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 ABSTRACT  
Curcumin: glycolytic 

enzymes, inflammatory bowel 

disease, chemoprevention and 

colon cancer 

 Curcumin, from the spice turmeric, has many chemopreventive and 

chemotherapeutic benefits and has shown promise as an adjuvant treatment 

for inflammatory bowel disease (IBD) and colorectal cancer (CRC).  In this 

paper we focused on the effect of curcumin upon glycolytic enzymes 

because in cancer cells glycolysis appears to be the major source of energy. 

The effects of curcumin upon several glycolytic enzymes were studied with 

the aim to further define curcumin’s potential for chemoprevention of CRC 

in IBD patients, whom are known to be at high risk for the development of 

CRC. We measured rabbit muscle 1-phosphofructokinase (PFK-1), 

aldolase, enolase, pyruvate kinase (PK), and lactose dehydrogenase (LDH) 

enzyme activities in the presence of curcumin and compared their enzyme 

I50 values. We also compared constant concentrations of curcumin with 

varying enzyme concentrations to determine the enzymes reversibility. We 

showed reversible inhibition of several glycolytic enzymes with curcumin. 

We postulate that curcumin may be able to prevent colon cells from 

acquiring a glycolytic phenotype, prevent cancer cell proliferation through 

the inhibition of glycolysis, and thereby, prevent the onset of colon 

carcinogenesis in IBD patients. 

 

 

 

   

 

This work is licensed under a Creative Commons Attribution Non-Commercial 4.0 

International License. 

 

 

1. INTRODUCTION 

Curcumin comes from the Curcuma longa rhizome of the ginger family. Curcumin is 2-5% of the spice 

turmeric. According to some published studies, it is stated that almost 6000 years ago in ayurvedic medicine 

Curcumin has been a used as medicinal agent [1- 3]. It was successful in treating stomach and intestinal pain 

or distension, sprains, bruises, wounds, skin diseases, and afflictions of the liver.  It was used for colds and 

purulent conjunctivitis [4]. It is reported that curcumin’s anti-inflammatory and anti-neoplastic properties are 

due to a low level hydrogenation, a high level of methoxylation, and a high level of unsaturation of the 

diketone moiety [5]. Curcumin is a lipophilic polyphenol compound stabilized by hydrogen bonding 

associated with a central OH group (Figure 1). Curcumin is an anti-oxidant and a free radical scavenger. It is 

a potent hydrogen donor in acidic and neutral conditions and an electron donor in an alkaline environment 

[6], [7]. Curcumin dose-dependently reduced the proliferation rate of human colon cancer cell lines by 96% 

in 48 hours by G2/M phase cell cycle arrest [8]. It was recently shown in yeast that glucose catabolism through 
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glycolysis, independent of ATP production, is a critical signal regulating cell cycle quiescence and exit. In 

the absence of glycolysis (using glycolytic enzyme mutants or the glycolysis inhibitor iodoacetate), cells 

entered and remained in quiescence, even in the presence of glucose and ATP.  Independent of cell cycle 

regulators, glucose catabolism triggers cell proliferation re-entry [9]. Our studies focused on the effect of 

curcumin on the glycolytic enzymes since glycolysis appears necessary for cell proliferation, and because 

glycolysis is up-regulated in IBD and cancer, including CRC [10- 14], which is the focus of this paper. 

Glycolysis appears to be the major source of energy for cancer cells [15], [16]. Lactic acid, as the end product 

of anaerobic and aerobic glycolysis in CRC cell metabolism, becomes an important fuel source and creates 

an acidic environment conducive to cancer cell survival and cancer metastasis [17]. The objective of this 

paper is to report the effect of curcumin on rabbit muscle enzymes PFK-1, aldolase, enolase, PK, and LDH. 

This paper explores the effect of curcumin on glycolytic enzymes with the aim of defining its anti-cancer 

activity. We propose that an additional mechanism by which curcumin exerts its chemotherapeutic and 

chemopreventive effects is by inhibiting glycolysis. 

