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Abstract 

Deregulated energy metabolism is a hallmark of cancer, characterized by increased 

glycolytic flux. Cancer-specific modification of 6-phosphofructo-1-kinase (PFK) 

impairs its ability to regulate the enzyme’s activity which increases glycolytic flux. 

Consequently, excessive cytosolic NADH formation triggers a harmful redox imbal-

ance in cancer cells, which is rapidly neutralized by the formation of lactic acid and 

superoxide (SOX). To learn more about deregulated glycolysis in cancer cells, a 

supercomputer used the atomic model of the crystal structure of human PFK1 for 

virtual screening a database of 4.5 million compounds by docking with the cata-

lytic binding sites of the enzyme. The screening revealed two compounds capable 

of reducing modified, cancer-specific PFK1 activity and simultaneously suppress-

ing lactate and SOX formation. A dose-dependent inhibition was observed in the 

cells treated by compounds in the following tumorigenic cells: Jurkat (Acute T cells 

leukemia); Caco-2 (colorectal adenocarcinoma); COLO 829 (melanoma); and 

MDA-MB-231 (breast gland adenocarcinoma). In addition, two selected compounds 

assessed for cytostatic and cytotoxic activity showed no negative effects on tum-

origenic cells. However, during incubation, the strengths of inhibitions continuously 

decreased, both during lactate and SOX formation. No such effects were observed if 

compounds were sequentially submitted to the cells at low concentrations every 24 

hours. Additional experiments performed by Jurkat cells revealed reduced respiration 

and glycolysis rates in the cells treated with compounds concerning the untreated 

cells. Inhibition of modified cancer-specific PFK1 activity reduces deregulated glyco-

lytic flux, prevents abundant cytosolic NADH formation, and restores redox balance 

thus simultaneously preventing the formation of deleterious effects of lactate and 

SOX, two crucial players in cancer initiation and development.
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Introduction

Cancer is a disease characterized by uncontrolled cell proliferation, whereas in nor-
mal, differentiated cells, growth and replication are tightly controlled by growth factors 
and signal transduction. To maintain their growth, cancer cells undergo complex 
restructuring characterized by changes in metabolic pathways involved in energy pro-
duction and biosynthetic processes. One of these changes, designated a “hallmark of 
cancer” [1], is the deregulation of cellular energetics.

There are reasons to believe that the post-translational modification of 
6-phosphofructo-1-kinase may cause aberrant energy metabolism in cancer cells [2]. 
The native human 6-phosphofructo-1-kinase (PFK1) (EC 2.7.1.11) exhibits the most 
complex control of the glycolytic pathway in normal cells, surpassing the regula-
tory functions of other allosteric enzymes. PFK1 catalyzes the phosphorylation of 
fructose-6-phosphate to fructose-1,6-bisphosphate using Mg-ATP as a phosphoryl 
donor [3]. PFK1 is stimulated by fructose-2,6-bisphosphate (F-2,6-BP), ADP/AMP, 
and ammonium ions, whereas citrate and ATP act as potent inhibitors [4].

Three different PFK1 genes are present in the human genome: muscle type 
(PFK-M), 85.183 Da [5]; liver type (PFK-L), 85.018 Da [6]; and platelet type (PFK-P), 
85.596 Da [7], which are expressed differently in specific tissues. Different levels of 
isoenzymes have also been found in tumor-forming cells [8] and may differ in certain 
stages of growth in individual tumors [9].

During evolution, eukaryotic PFK1 enzymes developed by duplication, tandem 
fusion, and divergence of a prokaryotic ancestor’s catalytic and effector binding 
sites [10]. However, the strict conservation between the active site residues in 
the N-terminal segment of the eukaryotic enzyme and those of bacterial PFKs 
suggests that the active site of eukaryotic PFK1 is located in the N-terminal part 
[10]. In contrast, the allosteric ligand binding sites, which have arisen during 
evolution through mutations in the C-terminus, allow fine-tuning of the regulatory 
enzyme through the increased levels of specific downstream metabolites. One of 
the allosteric ligands is citrate, which acts as a potent inhibitor of all mammalian 
PFK1 isoforms [11], while some effectors, such as fructose 2,6-bisphosphate, 
increase the activity of the enzyme to a higher level than that of the native 
enzyme. The native 87-kDa PFK1s is, therefore, a key regulatory enzyme of 
glycolysis.

We were the first to show that in cancer cells, the human native PFK1 enzymes, 
which are generally under the control of feedback inhibition, undergo post-
translational modifications. After proteolytic cleavage of the C-terminal part of the 
enzyme, highly active, shorter 45-47 kDa in PFK-M isoenzyme [2], and 70 kDa in 
PFK-L isoenzymes fragments [12] are formed that are insensitive to citrate and ATP 
inhibition. However, no post-translational modification of PFK-P isoform has been 
observed in MDA-MB-231 cells [13] or other tumorigenic cells.

Deregulated cancer-specific, highly active PFK-M, and PFK-K fragments lacking 
allosteric binding sites trigger uncontrolled glycolytic flux and abundant cytosolic 
nicotinamide adenine dinucleotide (NADH) generation as a by-product of glycol-
ysis. This occurs at the sixth step of glycolysis acolytes where two molecules of 
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glycerol-3-phosphate are oxidized to two molecules of 1,2-bisphosphoglycerate coupled with the reduction of NAD+ to 
NADH by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [14].

The balance between NADH/NAD+ and NADPH/NADP+ (nicotinamide adenine dinucleotide phosphate) is vital in all 
organisms. Both pyridine nucleotide molecules act as freely diffusible electron carriers; however, they are engaged in dis-
tinct metabolic pathways. NADH drives energy production in the cytosol by glycolysis and in the mitochondria by oxidative 
phosphorylation, while NADPH governs reductive biosynthesis, antioxidation, and oxidative stress [15]. To maintain redox 
homeostasis in proliferating cells, redundant cytosolic NADH must be re-oxidized by two mechanisms; in the cytosol, 
NADH is re-oxidized by reducing pyruvate as the last step of glycolysis, into lactic acid, which is finally transported out of 
the cells [16]. The effect of deregulated metabolic flux, redox imbalance, and abundant NADH formation was observed in 
pfk-null S. cerevisiae hosting recombinant highly active cancer-specific PFK-M enzyme [17].

The extracellular accumulation of lactic acid leads to acidification of the tumor microenvironment, creating a pH 
gradient between the extracellular pHe (6.6-6.9) and the intracellular pHi (7.2-7.5), which supports the malignant 
phenotype [18] characterized by immune evade [19], metastases [20], triggering angiogenesis [21], and inflammatory 
responses [22].

Simultaneously the malate-aspartate shuttle translates some redundant cytosolic NADH into the mitochondrial com-
partment [23]. When NADH molecules need to be re-oxidized (each NADH molecule donates one pair of electrons), the 
electrons are passed to the mitochondrial electron transport chain (ETC). Still, some escape permanently from the ETC 
and react directly with oxygen to generate Superoxide ions (O

2
-.) Most commonly, superoxide (SOX) is formed at cyto-

chrome III level by incomplete one-electron reduction of oxygen [24]. SOX is short-lived but can be rapidly converted into 
other Reactive oxygen species (ROS). By superoxide dismutase hydrogen, peroxide (H

2
O

2
) is formed, which is more 

stable and can diffuse throughout the cell. Increased steady-state cytosolic concentrations of SOX may also reduce tran-
sition metals, which in turn react with H

2
O

2,
 producing hydroxyl radicals (OH•) [25]. Hydroxyl radicals are strong oxidants 

capable of irreversible nitration of proteins, inactivating enzymes, and causing DNA lesions [26].
In the past, numerous attempts were made to suppress the individual synthesis of lactate or SOX by inhibiting various 

metabolic targets. However, suppressing one method of NADH re-oxidizing must inevitably increase another system of 
re-oxidation to maintain appropriate redox balance. Using small-molecule inhibitors to suppress cancer-specific PFK1 
activities to the level of normal PFK1 cells, seems to be the more effective method for reducing deregulated glycolysis 
flux.

This study shows that selected small-molecule inhibitors discovered to reduce modified cancer-specific PFK1 activities 
are suitable means for inhibiting dysregulated glycolytic flux in cancer cells simultaneously preventing lactate and SOX 
formation. The reduced glycolytic flux avoids excess cytosolic NADH formation and shows no cytostatic and cytotoxic 
effects. Besides, by suppressing lactate and SOX formation detrimental developmental effects such as angiogenesis, 
immune evade, metastases, and mutations are prevented (Fig 1).

Materials and methods

PFK1 molecular modeling and small-molecule inhibitors screening

To find the drugs inhibiting highly active, cancer-specific PFK1s, the atomic model of the human PFK-P iso-enzyme 
was designed based on the crystal structure of the human PFK-P tetramer (UniProt Q01813) in combination with ATP–
Mg2+ at a resolution of 3.1 Å (Protein Data Bank accession number 4XYJ) [27]. In collaboration with the Laboratory for 
Molecular Modelling at the National Institute of Chemistry, Ljubljana, the ZINC Drug NOW database was first filtered to 
exclude expected aggregators and poorly soluble compounds. By using a supercomputer (CROW 16, National Insti-
tute of Chemistry, Ljubljana, Slovenia) with approximately 3,000 processor cores, large-scale virtual screening was 
performed by docking with ProBiS-Dock algorithm [28,29] to the catalytic ATP binding site of PFK-P/PFK-M and PFK-L 
isoenzymes.
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Tumorigenic cell lines

The tumorigenic cell lines Jurkat (acute T cell leukemia; TIB-152), Caco-2 (colorectal adenocarcinoma; HTB-37), COLO 
829 (melanoma; CRL-1974), were purchased from American Type Culture Collection (Manassas, Virginia, USA) while 
MDA-MB-231 cells (breast gland adenocarcinoma; CRM-HTB-26) were obtained through the courtesy of investigators at 
Josef Stefan Institute (Ljubljana, Slovenia). Mycoplasma testing was performed on all cell lines before being used in the 
experiments.

