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A B S T R A C T

Acute myeloid leukemia (AML) comprises a diverse group of blood cancers with varying genetic, phenotypic, and 
clinical traits, making development of targeted therapy challenging. Metabolic reprogramming in AML has been 
described as relevant for chemotherapy effectiveness. 3-Bromopyruvate (3-BP) is an anticancer agent that un
dermines energy metabolism of cancer cells. However, the effect of 3-BP in hematologic malignancies, such as 
AML, needs further investigation. Thus, we aimed to explore 3-BP as a chemo-sensitizing agent in AML. Different 
approaches of combining 3-BP with classical chemotherapy (daunorubicin and cytarabin) were tested in diverse 
AML cell lines. Cell sensitivity to the different drug combinations was analyzed by Trypan blue staining. The 
effect of pre-treatment with a non-toxic concentration of 3-BP was assessed on the AML cell metabolic profile 
(Western blot and immunofluorescence), mitochondrial activity (cytometry flow), and antioxidant capacity 
(colorimetric detection kit). KG-1 and MOLM13 cells showed increased sensitivity to chemotherapy (decreased 
EC50 values) after exposure to a non-toxic concentration (5 μM) of 3-BP. In both cell lines, 5 μM 3-BP decreased 
glucose consumption without changing extracellular lactate levels. 5 μM 3-BP treatment increased reactive ox
ygen species levels and decreased cell antioxidant capacity by depleting reduced glutathione levels in both KG-1 
and MOLM13 cells. Our results demonstrate that non-toxic concentrations of 3-BP enhance the effect of classical 
chemotherapy in AML cells through a pro-oxidant mechanism. These data unveiled a new approach for AML 
treatment, using 3-BP or other pro-oxidant agents as co-adjuvants of chemotherapy, subsiding chemotherapy- 
induced side effects.

1. Introduction

Acute Myeloid Leukemia (AML) is the most common acute leukemia 
in adults and is characterized by clonal expansion of immature myelo
blasts [1]. It is a heterogeneous disease with rapid development, where a 

fast therapeutic intervention is necessary [2]. Currently, standard 
treatment includes the combination of cytarabine (Ara-C) with an 
anthracycline, such as daunorubicin (DNR) or idarubicin. The treatment 
protocol consists of continuous administration of cytarabine for 7 days 
and of an anthracycline on each of the first 3 days, known as the “7 + 3” 
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cycle regimen [3]. To improve the chances of remission, patients with 
specific mutations can be treated with targeted drugs in combination 
with cytotoxic induction therapy. AML patients with mutated fms-like 
tyrosine kinase 3 (FLT3) may be considered to receive intensive 
chemotherapy in combination with the FLT3 inhibitor midostaurin [4], 
while patients with isocitrate dehydrogenase (IDH)1 or IDH2 mutations 
may be treated with ivosidenib or enasidenib [5], respectively. More 
recently, the inhibitor of the antiapoptotic BCL-2 protein (venetoclax) 
became available for AML patients above 75 years, or with other med
ical conditions that preclude the use of intensive chemotherapy [6]. 
Despite response to chemo- and targeted therapy, disease-free survival is 
low, with one in every four AML patients relapsing five years after first 
diagnosis with chemotherapy-associated resistance [7]. Thus, new and 
effective therapeutic approaches are urgent to improve the outcome of 
the disease.

A common feature of cancer cells is metabolic reprogramming, 
which is mainly associated with the acquisition of an “aerobic” glyco
lytic phenotype (Warburg effect) [8,9]. Even though this is a less ener
getically efficient process, cancer cells take advantage of this metabolic 
switch, for example by diverging biosynthetic precursors to anabolic 
reactions and developing antioxidant defenses [10]. AML blast meta
bolism is primarily dependent on mitochondrial oxidative phosphory
lation (OXPHOS) for growth and survival [11,12]. To sustain their high 
proliferation rates and metabolic demand, leukemic blasts use different 
metabolic strategies, including glycolytic metabolism [13–17], as our 
group reported recently that resistance to Ara-C involves metabolic 
adaptations with different sensitivities to metabolic inhibitors [18].

Highly glycolytic cancer cells protect themselves from intracellular 
acidification by exporting the excess of the glycolytic end-products, such 
as lactate and protons, via the Monocarboxylate Transporters (MCTs) 
[19]. MCTs play a key role in tumor metabolism, being the isoforms 
MCT1 and MCT4 commonly overexpressed in cancer cells, representing 
promising targets for therapy [20]. Recently, Saulle et al. (2021) 
demonstrated that inhibition of MCT1 or MCT4 impairs leukemic cell 
proliferation [19]. Additionally, Lopes-Coelho et al. (2017) suggested 
that the AML cells’ preferential localization near the bones, to take 
advantage of the growth factor gradient, stimulates cell proliferation 
and upregulates the expression of MCT1 [21]. MCTs can also be explored 
in cancer therapy through their role as mediators of the transport of 
antitumor molecules which function as MCT substrates [22].

