reverse phase HPLC (RP-HPLC) was done on an Azura 
Knauer pump (Germany) and a fluorescence detec-
tor (Shimadzu Prominence RF-20  A, Japan) in 350  nm 
excitation/450 nm emission wavelength criteria by gra-
dient elution on a C18 column (150 * 4.6  mm, 5  μm, 
Macherey-Nagel, Germany), using Mobile-phase A 
(1  g K2PO4 + 0.5  g KH2PO4 in 500 mL distilled water), 
and mobile- phase B (100 mL distilled water, 150 mL 

Table 1 Primer sequences
No. Gene symbol Forward Primer Seq. Reverse Primer Seq.
1 TIM-3  T G C T G C C G G A T C C A A A T C  G G T T T G A T G A C C A A C T T C A G G T T A A
2 GLS  G A A G A A A G T T T G T G A T T C C T G A C  A G T A G A A T G C C T C T G T C C A T C
3 GDH  A C T G A T G T G A G T G T A G A T G A A G  A A T G C C A G G A C C A A T A A A G C
4 ACTB  T T C G A G C A A G A G A T G G C C A  C A C A G G A C T C C A T G C C C A G
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acetonitrile, and 300 mL isopropanol) [41, 42]. Gradi-
ent elution was linear from 10 to 100% B at a flow rate 
of 1.2 mL/min in 35  min. Before analysis different con-
centration of glutamate and glutamine standards (Sigma 
Aldrich, UK) was processed and derivatized in the same 
manner for sample, and injected into the HPLC for prep-
aration of standard curve. The chromatograms were pro-
cessed using Clarity software version 5.

Gas chromatography (GC)
This technique was performed to measure α-KG con-
centration in each HL-60 and THP-1 cell culture super-
natant. A Freeze dryer (National Appliance Company, 
Germany) was used to lyophilize control, PMA, and 
Gal-9 groups cell culture supernatants of each cell line. 
Then 500 µl of methanol was added to each of the dried 
samples and were dissolved well. Afterward, samples 
were centrifuged for 5 min at 4000 rpm. Extraction was 
performed twice and each time the supernatant was col-
lected and completely dried by a Zymark TurboVap LV 
(Hopkinton, MA, USA) for 2 hours. Before GC analysis, 
the samples were made volatile by silyl reagents. For silyl 
derivatization, 50  µl of N,O-Bis(trimethylsilyl) trifluoro-
acetamide + trimethylchlorosilane (BSTFA + TMCS, 99:1) 
reagent was added to each sample [43] in the 2 mL GC 
closed vials and incubated for 60 min at 70 °C [44]. Then 
1 µL of hexadecane (1  µg/mL) as an internal standard 
was added to the samples and standards. Finally, 1 µL of 
each sample was injected into the GC-FID system (GC-
2550, Teif Gostar Faraz Co. Ltd., Iran) on a capillary col-
umn (TRB1, 30  m×0.25  mm, 1  μm) in a splitless mode. 
The carrier gas was hydrogen (11.2 psi pressure), with the 
column temperature program initiated at 100 °C (held for 
3 min) to 250  °C @ 10  °C/min (held for 1 min). A stan-
dard curve was prepared by internal standard calibra-
tion using α-KG in different concentrations in addition 
to hexadecane (Sigma Aldrich, USA) as internal standard 
(1 µg/mL). The calibration curve was determined by lin-
ear regression in the range of 40-4000  µg/ml with the 
regression equation of y = 0.0009x + 0.7132, where X was 
the concentration of α-KG (µg/ml) with the R2 correla-
tion factor of 0.9971.

Statistical analysis
SPSS 27 and GraphPad Prism 9 software were performed 
for statistical analysis. Kolmogorov-Smirnov test has 
been applied to determine whether the distribution of 
the findings was normal. To compare results among the 
groups, one-way and two-way ANOVA tests were uti-
lized. Results were calculated based on the means ± stan-
dard deviations (SD) of at least three experiments. P 
values of < 0.05 are considered significant.

Results
PMA increased TIM-3 expression on HL-60 and THP-1 cells
The mRNA expression level of TIM-3 in two cell lines 
had an increasing trend with a significant difference and 
the most expression level in comparison to the control 
group was at 72  h after PMA treatment in both HL-60 
(mean = 112.21 ± 11.71, p = 0.01) and in THP-1 cell lines 
(mean = 929.30 ± 172.96, p = 0.0001) (Fig.  2 (a., c.)). Flow 
cytometry analysis showed that TIM-3 expression on the 
HL-60 cell line increased from 2.6% up to 47.7% and on 
THP-1 cells enhanced from 6.6% up to 63.9% after stimu-
lation with PMA for 24 h (Fig. 2 (b., d.)).

TIM-3/Gal-9 interaction increased GLS and GDH mRNA 
expression in the HL-60 cell line in a time course
The mRNA expression level of glutaminase enzyme 
(GLS) and Glutamate dehydrogenase (GDH) in the 
HL-60 cell line had an increasing trend. The most mRNA 
expression of GLS and GDH in this cell line was seen 
at 72  h post Gal-9 treatment compared to PMA and 
control group (mean = 228.33 ± 27.77, p = 0.001) and 
(mean = 2012.82 ± 13.02, p = 0.0001), respectively. A sig-
nificant difference in GLS mRNA expression at 48 h post 
Gal-9 treatment was observed in comparison to PMA 
and control group (p = 0.01). The mRNA expression of 
GDH increased after 24 and 48 h post Gal-9 treatment in 
comparison to PMA and control group (p = 0.02) (Fig. 3 
(a., b.)).