 

2. Materials 

Biologicals: Rabbit muscle enzymes were used in these studies unless stated otherwise. Aldolase (EC 

4.1.2.13), enolase (EC 4.2.1.11), PK (EC 2.7.1.40) and LDH (EC 1.1.1.28) were obtained from Sigma-Aldrich 

Co. (St. Louis, MO). Dimethyl sulfoxide (DMSO) and Ethanol (EtOH) were obtained from Sigma-Aldrich 

Co. (St. Louis, MO).  Curcumin, standardized to 95% curcuminoids (curcumin 70-80%, desmethoxycurcumin 

15-25%, and bisdexmethoxycurcumin 2.5-6.5%) was purchased from PureBulk, Inc (Oregon, USA). 

 

Phosphofructokinase-1:  According to the method of Kemp, Rabbit muscle PFK-1 (EC 2.7.1.56) was used 

in experiments by frozen rabbit muscles in our laboratory [18]. 

 

Criteria for PFK-1 purity: By using sodium dodecyl sulfate polyacrylamide gel electrophoresis, the Purity 

of PFK-1 protein was determined. All rabbit muscle PFK-1 samples used in these experiences were devoid 

of enolase, pyruvate kinase, LDH and aldolase activities and was shown to have a single band in SDS-PAGE. 

SDS-PAGE was run with 12 percent cross-linked gels and the Mini-Protean II Cell assembly and Bio-Rad. 

By using Morrissey procedure, the silver stained gels were used for proteins [19]. 

 

3. Methods 

At room temperature i.e. 25°C, all methods were takes place in the laboratory. In this study, buffers are used 

in 0.01mM quantity of potassium phospahate for LDH and PK solution at pH 8 and 0.01 mM Tris-phosphate 

pH 8 for aldolase, enolase, and PFK-1 solutions. One enzyme activity unit (eu) of PFK-1, aldolase, LDH, 

enolase, or PK was the formation of 1 μmole of NAD+ per minute. To convert NADH absorbance to 

micromoles at molar absorptivity value of 6220 for product formulation. 

 

Phosphofructokinase-1 assay: PFK-1 activity: fructose 6-phosphate (F 6-P) + ATP = fructose 1,6-

bisphosphate (F 1,6-BP), was measured with a modification of the method by Kemp (18). A 1 mL assay 

mixture contained 2 mM fructose 6-phosphate, 1 mM ATP, 3.0 mM MgCl2, 0.13mM NADH, 1.7 eu/mL 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 18 eu/mL triose phosphate isomerase (TPI), 1.3 

eu/mL aldolase, and 100 mM tris-phosphate buffer, pH 8.0 as final concentrations. 

 

Aldolase assay: Aldolase activity: F 1,6-BP + H2O = glyceraldehyde 3-phosphate + dihydroxyacetone 

phosphate, was measured using modifications of a method previously published [20]. At buffer of tris-

potassium phosphate in 100mM, All solutions were prepared with 8 pH.  The 1 mL assay medium contained 

the following: 2 mM F 1.6-BP, 0.13 mM NADH, 1.7 eu/mL GAPDH, and 18 eu/mL TPI. 

https://www.teikyomedicaljournal.com/
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LDH assay:  According to previous developed assay, the activity of LDH was measured i.e. pyruvate + 

NADH + H+ = lactate + NAD [22]. The mixture of 1 ML assay enclosed various quantities such as pyruvate 

0.6 mM, NADH 0.2 mM and buffer of potassium phosphate 50 mM with 8 pH. The rate of reaction and 

enzyme initiation was assess with the help of decreasing the absorbance of NADH at 340 nm based on time. 

 

Enolase assay: Enolase activity: 2-phosphoglycerate (PG) + H2O = phosphoenolpyruvate (PEP), was 

measured. All solutions were made up in 100 mM tris-potassium phosphate buffer, pH 8. A 1 mL assay 

mixture contained 0.38 mM 2-PG, 0.1 mM NADH, 0.1 mM ADP, 0.35 u/mg LDH, and 0.037 u/mg PK. 