3-bromopyruvate (3-BP) is a small alkylating molecule derivative of 
pyruvate and analog of lactate, with anti-tumor effects in different in 
vitro and in vivo cancer models [16–21], which is described to permeate 
cells through MCT1 [22]. 3-BP has two major anti-cancer mechanisms: it 
blocks energetic metabolism and induces cell death [23,24]. Although 
the potential effect of 3-BP has been explored in different solid tumor 
models [16], little is known about the effect of 3-BP, especially as a 
chemo-sensitizing agent, in AML. Thus, we propose to explore this 
therapeutic strategy, by combining 3-BP with chemotherapeutic agents, 
and identify the mechanisms involved.

2. Materials and methods

2.1. Cell lines and culture conditions

AML cell lines were obtained from DSMZ-German Collection of Mi
croorganisms and Cell Cultures GmbH: one monocytic (MOLM-13), two 
promyelocytic (HL-60, NB-4) and one myelocytic (KG-1) cell lines. Cells 
were maintained and routinely subcultured in culture flasks at a cell 
density between 1 × 105 and 1 × 106 cells/mL. Cells were grown in a 
complete medium consisting of RPMI (Sigma-Aldrich, St. Louis, MO, 
USA) supplemented with 10 % Fetal Bovine Serum (FBS, Sigma-Aldrich) 
and 1 % penicillin/streptomycin (PenStrep, PanBiotech, Aidenbach, 
Germany). Cell cultures were maintained in a humidified incubator at 
37 ◦C and a 5 % CO2 atmosphere. To obtain enough biomass to perform 
the assays, cells were grown to high densities, but not exceeding 1 × 106 

viable cells/mL and with cell viability up to 90 %. Viable cell estimation 
was performed by adding 1:1 cell suspension to 0.2 % trypan blue (sc- 
216028, Santa Cruz Biotechnology, Dallas, TX, USA), and cells were 
counted in a Neubauer chamber.

2.2. Drugs and stock solution preparation

3-Bromopyruvate (3-BP, Sigma-Aldrich) stock solutions (2–20 mM) 
were prepared by dissolving 3-BP into cold PBS, and then filter-sterilized 
(0.22 μm filters). Working solutions were prepared by appropriate di
lutions in a complete RPMI medium. The amount of 3-BP solution in PBS 
was constant and corresponded to 10 % of the total medium volume. 
Stock solutions of cytarabine (Ara-C, C3350000, Sigma-Aldrich, Stras
bourg, France) and daunorubicin (DNR, D0125000, Sigma-Aldrich) 
were prepared in DMSO (Sigma-Aldrich), 10 mM and 50 mM, respec
tively. N-Acetyl-L-cysteine (NAC, Sigma-Aldrich) stock solution (60 
mM) was prepared in PBS. DNR, Ara-C, and NAC stock solutions were 
stored at − 20 ◦C until use. 3-BP, DNR, Ara-C, and NAC working solutions 
were freshly prepared in a complete RPMI medium.

2.3. Cell viability determination

1 × 105 cells/well were seeded in 24-well plates and exposed to a 
range of increasing Ara-C concentrations (0.05–10 μM), DNR 
(0.001–0.5 μM) and 3-BP (1–50 μM) for 16, 24 and 48 h. Drug vehicles, 
0.1 % DMSO, and PBS were used as controls. Cells were counted using 
the Trypan blue assay, and cell viability and EC50 values for Ara-C, DNR, 
and 3-BP were determined and normalized for the control.

2.4. Western blotting

Protein expression analysis was performed in cell lysates as previ
ously described [18]. Briefly, cell lysates were prepared from cultured 
cells using a lysis buffer (1 % (v/v) Triton X-100 and 1 % (v/v) NP-40 
(Sigma-Aldrich) in ultrapure water; 1:7 protease inhibitor cocktail 
(Roche®, Basel, Switzerland) and 1:100 phosphatase inhibitor (Sig
ma-Aldrich). After washing with PBS, cells were lysed in 100 μL of lysis 
buffer for 15 min at 4 ◦C. Then, lysates were homogenized (vortex), 
centrifuged at high speed, and supernatants were collected. Protein 
concentration was determined using the Bradford assay (B6916, 
Sigma-Aldrich). Samples were then separated by 10 % SDS/PAGE. 
Proteins were transferred to nitrocellulose membranes (Amersham 
Biosciences®, Amersham, United Kingdom) at 100 V for 90 min. For 
immunostaining, membranes were blocked with 5 % (w/v) BSA in TBS 
containing 0.1 % (v/v) Tween-20 (TBS-T). Membranes were incubated 
overnight at 4 ◦C with glucose transporter (GLUT) 1 (1:500, ab15309), 
hexokinase (HK) II (1:2000, ab104836), MCT1 (1:500, sc-365501); 
MCT4 (1:500, sc-376465), lactate dehydrogenase (LDH) A (1:2000, 
sc-137243), IDH1 (1:500, sc-515396), IDH2 (1:500, sc-374476), β-actin 
(1:1000, sc-1616) and β-tubulin (1:20,000, ab6046) primary antibodies, 
followed by two washing steps (15 min each) in TBS-T and incubation 
with horseradish peroxidase-conjugated secondary antibodies for 1 h at 
room temperature (RT) (1:5000, sc-516102 and sc-2357). The signal 
was detected in Sapphire Biomolecular Imager (Azure Biosystems, 
Dublin, CA, USA) using the Westen Bright Sirius HRP Substrate Kit 
(K-12043-D10, Advansta, San Jose, CA, USA). Each immunoblot was 
performed at least three times, and the ones selected for figures are from 
representative experiments.