TIM-3/Gal-9 interaction increased GLS at the 24 h but 
decreased GLS and GDH mRNA expression in the THP-1 cell 
line as time passed
The mRNA expression level of GLS in THP-1 cell line 
samples treated with PMA + Gal-9 compared to the 
PMA and control groups in a time course (24, 48, and 
72 h) showed a significant increase at 24 h followed by a 
gradual slight decrease as time went (p = 0.001). Although 
the mRNA level for GDH was higher at 24 h after Gal-9 
treatment, it was significantly lower than its transcript 
level induced by PMA alone (p = 0.03). A significant dif-
ference in GDH mRNA expression at 48 and 72  h of 
treatment with Gal-9 in comparison to the PMA group 
was observed (p = 0.0001) (Fig. 3 (c., d.)).

TIM-3/Gal-9 interaction increased mTORC and GLS protein 
expression in the HL-60 Cell line in a time course
The results of western blot analysis for mTORC and 
GLS protein expression in the HL-60 cell line revealed 
that the expression of these proteins in the Gal-9 treated 
group compared to the control and PMA group had an 
increasing trend with a significant difference (p = 0.0001). 
The highest level of mTORC and GLS protein expression 



Page 6 of 15Shapourian et al. BMC Cancer          (2024) 24:125 

was observed at 72  h after Gal-9 treatment (p = 0.0001) 
(Fig. 4   (a., c.)). The expression level of mTORC protein 
in 48  h after treatment with Gal-9 showed a significant 
increase compared to PMA (4156 ± 847 (µg/ml), p = 0.04) 
and control (p = 0.01) group (Fig. 4  (a., b.)). A significant 
difference in GLS protein expression in the PG48 group 
compared to PMA and control group was perceived 
(p = 0.0001) (Fig. 4 (c., d.)).

TIM-3/Gal-9 interaction decreased mTORC and GLS 
proteins expression in the THP-1 cell line in a time course
The results of western blot analysis showed that 
the expression of mTORC and GLS proteins in the 

THP-1 cell line had a spike at 24  h after Gal-9 treat-
ment (p = 0.0001). However, mTORC protein expres-
sion decreased significantly after 48  h (p = 0.04) (Fig. 5   
(a., b.)). Although, a significant increase in GLS protein 
expression after 24  h post Gal-9 treatment was seen in 
comparison to the PMA group, this expression decreased 
after 48 h (p = 0.001, p = 0.01) (Fig. 5 (c., d.)).

TIM-3/Gal-9 interaction promoted cell proliferation rate in 
both AML cell lines
MTT assay was implemented to investigate the cell 
proliferation rate in each group. Our results indicated 
that the cell proliferation rate was increased in the 

Fig. 2 TIM-3 expression at 24, 48, 72 h after treatment with PMA in HL-60 and THP-1 cell lines. TIM-3 mRNA expression changes after stimulation with 
PMA compared to the control group in the HL-60 cell line (a) and THP-1 (c.) showed that a significant difference for TIM-3 expression at 72 h after PMA 
treatment was seen in the HL-60 cell line (p = 0.01) and THP-1 cell line (p = 0.0001). Asterisks represent statistical significance (* p < 0.05, ** p < 0.001, 
***p < 0.0001). Histogram graphs of HL-60 cell line (b) before (purple curve) and after 24-hour treatment with PMA (blue curve) and THP-1 (d.) cell line 
before (green curve) and after 24-hour treatment with PMA (blue curve) revealed TIM-3 expression have increased to 47.7% and 63.9%, respectively
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PMA + Gal-9 group in comparison to the PMA and con-
trol group (p = 0.001) in both HL-60 and THP-1 cell lines 
(Fig. 6 (a., b.)).

Glutamate level after TIM-3/Gal-9 interaction in HL-60 and 
THP-1 cell lines
The results of the RP-HPLC technique for the determi-
nation of glutamate (Glu) metabolite in samples have 
revealed that the concentration of glutamate decreased 
in the HL-60 cell line after 72 h of treatment with Gal-9 
compared to the PMA and control group, even though 
this reduction was not significant statistically (p = 0.37) 
(Fig. 7). Our results for the THP-1 cell line indicated 
that the concentration of Glu enhanced after 24  h of 
treatment with Gal-9 compared to the PMA and con-
trol group. A significant increase in Glu concentration 

in the PMA group compared to the control group was 
seen (p = 0.0001) and for the PG24 group compared to 
PMA and control group was perceived (p = 0.03) and 
(p = 0.0001), respectively (Fig. 8).