Cellular and metabolic analyses

If not specified differently, the tumorigenic cells were plated in the RPMI 1640 GlutaMax medium (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 10% FBS at the concentration of 5 × 105 cells per mL. The cells were 
incubated at 37oC and 5% CO

2.
 Different concentrations of specific inhibitors were added to the medium at the beginning 

Fig 1.  A schematic presentation of simultaneous prevention of lactate and ROS/SOX generations by using small-molecule compounds to 
reduce the activity of cancer-specific 6-phosphofructo-1-kinase (PFK1). Dysregulated metabolic processes in cancer lead to the formation of 
numerous glycolytic intermediates, including cytosolic NADH. As abundant NADH is formed at the level of glyceraldehyde-3-phosphate, the cellular 
redox system becomes unbalanced. Excess NADH must be reoxidized immediately to avoid damaging disruption through lactate and superoxide for-
mation. While NADH is mainly reoxidized in the cytosol by reducing pyruvate to lactate, part of the NADH enters the mitochondrial compartment through 
the aspartate-malate shuttle. Mitochondrial NADH is oxidized by donating electrons to the electron transport chain (ETC) in oxidative phosphorylation 
(OXPHOS). If there is an excess of electrons, some can incompletely reduce the oxygen with a single electron and form superoxide. Small molecule 
cmpds of 6-phosphofructo-1-kinase (PFK1) reduce the activity of the enzyme’s highly active, cancer-specific form to the level of normal PFK1 enzymes. 
At the same time, the metabolism in the cancer cells is reduced, and the formation of abundant NADH is suppressed. Restoring the redox balance elimi-
nates the need for NADH reoxidation, and prevents lactate and superoxide formation.

https://doi.org/10.1371/journal.pone.0321998.g001

https://doi.org/10.1371/journal.pone.0321998.g001
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of inoculation. An adequate amount of DMSO used in the solution with the specified concentrations of compounds was 
added to the vehicle.

Lactic acid measurements.  For measuring lactate concentrations in the medium, 20 µL samples were taken at specified 
time intervals, centrifuged at 1200 rpm for 5 minutes at 4oC and 15 µL supernatants were preserved at 4oC until analyzed.

Lactate levels were assessed enzymatically using an L-Lactic acid assay kit (K-LATE, Megazyme, Bray, Ireland) and 
measured according to the manufacturer’s instructions.

SOX/ROS measurements.  For measuring intracellular levels of reactive oxygen species tumorigenic cell lines 
were initially grown in the RPMI 1640 GlutaMax medium, as described above. After 78 hours cells were washed by 
centrifugation, and an aliquot of 1 × 105 cells was placed into 1 mL of phenol red-free IMDM medium (Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented with 10% of FBS. The cells were incubated for an additional 3 hours before 
measurement.

For detecting ROS and SOX levels in the cells, 100 µL of medium was washed with PBS by standard centrifugation 
protocol and then placed into a well on the 96-well black wall/clear bottom plate. To each well 100 µL ROS detection 
reagent (Green) and SOX detection reagent (Orange) were added as specified in the Cellular ROS/SOX Detection Assay 
Kit (ab139476 Abcam, Cambridge, UK). For measuring superoxide Cellular Superoxide Detection Assay Kit (ab139477 
Abcam, Cambridge, UK) was used that contains “Orange” but not the “Green” reagent. Relative fluorescence was mea-
sured by a microplate reader (Biotek, Vermont, USA), using Ex/Em 525 nm for the “Green” and Ex/Em 550/620 for the 
“Orange” reagent. For the positive control ROS inducer Pyocyanin was used and for the negative control ROS inhibitor 
N-acetyl-L-cysteine was used according to the manufacturer’s instructions.

Cytostatic and cytotoxic assays

Cytostatic assay.  Total Cell numbers at the end of incubation (72 hours) were determined by the XTT cell proliferation 
assay Kit (Cat. No. 30-1011K, ATCC, Manassas, Virginia) according to the manufacturer’s instructions. Untreated cells 
and cells treated with different concentrations of inhibitors were incubated for 72 hours before alive cellular biomass was 
determined according to the manufacturer’s instructions.

Cytotoxicity.  Cell viability was determined by the Cytotoxicity Detection Kit (LDH) (Cat. No. 11 644 793 001, Sigma-
Aldrich, Steinheim, Germany) according to the manufacturer’s instructions. As a negative control, 100 µL Triton X-100 
was added to wells containing 1mL medium with cells. For the survival evaluation in the dose-dependent tests, the 
measurements were conducted at the end of incubation at 72 hours of growth in the medium.

Measurements of respiratory and glycolytic rates and capacities

The efficiency of PFK1 inhibitors was evaluated by measuring respiratory and glycolytic rates and capacities in treated 
and untreated Jurkat cells. For this experiment, the Seahorse XFp instrument (Agilent Technology, Santa Clara, CA, 
USA) was used under standard conditions before and after the addition of 1 µM of oligomycin A and 0.25 µM of Carbonyl 
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP). The cells were incubated in RPMI 1650 GlutaMAX medium and 
inoculated with inhibitors No. 9 and No. 30 at the final concentration of 10 µM. An adequate amount of DMSO was added 
to the vehicle. After 24 hours of growth, the cell numbers were normalized to (3.33x106 per mL). For the experiment 400 
µl culture was washed by centrifugation and placed into XF Base medium with added glucose (10 mM), glutamine (2 mM), 
and Na-pyruvate (1 mM). A day before the experiment the Kit boxes were poured with poly-l-lysine (50 µL) (cell sticker) 
which was removed before the medium with Jurkat cells was added. The measurements were conducted essentially as 
described in the Seahorse XFp protocol. After 20 minutes of incubation respiration and glycolytic basal rates were mea-
sured, followed by adding 1 µM of oligomycin A (ATP synthase inhibitor) and 0.25 µM of FCCP (mitochondrial oxidative 
phosphorylation uncoupler). After 6.5 minutes OCR and ECAR values were determined again to compute maximal respi-
ration and glycolytic capacity.
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Co-culture of tumorigenic Jurkat cells and activated T-cells

Isolating immune cells.  Peripheral Blood Monocyte Cells (PBMCs) were donated by Dr. V. Forstnerič, a colleague 
in the lab. Samples were obtained with informed consent and according to the study protocol approved by the National 
Medical Ethics Committee (0120-21/2020/4). Depletion of non-T cells from the PBMCs was conducted by Ficoll® Paque 
gradient centrifugation followed by Pan T Cell Isolation kit according to the manufacturer’s instructions (Miltenyi Biotec 
GmbH, Auburn, CA). Consequently, unharmed T-cells were isolated containing levels of enriched CD4 helper T-cells and 
CD8 cytotoxic T-cells. Isolated T-cells were grown in 12 well plates containing 1 mL medium. Growth stimulating medium 
contained in a total volume of 50 mL, X-Vivo 15 medium (Lonza, Basel, Switzerland) plus 5% FBS; 6.25 µL of 80 IU/mL 
IL-2; 70 µL/mL ImmunoCultTM human CD3/CD28 T-cell activator (Stemcell Technologies, Vancouver, Canada); and 0.17 µL 
5 µM 2-mercaptoethanol. The T-cells were seeded in the medium at a concentration of 5.105 cells per mL. After 3 days of 
incubation when the number of stimulated cells reached 2–3.106 cells per mL, DMSO was added to the final concentration 
of 10%, and the activated T-cells were stored at -80oC until use.

The combined growth of Jurkat cells and activated T-cells.  Before the start of the co-culture, the Jurkar cells were 
pre-grown in RPMI 1640 GlutaMax medium without sodium bicarbonate to enable pH alternation (Product number R6504, 
Sigma-Aldrich, Steinheim, Germany) with added FBS to the final concentration of 10% and incubated as specified above. 
The specific inhibitors were added to 10 µM concentration and sequentially reintroduced at 24-hour intervals. The tests 
started with 1 × 105 cells per mL. After 72 hours of Jurkat cell growth, immediately after the sequential reintroduction of 
inhibitors, the cells were collected with centrifugation, and the supernatant was saved for further experiments. An aliquot 
of precipitated Jurkat cells was added to 1mL of pre-used supernatant to reach a final cell number of 1.104 cells per mL. 
The pre-used medium has been taken to maintain the pH value of the medium during the co-culture experiment. Finally, to 
each well with Jurkat cells an aliquot of activated T-cells was added (5.104 per mL). Before measuring the co-culture was 
incubated under standard conditions for 18 hours.

Measuring apoptosis in a co-culture of Jurkat cells and activated T-cells.  Early and late-stage apoptosis of 
Jurkat cells in a co-culture were detected after washing cells with PBS and adding fluorescently labeled apoptotic 
dye Annexin V and viability dye 7-AAD. eBioscience Annexin V Apoptosis Detection Kit eFluor 450 (Cat. No 88-
8006) (Thermo Fisher Scientific, Waltham, MA, USA) was used for all experiments according to the manufacturer’s 
instructions.

Fluorescence was measured using a Spectral Flow Cytometer (Aurora Cytometer, Cytek Biosciences, Amsterdam, The 
Netherlands) and analyzed using FloJo software (Tree Star Inc., San Carlos, CA, USA). Annexin V+/7-AAD+ (late apop-
totic) and annexin V+/7-AAD- (early apoptotic) cells were quantified by the frequency of fluorescently labeled cells and 
statistical significance was assessed by the two sample T-test (independent variable).

Statistics

Data are representative of three independent measurements and are presented as means ±(SD) (n = 3). Calculations from 
three independent experiments were performed with evaluation of statistical significance using two-tail Student’s T-tests 
(Graph Pad Prism version 3.0 (Graph Pad Software).

Results

Selected compounds

In the human PFK1 isozymes, two types of binding sites characteristic of a) the PFK-P/PFK-M isoform and b) the PFK-L 
isoform were used for virtual screening of the ZINC Drug NOW database on a supercomputer. Of the 38 compounds 
chosen by the screening, 33 were commercially available, 18 were selected by docking to the PFK-P/PFK-M type of ATP 
catalytic binding site, and 15 were more likely to bind to the PFK-L type of ATP binding site.
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Preliminary screening of selected compounds for suppressing lactate and superoxide (SOX) formation in four 
tumorigenic cell lines

First, all selected compounds (33) were tested for suppressing lactate and SOX by 4 tumorigenic cell lines. In the exper-
iment, tumorigenic cell lines were inoculated with 50 µM of the respective potential inhibitors at an initial concentration of 
1 × 106 cells and incubated for 36 hours. The concentrations of extracellular lactate and mitochondrial SOX were deter-
mined as described in the Materials and Methods. The statistically significant difference between untreated cells (DMSO 
control vehicle) and cells treated with each inhibitor was determined.