2.5. Extracellular lactate and glucose quantification

Cells were plated in 24-well plates at a density of 5 × 105 cells/well 
and treated with 5 μM of 3-BP. Cell culture supernatants were collected 
at 0 and 24 h, and extracellular lactate and glucose were quantified as 
previously described [25], using the Lactate and Glucose-LQ Colori
metric Assays (Spinreact, Girona, Spain), according to the 
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manufacturer’s instructions. The obtained values were normalized for 
the total number of cells (determined by Trypan blue). Glucose con
sumption was determined by the difference between glucose levels at 
time points 0 and 24 h. Data are expressed as μg/106 cells.

2.6. Immunofluorescence

5 × 105 cells were centrifuged onto a slide by cytocentrifugation and 
fixed for 20 min with cold methanol at − 20 ◦C. Slides were washed twice 
with 1x PBS and blocked with 5 % BSA (Sigma-Aldrich) in 1x PBS - 0.1 % 
Tween 20 (PBS-T) for 1h at RT. After blocking, cells were incubated 
overnight with GLUT1, MCT1, and MCT4 primary antibodies. After 
washing (twice), slides were incubated with goat anti-mouse conjugated 
to AlexaFluor 488 (1:500, A11001, Invitrogen) and goat anti-rabbit 
conjugated to AlexaFluor 568 (1:500, A11036, Invitrogen) secondary 
antibodies for 1h at RT. Slides were mounted on Fluorshield with DAPI 
(F6057, Sigma-Aldrich), protected from light, and images were captured 
by a fluorescence microscope (BX61; Olympus®, Tokyo, Japan).

2.7. Annexin/propidium iodide assay

KG-1 and MOLM13 cells (5 × 105 cells/well) were plated on 6-well 
plates and pre-treated with 5 μM of 3-BP for 16 h. Cells were collected 
and washed with PBS. After centrifugation (900 rpm, 5 min), the su
pernatant was discarded, and the pellet resuspended in 1 mL of Binding 
Buffer. 8 μL of FITC annexin V (556419, BD Pharmingen) and 30 μL of 
propidium iodide (PI, 50 μg/mL, P1304MP, Invitrogen), were added to 
300 μL of Binding Buffer. Then, samples were incubated for 15 min at 
RT, protected from light. Data were acquired on an LSRII flow cytometer 
(BDBiosciences®) and FACS Diva was used as the acquisition software. 
The percentage of cells in each phase was analyzed using the FlowJo 7.6 
(Tree Star®) software.

2.8. Reactive oxygen species levels and mitochondrial function evaluation

KG-1 and MOLM13 cells were plated in 6-well plates at a density of 5 
× 105 cells/well and pre-treated with 5 μM of 3-BP. Then, cells were 
incubated with the molecular probes for 2h at 37 ◦C and 5 % CO2. For 
measurement of reactive oxygen species (ROS) production, cells were 
incubated with 400 nM of Dihydroethidium (DHE, Molecular Probes). 
For mitochondrial activity, cells were incubated with 50 nM Mitotracker 
Red (MR) and 30 nM Mitotracker Green (MG) both from Molecular 
Probes®, Eugene, OR, USA. Cells were then washed with 1x PBS, and 
Data were acquired on an LSRII flow cytometer (BDBiosciences®) and 
FACS Diva was used as the acquisition software. At least 50,000 events 
were acquired, and the data was analyzed using the FlowJo 7.6 (Tree 
Star®) software. MR and MG were used to measure mitochondrial po
larization and mitochondrial mass, respectively. Mitochondrial activity 
was given by the mitochondrial polarization/mitochondrial mass ratio.

2.9. Glutathione quantification

KG-1 and MOLM13 cells were pre-treated with 3-BP in T75 flasks. 
Then cells were collected, and part of the volume was used for cell 
counting. The remaining (at least 1 × 106 cells) were pelleted by 
centrifugation and resuspended in a 5 % sulfosalicylic acid solution, for 
deproteinization. The glutathione colorimetric detection kit was used to 
measure total glutathione and oxidized glutathione (GSSG) content, 
according to the manufacturer’s instructions (Invitrogen™, Thermo 
Fisher Scientific, Waltham, MA, USA). A 2-vinylpyridine solution was 
used to block free GSH present in the samples, to determine GSSG 
content. A spectrophotometer (Varioskan® Flash; ThermoFisher Scien
tific, Waltham, MA, USA) was used to measure the absorbance at 405 
nm. Data was normalized to the number of cells (μM/106 cells).

2.10. Statistical analysis

Statistical analysis was performed using the GraphPad Prism 10.3.0 
software. Data are presented as the mean ± standard deviation (SD) 
from 2 or 3 independent experiments. Differences between groups were 
considered statistically significant at p<0.05, and a trend was consid
ered at 0.05<p≤0.10.

3. Results

3.1. Acute myeloid Leukemia cells present different metabolic profiles

The different AML cell lines presented diverse patterns of lactate 
production (Fig. 1A–C). The promyelocytic cells (NB-4, and HL-60) 
displayed significantly higher levels of extracellular lactate than KG-1 
and MOLM13 cells at 24 h (Fig. 1A). Regarding glucose consumption, 
no significant differences were observed between the cell lines (Fig. 1B). 
When comparing the ratio of lactate production/glucose consumption, 
MOLM13 cells presented the lowest glycolytic profile compared to NB-4, 
HL-60, and KG-1 cell lines (Fig. 1C).