Alpha-ketoglutarate (α-KG) level was reduced after TIM-3/
Gal-9 interaction in both HL-60 and THP-1 cell lines
Evaluation of the keto acid alpha-ketoglutarate (α-KG) in 
the supernatants of HL-60 cell cultures by gas chroma-
tography (GC) technique indicated a significant decrease 
in the concentration of α-KG post 72 h Gal-9 treatment 
compared to the control (p = 0.03) and PMA (p = 0.001) 
group. Significant variation for the PMA group compared 
to the control group was reported (p = 0.04) (Fig. 9 (a.)). 
The results of the GC for α-KG in the supernatants of 
THP-1 cell cultures showed that the concentration of this 

Fig. 3 GLS and GDH mRNA expressions at 24, 48, 72 h after treatment of HL-60 and THP-1 cell lines with Gal-9. In HL-60 cell line, the expression of GLS 
enzyme at 24 h had no significant variation, but after 48 h (p = 0.01) and 72 h (p = 0.001), it was increased significantly in comparison to the control group 
(a.). GDH mRNA expression changes in HL-60 cells showed a significant difference between the PMA + Gal-9 group and the control group at 24 and 48 h 
(p = 0.02) and the most significant difference was achieved at 72 h (p = 0.0001) (b.). The kinetics of GLS (c.) and GDH (d.) mRNA expression changes after 
PMA + Gal-9 treatment compared to PMA and control groups in the THP-1 cell line indicated that the expression of GDH decreased in the time course. 
However, the GLS enzyme showed a significant increase in all time with the highest pick at the 24th hour (p = 0.001). Asterisks represent statistical sig-
nificance (* p < 0.05, ** p < 0.001, ***p < 0.0001)
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keto acid decreased after 24  h of treatment with Gal-9 
compared to the control (p = 0.0001) and PMA (p = 0.001) 
groups. A significant difference was also observed for the 
PMA compared to the control group (p = 0.001) (Fig. 9 
(b.)).

Discussion
Acute myeloid leukemia (AML) is the most common 
type of leukemia in adults and still has the lowest survival 
rate of all leukemia [4]. We aimed to evaluate the rela-
tion between TIM-3/Gal-9 interaction and the pathway 
of glutamine metabolism in two AML cell lines, HL-60 
and THP-1. HL-60 cells are capable of expressing high 
levels of TIM-3 when stimulated with phorbol myristate 

acetate (PMA) [9, 45]. Our RT-qPCR and flow cytometry 
results for TIM-3 expression confirmed this stimulation 
not only on HL-60 cells but also on THP-1 cells.

The TIM-3/Gal-9 interaction on leukemic cells can 
activate mTORC signaling factor which is correlated with 
glutamine metabolism and acts as an amino acid sensor 
in the cell [46]. Therefore, we measured the expression 
of mTORC protein before and after Gal-9 treatment, and 
the results showed that the expression level of this factor 
was increased significantly in each cell line (p = 0.0001) 
which happened sharply at 24 h in THP-1 but gradually 
and after 48 h in HL-60 cell line. Alexandr Prokhorov et 
al., have shown that the TIM-3 activation by galectin-9, 
triggers growth factor type responses by stimulation 

Fig. 4 The mTORC and GLS proteins expression at 48 and 72 h after treatment with Gal-9 in the HL-60 cell line. Western blot analysis confirmed the results 
of RT-qPCR for mTORC and GLS protein expression in the HL-60 cell lines. Based on diagrams (a., c.) and protein bands (b., d.), the expression of these 
proteins in the Gal-9 treated group compared to the control and PMA group had an increasing trend with the highest level at 72 h after Gal-9 treatment 
(PG72) (p = 0.0001). Asterisks represent statistical significance (* p < 0.05, ** p < 0.001, ***p < 0.0001). Full-length blots/gels of b-actin, mTOR and GLS in 
the HL-60 cell line are presented in Supplementary Fig. 1 (a.), Fig. 2 (a.) and Fig. 3 (a.), respectively. The grouping of blots cropped from different parts of 
different gels
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of the PI-3  K/mTOR pathway in AML cells especially 
in THP-1 cells and also VEGF production and induced 
S2448 mTOR phosphorylation were shown time-depen-
dent [20]. In addition, another study indicated that as a 
result of glutamine removal, mTORC1 could be inhib-
ited in AML cells. The findings have shown that the 
glutaminase activity of L-asparaginase (l-ase) from Esch-
erichia coli and Erwinia chrysanthemi inhibits mTORC1, 
and protein synthesis, and induces apoptosis in primary 
AML cells, especially in HL-60 cell line [47]. It suggests 
the difference in the expression level and the time of the 
mTORC signaling factor increase could be due to the 

difference in binding affinity of galectin-9 to TIM-3 over 
time as well as time-dependent mTORC phosphorylation 
in THP-1 and HL-60 cell lines.