Jurkat cells showed the lowest value of significant difference in lactate suppression compared to untreated cells with 
cmpd No. 9, while cpmds No. 3, 23, and 30 showed higher values. Similar results were obtained for the suppression of 
SOX formation, with cmpds No. 30 showing the most significant difference, while cmpds No. 3 and 9 were less effective. 
No significant differences were observed between vehicles and cells treated with other compounds for the lactate or SOX 
generations (Fig 2).

In Caco-2 cells, the most striking statistical differences were found in suppressing lactate by cmpds No. 3, 9, 23, and 
30, while the most potent suppression of SOX formation was by cmpds No. 3, 9, 30, and 32. No significant differences 
were observed in either lactate or SOX formation between the vehicle and cells treated with other compounds (S1 Fig).

Lactate formation was also significantly suppressed in COLO 829 cells when treated with cmpd No. 3, 9, 29, and 30. 
However, cmpd No. 9 showed the most significant differences. The cmpds No. 3, 9, 23, and 30 showed significant differ-
ences in SOX suppression between vehicle and treated cells. No significant differences were observed between vehicles 
and cells treated with other compounds for either lactate or SOX generations (S2 Fig).

Significant differences in lactate suppression in MDA-MB-231 cells between vehicle and cells treated with cmpds No. 
3, 9, or 30 were observed, with cmpds No. 9 and 30 showing more decisive differences. Cells treated with cmpd No. 30 
also showed the lowest P values for suppression of SOX formation; however, they were slightly reduced, but significant 
abilities to suppress SOX formation were observed in the presence of cmpds No. 3 or 9. No significant differences were 
observed in either lactate or SOX formation between the vehicle and cells treated with other compounds (S3 Fig).

Of the 33 compounds selected by screening, cmpds No. 3, 9, 23, 29, 30, 31, and 32 (marked in red in Fig 3) exhibited 
the ability to strongly suppress lactate or superoxide formation in at least one tumorigenic cell line (Table 1).

Fig 2.  Preliminary screening of selected compounds for suppressing lactate and superoxide formation in Jurkat cells. First, all 33 commercially 
available compounds selected by screening were examined to determine whether they suppress the formation of lactate and mitochondrial superox-
ide (SOX) by Jurkat cells. After 36 hours of incubation, statistically significant differences were observed between untreated (vehicle) and treated cells 
exposed to 50 µM of each inhibitor. In the Jurkat cells, four cmpds were found to suppress lactate (P* < 0.005), compared to the vehicle. However, the 
lowest level of significant difference in lactate suppression between treated and untreated cells was observed by cmpd No. 9, (P** < 0.001). By measur-
ing SOX suppression, cmpd No. 30 proved to be the most successful (P** < 0.001), while cmpds No. 3 and 9 showed slightly higher values (P* < 0.005), 
compared to the vehicle. All compounds that showed a more potent inhibitory effect on a tumorigenic cell are marked in red.

https://doi.org/10.1371/journal.pone.0321998.g002

https://doi.org/10.1371/journal.pone.0321998.g002
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S1 Table and Text lists the inhibitors’ assigned numbers, structures, molecular weights, and supplier codes.
However, campuses No. 3 and 9 strongly inhibited unwanted metabolic activities in all tested tumorigenic cells. Sim-

ilarly, cmpd No. 30 could also be considered a strong inhibitor, as a slightly lower level of SOX suppression was only 
observed in COLO 829 cells.

Half maximal inhibitory concentrations (IC50) of selected compounds

To evaluate the ability of selected compounds to suppress the activities of the recombinant human native and modified 
PFK-M and PFK-L enzymes, they were constructed in yeast S. cerevisiae as a host organism (S1 Text), partially purified, 
and their activities assayed (S2 Text).

Among the inhibitors that preferentially bind to the PFK-P/PFK-M type ATP site, two cmpds (No. 3 and 9) showed 
potent inhibitions of the highly active modified sfPFK-M enzymes with half maximal inhibitory concentrations (IC

50
 values) 

of approximately 15 µM and 17 µM, respectively. Although cmpd No. 3 also significantly reduced the activity of the native 
nPFK-M enzyme (IC

50
, 18 µM), not as potent as inhibition of the native enzyme was observed by cmpd No. 9 (IC

50
, 41 µM).

Fig 3.  Half maximal inhibitory concentrations (IC50) of selected compounds. In the graphs, the red horizontal lines present the intersections among 
the concentrations of modified sfPFK-M enzymes, while horizontal blue lines are from native nPFK-M enzymes. The vertically dashed line shows the 
half-maximal PFK-M activities of enzymes treated by different concentrations of selected compounds. Selected compounds were evaluated for their 
ability to reduce purified human PFK1 enzyme activities in vitro. Cmpds No. 3 and 9, which preferentially bind to the ATP-binding site of PFK-M, inhibited 
both the native (85 kDa) enzyme and the shorter (47 kDa) fragment. Still, more significant inhibition was observed in modified, cancer-specific shorter 
forms. Reaching IC

50
 relative activity at cmpd No. 3, 15 µM and cmpd No. 9, 17 µM). In contrast, more significant differences were observed between the 

inhibitions of native and modified PFK-L enzymes. At lower concentrations, almost no deactivation of the native (85 kDa) activity was observed. However, 
more effective inhibition of the shorter (70 kDa) fragment of modified PFK-L was observed with cmpd No. 29, 30 (IC

50
 8 µM) and cmpd No. 31, 32 (IC

50
 

9 µM). The data represents three independent measurements and are given as mean ±(SD) mean (n = 3).

https://doi.org/10.1371/journal.pone.0321998.g003

https://doi.org/10.1371/journal.pone.0321998.g003
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Compounds targeting PFK-L-type ATP-binding sites also successfully inhibited the recombinant sfPFK-L enzyme. 
Inhibitors No. 29 and 30 showed potent inhibition of the highly active sfPFK-L enzyme (IC

50
, 8 µM each). Similar half-

maximal inhibitory concentrations were observed with cmpds No. 31 and 32 (IC
50

, 9 µM each). The weakest inhibition was 
observed with cmpd No. 23 (IC

50
, 27 µM). However, all five inhibitors tested showed significantly weaker inhibitions of the 

native nPFK-L enzymes, ranging from IC
50

 values of 47–54 µM. Interestingly, compounds targeting the PFK-L type binding 
site inhibited the modifier sfPFK-L enzyme strongly concerning the native nPFK-L enzyme compared to the PFK-M type 
compounds (Fig 3).

Consequently, the individual inhibitors might act differently by preventing lactate and/or SOX formation in different 
tumorigenic cell lines. Some additional preclinical tests were performed to obtain more information on the efficiency of 
selected small molecule inhibitors for lactate/SOX suppression in cancer cells. Two compounds were selected for testing: 
cmpd No. 9 proved to be the most effective among compounds that preferentially dock to the ATP-binding type PFK-P/
PFK-M, and cmpd No. 30 proved to be the most effective compound for lactate/SOX reduction among compounds that 
dock to the PFK-L isoenzyme.

A computational model of human PFK1 binding sites for two selected compounds.  The cmpd No. 9 interacts 
with the PFK-P/PFK-M binding site through a combination of hydrophobic interactions with Tyr64, Arg97, and Phe101 
and multiple hydrogen bonds involving residues such as Gly34, Arg102, Gly127, Ser130, and Arg219 (Fig 4, above). 
The ligand cmpd No. 30 forms a stable complex with the PFK-L isoform through multiple non-covalent interactions: 
hydrophobic interactions with Arg97, extensive hydrogen bonds involving residues Gly34, Gly127, Gly129, Ser130, 
Ser173, Arg219, and Arg310, and a significant π-cation interaction with Arg97 (Fig 4, below). These interactions jointly 
stabilize both ligands within the protein binding site and contribute to the overall stability of the ligand-protein complexes.

Dose-dependent inhibition of lactate formation in different tumorigenic cell lines.  The lactate formation, growth 
yield, and survival under normal and inhibitory conditions of four tumorigenic cell lines were investigated. Initially, dose-
dependent effects of selected inhibitors (cmpds No. 9 and 30) to suppress lactate formation were tested. Cells were 
grown in the presence of vehicles or inhibitors at different concentrations (20, 40, 60, and 80 µM), and lactate levels in the 
supernatant were determined sequentially.

We observed that Jurkat cells in the presence of a vehicle started secreting lactate immediately after the start of 
incubation and continued to produce lactate until the end of the experiment at 72 hours. In contrast, cells treated with 
cmpds No. 9 and 30 produced no or only small amounts of lactate in the first 24 hours, regardless of the concentration of 
inhibitors in the medium. Still, they began to produce lactate in a dose-dependent manner as the incubation progressed. A 
somewhat stronger suppression of lactate formation was observed in the cells treated with cmpd No. 30 (Fig 5A).

To investigate possible cytostatic effects of the inhibitors, the total cell number of Jurkat cells treated with vehicles 
of different concentrations of inhibitors was determined immediately after incubation. No significant differences in the 
total number of cells were observed, regardless of the vehicle or the different concentrations of inhibitors in the media 
(Fig 5B).

Table 1.  A list of small-molecule inhibitors reducing human PFK1 iso-enzyme activities.

Compound No. IUPAC name

3 2-[(5-benzo[1,3]dioxol-5-yl-1,3,4-oxadiazol-2-yl)sulfanyl]-N-isoxazol-3-yl-acetamide

9 3-methoxy-6-(3-{1-[(5-methyl-1,2,4-oxadiazol-3-yl)methyl]-1H-pyrazol-3-yl}phenyl)pyridazine

23 N-[5-(methanesulfonamido)-1,3,4-thiadiazol-2-yl]-6,7,8,9-tetrahydro-5H-carbazole-3-carboxamide

29 3-(4-chlorophenyl)sulfonyl-N-(5-isoxazol-5-yl-1,3,4-oxadiazol-2-yl)propenamide

30 4-[3-(5-amino-1,3,4-oxadiazol-2-yl)isoxazol-5-yl]phenol

31 (2R)-N-(5-isoxazol-5-yl-1,3,4-oxadiazol-2-yl)-2,3-dihydro-1,4-benzodioxine-2-carboxamide

32 3-(benzenesulfonyl)-N-(5-isoxazol-5-yl-1,3,4-oxadiazol-2-yl)propenamide

https://doi.org/10.1371/journal.pone.0321998.t001

https://doi.org/10.1371/journal.pone.0321998.t001


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 10 / 22

The potential cytotoxicity of the inhibitors was also assessed. At the end of the incubation, the average percentage 
of dead cells was determined in the presence of a vehicle and a 80 µM concentration of each inhibitor. No significant 
adverse effects on Jurkat cell survival were observed in the presence of cmpds No. 9 (3.74 ± 0.3% dead cells) and No. 30 
(4.04 ± 0.4% dead cells), which corresponds to the number of dead cells in the medium with vehicle (3.76 ± 0.35%) (Fig 5C).