The expression of different proteins involved in glucose metabolism, 
namely GLUT1, HKII, LDHA, MCT1, and MCT4, as well as IDH1 and 
IDH2, cytoplasmatic and mitochondrial tricarboxylic acid (TCA) cycle 
enzymes, were analyzed in basal conditions for all AML cell lines by 
Western blot (Fig. 2 and Fig. S1). MOLM13 cells exhibited lower levels of 
glucose and lactate transporters (GLUT1, MCT1, and MCT4) and the 
enzyme LDHA (responsible for converting pyruvate into lactate), 
compared to the other cell lines, particularly NB-4 cells (Fig. 2A and B). 
These findings are consistent with the previous results. Additionally, the 
location of membrane transporters was evaluated by immunofluores
cence, confirming their presence at the cell membrane (Fig. 2C and 
Fig. S2). No differences were observed regarding HKII and IDH1 
expression among the cell lines (Fig. 2A and B), but MOLM13 cells 
displayed higher levels of IDH2 expression compared to other cell lines 
(Fig. 2A and B). Thus, AML cell lines showed different metabolic pro
files: HL-60 and NB-4 cells were the most glycolytic, followed by KG-1 
and MOLM13 cells.

3.2. 3-Bromopyruvate treatment sensitizes MOLM13 and KG-1 cells to 
chemotherapy

Next, we evaluated the response of AML cells to 3-BP, a glycolytic 
inhibitor. Cell viability was estimated after 24 h and 48 h of drug 
treatment and cell viability decreased in a dose (but not time) dependent 
manner for all AML cell lines (Figs. S3A–D). MOLM13 cells were the 
most sensitive to 3-BP compared to HL-60, NB-4, and KG-1 cells at 24 h 
and 48 h (Figs. S3E and F). Considering previous studies that demon
strated an enhancement of the chemotherapy effect when combined 
with a metabolic inhibitor [25–28], we proposed to test two different 
approaches (Fig. 3A and Fig. S4A). First, we evaluated the effect of 
combining 3-BP with DNR or Ara-C simultaneously in AML cell lines 
(Fig. S4A) for 48 h (Figs. S4B–I and Table 1). In these assays, we used the 
3-BP concentration based on estimated EC12.5 and EC25 values with the 
drugs and evaluated cell viability. A slight cell viability decrease was 
observed in KG-1 for Ara-C and in MOLM13 for Ara-C and DNR, where 
both EC50 values decreased at least twice for the combination with 3-BP 
EC25 plus drugs (Table 1 and Figs. S4D and I). We also observed that 
both combinations with 3-BP plus Ara-C decreased about 5-fold the EC50 
value for Ara-C in MOLM13 cells (Table 1 and Fig. S4H). No difference 
was observed in HL-60 and NB-4 (Fig. S4B-C and F-G, and Table 1).

As a second approach, to further decrease the toxicity of the drug 
combination, we evaluated the effect of a pre-treatment with a non-toxic 
concentration of 3-BP for 16 h, followed by the chemotherapeutic drugs 
(Fig. 3A). Different 3-BP concentrations were tested in all AML cell lines 
for a 16 h period, and 5 μM 3-BP was the one selected where no cell 
viability decrease was observed (Fig. 3B). Then, after the pre-treatment 

J. Pereira-Vieira et al.                                                                                                                                                                                                                         Free Radical Biology and Medicine 234 (2025) 192–202 

194 



with 5 μM 3-BP, cell viability, and EC50 values were determined for Ara- 
C and DNR in all AML cell lines (Table 2 and Figs. S5A–H). Pre-treatment 
with 3-BP only sensitized KG-1 and MOLM13 cells to chemotherapy, 
decreasing cell viability, and no effect was observed in HL-60 and NB-4 
cells (Fig. S5C–D and G–H). The EC50 values of DNR and Ara-C decreased 
about 4-fold in KG-1 cells and the EC50 values of Ara-C, but not in DNR, 
decreased 5-fold in MOLM13 cells (Table 2).

In general, both strategies enhance the effect of both drugs in KG-1 
and MOLM13 cells compared to HL-60 and NB-4 cells, with a greater 
effect observed with the 3-BP pre-treatment approach. Subsequently, we 
selected the KG-1 and MOLM13 cell lines to investigate the mechanism 
by which pre-treatment with 5 μM of 3-BP increases cell sensitivity to 
chemotherapy.

3.3. 5 μM 3-Bromopyruvate does not significantly alter glycolytic 
metabolism of AML cells

The blockage of energetic metabolism is the major anti-cancer 
mechanism described for 3-BP [16,17]. Thus, even though 5 μM 3-BP 
did not affect cell viability, we evaluated the effect of this concentra
tion on the glycolytic profile of AML cells. The extracellular lactate 
levels were not altered in any of the cell lines by the pre-treatment 
conditions, but an increase in the ratio of lactate production/glucose 
consumption was observed for KG-1 and MOLM13 cells, as well as a 
slight decrease in glucose consumption only for MOLM13 cells 
(Fig. 4A–C,E-G). Next, the mitochondrial activity was also determined 
by evaluating the ratio of Mitotracker Red/Mitotracker Green by flow 
cytometry, where we observed a trend to decrease of mitochondrial 
activity for KG-1 cells pre-treated with 3-BP (Fig. 4D), and no difference 
was observed for MOLM13 cells (Fig. 4H). Thus, the non-toxic concen
tration of 3-BP does not significantly interfere with the glycolytic profile 
and mitochondrial activity of AML cells (Fig. 4).