Our results showed that TIM-3/Gal-9 interaction 
increased GLS transcript and protein levels in both 
HL-60 and THP-1 cell lines. However, this increase in the 
HL-60 cell line was at 72 h, and for THP-1 cell line was at 
24 h after Gal-9 addition. However, although the expres-
sion of GDH showed a significant increase in HL-60 cells 
after TIM-3/Gal-9 interaction, its level showed a signifi-
cant decrease in THP-1 cells in the same condition. In 
line with our study, Mineaki Goto et al. revealed that in 

Fig. 5 mTORC and GLS proteins expression at 24 and 48 h after treatment with Gal-9 in THP-1 cell line. Western blot analysis confirmed the results of RT-
qPCR for mTORC and GLS protein expression in the THP-1 cell lines. Based on diagrams (a., c.) and protein bands (b., d.), the expression of these proteins 
in the Gal-9 treated group compared to the control and PMA group had a significant increase at 24 h after Gal-9 treatment (PG24) (p = 0.0001) followed 
by a decrease at 48th hour. Asterisks represent statistical significance (* p < 0.05, ** p < 0.001, ***p < 0.0001). Full-length blots/gels of b-actin, mTOR and 
GLS in the THP-1 cell line are presented in Supplementary Fig. 1 (b.), Fig. 2 (b.) and Fig. 3 (b.), respectively. The grouping of blots cropped from different 
parts of different gels
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the AML cell lines examined (HL-60, THP-1, NB4, and 
Kasumi-1) glutamine was the most important nutrient 
for HL-60 cells, and HL-60 was the most sensitive cell 
line to glutamine deprivation and blocking glutaminolysis 
by oxaloacetic acid, an intermediate of TCA cycle. Fur-
thermore, they showed that after the growth of cell lines 
in a medium with glycolysis inhibitor (2-deoxyglucose(2-
DG)) for 24 h, HL-60 cells produced the most abundant 
NH4+, while THP-1 cells produced the least which illus-
trated the least glutamine dependency of THP-1 [48]. 
They have also demonstrated that a major component 
of THP-1 cells’ energy supply and metabolite produc-
tion is mitochondrial oxidative phosphorylation, which 
involves in fatty acid oxidation [49–51]. Based on the 
glutaminolysis pathway, glutamine is metabolized by 
GLS, which liberates NH4 + to produce glutamate, which 
is then metabolized by GDH that liberates another mol-
ecule of NH4 + and generates α-KG. Thus, the more 
glutamine is used by the cell, the more NH4 + will be 
released. These findings determine that HL-60 has high 
glutamine dependency for providing energy and also 
the production of intermediates for macromolecule bio-
synthesis and TIM-3/Gal-9 interaction helps this cell 
line to achieve its requirements more convenient. Other 
metabolic pathways could be a priority in THP-1 cells 
to provide biomass energy. Also, it suggests that TIM-3/
Gal-9 interaction is more correlated with other metabolic 
pathways in THP-1 cells than glutaminolysis and this 
interaction may promote other metabolic pathways like 
glycolysis, krebs cycle (TCA), oxidative phosphorylation 
and etcetera to produce consumable α-KG and provid-
ing energy in this cell line. So, in this way TIM-3/Gal-9 

interaction reduces or inhibits expressions of glutaminol-
ysis enzymes like; GDH that are less needed. GLS can act 
as a rate-limiting factor for the tricarboxylic acid (TCA) 
cycle and it can replenish this cycle through α-KG pro-
duction [22]. In other words, the higher the TCA cycle 
activity we have, the greater the production of α-KG is in 
a cell, and the lower the activity of glutaminolysis path-
way enzymes (GLS, GDH) is needed.

In the current study, glutamate (Glu) as a GLS product, 
was reduced in PMA and Gal-9 treated groups in com-
parison to the control group in the HL-60 cell line. Nev-
ertheless, this metabolite had an increasing trend in the 
THP-1 cell line between groups. We also showed that the 
mRNA expression of the GDH enzyme was much higher 
than the mRNA expression of GLS in the HL-60 cell line. 
Therefore, we may probably conclude that although a 
large amount of glutamate was produced by GLS, GDH 
also consumed it, or even Glu may have been regenerated 
from other metabolic pathways such as transaminase 
activity with compensatory mechanisms [52]. So, there 
was no significant reduction of Glu between the HL-60 
groups.

The results indicated that α-KG concentration reduced 
after Gal-9 addition in HL-60 and THP-1 cell lines. In the 
HL-60 cell line, first, the α-KG concentration increased 
after PMA treatment and then reduced after 72 h of Gal-9 
addition. After treatment with PMA, cells are activated 
and proliferation increases, hence, cells need to provide 
energy and produce macromolecules to the intermediate 
compounds resulting from the decomposition of gluta-
mine and glutamate like α-KG, so the amount of α-KG 
increases. The α-KG reduction in the PG72 group could 