 

Pyruvate kinase assay:  PK activity: PEP + ADP = PK + ATP, was measured. In 100 mM potassium 

phosphate buffer at pH 8, all solution were prepared.  A 1 mL assay mixture contained 0.3 mM PEP, 0.2 mM 

NADH, 1 mM ADP, and 0.5 units/mg LDH. 

 

Dilutions of PFK-1, aldolase, enolase, PK, and LDH:  30 nM PFK-1 were used as standard procedures for 

preparing the dilutions of PFK-1. Aldolase, enolase, PK and LDH. 3 μM PFK-1 (3.0 eu/mL) sample added 

in 8 pH and 0.01 M tris phosphate buffer till the concentrations of final at 25° C for half hour because it losses 

the activity due to low concentration of PFK-1. It was previously determined that enzyme stability was 

reached after standing with an inhibitor for 0.5 h at 25° C and remains stable for more than 2 h [22]. While 

for the dilutions of aldolase, enolase, PK and LDH, the only difference is to dilute 3 μM PK and 3 μM LDH 

in pH buffer except 0.01 M potassium phosphate. 

 

Titrations against a constant inhibitor:  The assay components concentrated above than 10 times of 

aldolase, PFK-1 and enolase into 0.1 mL.  Therefore, 0.9mL was the allowed sample quantity of enzymes 

and for rates the more accurate measurement value was less than 0.05 absorbance unit/min in 100 μL of 

sample. Low concentration dilutions of PFK-1, aldolase, enolase, and LDH as described above, were prepared 

and incubated with a constant curcumin concentration for 0.5 h to determine reversibility or irreversibility of 

the inhibition [23]. 

 

Curcumin: Stock solutions of 200 mM or 100 mM Curcumin dissolved in EtOH or DMSO were prepared 

daily and diluted to desired concentrations. Neither EtOH nor DMSO alone inhibited LDH (data not shown) 

at the concentrations used in these experiments. At the concentrations used, neither EtOH nor DMSO was 

inhibitory. 

 

I50 value determinations:  The I50 (the concentration required for 50% inhibition) values of inhibitors of 30 

nM PFK-1, 30 nM aldolase, 30 nM enolase, 30 nM PK, and 30 nM LDH was determined by graphing 30 nM 

enzyme activity against mM curcumin on a dose response curve.   The initial enzyme activity in the absence 

of curcumin represents 100% enzyme activity.  The curcumin concentration resulting in 50% enzyme activity 

is the I50 value. 

 

4. Results 

Effect of curcumin on PFK-1, aldolase, enolase, pyruvate kinase, and LDH activity:  We show that 

curcumin inhibits aldolase, PFK-1, enolase, PK, and LDH.  Figure 2 show that curcumin inhibits the activity 

of 30 nM aldolase and show how the I50 value of 2.2 mM curcumin was determined graphically.  The I50 

values were similarly determined for PFK-1, enolase, PK, and LDH (not shown). The I50 value is defined as 

the curcumin concentration that yields 50% 30 nM enzyme activity.  The I50 values require defined conditions 

since the value varies with enzyme concentration. In previous work in our laboratory, a standard of 30 nM 

enzyme concentrations were chosen to determine the I50 value for 30 nM ascorbate (24) and the I50 value of 
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ascorbyl fatty acid derivatives (in press), which are irreversible inhibitors of several glycolytic enzymes (24, 

in press). The I50 values were determined for 30 nM enzyme concentrations as a means of comparing their 

sensitivities to inhibition [23] by curcumin. 

 

Table 1 shows the results of the I50 values of the individual enzymes determined as indicated in Figure 2. 

PFK-1 is the most sensitive to inhibition by curcumin with an I50 value of 0.0008 mM curcumin. PFK-1 is 

more than 4 times more sensitive to inhibition by curcumin than ascorbate under the same conditions [24]. 