Additionally, as low concentrations of 3-BP (5 μM) can activate cell 
death pathways [24,29], cell death was evaluated in KG-1 and MOLM13 
cells were treated with 5 μM 3-BP (Fig. S6). The flow cytometry results 
showed that this concentration of 3-BP did not induce apoptosis or ne
crosis in any of the cell lines, in accordance with the previous cell 
viability results.

3.4. 5 μM 3-Bromopyruvate decreases the antioxidant capacity of AML 
cells

The levels of ROS and glutathione were assessed in KG-1 and 
MOLM13 cell lines to evaluate their antioxidant capacity upon exposure 
to 5 μM 3-BP (Fig. 5). For KG-1, we observed a significant increase in 
total glutathione (GSH), oxidized (GSSG), and reduced GSH (Fig. 5A–C) 
with a significant decrease in the ratio of reduced GSH (active) and GSSG 
(inactive, Fig. 5D). In addition, treatment with 5 μM 3-BP induced a 
significant increase in ROS production by KG-1 cells, which was 

reversed by NAC, an antioxidant, (Fig. 5E). These results suggest that, 
despite the increase in different forms of GSH, 3-BP decreases the anti
oxidant capacity of KG-1 cells by an increase in the production of ROS. 
For MOLM13, there was no difference in total GSH levels upon treat
ment with 3-BP, but there was a significant increase in GSSG and a 
decrease in reduced GSH (Fig. 5E–H) with a significant decrease in the 
ratio of reduced GSH and GSSG (Fig. 5I). For ROS production, there was 
a tendency for MOLM13 cells treated with 5 μM 3-BP to increase the 
levels of ROS compared to PBS, while NAC alone was able to signifi
cantly decrease the levels of ROS compared to PBS and 5 μM 3-BP. Still, 
3-BP plus NAC was able to further decrease the levels of ROS when 
compared to NAC (Fig. 5J).

Assuming that ROS production could be a mechanism by which 3-BP 
pre-treatment enhanced the effect of chemotherapy, we evaluated the 
effect of NAC, a GSH precursor capable of neutralizing ROS, on the drug 
effect in both KG-1 and MOLM13 cells pre-treated with 5 μM 3-BP 
(Fig. 6). For KG-1 cells, 20 μM NAC reverted the effect of pre- 
treatment with 5 μM 3-BP in both drugs, increasing the EC50 values 
for DNR in KG-1 cells pre-treated with NAC and NAC plus 3-BP (Fig. 6A), 
while the EC50 values of Ara-C were similar with untreated KG-1 cells 
(Fig. 6B). For MOLM13, NAC decreased the cell sensitivity to DNR, 
increasing their EC50 values in MOLM13 treated with NAC and NAC plus 
3-BP (Fig. 6C). For Ara-C, NAC alone was able to decrease the cell 
viability when compared to MOLM13 cells treated with PBS (Fig. 6D). 
Thus, using the NAC, a scavenger of ROS, to treat cells can not only 
protect them from the effect of 3-BP and chemotherapy but may also 
enhance their effect, depending on the cell line type and drug.

4. Discussion

AML is a neoplastic disease characterized by genetic diversity, 
affecting the differentiation and proliferation of cells, with an accumu
lation of immature cells, the myeloid blasts. This cell heterogeneity has 
compromised the understanding of AML development and progression 
but also the classification and the effectiveness of the therapeutic ap
proaches [1–4]. The heterogeneous nature of AML has also hampered 
the identification of a key metabolic signature, contributing to the 
controversy found in the literature [11–15,29–32]. In the present study, 
we started to characterize metabolically four human AML cell line 
models: MOLM13, an M5a-derived cell line that carries internal tandem 
duplication of FLT3; KG-1 cell line derived from a patient with eryth
roleukemia; NB-4 cell line from a patient with acute promyelocytic 
leukemia; HL-60 cell line from a patient with acute myeloid leukemia 
that can be also used for induction of differentiation studies [33]. The 
metabolic profiles observed in our study align with previous findings 
that classify NB-4 and HL-60 cells as more glycolytic, mainly due to 
AKT/mTORC1 activation [31], while MOLM13 cells favor OXPHOS [18,
34]. This difference may be explained by variations in mitochondrial 
activity and glycolytic profile, which influence their sensitivity to drugs 