Fig. 6 Cell proliferation rate changes in control, PMA, and PMA + Gal-9 groups for HL-60 and THP-1 cell lines. The kinetics of OD changes in the PMA + Gal-9 
(PG72) group compared to PMA (P24) and control groups in the HL-60 cell line (a) and THP-1 (b) showed that treatment with Gal-9 significantly increases 
the proliferation and survival of the AML cell lines. Asterisks represent statistical significance (* p < 0.05, ** p < 0.001, and *** p < 0.0001)
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Fig. 7 Changes of glutamate level in control, PMA, and PG72 samples of HL-60 cell line and RP-HPLC chromatograms. The trend of glutamate concentra-
tion after treatment with galectin-9 in the HL-60 cell line was decreasing in comparison to the PMA and control group but with no significant difference. 
(a.) Displays changes in glutamate concentration (µmol/L) in control, PMA, and PG72 groups in the HL-60 cell line. (b.), (c.), and (d.) Represents glutamate 
(GLU) in retention time of 8.15 min, 7.89 min, and 8.14 min for control, PMA, and PG72 groups, respectively. RP-HPLC method, OPA/MPA precolumn de-
rivatization using fluorescence detector excitation 350 nm and emission 450 nm wavelengths. RP-HPLC was done on a C18 column (150 * 4.6 mm, 5 μm), 
using Mobile-phase A (1 g K2PO4 + 0.5 g KH2PO4 in 500 mL distilled water), and B (100 mL distilled water, 150 mL acetonitrile, and 300 mL isopropanol) 
with linear gradient from 10–100% B at a flow rate of 1.2 mL/min in 35 min
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Fig. 8 Changes of glutamate level in control, PMA, and PG24 groups of THP-1 cell line with RP-HPLC chromatograms. The trend of glutamate concentra-
tion after treatment with galectin-9 in the THP-1 cell line was increasing in comparison to the PMA and control group. The most Glu concentration was 
at 24 h after Gal-9 treatment (p = 0.0001) (* p < 0.05, ** p < 0.001, ***p < 0.0001). (a.) Displays changes in glutamate concentration (µmol/L) in control, PMA, 
and PG24 groups in the THP-1 cell line. (b.), (c.), and (d.) Represents glutamate (GLU) in retention time of 8.38 min, 7.85 min, and 8.23 min for control, 
PMA, and PG24 groups, respectively. RP-HPLC Method, OPA/MPA precolumn derivatization using fluorescence detector excitation 350 nm and emission 
450 nm wavelengths. RP-HPLC was done on a C18 column (150 * 4.6 mm, 5 μm), using Mobile-phase A (1 g K2PO4 + 0.5 g KH2PO4 in 500 mL distilled 
water), and B (100 mL distilled water, 150 mL acetonitrile, and 300 mL isopropanol) with linear gradient from 10–100% B at a flow rate of 1.2 mL/min in 
35 min
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be due to the decrease in the amount of glutamate in the 
treated groups for the production of non-essential amino 
acids or purine and pyrimidine nucleotides for DNA syn-
thesis in the cells, as well as the activation of the cell and 
the Krebs cycle [29]. However, in the THP-1 cell line, due 
to the high expression of GLS enzyme and the decreasing 
trend of GDH after TIM-3/Gal-9 interaction, the increase 
of Glu amount and reduction of α-KG concentration was 
observed in treated groups.

Results of the MTT assay have shown that TIM-3/
Gal-9 interaction could increase cell proliferation rate in 
both HL-60 and THP-1 cells in the PMA + Gal-9 group 
compared to the PMA and control group. In line with 
our study, Yoshikane Kikushige et al. in 2015 represented 
that expansion and transformation of malignant myeloid 
clones could happen through ligation of TIM-3/Gal-9 
and induction of the NF-κB and β-catenin signaling path-
way at the same time through its autocrine loop which 
caused in production of leukemia transformed models 
from MDS, Myeloproliferative neoplasms (MPN), and 
also in de novo AML [52].

Conclusion and future recommendations
In conclusion, our study could indicate the importance 
of metabolic rewiring in hematological cancer therapy, 
especially in AML. Nowadays, it seems essential more 
than ever to perform in-vivo, preclinical, and clinical 
studies in the field of using combinational therapies that 
target both immunological and metabolic pathways, for 
example, TIM-3 and glutamine metabolism pathway in 
hematological malignancies such as AML.

Due to the lack of funds and the increase in the num-
ber of tests, we were not able to perform western blot 
and chromatography tests for the samples of all 24, 48 
and 72 h after treatment with Gal-9. So, we recommend 
for future studies, in other times when these tests were 
not applied, perform the necessary tests to make a more 
accurate comparison between groups and times. It is 
suggested to evaluate the relationship between TIM-3/
Gal-9 pathway and the metabolism of other important 
amino acids that play a role in the progression of AML 
disease (arginine and tryptophan, etc.) in the AML cell 
lines mentioned in the study. Also, evaluating the rela-
tionship of these pathways in peripheral blood or bone 
marrow samples taken from AML patients and measur-
ing the protein expression of GDH enzyme with western 
blot technique are other suggestions of this research for 
future studies.
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(p = 0.03, p = 0.0001) groups, respectively. (* p < 0.05, ** p < 0.001, ***p < 0.0001)

 



Page 14 of 15Shapourian et al. BMC Cancer          (2024) 24:125 

4EBP1  Initiation factor 4E binding protein 1
HIF-1  Hypoxia-induced factor 1
VEGF  Vascular endothelial growth factor
TCA  Tricarboxylic acid cycle

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12885-024-11898-3.

Supplementary Material 1

Acknowledgements
We are very grateful to Shiraz Paramedical Faculty of Medical Sciences for 
providing the required cell lines. This research was financially supported by 
Isfahan University of Medical Sciences, Isfahan, Iran (Grant no. 3400961). In the 
end, we would like to thank all those who have helped us in carrying out this 
project.

Author contributions
HS and MG-H were responsible for conceiving and designing the proposal of 
the study. MG-H taught the methods, analyzed data, and supervised the study. 
HS was responsible for conducting experiments, statistical analysis, writing 
the original draft and reviewing the manuscript. MG guided and supervised 
the performance of gas chromatography and HPLC techniques and wrote the 
original draft. NE wrote and revised the manuscript. AS and AV-B advised on 
the metabolism and biochemistry parts of the study. MG-H, NE, AV-B and GY-D 
reviewed and finalized the text.