A dose-dependent reduction in lactate accumulation was again observed when Caco-2 cells were tested with cmpds 
No. 9 and 30. However, in the medium with different concentrations of cmpd No. 9, lactate excretion was significantly 
reduced until about 24 hours after growth, followed by a dose-dependent increase in lactate formation in the late hours. 
Similar results were obtained in the medium with cmpd No. 30. In the media with vehicles or both inhibitors, a similar 
total number of cells was determined at the end of incubation, indicating that the inhibitors had no adverse effects on cell 
growth (S4 Fig). No cytotoxic effects of the inhibitors were observed either (S5 Fig). The average percentage of dead cells 
in control and the presence of the different concentrations of inhibitors was as follows: Vehicle (3.84 ± 0.54%), and No, 9 
(3.33 ± 0.14%), and cmpd No. 30 (4.32 ± 0.51%) (S6 Fig).

In general, similar results of suppression of lactate formation were also obtained with COLO 829 cells. Apparent 
dose-dependent effects of suppressed lactate formation were observed with cmpd No. 9. Simultaneously, cmpd No. 30 
proved slightly less efficient, as 80 µM reduced lactate formation by only about half. Again, both inhibitors were more 

Fig 4.  Computational models of catalytic binding sites of two PFK1 iso-enzymes as a docking target for small-molecule cmpd. (Above) shows 
a computer model of the amino acid residues of the PFK-P/PFK-M ATP binding sites with cmpd No. 9 as the ligand. (Below) shows a modified PFK-L 
model in which arginine was replaced by threonine and cmpd No. 30 as the ligand. A supercomputer used both models to virtual screen a ZINC Drugs 
NOW database.

https://doi.org/10.1371/journal.pone.0321998.g004

https://doi.org/10.1371/journal.pone.0321998.g004
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Fig 5.  Dose-dependent reduction of lactate formation by Jurkat cells. Dose-dependent effects of cmpds No. 9 and 30 on lactate suppression were 
observed by the tumorigenic Jurkat cells. 5A. Simultaneously, no significant cytostatic (cells counted after 72 hours of incubation). 5B, and no cytotoxic 
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effective only in the early phase of incubation (S7 Fig). No significant differences in the total cell number compared 
to the control were observed due to the different concentrations of the inhibitors in the medium (S8 Fig). The average 
percentage of dead COLO 829 cells in the presence of a vehicle and the presence of inhibitors was as follows: Vehicle 
(4.4 ± 0.46%), cmpd No. 9 (3.65 ± 0.78%) and cmpd 30 (4.27 ± 0.49) (S9 Fig).

Although the dose-dependent effect of the two inhibitors tested was also observed in the MDA-MB-231 cells, it was 
again only fully evident in the early phases of inoculation, while the weaker inhibition was more evident in the late hours 
of growth. In the early stages of growth, potent inhibition was observed by all concentrations, especially by cmpd No. 30. 
However, after about 24 hours, lactate accumulation resumed, initially at the lowest concentration (20 µM) and then grad-
ually decreased in a dose-dependent manner (S10 Fig). No significant differences in total cell number were observed due 
to the different concentrations of inhibitors in the medium (S11 Fig). The average percentage of dead MDA-MB-231 cells 
in the control and the presence of the inhibitors was as follows: Vehicle (4.28 ± 0.78%), cmpd No. 9 (6.59 ± 0.29%), and 
cmpd No. 30 (3.4 ± 0.21%) (S12 Fig).

Sequential re-submission of inhibitors at low concentrations.  Suppressing lactate generation: In all dose-
dependent tests, a gradual decrease in the inhibitory effect of the two compounds was observed after a certain period. 
The inhibitory potency appeared to disappear more rapidly at the lower concentrations, suggesting degradation of 
the compound in the medium or by cell metabolism. Therefore, the efficacy of selected inhibitors was evaluated by 
sequentially re-adding low concentrations at specific time points. In the experiment, the inhibitors were first added to the 
medium at lower concentrations at the start of inoculation and then added again at 24-hour intervals.

When lactate accumulation in Jurkat cells was monitored, convincing lactate suppression was observed with both 
inhibitors tested, even at the lowest inhibitor concentrations (10 µM). No significant increase in lactate concentration in the 
medium was observed within 72 hours after incubation (Fig 6A).

No cytotoxic effects were observed in Jurkat cells after 72 hours from the sequentially added inhibitors. The fol-
lowing average percentages of dead cells were observed at the end of fermentation in the cells in the presence of a 
vehicle (3.21 ± 0.28%), and the cells were sequentially treated with 10 µ L cmpd No. 9 (3.24 ± 0.25%) and cmpd No. 30 
(3.64 ± 0.23%).

In both inhibitors tested, sustained inhibition of lactate formation was observed in Caco-2 cells. Almost no dose-
dependent effect of cmpd No. 9 and cmpd No. 30 was observed at all concentrations tested. This indicates that effective 
suppression of lactate formation could be prevented at the lowest 10 µM concentrations (S13 Fig).

No significant cytotoxic effects of the inhibitors were observed after 72 hours of incubation, although different con-
centrations of inhibitors were added sequentially. The following average percentages of dead cells were observed 
in the medium without added inhibitors (4.45 ± 0,41%) and with the cells sequentially treated with 10 µM cmpd No. 9 
(4.03 ± 0.32%), and cmpd No. 30 (4.24 ± 0.38%).

In COLO 829 cells, slightly weaker lactate formation was observed at 10 µM concentrations in the presence of both 
inhibitors, while extensive suppression was observed at 15 and 20 µM concentrations (S14 Fig).

After 72 hours of incubation, no significant cytotoxic effect of the inhibitors could be detected, although different 
concentrations of inhibitors were added sequentially. The following average percentages of dead cells were observed 
in the medium without adder inhibitors (2.44 ± 0.25%) and with the cells sequentially treated with 10 µM cmpd No. 9 
(2.84 ± 0.19%) and cmpd No. 30 (2.42 ± 0.21%).

Similar results of suppressed lactate formation with inhibitors were obtained in MDA-MB-231 cells (S15 Fig). No signif-
icant cytotoxic effect of the inhibitors could be detected after 72 hours. The following average percentages of dead cells 

effects (percentage of dead cells) after 72 hours of incubation). 5C was observed under dose-dependent conditions. Although initially (up to 24 hours), 
no reduced inhibitory effect of both compounds can be observed, the steadily increasing lactate formation in later incubation phases indicated an insta-
bility of the compounds. The data represents three independent measurements and are given mean ± SD (n = 3).

https://doi.org/10.1371/journal.pone.0321998.g005

https://doi.org/10.1371/journal.pone.0321998.g005
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were observed in the medium without added inhibitors (2.52 ± 0.356%) and with the cells sequentially treated with 10 µM 
inhibitor No. 9 (2.35 ± 0.09%) and inhibitor No. 30 (2.32 ± 0.21%).

Suppressing ROS/SOX generation: Selected PFK1 inhibitors (cmpds No. 9 and 30), thought to reduce cytosolic 
NADH, primarily prevent SOX formation but not other oxygen stress reagents. Accordingly, the dose-dependent effect 
of the two inhibitors in reducing ROS formation was lower. While the 5 µM concentration showed an approximately 50% 
reduction, the 10 and 20 µM concentrations reduced ROS formation by approximately 65%. The maximum decrease in 
ROS formation appeared to be achieved at a concentration of about 10 µM, characteristic of all tumorigenic cell lines 
tested. The following statistical significance differences between the vehicle and the cells treated with inhibitors were 
obtained: Figs 6B and S16–S18).

Fig 6.  (a) Lactate suppression by sequential re-insertion of cmpd at low concentration in Jurkat cells. Lactate excretion in tumorigenic Jurkat 
cells remained effectively reduced when the cmpd No. 9 and 30) were added periodically every 24 hours at low concentrations (10, 15, and 20 µM). At 
72 hours of incubation, the values of statistically significant differences between the vehicle and the cells treated with 10 µM of No. 9 and No. 30 were 
P < 0.0005, respectively. Data represents three independent measurements expressed as mean ±SD (n = 3). (b) Superoxide (SOX) and (ROS) suppres-
sion by sequential re-insertion of cmpds at low concentrations in Jurkat cells. Suppressed ROS and SOX formation was observed in Jurkat cells when 
cmpds No. 9 or 30 were sequentially added to the medium at low concentrations (5, 10, and 15 µM). Although some suppression of SOX formation 
was observed at 5 µM of both camps, significant differences were observed between the vehicle and cells treated with both cmpds (10 and 15 µM). 
The dose-dependent effects of the different concentrations of cmpds No. 9 and 30 were also examined regarding the suppression of ROS formation. 
However, only SOX formation in Jurkat cells appeared more potently suppressed. However, at 72 hours of inoculation, the cmpds tested for suppression 
reactive oxygen species (ROS) proved less efficient in reaching the P values of < 0.1, compared to the vehicle. Under identical growth conditions, the 
statistically significant values of SOX detected by 10 µM concentrations were P < 0.005 for No. 9 and P < 0.005 for No. 30, compared to the vehicle. The 
data are representative of three independent measurements and are given as mean ±SD (n = 3).

https://doi.org/10.1371/journal.pone.0321998.g006

https://doi.org/10.1371/journal.pone.0321998.g006


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 14 / 22

In terms of reduction in ROS formation, more significant suppression of SOX levels was observed by the two selected 
PFK1 inhibitors in all tumorigenic cell lines. A decrease in SOX concentration of about 70% was observed at a 5 µM con-
centration of both inhibitors, while at a concentration of 10 µM, virtually no SOX was present.

It is worth noting that in COLO 829 cells treated with both inhibitors, the most significant statistical differences were 
observed in the suppression of SOX generations compared to the other tumorigenic cells tested. However, the evaluation 
of lactate suppression by both inhibitors showed the least significant differences in COLO 829 cells compared to other 
tumorigenic cells tested.