Fig. 1. Glycolytic profile in AML cell lines in basal conditions. (A) Levels of extracellular lactate, (B) glucose consumption, and (C) ratio of lactate/glucose were 
evaluated after 24 h for NB-4, HL-60, KG-1, and MOLM13 cells. Results are presented as mean ± SD of three independent experiments. Statistical significance was 
calculated by one-way ANOVA followed by Tukey’s Multiple Comparison Test: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Fig. 2. Characterization of metabolism-associated protein expression and subcellular localization in AML cell lines. (A) Representative blots of two inde
pendent experiments and (B) analysis of the relative expression of GLUT1, HKII, LDHA, MCT1, IDH1, IDH2, and MCT4 proteins assessed by Western blot in the NB-4, 
HL-60, KG-1, and MOLM13 cell lines at 24 h, using tubulin or actin as loading controls. Results were quantified using the ImageJ software and normalized to 
respective loading control. Results are presented as mean ± SD. Statistical significance was estimated by one-way ANOVA followed by Tukey’s Multiple Comparison 
Test: *p ≤ 0.05; **p ≤ 0.01. (C) Localization of MCT1, MCT4 (green), and GLUT1 (red) is shown at the cell membrane of HL-60, NB-4, MOLM13, and KG-1 cells by 
immunofluorescence. Cell nuclei were counterstained with DAPI (blue). Images are representative of two independent experiments that were taken using the mi
croscope Olympus BX61 at 200x (scale bar 50 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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[29–32]. However, KG-1 cells appear to exhibit metabolic flexibility 
[18], suggesting a balance between glycolysis and respiration, which 
could influence their response to chemotherapy and potential combi
nations with metabolic inhibitors.

In clinical practice, the combination of an anthracycline, (e.g. DNR) 
with an anti-metabolite, Ara-C [3,35], consists in the standard treatment 
of AML. The concentrations of Ara-C and DNR used in this study reflect 
clinically relevant ranges (~0.1–3.0 μM and 0.01–0.05 μM, respectively) 
observed in patients’ plasma undergoing chemotherapy. Ara-C is typi
cally administered at plasma concentrations of approximately 1–10 μM 

in standard-dose regimens, while high-dose therapy can result in con
centrations of up to 100–200 μM [36,37]. For DNR, the peak plasma 
levels of range from approximately 1–2 μM [38–40]. Both drugs target 
DNA replication although with different mechanisms of action. A few 
different mechanisms have been described for DNR, such as intercala
tion with DNA, inhibition of topoisomerase II activity, and free-radical 
formation [41], while Ara-C is incorporated into DNA as a pyrimidine 
analog during the S phase of the cell cycle [42]. Although Ara-C is a 
mainstay of AML treatment, its cytotoxic mechanisms for inducing 
apoptosis are poorly understood. However, studies using AML cell lines 

Fig. 3. Determination of a non-toxic concentration of 3-bromopyruvate (3-BP) in AML cell lines. (A) Scheme of AML pre-treatment with 3-BP (16 h) followed 
by treatment with daunorubicin (DNR) or cytarabine (Ara-C) for 48 h. (B) Determination of a non-toxic concentration of 3-BP after 16 h for AML cell lines using the 
Trypan blue assay. Values are presented as cell viability relative to vehicle-treated cells normalized to 100 %. Values are given as mean ± SD and results are from at 
least three independent experiments with at least two replicates each. Statistical significance was calculated by one-way ANOVA followed by Tukey’s Multiple 
Comparison Test: ***p ≤ 0.001; ns, not significant. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)

Table 1 
Effect of combination with 3-bromopyruvate (3-BP) and chemotherapy in AML cell lines.

EC50 values ± SD (μM) for DNR and Ara-C with and without 3-BP

Treatment HL-60 Fold changea

(EC50)
NB-4 Fold changea

(EC50)
KG-1 Fold changea

(EC50)
MOLM13 Fold changea

(EC50)

DNR 0.029 ± 0.021 ─ 0.034 ± 0.022 ─ 0.052 ± 0.027 ─ 0.018 ± 0.008 ─
DNR þ 3-BP 

EC12.5

0.033 ± 0.021 0.9 ns 0.033 ± 0.017 1.0 ns 0.062 ± 0.006 0.8 ns 0.017 ± 0.008 1.1 ns

DNR þ 3-BP EC25 0.037 ± 0.026 0.8 ns 0.034 ± 0.026 1.0 ns 0.049 ± 0.019 1.1 ns 0.009 ± 0.003 2.0ns

Ara-C 0.078 ± 0.019 ─ 0.111 ± 0.058 ─ 0.457 ± 0.155 ─ 2.961 ± 0.750 ─
Ara-C þ 3-BP 

EC12.5

0.087 ± 0.007 0.9 ns 0.091 ± 0.053 1.2 ns 0.272 ± 0.091 1.6 ns 0.586 ± 0.158 5.1##

Ara-C þ 3-BP 
EC25

0.099 ± 0.039 0.8 ns 0.102 ± 0.063 1.1 ns 0.226 ± 0.105 2.0ns 0.480 ± 0.051 6.2###

EC50 values were estimated by applying a sigmoidal dose-response non-linear regression. Results are the mean ± SD of triplicates of at least three independents 
experiments with at least two replicates each. One-way ANOVA followed by Dunnet’s Multiple Comparison Test. ##p ≤ 0.01; ###p ≤ 0.001; ns, not significant.

a EC50 Chemotherapeutic drug/EC50 Chemotherapeutic drug + 3-BP.

Table 2 
Effect of pre-treatment with 3-bromopyruvate (3-BP) on response to chemotherapy in AML cell lines.