Funding
Isfahan University of Medical Sciences, Isfahan, Iran financially supported this 
study (Grant no. 3400961) as a grant-in-aid for a thesis of Master of Sciences.

Data availability
Some of the data of this study is available in a supplementary file but, other 
datasets used and analysed during the current study are available from the 
corresponding author on a reasonable request.

Declarations

Ethics approval and consent to participate
This study has been approved by the Ethics Committee/Institutional Review 
Board of Isfahan University of Medical Sciences, Isfahan, Iran (ethical code: 
IR.MUI.REC.1400.070). As human specimens have not being used in this study, 
the consent of participants is not applicable.

Consent for publication
Not applicable.

Conflict of interest
The authors declare no conflict of interest.

Received: 22 October 2023 / Accepted: 19 January 2024

References
1. Döhner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N Engl J 

Med. 2015;373(12):1136–52.
2. Shapoorian H, Zalpoor H, Ganjalikhani-Hakemi M. The correlation between 

Flt3-ITD mutation in dendritic cells with TIM-3 expression in acute myeloid 
leukemia. Blood Sci. 2021;3(04):132–5.

3. Winer ES, Stone RM. Novel therapy in Acute myeloid leukemia (AML): 
moving toward targeted approaches. Therapeutic Adv Hematol. 
2019;10:2040620719860645.

4. Deschler B, Lübbert M. Acute myeloid leukemia: epidemiology and etiology. 
Cancer: Interdisciplinary International Journal of the American Cancer Soci-
ety. 2006;107(9):2099–107.

5. Akbar A, Asgarian-Omran H, Valadan R, Dindarloo M-M, Najafi A, Kahrizi A et 
al. Expression of galectin-9-related immune checkpoint receptors in B-cell 
acute lymphoblastic leukemia. Iran J Basic Med Sci. 2023;26(12).

6. Jensen H, Bunaciu R, Ibabao C, Myers R, Varner J. Retinoic Acid Therapy Resis-
tance Progresses from Unilineage to Bilineage in HL-60. 2014.

7. Chanput W, Mes JJ, Wichers HJ. THP-1 cell line: an in vitro cell model for 
immune modulation approach. Int Immunopharmacol. 2014;23(1):37–45.

8. Kikushige Y, Shima T, Takayanagi S-i, Urata S, Miyamoto T, Iwasaki H, et al. 
TIM-3 is a promising target to selectively kill acute myeloid leukemia stem 
cells. Cell Stem Cell. 2010;7(6):708–17.

9. Fooladinezhad H, Khanahmad H, Ganjalikhani-Hakemi M, Doosti A. Negative 
regulation of TIM-3 expression in AML cell line (HL-60) using miR-330-5p. Br J 
Biomed Sci. 2016;73(3):129–33.

10. Gonçalves Silva I, Rüegg L, Gibbs BF, Bardelli M, Fruehwirth A, Varani L, et 
al. The immune receptor Tim-3 acts as a trafficker in a Tim-3/galectin-9 
autocrine loop in human myeloid leukemia cells. Oncoimmunology. 
2016;5(7):e1195535.

11. Rezaei M, Tan J, Zeng C, Li Y, Ganjalikhani-Hakemi M. TIM-3 in leukemia; 
immune response and beyond. Front Oncol. 2021;11:753677.

12. Zeidan AM, Komrokji RS, Brunner AM. TIM-3 pathway dysregulation and 
targeting in cancer. Expert Rev Anticancer Ther. 2021;21(5):523–34.

13. Giudice V, Serio B, Ferrara I, Manzo P, Gorrese M, Pepe R, et al. Clinical efficacy 
of azacytidine and venetoclax and prognostic impact of Tim-3 and galectin-9 
in acute myeloid leukemia and high-risk myelodysplastic syndromes: a 
single-center real-life experience. Front Pharmacol. 2022;13:1052060.

14. Yang R-Y, Rabinovich GA, Liu F-T. Galectins: structure, function and therapeu-
tic potential. Expert Rev Mol Med. 2008;10:e17.

15. Kikushige Y. A TIM-3/galectin-9 autocrine stimulatory loop drives self-renewal 
of human myeloid leukemia stem cells and leukemia progression. [Rinsho 
Ketsueki] the Japanese Journal of Clinical Hematology. 2016;57(4):412–6.

16. Grisaru-Tal S, Itan M, Grass DG, Torres-Roca J, Eschrich SA, Gordon Y, et al. Pri-
mary tumors from mucosal barrier organs drive unique eosinophil infiltration 
patterns and clinical associations. Oncoimmunology. 2021;10(1):1859732.

17. Sakoda T, Kikushige Y, Miyamoto T, Irifune H, Harada T, Hatakeyama K, et al. 
TIM-3 signaling hijacks the canonical Wnt/β-catenin pathway to maintain 
cancer stemness in acute myeloid leukemia. Blood Adv. 2023;7(10):2053–65.