Effects of compounds on respiration and glycolytic rates in treated and untreated tumorigenic Jurkat cells

The inhibitors’ efficiency was also tested by measuring respiratory flow, maximal respiratory rate, glycolytic rate, and gly-
colytic capacity in Jurkat cells. Bioenergetic studies were performed using the Seahorse XFp assay (Agilent Technology), 

Fig 7.  The influence of selected PFK1 compounds on glycolytic and respiratory parameters in Jurkat cells. Respiratory fluxes, maximal respira-
tion rates, glycolytic rates, and glycolytic capacities were measured in Jurkat cells in the presence and absence of selected cmpd. Oxygen consumption 
rate (OCR) and extracellular acidification rate (ECAR), measured in the first 20 minutes of the experiment, were significantly higher in the untreated cells 
(vehicle) than in the treated cells. For cmpd No. 9, the statistical significances between untreated and treated cells were P** < 0.01 for respiration and 
P*** < 0.005 for glycolytic rate, while for cmpd No. 30, significances of P** < 0.01 for respiration and P*** < 0.005 for glycolytic rate, were determined. After 
20 minutes, oligomycin A and FCCP were added, which made it possible to evaluate the maximal respiration and glycolytic capacities. In Jurkat cells 
treated with cmpd No. 9, the highest values of < P* 0,05 were obtained for maximal respiration and P*** value <0.005 for glycolytic capacity, compared 
to the vehicle while in the cells treated with cmpd No. 30, the values for maximal respiration were P** < 0.01 and for glycolytic capacity P*** < 0.005, 
compared to the vehicle. Data represents three independent measurements expressed as mean ±SD (n = 3).

https://doi.org/10.1371/journal.pone.0321998.g007

https://doi.org/10.1371/journal.pone.0321998.g007
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which allows non-destructive measurements of the oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) of the cells tested.

First, basal glycolytic respirations and basal glycolytic fluxes were determined by measuring the OCR and ECAR val-
ues respectively, in the untreated Jurkat cells (vehicle) and the cells treated with cmpd No. 9 or No. 30.

Lower respiration levels were detected in the cells treated by cmpds No. 9 and 30 compared to the untreated cells. 
Similarly, measurements of basal glycolytic rates in the media with added cmpds were observed. However, stronger statis-
tical significances were obtained from extracellular acidification rate measurements compared to respiration.

After 20 minutes of incubation, immediately after the samples for respiration and glycolysis have been taken, Oligomy-
cin A, an inhibitor of mitochondrial ATP synthase, and FCCP, a protonophore causing a breakdown of the mitochondrial 
inner membrane that disrupts hydrogen ions transport, were added to the medium. Dysfunctional mitochondrial oxidative 
phosphorylation is supposed to induce glycolytic stress, which enables the determination of maximal respiration and gly-
colytic capacity.

Samples collected 6.5 minutes after the first sampling showed a more substantial increase of respiration and acidifica-
tion in the cells treated with cmpd No. 9 or No. 30 compared to the vehicle. However, maximal oxygen consumption levels 
and glycolytic capacities in the treated cells remained lower than those of the untreated cells (Fig 7). The graphics of the 
analysis in time of the experiments are shown in the Supplementary materials (S19 Fig).

It is worth noting that tumorigenic Jurkat calls treated by cmpds can reduce oxygen consumption rate and (ECAR) exo-
cellular acidification rate and inhibit cancer-specific PFK1 activities that subsequently subsidize deleterious uncontrolled 
energy metabolize in treated tumorigenic cells.

Apoptotic assays in a co-culture of tumorigenic Jutkat cells and activated T-cells

Acidifying the tumor matrix by extracellular lactate accumulation may be an essential factor in evading destruction by 
the immune system, as it is thought to interfere with the standard functionality of immune cells in destroying cancer cells 
[19]. It is hypothesized that reduced formation and transmembrane transport of lactate could prevent a drop in pH in the 
tumor microenvironment while restoring regular immune cell activity to induce apoptotic death of cancer cells. To test this, 

Fig 8.  In the co-culture of tumorigenic Jurkat cells and activated T-cells, apoptosis is enhanced in the presence of PFK1 cmpd. It is assumed 
that extracellular lactate in tumors triggers an acidosis that prevents the normal functioning of immune cells. Since PFK1 cmpds are thought to suppress 
lactate formation, acidosis may not be formed, so fully functional T cells could defeat cancer cells by apoptosis. Accordingly, increased late apoptosis 
was expected in a co-culture of activated T cells and tumorigenic Jurkat cells treated with PFK1 cmpds. In fact, after 18 hours of co-culture incubation 
with untreated cells (vehicle), only 18% (Q2-R2) of the cells were detected at the late apoptosis stage using a flow cytometer. However, in the cells 
treated with 10 µM cmpd No. 9 under identical environmental conditions, significantly higher proportions of cells were observed in the late apoptosis 
stage (Q2-R2). No. 9 (46.83%) or 10 µM of cmpd No. 30 (44.63%).

https://doi.org/10.1371/journal.pone.0321998.g008

https://doi.org/10.1371/journal.pone.0321998.g008
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tumorigenic Jurkat cells were incubated with activated human T lymphocytes in a co-culture with treated or untreated 
cells. A medium without bicarbonate or other buffers was used in the experiments to maintain acidosis. After 18 hours 
of co-culture incubation, limited and extensive apoptotic cell death was assessed by detecting early-stage (Annexin-
V+/7-AAD-)(Q2-R4) and late-stage (AnnexinV+/7-AAD+)(Q2-R2) apoptosis. The flow cytometer results showed a signifi-
cantly increased percentage of late apoptosis in cells treated with cmpds No. 9 or 30 at 46.83% (Fig 8B) and 44.63%  
(Fig 8C), respectively. In comparison, only 16.38% of late apoptotic cells were observed in untreated Jurkat cells in a 
co-culture with activated T cells (vehicle) (Fig 8A). These observations clearly show for the first time that this class of 
PFK1 inhibitors can accelerate apoptosis and result in a faster progression of late apoptosis than in untreated cells.

Discussion

The drugs described so far that reduce cancer-specific glycolytic fluxes are cisplatin, and etoposide [30]. clotrimazole 
[31], and taxol [32]. Taxol induces PFK detachment from the cytoskeleton and has been reported to affect PFK1 activity 
by reducing gene expression. However, these agents act not only by reducing the transcription of genes but also by other 
glycolytic genes. For example, cisplatin, used for the clinical treatment of testicular, ovarian, head and neck, non-small cell 
lung cancer, and recurrent lymphoma, impairs transcription and replication, promoting apoptosis [33]. However, glyco-
lytic flux in eukaryotic organisms is tightly controlled by allosteric enzymes, which maintain their regulation by feedback 
inhibition despite the increased activities of intermediate enzymes. Therefore, specific intervention in an irreversible, rate-
limiting step of glycolysis may be more effective in reducing dysregulated glycolytic flux.

In the past, numerous attempts have been made to target enzymes to treat impaired energy metabolism, which causes 
lactate formation and increased ROS levels in cancer cells. The following enzymes have been most frequently targeted: 
Hexokinase, 6-phosphofructo-2-kinase, lactate dehydrogenase, mono-carboxylase, and pyruvate dehydrogenase [34], but 
not 6-phosphofructo-1-kinase.

Interestingly, inhibition of lactate dehydrogenase (LDHA) by the small molecule inhibitor FX11 led to a decrease in 
lactate and ATP concentration in the tumors but simultaneously caused a significant increase in ROS concentration, which 
triggered oxidative stress and eventually cell death [35].

Similar effects, namely the suppression of lactate formation and the excessive formation of ROS, have been observed 
with the cancer drug dichloroacetate (DCA). It could be used to treat hereditary lactic acidosis. DCA indirectly stimu-
lates the activity of pyruvate dehydrogenase and diverts pyruvate from lactate formation to mitochondrial catabolism 
[36]. Although some tests suggest that DCA is effective and well tolerated by patients with glioblastoma, it should be 
emphasized that the dysregulated glycolytic flux leaves cytosolic NADH abundance unchanged, so that ROS formation 
is enhanced by OXPHOS, causing oxidative stress [37]. The resulting mitochondrial overload impairs the efficiency of 
the antioxidant system, which cannot cope with the excessive amount of ROS. Recently, it has been shown that the lack 
of well-equipped machinery capable of coping with sustained oxidative phosphorylation leads to damage to the nervous 
system and, thus, to peripheral neuropathy [38].

Much research has been done in the past on 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKB3), which 
converts fructose-6-phosphate (F6P) to fructose-2,6-bisphosphate (F2,6BP), a potent activator of 6-phosphofructo- 
1-kinase (PFK1) [39]. As a vital regulator of glycolysis, numerous studies suggest that PFKB3 is indirectly associated 
with many aspects of cancer, including carcinogenesis and cancer cell proliferation. F2,6BP not only acts as a potent 
PFK1 activator, enabling increased glycolytic flux but also activates cyclin-dependent kinases (Cdks) and then stimulates 
Cdk-mediated phosphorylation of the Cip/Kip protein p27. Mediated p27 phosphorylation, in turn, leads to a decrease 
in p27 levels due to ubiquitination and proteasomal degradation by Cdk1. Since p27 is a potent suppressor of the G1/S 
transition and activator of apoptosis, inhibition of PFKB3 and the concomitant decrease in F2,6BP levels could also pre-
vent p27 degradation and, consequently, cell cycle arrest [40]. Indeed, the compound 3PO, a potent inhibitor of PFKB3, 
was found to cause a slowdown in the G2-M phase preceded by a reduction in F2,6BP levels [41]. Although 3PO and its 
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derivatives were initially shown to inhibit lactate formation, the more important therapeutic benefit of these inhibitors in 
cancer treatment appears to be their specific cytotoxicity. However, the induced cell cycle arrest makes the compound 
unsuitable for combination with immunotherapy.

Rather than reducing PFKB3 activities, which leads to a reduction in F2,6BP levels, partial inhibition of PFK1 activities 
by small molecule inhibitors appears to be the more straightforward mechanism to control dysregulated glycolytic flux in 
cancer cells.