EC50 values ± SD (μM) for DNR and Ara-C in AML cells pre-treated or not with 3-BP

Treatment HL-60 Fold changea

(EC50)
NB-4 Fold change 

(EC50)
KG-1 Fold change 

(EC50)
MOLM13 Fold change 

(EC50)

DNR 0.005 ± 0.003 ─ 0.015 ± 0.010 ─ 0.023 ± 0.004 ─ 0.013 ± 0.008 ─
3-BP PT þ DNR 0.004 ± 0.002 1.3 ns 0.011 ± 0.015 1.4 ns 0.005 ± 0.004 4.6## 0.017 ± 0.008 0.8ns

Ara-C 0.072 ± 0.041 ─ 0.495 ± 0.531 ─ 0.644 ± 0.205 ─ 2.670 ± 1.138 ─
3-BP PT þ Ara- 

C
0.117 ± 0.069 0.6 ns 0.479 ± 0.265 1.0 ns 0.143 ± 0.022 4.5# 0.525 ± 0.316 5.1#

PT - 5 μM pre-treatment for 16 h.
EC50 values were estimated by applying a sigmoidal dose-response non-linear regression. Results are the mean ± SD of triplicates of at least three independents 
experiments with at least two replicates each. Statistical significance was estimated by the unpaired two-tailed Student’s t-test: #p ≤ 0.05; ##p ≤ 0.01; ns, not 
significant.

a EC50 Chemotherapeutic drug/EC50 3-BP PT → Chemotherapeutic drug.
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and human primary AML cells associated metabolic reprogramming 
with chemo-resistance, showing that enhanced glycolysis decreases 
AML cell sensitivity to Ara-C, while the inhibition of glycolysis improved 
drug cytotoxicity [11,14,15]. On the other hand, the ability of these 
anti-leukemic drugs to induce apoptosis through ROS production has 
been demonstrated, as well as the importance of the antioxidant ca
pacity of AML cells to protect themselves from the drug effect [43,44].

Since metabolic reprogramming has been identified as a key factor 
influencing the effect of chemotherapy in AML, we aimed to explore the 
chemo-sensitizing properties of 3-BP. While its potential as an anti
cancer agent is well-documented, high doses have been associated with 
toxicity in vivo [16,45]. Chang et al. demonstrated that selective 
intra-arterial administration of 5–25 mM 3-BP in the rabbit model 
causes considerable toxic effects, not only in the liver but also in the 
gastrointestinal system. These effects (hemorrhagic pyloric, duodenal 
necrosis and hepatotoxicity) were dose-dependent, with high doses 
leading to death [45]. In this study, we aimed to use a low concentration 
of 3-BP to minimize its toxic effects. We showed that a non-toxic con
centration of 5 μM did not affect cell viability.

In the present study, we demonstrated that the pre-treatment with a 
non-toxic concentration of 3-BP boosted the effect of the drugs, once 
again in the less glycolytic cell lines, KG-1 and MOLM13. 3-BP, a halo
genated derivative of pyruvate, is mainly described as a glycolytic in
hibitor [16,17], having two major anti-cancer mechanisms: it blocks 
energetic metabolism and induces cell death. As an MCT substrate, 3-BP 
selectively enters cancer cells via MCT1, and inhibits HKII activity by 
alkylation during glycolysis, suppressing the production of ATP [23]. 
HKII binds mitochondrial Voltage-Dependent Anion Channels (VDACs) 
that support the impermeabilization of mitochondrial membrane for 
activation of cell death pathways. Once 3-BP inhibits HKII, the cell death 
mediators can induce the release of cytochrome c located at the 
inter-membrane mitochondrial space [24]. Additionally, the effect of 
different concentrations of 3-BP were reported for HL-60 and NB-4. It 
was previously reported that 3-BP caused concentration-dependent cell 

death, metabolic inhibition, and glutathione (GSH) depletion of AML 
cells, inducing apoptosis and/or necrosis and oxidative stress at 20–30 
μM [29]. Herein, we tested a lower concentration of 3-BP, 5 μM, where 
we did not observe an association between the effect of 3-BP with 
metabolism phenotype-associated protein expression neither with 
glycolytic profile nor with cell death induction. Considering the alky
lating and oxidizing properties of 3-BP [16,17,29], we demonstrated 
that 5 μM 3-BP decreased the AML antioxidant capacity, depleting the 
reduced GSH levels by ROS production. GSH can act directly as an 
antioxidant to protect cells against free radicals and pro-oxidants, as 
well as a cofactor for antioxidant and detoxification enzymes such as 
glutathione peroxidases and glutathione S-transferases [46]. Other 
studies have also provided evidence that 3-BP may attack cysteine res
idues present in GSH, as a thiol blocker [47,48].

The results show a difference in basal GSH levels between KG-1 and 
MOLM13 cells, which suggests that KG-1 cells may be more resistant to 
oxidative stress-inducing treatments, such as 3-BP. This aligns with our 
observations, where NAC, a GSH precursor, provides a protective effect 
(Fig. 6), likely through a ROS scavenging effect [47]. Although KG-1 
cells could have greater antioxidant defenses compared to MOLM13, 
3-BP may overcome these defenses, by exacerbating DNR-induced 
oxidative stress and leading to increased cytotoxicity [49]. In contrast, 
MOLM13 cells, which have lower basal ROS levels and a preference for 
OXPHOS metabolism [18,34], may be less susceptible to oxidative 
stress-inducing agents. On the other hand, both cell lines were more 
sensitive to Ara-C after 3-BP pre-treatment. Despite its main mechanism 
of action of incorporation of the drug into DNA, there is evidence that 
Ara-C induces oxidative stress in leukemic cells by generating ROS [50].