Glycolysis inhibition by ascorbate and facilitation of glycogen synthesis in resting muscle via inhibition of 

PFK-1 has been proposed as a normal condition [24]. 

 

Effect of a constant concentration of curcumin upon varying concentrations of enzyme. In Figures 3 A-D, 

PFK-1, aldolase, enolase, and LDH concentrations were each varied and tested against a constant 

concentration of curcumin as given. Figures 3 A-D shows that the diverging plots containing fixed 

concentrations indicates that curcumin is a reversible inhibitor of PFK-1, aldolase, enolase, and LDH [23]. 

 

5. Discussion 

It was shown that curcumin reversibly inhibits several enzymes of glycolysis, rabbit muscle enzymes PFK-1, 

aldolase, enolase, pyruvate kinase, and LDH. We compared the curcumin I50 values of each enzyme to 

determine sensitivity to curcumin inhibition. Table 1 shows the lowest curcumin I50 value was PFK-1, which 

has almost a 100 fold or more sensitivity to curcumin inhibition compared to the other enzymes. The curcumin 

I50 value is so low for PFK-1, that it is likely sufficient to have in vivo curcumin concentrations to inhibit 

PFK-1. The significance in inhibiting PFK-1 activity is that it is the rate-limiting enzyme of glycolysis, and 

glycolysis is the major energy source for most cancer cells. The sensitivity of inflammatory cells and colon 

cancer cells to curcumin [25- 27] may be attributable to its inhibitory effect upon PFK-1. PK was the next most 

sensitive to curcumin inhibition. Sensitivity of PK to curcumin is also important because PK is responsible 

for net ATP production. LDH has the highest curcumin I50 value. LDH is less sensitive to inhibition by 

curcumin than PFK-1 and PK. Inhibition of PFK-1 and PK will decrease lactic acid production because of 

decreased substrate availability. Direct inhibition of LDH, as well, may have an additive effect upon 

decreasing lactic acid production; perhaps further decreasing a cancer cell’s fuel source, and cellular acidity. 

These curcumin I50 values imply a higher dose could escalate curcumin’s effect upon glycolytic enzymes 

comparable to the dose escalation response by curcumin to the promotion/progression stages of colon 

adenocarcinomas in rats [25]. Further studies are needed to compare dose escalation of curcumin to the 

decrease of glycolytic activity in vivo. We are currently determining if curcumin inhibition is competitive, 

noncompetitive, or uncompetitive. 

 

Our studies showed inhibition of glycolytic enzymes by curcumin in vitro. The following studies indicate an 

in vivo decrease of glycolytic enzymes could be attributed to curcumin. Shistosoma mansoni infected mice 

have greatly increased activity of aldolase, enolase, PK, and LDH.  When infected mice and healthy mice are 

fed curcumin, both groups have decreased aldolase; enolase, PK, and LDH levels compared to healthy control 

mice not fed curcumin [28- 30]. Mice with human tumors fed curcumin had arrested tumor growth and 

decreased transcription of mRNA PFK-1, mRNA aldolase, mRNA enolase, mRNA PK, and mRNA LDH 

[31]. This glycolytic enzyme down-regulation was attributed to the ability of curcumin to degrade ARNT 

(aryl hydrocarbon receptor nuclear translocator), which is a subunit of HIF-1α (hypoxia-inducible factor-1α), 

and necessary for glycolytic transcriptional activation [31- 34]. This is important because HIF-1α is over 

expressed in cancer [35] and promotes cell proliferation and survival [36]. 