However, no specific inhibitors were tested for the iso-enzymes of 6-phosphofructo-1-kinase (PFK1), which are irre-
versible key enzymes of glycolysis that could act as a key factor in impaired metabolism. We were the first to report that 
post-translationally modified PFK1 enzymes were present in the cancer cells. While the 47 kDa fragment was predominant 
in the modified PFK-M isoform [2], the 70 kDa form was characteristic of the modified PFK-L isoform [12]. Interestingly, 
systemic deletions and point mutations in the C-terminus of mammalian PFK1 cells have identified two amino acid resi-
dues (Leu-767 and Glu-768) that allow allosteric inhibition by MgATP. These amino acids are located at the very end of 
the C-terminus of human PFK1. Leu-767 and Glu-768 are the only two residues of the C-terminus that are conserved in 
all mammalian isoenzymes. Furthermore, their deletion leads to a disruption of inhibition by citrate and MgATP and, thus, 
to a dysregulation of PFK1. These results suggest that the truncation length is irrelevant to deactivating the allosteric neg-
ative control [42]. Indeed, for IC

50
 determination, similar results of lactate suppression were observed with purified shorter 

PFK-M enzymes (45 kDa) and purified shorter PFK-L enzymes (70 kDa).
Highly active, cancer-specific shorter PFK1 fragments were previously overlooked mainly because of their extreme 

instability under in vitro conditions. Rapid deactivation was observed during enzyme activity measurements. It appears 
that cleavage of the C-terminus of the holoenzyme is known to stabilize the tetrameric structure of the native enzyme, 
making the enzyme more susceptible to dissociation. It looks likely that the shorter fragments, which lack most of the 

Fig 9.  Schematic presentation of lactate and superoxide functions in cancer development. The schematic shows the involvement of lactate and 
superoxide in the development of solid tumors with specific cancer characteristics. While extracellularly elevated lactate levels trigger acidosis in the 
tumor matrix, which leads to immune response, contributes to chronic inflammation, stimulates angiogenesis, and promotes metastasis formation, super-
oxide is considered a precursor of hydroxyl radicals, the most potent endogenous mutagen. The involvement of lactate (yellow) and superoxide (blue) in 
carcinogenesis is illustrated in the scheme previously published in “Hallmarks of Cancer: The Next Generation” [1].

https://doi.org/10.1371/journal.pone.0321998.g009

https://doi.org/10.1371/journal.pone.0321998.g009
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C-terminus, can only assemble in dimeric forms [13]. The inactivation of PFK1 enzymes by dissociation at low protein con-
centrations has been previously reported and well characterized for the rat liver enzyme [43,44].

Corrupted control of glycolytic flux at the level of PFK1 in cancer cells was indirectly confirmed by other authors. Analy-
sis of two rapidly growing cell types, human HeLa cells, and rodent AS-30D cells, showed a lack of allosteric control at the 
level of PFK1, which was also confirmed by kinetic analyses of the enzyme [45]. In experiments with PC3 cells, prostate 
cancer-derived cells, an overexpressed short-form, citrate-resistant PFK1 was detected. In addition, the citrate-resistant 
cells accumulated more mitochondrial ROS than the control cells [46]. Shorter cancer-specific liver-type PFK-L were 
described in several tumorigenic cells with overexpressed Tap73, a structural homolog of the tumor suppressor p53. By 
Western analysis, only shorter 70 kDa PFK-L fragments were detected during growth under enhanced proliferation condi-
tions to promote the Warburg effect [47].

However, not only cancer cells, but also rapidly proliferating normal cells require increased nutrient uptake and catab-
olism to support cell growth. Therefore, increased glycolytic flux typically occurs in normal human cells. In normal, rapidly 
proliferating stem cells, different types of primary anabolic metabolism can be found that play a crucial role in whether a 
cell proliferates, differentiates, or remains quiescent [48]. In proliferating hematopoietic cells, for example, anabolic glycol-
ysis is activated, which enables the simultaneous formation of lactate and ROS. In mesenchymal stem cells differentiating 
into adipocytes, high OXPHOS and ROS formation were found, whereas, in mesenchymal cells differentiating into osteo-
blasts and chondroblasts, ROS formation was blocked. In contrast, in differentiated embryonic cells, a reduced glycolytic 
flux prevents lactate formation, while ROS formation is possible [49].

It should be emphasized that the proliferative metabolism of normal cells is tightly controlled by growth and transcription 
factors and other signaling mechanisms that enable the cells to differentiate into other cell types. Metabolic activities also 
change during the different stages of the cell cycle. A ROS-enriched environment, as found in some forms of proliferating 
normal cells, can trigger mutations that can lead to carcinogenesis [50]. It is generally believed that dysregulated glycoly-
sis is an early event in oncogenesis that is a direct consequence of the first mutations [33]. For example, KRAS in pancre-
atic cancer and BRAF in melanoma occur before cell invasion in benign and early lesions [51,52].

Conclusion

Selected small molecule inhibitors shown to diminish cancer-specific modified forms of PFK1 may be a suitable way of 
reducing dysregulated glycolytic flux in cancer cells. The devastating metabolic flux typical of cancer cells can thus be 
controlled and reach that of non-proliferating normal cells. Most importantly, the redox balance is restored, eliminating the 
need to re-oxidize excessive amounts of cytosolic NADH by the simultaneous lactate and superoxide formation.

Since elevated levels of ROS are thought to trigger neoplastic signaling and equally devastating mutations, modified 
PFK1 inhibition could thwart the development of several pre-cancerous hallmarks, such as genome instability and muta-
tions, dysregulated cell metabolism, maintenance of proliferation signaling, evasion of growth suppressors, facilitation of 
replicative immortality, and resistance to cell death.

At the same time, preventing lactate formation could preclude mechanisms involved in developing other cancer hall-
marks, such as triggering angiogenesis, immune escape, tumor-promoting inflammation, and metastasis (Fig 9).

The accumulation of lactate and ROS is the key factor in developing solid tumors. These arguments support the 
hypothesis that cancer-specific, highly active modified PFK1s are the “key players” in cancer development and progres-
sion. Therefore, reduced PFK1 activity in cancer cells could prevent early development in the pre-cancerous stage and 
progression in the later stages of invasive cancers.

Supporting information

S1 Text.  PFK1 Cloning, expression, purification, and measurements. 
(PDF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s001


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 19 / 22

S2 Text.  PFK1 Enzymatic assays. 
(PDF)

S1 Table and Text.  Small-molecule inhibitors. 
(PDF)

S1 Fig.  Preliminary screening of selected compounds in colorectal adenocarcinoma Caco-2 cells. 
(PDF)

S2 Fig.  Preliminary screening of selected compounds in melanoma COLO 829 cells. 
(PDF)

S3 Fig.  Preliminary screening of selected compounds in breast gland adenocarcinoma MDA-MD-231 cells. 
(PDF)

S4 Fig.  Dose-dependent inhibition of lactate formation in Caco-2 cells. 
(PDF)

S5 Fig.  Dose-dependent inhibition of lactate formation in Caco-2 cells – cytostatic effect. 
(PDF)

S6 Fig.  Dose-dependent inhibition of lactate formation in Caco-2 cells – cytotoxic effect. 
(PDF)

S7 Fig.  Dose-dependent inhibition of lactate formation in COLO-829 cells. 
(PDF)

S8 Fig.  Dose-dependent inhibition of lactate formation in COLO-2 cells – cytostatic effect. 
(PDF)

S9 Fig.  Dose-dependent inhibition of lactate formation in COLO cells – cytotoxic effect. 
(PDF)

S10 Fig.  Dose-dependent inhibition of lactate formation in MDA-MB-231. 
(PDF)

S11 Fig.  Dose-dependent inhibition of lactate formation in MDA-MB-231 cells – cytostatic effect. 
(PDF)

S12 Fig.  Dose-dependent inhibition of lactate formation in MDA-MB-231 cells – cytotoxic effect. 
(PDF)

S13 Fig.  Lactate suppression by sequential re-insertion of inhibitors at low concentration in Caco-2 cells. 
(PDF)

S14 Fig.  Lactate suppression by sequential re-insertion of inhibitors at low concentration in COLO 829 cells. 
(PDF)

S15 Fig.  Lactate suppression by sequential re-insertion of inhibitors at low concentration in MDA-MB-231 cells. 
(PDF)

S16 Fig.  Superoxide (SOX) and reactive oxygen species (ROS) suppression by sequential re-insertion of inhibi-
tors at low concentrations in Caco-2 cells. 
(PDF)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s009
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s010
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s011
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s012
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s013
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s014
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s015
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s016
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s017
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s018
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s019


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 20 / 22

S17 Fig.  Superoxide (SOX) and reactive oxygen species (ROS) suppression by sequential re-insertion of inhibi-
tors at low concentrations in COLO 829 cells. 
(PDF)

S18 Fig.  Superoxide (SOX) and reactive oxygen species (ROS) suppression by sequential re-insertion of inhibi-
tors at low concentrations in MDA-MB-231 cells. 
(PDF)

S19 Fig.  The graphs for OCR and ECAR calculations on Jutkat cells were analyzed in time. 
(PDF)

Author contributions

Conceptualization: Matic Legiša.

Methodology: Tina Vodopivec, Katja Čamernik, Urška Karolina Potokar.

Software: Samo Lešnik, Janez Konc.

Supervision: Matic Legiša.