The role of ROS in cancer, including in AML is paradoxical. 
Depending on the context, ROS, and antioxidants can either promote or 
prevent tumor formation or progression [43,49]. High ROS levels can 
induce nuclear factor erythroid 2-related factor 2 (Nrf2) nuclear trans
location in cells, leading to metabolic reprogramming [51]. At the same 
time, Nrf2 is a major regulator of oxidative stress resistance. Upon 

Fig. 4. Effect of the pre-treatment with 3-bromopyruvate (3-BP) on the glycolytic profile and mitochondrial activity of AML cell lines. (A–D) KG-1 and 
(E–H) MOLM13 cells were treated with 5 μM 3-BP for 16 h. Then, levels of extracellular lactate (A, E), glucose consumption (B, F), and ratio of lactate and glucose (C, 
G) were evaluated. (D, H) Mitochondrial activity was estimated by the mitochondrial polarization/mitochondrial mass ratio. MFI, mean fluorescence intensity. 
Results are from three independent experiments. Statistical significance was estimated by the unpaired two-tailed Student’s t-test: *p ≤ 0.05.

J. Pereira-Vieira et al.                                                                                                                                                                                                                         Free Radical Biology and Medicine 234 (2025) 192–202 

198 



Fig. 5. Effect of the pre-treatment with 3-bromopyruvate (3-BP) on the antioxidant capacity of AML cell lines. (A, F) Total, (B, G) oxidized and (C, H) reduced 
glutathione (GSH, GSSG oxi., GSH red., respectively) levels were assessed after treatment with 5 μM 3-BP for 16 h (colorimetric kit) and (D, I) the ratio of GSH red./ 
GSSG oxi calculated in (A–E) KG-1 and (F–J) MOLM13 cell lines. Data were normalized to the number of cells. Statistical significance was estimated by the unpaired 
two-tailed Student’s t-test. (E, J) Production of reactive oxygen species (ROS) was measured using flow cytometry. MFI, mean fluorescence intensity; N-acetyl 
cysteine (NAC). Statistical significance was estimated by the unpaired two-tailed Student’s t-test (A-D, F-I) and one-way ANOVA followed by Tukey’s Multiple 
Comparison Test (E, H): *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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activation, Nrf2 translocates to the nucleus and binds antioxidant 
response elements, triggering the expression of antioxidant genes [49,
52] Interestingly, there is evidence that NAC, which typically reduces 
oxidative stress, can also increase Nrf2 expression [53,54]. This could 
explain why NAC, a ROS scavenger, not only protects cells from the 
effects of 3-BP and chemotherapy but may also enhance their effects in 
MOLM13 cells.

The mechanism of action of classical drugs used long ago in the 
treatment of hematological malignancies, favors pro-oxidant mecha
nisms [43]. Apart from increasing ROS, this approach can lead to 
damage of lipids and proteins, DNA mutations, mitochondrial stress, 
reduced antioxidant capacity, and cell cycle arrest, all of which have 
been implicated in cell injury and cell death [29–33,35,41,42,44]. 
However, prolonged exposure to chemotherapy-induced ROS may in
crease genetic instability in cancer cells due to ROS-induced mutations 
and in this way contributes to the high toxicity of treatment and even
tually, chemoresistance in AML patients [55–57]. In our study, we 
envisaged a strategy to boost the chemotherapy effect by combining 
3-BP with conventional chemotherapeutic drugs and simultaneously 
decreasing their toxicity. The effect of 3-BP as a chemo-sensitizing agent 
was tested by two approaches: i) a combination of low concentrations of 
3-BP simultaneously with the DNR and Ara-C and ii) a pre-treatment 
with a non-toxic concentration followed by the drugs. It became 
evident that both strategies boosted the effect of chemotherapy only in 
the MOLM13 and KG-1 cell lines, with pre-treatment having a greater 
effect by decreasing cell viability and consequently a significant 
decrease of EC50 values for DNR and Ara-C.

Overall, in the different AML cell line models used in this study, we 
were able to highlight the importance of incorporating a metabolic 

characterization and antioxidant capacity of the malignant cells to guide 
the selection of therapeutic strategies in such a heterogeneous disease. 
We demonstrated the chemo-sensitizing activity of 3-BP was mainly due 
to its capacity to weaken AML antioxidant capacity.

5. Conclusions

Herein, we used four AML cell lines that had different metabolic 
profiles and different responses to 3-BP. Combination with 3-BP boosted 
the effect of chemotherapy in the less glycolytic cells, MOLM13 and KG- 
1, with the pre-treatment strategy having the greatest effect by 
decreasing DNR and Ara-C EC50 values. The increase in ROS levels 
induced by 3-BP pre-treatment appears to be responsible for boosting 
the effect of DNR and Ara-C, by decreasing their effective concentra
tions. Further, treating cells with the ROS scavenger NAC, not only 
protects cells from the effect of 3-BP and chemotherapy but may also 
have chemotherapy effect, depending on the cell type and drug. Thus, 
combination of chemotherapy with ROS-inducing drugs has the poten
tial to boost the response of AML cells to chemotherapy, which should be 
further explored in clinics, not only to enhance the effectiveness of 
treatment but also to decrease its associated toxicity.
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