 

Xu and Pelicano showed that inhibition of glycolysis severely depletes ATP, effectively killing colon cancer 

https://www.teikyomedicaljournal.com/
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cells [37]. During the establishment of colon carcinogenesis, a glycolytic phenotype up-regulation was 

established [15]. Several pathways lead to increased activity of glycolytic enzymes [10], [38- 40] and perhaps 

because of an inability to target several pathways there has not been success in targeting glycolysis for cancer 

prevention and treatment [40], [41]. Our laboratory has demonstrated for the first time that curcumin 

decreases glycolytic enzyme activity by reversible inhibitions of PFK-1, aldolase, enolase, and LDH. We 

suggest that one mechanism by which curcumin works to prevent the establishment of colon cancer is by 

preventing the onset of a glycolytic phenotype through its inhibition of PFK-1, aldolase, enolase, PK, and 

LDH activity. Targeting several glycolytic enzymes by curcumin both directly (as we have shown) and 

indirectly (through ARNT degradation) may result in significant suppression of glycolysis, making curcumin 

more fit for chemoprevention. Further studies are necessary to show that curcumin inhibition of glycolytic 

enzymes leads to decreased glycolytic activity and an onset of a cellular glycolytic phenotype in vivo in 

cancer cells.  Additionally, curcumin may be particularly fitting for prevention of colon cancer because uptake 

of curcumin is primarily through passive diffusion by intestinal cells [42], [43] and is primarily absorbed and 

retained by intestinal cells. When 400 mg of curcumin was taken orally, intestinal cells absorbed 60-65%, 

10% was found in the plasma, and 4% was found in the urine [42]. Curcumin was shown to inhibit the 

incidence of chemically induced noninvasive colon cancer in rats by 78% and invasive colon cancer by 45% 

[25]. 

 

Outcomes of studies in which IBD and CRC were additionally treated with curcumin are encouraging and 

showed an absence of concurrent drug adverse reactions [44], [45]. Doses up to 8 grams per day were tolerated 

[46] well, with some gastrointestinal distension [47], one patient reporting transient nausea and one with 

diarrhea [48]. Because IBD patients are at high risk for developing CRC [49] and curcumin adverse events 

are minimal, we suggest that IBD patients who take curcumin may be establishing chemoprevention against 

CRC. 

 

6. Conclusion 

Our studies suggest that curcumin inhibition of glycolytic enzymes may be an important mechanism of colitis 

CRC chemoprevention, based on the cancer requirement for glycolysis as a major energy source and as a 

necessary trigger for cellular proliferation. Studies should follow to further define the role of curcumin as 

chemoprevention of CRC in IBD patients and healthy controls. 
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Table 1. 
Curcumin I50 values of glycolytic 

enzymes 

 

Enzyme 

I50 value 

mM curcumin 

30 nM aldolase 0.24 

30 nM enolase 0.13 

30 nM LDH 0.3 

30 nM PFK-1 0.0008 

30 nM PK 0.07 

 

Conditions are given in Methods. 

 

 
Figure 1. The structure of curcumin. 

 

 
Figure 2. 30 nM aldolase I50 = 0.24 mM curcumin. This is typical of the I50 determination for PFK-1, 
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enolase, PK, and LDH. All enzymes were tested at 30 nmolar. 

 

 
 B. 

 
 C.        

 

 
 D.   

Figure 3. Dilutions of PFK-1, enolase, aldolase, and LDH were titrated at varying concentrations with a 

constant concentration of curcumin to determine reversibly or irreversibly of the inhibition. A. Titration of 

varying PFK-1 concentration with a constant curcumin concentration. 

 B. Titration of varying enolase concentration with a constant curcumin concentration.   

 C.  Titration of varying aldolase concentration with a constant curcumin concentration.   

 D.  Titration of varying LDH concentration with a constant curcumin concentration.   
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Fig. 4: Reversible Activity of PFK-1 with Curcumin inhibitor. 

Key:  

                30μM rm PFK-1/ No curcumin eu/ml.   

                30nM rm PFK-1/ ± curcumin eu/ml.   

 

 
Fig. 5: PFK-1 Inhibited Activity by Curcumin at Different ATP Substrate Concentration “Mixed Type of 

Inhibition” 

 

 

 

 

 