References
	 1.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646–74. https://doi.org/10.1016/j.cell.2011.02.013 PMID: 

21376230

	 2.	 Šmerc A, Sodja E, Legiša M. Posttranslational modification of 6-phosphofructo-1-kinase as an important feature of cancer metabolism. PLoS One. 
2011;6(5):e19645. https://doi.org/10.1371/journal.pone.0019645 PMID: 21573193

	 3.	 Dunaway GA. A review of animal phosphofructokinase isozymes with an emphasis on their physiological role. Mol Cell Biochem. 1983;52(1):75–
91. https://doi.org/10.1007/BF00230589 PMID: 6306441

	 4.	 Dunaway GA, Kasten TP, Sebo T, Trapp R. Analysis of the phosphofructokinase subunits and isoenzymes in human tissues. Biochem J. 
1988;251(3):677–83. https://doi.org/10.1042/bj2510677 PMID: 2970843

	 5.	 Yamasaki T, Nakajima H, Kono N, Hotta K, Yamada K, Imai E, et al. Structure of the entire human muscle phosphofructokinase-encoding gene: a 
two-promoter system. Gene. 1991;104(2):277–82. https://doi.org/10.1016/0378-1119(91)90262-a PMID: 1833270

	 6.	 Elson A, Levanon D, Brandeis M, Dafni N, Bernstein Y, Danciger E, et al. The structure of the human liver-type phosphofructokinase gene. Genom-
ics. 1990;7(1):47–56. https://doi.org/10.1016/0888-7543(90)90517-x PMID: 2139864

	 7.	 Eto K, Sakura H, Yasuda K, Hayakawa T, Kawasaki E, Moriuchi R, et al. Cloning of a complete protein-coding sequence of human platelet-type 
phosphofructokinase isozyme from pancreatic islet. Biochem Biophys Res Commun. 1994;198(3):990–8. https://doi.org/10.1006/bbrc.1994.1141 
PMID: 8117307

	 8.	 Vora S, Halper JP, Knowles DM. Alterations in the activity and isozymic profile of human phosphofructokinase during malignant transformation in 
vivo and in vitro: transformation- and progression-linked discriminants of malignancy. Cancer Res. 1985;45(7):2993–3001. PMID: 3159473

	 9.	 Zancan P, Sola-Penna M, Furtado CM, Da Silva D. Differential expression of phosphofructokinase-1 isoforms correlates with the glycolytic effi-
ciency of breast cancer cells. Mol Genet Metab. 2010;100(4):372–8. https://doi.org/10.1016/j.ymgme.2010.04.006 PMID: 20483646

	10.	 Poorman RA, Randolph A, Kemp RG, Heinrikson RL. Evolution of phosphofructokinase--gene duplication and creation of new effector sites. 
Nature. 1984;309(5967):467–9. https://doi.org/10.1038/309467a0 PMID: 6233492

	11.	 Kemp RG, Gunasekera D. Evolution of the allosteric ligand sites of mammalian phosphofructo-1-kinase. Biochemistry. 2002;41(30):9426–30. 
https://doi.org/10.1021/bi020110d PMID: 12135364

	12.	 Kristl A, Čamernik K, Avbelj Š, Legiša M. Another form of modified, highly-active 6-phosphofructo-1-kinase in cancer cells. Ann Hematoloncol. 
2021;8(5). https://doi.org/10.26420/annhematoloncol.2021.1344

	13.	 Voronkova MA, Hansen HL, Cooper MP, Miller J, Sukumar N, Geldenhuys WJ, et al. Cancer-associated somatic mutations in human 
phosphofructokinase-1 reveal a critical electrostatic interaction for allosteric regulation of enzyme activity. Biochem J. 2023;480(17):1411–27. 
https://doi.org/10.1042/BCJ20230207 PMID: 37622331

	14.	 Lunt SY, Vander Heiden MG. Aerobic glycolysis: meeting the metabolic requirements of cell proliferation. Annu Rev Cell Dev Biol. 2011;27:441–64. 
https://doi.org/10.1146/annurev-cellbio-092910-154237 PMID: 21985671

	15.	 Ying W. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: regulation and biological consequences. Antioxid Redox Signal. 
2008;10(2):179–206. https://doi.org/10.1089/ars.2007.1672 PMID: 18020963

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s020
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s021
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321998.s022
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1371/journal.pone.0019645
http://www.ncbi.nlm.nih.gov/pubmed/21573193
https://doi.org/10.1007/BF00230589
http://www.ncbi.nlm.nih.gov/pubmed/6306441
https://doi.org/10.1042/bj2510677
http://www.ncbi.nlm.nih.gov/pubmed/2970843
https://doi.org/10.1016/0378-1119(91)90262-a
http://www.ncbi.nlm.nih.gov/pubmed/1833270
https://doi.org/10.1016/0888-7543(90)90517-x
http://www.ncbi.nlm.nih.gov/pubmed/2139864
https://doi.org/10.1006/bbrc.1994.1141
http://www.ncbi.nlm.nih.gov/pubmed/8117307
http://www.ncbi.nlm.nih.gov/pubmed/3159473
https://doi.org/10.1016/j.ymgme.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20483646
https://doi.org/10.1038/309467a0
http://www.ncbi.nlm.nih.gov/pubmed/6233492
https://doi.org/10.1021/bi020110d
http://www.ncbi.nlm.nih.gov/pubmed/12135364
https://doi.org/10.26420/annhematoloncol.2021.1344
https://doi.org/10.1042/BCJ20230207
http://www.ncbi.nlm.nih.gov/pubmed/37622331
https://doi.org/10.1146/annurev-cellbio-092910-154237
http://www.ncbi.nlm.nih.gov/pubmed/21985671
https://doi.org/10.1089/ars.2007.1672
http://www.ncbi.nlm.nih.gov/pubmed/18020963


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 21 / 22

	16.	 Xiao W, Wang R-S, Handy DE, Loscalzo J. NAD(H) and NADP(H) Redox Couples and Cellular Energy Metabolism. Antioxid Redox Signal. 
2018;28(3):251–72. https://doi.org/10.1089/ars.2017.7216 PMID: 28648096

	17.	 Andrejc D, Možir A, Legiša M. Effect of the cancer specific shorter form of human 6-phosphofructo-1-kinase on the metabolism of the yeast Sac-
charomyces cerevisiae. BMC Biotechnol. 2017;17(1):41. https://doi.org/10.1186/s12896-017-0362-5 PMID: 28482870

	18.	 Webb BA, Chimenti M, Jacobson MP, Barber DL. Dysregulated pH: a perfect storm for cancer progression. Nat Rev Cancer. 2011;11(9):671–7. 
https://doi.org/10.1038/nrc3110 PMID: 21833026

	19.	 Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al. Inhibitory effect of tumor cell-derived lactic acid on human T cells. 
Blood. 2007;109(9):3812–9. https://doi.org/10.1182/blood-2006-07-035972 PMID: 17255361

	20.	 Hirschhaeuser F, Sattler UGA, Mueller-Klieser W. Lactate: a metabolic key player in cancer. Cancer Res. 2011;71(22):6921–5. https://doi.
org/10.1158/0008-5472.CAN-11-1457 PMID: 22084445

	21.	 Beckert S, Farrahi F, Aslam RS, Scheuenstuhl H, Königsrainer A, Hussain MZ, et al. Lactate stimulates endothelial cell migration. Wound Repair 
Regen. 2006;14(3):321–4. https://doi.org/10.1111/j.1743-6109.2006.00127.x PMID: 16808811

	22.	 Végran F, Boidot R, Michiels C, Sonveaux P, Feron O. Lactate influx through the endothelial cell monocarboxylate transporter MCT1 supports an 
NF-κB/IL-8 pathway that drives tumor angiogenesis. Cancer Res. 2011;71(7):2550–60. https://doi.org/10.1158/0008-5472.CAN-10-2828 PMID: 
21300765

	23.	 Rubi B, del Arco A, Bartley C, Satrustegui J, Maechler P. The malate-aspartate NADH shuttle member Aralar1 determines glucose metabolic fate, 
mitochondrial activity, and insulin secretion in beta cells. J Biol Chem. 2004;279(53):55659–66. https://doi.org/10.1074/jbc.M409303200 PMID: 
15494407

	24.	 Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol. 2003;552(Pt 2):335–44. https://doi.org/10.1113/jphysiol.2003.049478 
PMID: 14561818

	25.	 Madamanchi NR, Runge MS. Mitochondrial dysfunction in atherosclerosis. Circ Res. 2007;100(4):460–73. https://doi.org/10.1161/01.
RES.0000258450.44413.96 PMID: 17332437

	26.	 Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovimova E, Kuca K, et al. Reactive oxygen species, toxicity, oxidative stress, and antioxidants: 
chronic diseases and aging. Arch Toxicol. 2023;97(10):2499–574. https://doi.org/10.1007/s00204-023-03562-9 PMID: 37597078

	27.	 Webb BA, Forouhar F, Szu F-E, Seetharaman J, Tong L, Barber DL. Structures of human phosphofructokinase-1 and atomic basis of cancer-
associated mutations. Nature. 2015;523(7558):111–4. https://doi.org/10.1038/nature14405 PMID: 25985179

	28.	 Konc J, Lešnik S, Škrlj B, Sova M, Proj M, Knez D, et al. ProBiS-Dock: A Hybrid Multitemplate Homology Flexible Docking Algorithm Enabled by 
Protein Binding Site Comparison. J Chem Inf Model. 2022;62(6):1573–84. https://doi.org/10.1021/acs.jcim.1c01176 PMID: 35289616

	29.	 Adasme MF, Linnemann KL, Bolz SN, Kaiser F, Salentin S, Haupt VJ, et al. PLIP 2021: expanding the scope of the protein-ligand interaction pro-
filer to DNA and RNA. Nucleic Acids Res. 2021;49(W1):W530–4. https://doi.org/10.1093/nar/gkab294 PMID: 33950214

	30.	 Liang J, Bi N, Wu S, Chen M, Lv C, Zhao L, et al. Etoposide and cisplatin versus paclitaxel and carboplatin with concurrent thoracic radiotherapy in 
unresectable stage III non-small cell lung cancer: a multicenter randomized phase III trial. Ann Oncol. 2017;28(4):777–83. https://doi.org/10.1093/
annonc/mdx009 PMID: 28137739

	31.	 Furtado CM, Marcondes MC, Sola-Penna M, de Souza MLS, Zancan P. Clotrimazole preferentially inhibits human breast cancer cell proliferation, 
viability and glycolysis. PLoS One. 2012;7(2):e30462. https://doi.org/10.1371/journal.pone.0030462 PMID: 22347377

	32.	 Glass-Marmor L, Beitner R. Taxol (paclitaxel) induces a detachment of phosphofructokinase from cytoskeleton of melanoma cells and decreases 
the levels of glucose 1,6-bisphosphate, fructose 1,6-bisphosphate and ATP. Eur J Pharmacol. 1999;370(2):195–9. https://doi.org/10.1016/s0014-
2999(99)00155-7 PMID: 10323269

	33.	 Zhou R, Vander Heiden MG, Rudin CM. Genotoxic exposure is associated with alterations in glucose uptake and metabolism. Cancer Res. 
2002;62(12):3515–20. PMID: 12067998

	34.	 Clem BF, O’Neal J, Klarer AC, Telang S, Chesney J. Clinical development of cancer therapeutics that target metabolism. QJM. 2016;109(6):367–
72. https://doi.org/10.1093/qjmed/hcv181 PMID: 26428335

	35.	 Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A, Deck LM, et al. Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits 
tumor progression. Proc Natl Acad Sci U S A. 2010;107(5):2037–42. https://doi.org/10.1073/pnas.0914433107 PMID: 20133848