18. Hemmings BA, Restuccia DF. Pi3k-pkb/akt pathway. Cold Spring Harb Per-
spect Biol. 2012;4(9):a011189.

19. Lee J, Su EW, Zhu C, Hainline S, Phuah J, Moroco JA, et al. Phosphotyrosine-
dependent coupling of Tim-3 to T-cell receptor signaling pathways. Mol Cell 
Biol. 2011;31(19):3963–74.

20. Prokhorov A, Gibbs BF, Bardelli M, Rüegg L, Fasler-Kan E, Varani L, et al. 
The immune receptor Tim-3 mediates activation of PI3 kinase/mTOR and 
HIF-1 pathways in human myeloid leukaemia cells. Int J Biochem Cell Biol. 
2015;59:11–20.

21. Rezaei M, Ghanadian M, Ghezelbash B, Shokouhi A, Bazhin AV, Zamyatnin AA 
Jr et al. TIM-3/Gal-9 interaction affects glucose and lipid metabolism in acute 
myeloid leukemia cell lines. Front Immunol. 2023;14.

22. Kreitz J, Schönfeld C, Seibert M, Stolp V, Alshamleh I, Oellerich T, et al. Meta-
bolic plasticity of acute myeloid leukemia. Cells. 2019;8(8):805.

23. Sikalidis AK. Amino acids and immune response: a role for cysteine, gluta-
mine, phenylalanine, tryptophan and arginine in T-cell function and cancer? 
Pathol Oncol Res. 2015;21(1):9–17.

24. Tabe Y, Lorenzi PL, Konopleva M. Amino acid metabolism in hematologic 
malignancies and the era of targeted therapy. Blood the Journal of the 
American Society of Hematology. 2019;134(13):1014–23.

25. Emadi A. Exploiting AML vulnerability: glutamine dependency. Blood. 
2015;126(11):1269–70.

26. Dai W, Mo W, Xu W, Han D, Xu X. Systematic analysis of glutamine metabolism 
family genes and exploration of the biological role of GPT in colorectal 
cancer. Aging. 2023;15(21):11811.

27. Nguyen TL, Nokin Mj, Terés S, Tomé M, Bodineau C, Galmar O, et al. Down-
regulation of glutamine synthetase, not glutaminolysis, is responsible for 
glutamine addiction in Notch1-driven acute lymphoblastic leukemia. Mol 
Oncol. 2021;15(5):1412–31.

28. Yang C, Ko B, Hensley CT, Jiang L, Wasti AT, Kim J, et al. Glutamine oxidation 
maintains the TCA cycle and cell survival during impaired mitochondrial 
pyruvate transport. Mol Cell. 2014;56(3):414–24.

29. Zhang J, Pavlova NN, Thompson CB. Cancer cell metabolism: the essential 
role of the nonessential amino acid, glutamine. EMBO J. 2017;36(10):1302–15.

30. Kurt A, Kalaycı F, Ziver T, Yüksel P, Bal K, Kocazeybek B. The cytokine response 
in THP-1 (monocyte) and HL-60 (neutrophil-differentiated) cells infected 

https://doi.org/10.1186/s12885-024-11898-3
https://doi.org/10.1186/s12885-024-11898-3


Page 15 of 15Shapourian et al. BMC Cancer          (2024) 24:125 

with different genotypes of Helicobacter pylori strains. Turk J Gastroenterol. 
2015;26:297–303.

31. Moghaddam Y, Andalib A, Mohammad-Ganji M, Homayouni V, Sharifi M, 
Ganjalikhani-Hakemi M. Evaluation of the effect of TIM-3 suppression by 
miR-498 and its effect on apoptosis and proliferation rate of HL-60 cell line. 
Pathology-Research and Practice. 2018;214(9):1482–8.

32. Mohammad-Ganji M, Ganjalikhani-Hakemi M, Homayouni V, Rezaei A, 
Khanahmad H. Silencing of TIM-3 expression by miR-326 affects apoptosis 
and proliferation of human HL-60 leukemia cell line. Int J Hematol Oncol. 
2018;28(2):112–22.

33. Sisakht M, Mashkani B, Bazi A, Ostadi H, Zare M, Avval FZ, et al. Bee venom 
induces apoptosis and suppresses matrix metaloprotease-2 expres-
sion in human glioblastoma cells. Revista Brasileira De Farmacognosia. 
2017;27:324–8.

34. Dara M, Habibi A, Azarpira N, Dianatpour M, Nejabat M, Khosravi A, et al. 
Novel RNA extraction method from human tears. Mol Biology Res Commun. 
2022;11(4):167.

35. Ganjalikhani-Hakemi M, Yazdani R, Sherkat R, Homayouni V, Masjedi M, 
Hosseini M. Evaluation of the T helper 17 cell specific genes and the innate 
lymphoid cells counts in the peripheral blood of patients with the common 
variable immunodeficiency. J Res Med Sciences: Official J Isfahan Univ Med 
Sci. 2014;19(Suppl 1):30.

36. Falzone L, Musso N, Gattuso G, Bongiorno D, Palermo CI, Scalia G, et al. Sen-
sitivity assessment of droplet digital PCR for SARS-CoV-2 detection. Int J Mol 
Med. 2020;46(3):957–64.

37. He F. Bradford protein assay. Bio-protocol. 2011:e45-e.
38. Jabarpour M, Siavashi V, Asadian S, Babaei H, Jafari SM, Nassiri SM. Hyperbiliru-

binemia-induced pro-angiogenic activity of infantile endothelial progenitor 
cells. Microvasc Res. 2018;118:49–56.

39. Babaei H, Alibabrdel M, Asadian S, Siavashi V, Jabarpour M, Nassiri SM. 
Increased circulation mobilization of endothelial progenitor cells in preterm 
infants with retinopathy of prematurity. J Cell Biochem. 2018;119(8):6575–83.

40. Herbert P, Barros P, Ratola N, Alves A. HPLC determination of amino 
acids in musts and port wine using OPA/FMOC derivatives. J Food Sci. 
2000;65(7):1130–3.

41. Bartolomeo MP, Maisano F. Validation of a reversed-phase HPLC method for 
quantitative amino acid analysis. J Biomol Techniques: JBT. 2006;17(2):131.

42. Salmanizadeh H, Sahi N. Determination of amino acid profile for argininosuc-
cinic aciduria disorder using high-performance liquid chromatography with 
fluorescence detection. Acta Biochim Pol. 2020;67(3):347–51.

43. Mouskeftara T, Virgiliou C, Theodoridis G, Gika H. Analysis of urinary organic 
acids by gas chromatography tandem mass spectrometry method for meta-
bolic profiling applications. J Chromatogr A. 2021;1658:462590.

44. Jia Y, Jia X, Xu H, Gao L, Wei C, Li Y et al. Blood plasma metabolic profile of 
newborns with hypoxic-ischaemic encephalopathy by GC-MS. BioMed 
Research International. 2021;2021.

45. Emamdoost F, Khanahmad H, Ganjalikhani-Hakemi M, Doosti A. The miR-
125a-3p inhibits TIM-3 expression in AML cell line HL-60 in vitro. Indian J 
Hematol Blood Transfus. 2017;33:342–7.

46. Howie D, Waldmann H, Cobbold S. Nutrient sensing via mTOR in T cells 
maintains a tolerogenic microenvironment. Front Immunol. 2014;5:409.

47. Willems L, Jacque N, Jacquel A, Neveux N, Trovati Maciel T, Lambert M, et al. 
Inhibiting glutamine uptake represents an attractive new strategy for treat-
ing acute myeloid leukemia. Blood the Journal of the American Society of 
Hematology. 2013;122(20):3521–32.

48. Goto M, Miwa H, Shikami M, Tsunekawa-Imai N, Suganuma K, Mizuno S, 
et al. Importance of glutamine metabolism in leukemia cells by energy 
production through TCA cycle and by redox homeostasis. Cancer Invest. 
2014;32(6):241–7.

49. Suganuma K, Miwa H, Imai N, Shikami M, Gotou M, Goto M, et al. Energy 
metabolism of leukemia cells: glycolysis versus oxidative phosphorylation. 
Leuk Lymphoma. 2010;51(11):2112–9.

50. Miwa H, Shikami M, Goto M, Mizuno S, Takahashi M, Tsunekawa-Imai N, et al. 
Leukemia cells demonstrate a different metabolic perturbation provoked by 
2-deoxyglucose. Oncol Rep. 2013;29(5):2053–7.

51. Tsunekawa-Imai N, Miwa H, Shikami M, Suganuma K, Goto M, Mizuno S, et 
al. Growth of xenotransplanted leukemia cells is influenced by diet nutrients 
and is attenuated with 2-deoxyglucose. Leuk Res. 2013;37(9):1132–6.

52. Kikushige Y, Miyamoto T, Yuda J, Jabbarzadeh-Tabrizi S, Shima T, Takayanagi 
S-i, et al. A TIM-3/Gal-9 autocrine stimulatory loop drives self-renewal of 
human myeloid leukemia stem cells and leukemic progression. Cell Stem 
Cell. 2015;17(3):341–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	TIM-3/Galectin-9 interaction and glutamine metabolism in AML cell lines, HL-60 and THP-1
	Abstract
	Background
	Materials and methods
	Cell Culture
	RNA extraction, cDNA synthesis, and quantitative RT-PCR
	Flow cytometry
	Protein extraction, SDS-PAGE, and western blotting
	MTT assay
	Reverse phase high-performance liquid chromatography (RP-HPLC)
	Gas chromatography (GC)

	Statistical analysis
	Results
	PMA increased TIM-3 expression on HL-60 and THP-1 cells
	TIM-3/Gal-9 interaction increased GLS and GDH mRNA expression in the HL-60 cell line in a time course
	TIM-3/Gal-9 interaction increased GLS at the 24 h but decreased GLS and GDH mRNA expression in the THP-1 cell line as time passed
	TIM-3/Gal-9 interaction increased mTORC and GLS protein expression in the HL-60 Cell line in a time course
	TIM-3/Gal-9 interaction decreased mTORC and GLS proteins expression in the THP-1 cell line in a time course
	TIM-3/Gal-9 interaction promoted cell proliferation rate in both AML cell lines
	Glutamate level after TIM-3/Gal-9 interaction in HL-60 and THP-1 cell lines
	Alpha-ketoglutarate (α-KG) level was reduced after TIM-3/Gal-9 interaction in both HL-60 and THP-1 cell lines

	Discussion
	Conclusion and future recommendations
	References