	36.	 Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a potential metabolic-targeting therapy for cancer. Br J Cancer. 2008;99(7):989–
94. https://doi.org/10.1038/sj.bjc.6604554 PMID: 18766181

	37.	 Galluzzi L, Kepp O, Vander Heiden MG, Kroemer G. Metabolic targets for cancer therapy. Nat Rev Drug Discov. 2013;12(11):829–46. https://doi.
org/10.1038/nrd4145 PMID: 24113830

	38.	 Stacpoole PW, Martyniuk CJ, James MO, Calcutt NA. Dichloroacetate-induced peripheral neuropathy. Int Rev Neurobiol. 2019;145:211–38. https://
doi.org/10.1016/bs.irn.2019.05.003 PMID: 31208525

	39.	 Shi L, Pan H, Liu Z, Xie J, Han W. Roles of PFKFB3 in cancer. Signal Transduct Target Ther. 2017;2:17044. https://doi.org/10.1038/sig-
trans.2017.44 PMID: 29263928

https://doi.org/10.1089/ars.2017.7216
http://www.ncbi.nlm.nih.gov/pubmed/28648096
https://doi.org/10.1186/s12896-017-0362-5
http://www.ncbi.nlm.nih.gov/pubmed/28482870
https://doi.org/10.1038/nrc3110
http://www.ncbi.nlm.nih.gov/pubmed/21833026
https://doi.org/10.1182/blood-2006-07-035972
http://www.ncbi.nlm.nih.gov/pubmed/17255361
https://doi.org/10.1158/0008-5472.CAN-11-1457
https://doi.org/10.1158/0008-5472.CAN-11-1457
http://www.ncbi.nlm.nih.gov/pubmed/22084445
https://doi.org/10.1111/j.1743-6109.2006.00127.x
http://www.ncbi.nlm.nih.gov/pubmed/16808811
https://doi.org/10.1158/0008-5472.CAN-10-2828
http://www.ncbi.nlm.nih.gov/pubmed/21300765
https://doi.org/10.1074/jbc.M409303200
http://www.ncbi.nlm.nih.gov/pubmed/15494407
https://doi.org/10.1113/jphysiol.2003.049478
http://www.ncbi.nlm.nih.gov/pubmed/14561818
https://doi.org/10.1161/01.RES.0000258450.44413.96
https://doi.org/10.1161/01.RES.0000258450.44413.96
http://www.ncbi.nlm.nih.gov/pubmed/17332437
https://doi.org/10.1007/s00204-023-03562-9
http://www.ncbi.nlm.nih.gov/pubmed/37597078
https://doi.org/10.1038/nature14405
http://www.ncbi.nlm.nih.gov/pubmed/25985179
https://doi.org/10.1021/acs.jcim.1c01176
http://www.ncbi.nlm.nih.gov/pubmed/35289616
https://doi.org/10.1093/nar/gkab294
http://www.ncbi.nlm.nih.gov/pubmed/33950214
https://doi.org/10.1093/annonc/mdx009
https://doi.org/10.1093/annonc/mdx009
http://www.ncbi.nlm.nih.gov/pubmed/28137739
https://doi.org/10.1371/journal.pone.0030462
http://www.ncbi.nlm.nih.gov/pubmed/22347377
https://doi.org/10.1016/s0014-2999(99)00155-7
https://doi.org/10.1016/s0014-2999(99)00155-7
http://www.ncbi.nlm.nih.gov/pubmed/10323269
http://www.ncbi.nlm.nih.gov/pubmed/12067998
https://doi.org/10.1093/qjmed/hcv181
http://www.ncbi.nlm.nih.gov/pubmed/26428335
https://doi.org/10.1073/pnas.0914433107
http://www.ncbi.nlm.nih.gov/pubmed/20133848
https://doi.org/10.1038/sj.bjc.6604554
http://www.ncbi.nlm.nih.gov/pubmed/18766181
https://doi.org/10.1038/nrd4145
https://doi.org/10.1038/nrd4145
http://www.ncbi.nlm.nih.gov/pubmed/24113830
https://doi.org/10.1016/bs.irn.2019.05.003
https://doi.org/10.1016/bs.irn.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31208525
https://doi.org/10.1038/sigtrans.2017.44
https://doi.org/10.1038/sigtrans.2017.44
http://www.ncbi.nlm.nih.gov/pubmed/29263928


PLOS One | https://doi.org/10.1371/journal.pone.0321998  May 21, 2025 22 / 22

	40.	 Yalcin A, Clem BF, Imbert-Fernandez Y, Ozcan SC, Peker S, O’Neal J, et al. 6-Phosphofructo-2-kinase (PFKFB3) promotes cell cycle progression 
and suppresses apoptosis via Cdk1-mediated phosphorylation of p27. Cell Death Dis. 2014;5(7):e1337. https://doi.org/10.1038/cddis.2014.292 
PMID: 25032860

	41.	 Clem B, Telang S, Clem A, Yalcin A, Meier J, Simmons A, et al. Small-molecule inhibition of 6-phosphofructo-2-kinase activity suppresses glycolytic 
flux and tumor growth. Mol Cancer Ther. 2008;7(1):110–20. https://doi.org/10.1158/1535-7163.MCT-07-0482 PMID: 18202014

	42.	 Martínez-Costa OH, Hermida C, Sánchez-Martínez C, Santamaría B, Aragón JJ. Identification of C-terminal motifs responsible for transmission of 
inhibition by ATP of mammalian phosphofructokinase, and their contribution to other allosteric effects. Biochem J. 2004;377(Pt 1):77–84. https://
doi.org/10.1042/BJ20031032 PMID: 12974670

	43.	 Reinhart GD. Influence of polyethylene glycols on the kinetics of rat liver phosphofructokinase. J Biol Chem. 1980;255(22):10576–8. https://doi.
org/10.1016/s0021-9258(19)70343-3 PMID: 6448853

	44.	 Aragón JJ, Sols A. Regulation of enzyme activity in the cell: effect of enzyme concentration. FASEB J. 1991;5(14):2945–50. https://doi.org/10.1096/
fasebj.5.14.1752361 PMID: 1752361

	45.	 Marín-Hernández A, Rodríguez-Enríquez S, Vital-González PA, Flores-Rodríguez FL, Macías-Silva M, Sosa-Garrocho M, et al. Determining and 
understanding the control of glycolysis in fast-growth tumor cells. Flux control by an over-expressed but strongly product-inhibited hexokinase. 
FEBS J. 2006;273(9):1975–88. https://doi.org/10.1111/j.1742-4658.2006.05214.x PMID: 16640561

	46.	 Caiazza C, D’Agostino M, Passaro F, Faicchia D, Mallardo M, Paladino S, et al. Effects of Long-Term Citrate Treatment in the PC3 Prostate Cancer 
Cell Line. Int J Mol Sci. 2019;20(11):2613. https://doi.org/10.3390/ijms20112613 PMID: 31141937

	47.	 Li L, Li L, Li W, Chen T, Bin Zou, Zhao L, et al. TAp73-induced phosphofructokinase-1 transcription promotes the Warburg effect and enhances cell 
proliferation. Nat Commun. 2018;9(1):4683. https://doi.org/10.1038/s41467-018-07127-8 PMID: 30409970

	48.	 Shyh-Chang N, Daley GQ, Cantley LC. Stem cell metabolism in tissue development and aging. Development. 2013;140(12):2535–47. https://doi.
org/10.1242/dev.091777 PMID: 23715547

	49.	 Intlekofer AM, Finley LWS. Metabolic signatures of cancer cells and stem cells. Nat Metab. 2019;1(2):177–88. https://doi.org/10.1038/s42255-019-
0032-0 PMID: 31245788

	50.	 Wallace DC. A mitochondrial paradigm of metabolic and degenerative diseases, aging, and cancer: a dawn for evolutionary medicine. Annu Rev 
Genet. 2005;39:359–407. https://doi.org/10.1146/annurev.genet.39.110304.095751 PMID: 16285865

	51.	 Ying H, Kimmelman AC, Lyssiotis CA, Hua S, Chu GC, Fletcher-Sananikone E, et al. Oncogenic Kras maintains pancreatic tumors through regula-
tion of anabolic glucose metabolism. Cell. 2012;149(3):656–70. https://doi.org/10.1016/j.cell.2012.01.058 PMID: 22541435

	52.	 Liberti MV, Locasale JW. The Warburg Effect: How Does it Benefit Cancer Cells?. Trends Biochem Sci. 2016;41(3):211–8. https://doi.org/10.1016/j.
tibs.2015.12.001 PMID: 26778478

https://doi.org/10.1038/cddis.2014.292
http://www.ncbi.nlm.nih.gov/pubmed/25032860
https://doi.org/10.1158/1535-7163.MCT-07-0482
http://www.ncbi.nlm.nih.gov/pubmed/18202014
https://doi.org/10.1042/BJ20031032
https://doi.org/10.1042/BJ20031032
http://www.ncbi.nlm.nih.gov/pubmed/12974670
https://doi.org/10.1016/s0021-9258(19)70343-3
https://doi.org/10.1016/s0021-9258(19)70343-3
http://www.ncbi.nlm.nih.gov/pubmed/6448853
https://doi.org/10.1096/fasebj.5.14.1752361
https://doi.org/10.1096/fasebj.5.14.1752361
http://www.ncbi.nlm.nih.gov/pubmed/1752361
https://doi.org/10.1111/j.1742-4658.2006.05214.x
http://www.ncbi.nlm.nih.gov/pubmed/16640561
https://doi.org/10.3390/ijms20112613
http://www.ncbi.nlm.nih.gov/pubmed/31141937
https://doi.org/10.1038/s41467-018-07127-8
http://www.ncbi.nlm.nih.gov/pubmed/30409970
https://doi.org/10.1242/dev.091777
https://doi.org/10.1242/dev.091777
http://www.ncbi.nlm.nih.gov/pubmed/23715547
https://doi.org/10.1038/s42255-019-0032-0
https://doi.org/10.1038/s42255-019-0032-0
http://www.ncbi.nlm.nih.gov/pubmed/31245788
https://doi.org/10.1146/annurev.genet.39.110304.095751
http://www.ncbi.nlm.nih.gov/pubmed/16285865
https://doi.org/10.1016/j.cell.2012.01.058
http://www.ncbi.nlm.nih.gov/pubmed/22541435
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26778478

