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Abstract: Physiological, pathological and pharmacological alterations in energetic substrate metabolism have been 

known to contribute to effective functioning of an organ. Hence, pharmacological interventions have been shown to 

improve clinical symptoms of certain pathologies, such as ischemic heart disease. In order to manipulate metabolism, 

however, one has to be able to correctly measure and know the contribution of a particular pathway to energy production. 

Many methods have been developed and adapted to a wide range of techniques. Radioactive substrates have been utilized 

for many laboratories with success. We adapted, from well established radioactive techniques, measurements for 

glycolysis and glucose oxidation in C2C12 myocytes. We believe that the technique is straightforward and allows the 

researcher to manipulate according to the needs of the laboratory. 
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1. INTRODUCTION 

 Manipulation of energetic substrate metabolism as a 
potential therapeutic intervention is a new and attractive 
approach to treat ischemic heart disease. Precise 
measurement of metabolic parameters is crucial when 
evaluating the rate of the pathway. This is complicated due 
to limitations in creating the physiological milieu with all 
hormones and substrates for a specific tissue. 

 Metabolic measurements are possible thanks to the use of 
radioactively-labeled substrates [1, 2]. Muscle cells normally 
drive most of their energy from the oxidation of fatty acids 
and carbohydrates. Glycolysis also provides a smaller 
amount of energy. Two by-products of these pathways are 
H2O and CO2. To quantify the amount of 

3
H2O or 

14
CO2 as a 

measure of a pathway is possible if only the experimenter 
knows at which step of the pathway these molecules are 
produced. 

 To measure glycolysis, for example, the experimenter 
uses [5-

3
H]-glucose. The radioactive label on glucose 

molecule is released as 
3
H2O at the enolase step of glycolysis 

(Fig. 1). The experimenter has to collect and measure 
3
H2O 

to determine the rate of glycolysis. The only challenge 
before this measurement is to separate 

3
H2O from [5-

3
H]-

glucose that had not been used by the tissue/cells. This is 
done by a simple evaporation technique in a sealed system 
that is based on the vapor-phase equilibrium method [3]. 

 When measuring glucose oxidation, the experimenter 
should use [U-

14
C-] glucose and collect 

14
CO2 that is either 

released into the air or trapped in the medium as carbonate. 
14

CO2 is produced at the step where pyruvate is metabolized 
to acetyl CoA and by citric acid cycle (Fig. 2). To collect 
14

CO2 is slightly difficult since it requires a sealed system not 
to lose any of the gas that is released into the air as well as to  
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collect the 
14

CO2 that is inside the medium. Typically, a 
strong acid is used to release the 

14
CO2 that is inside the 

medium and all 
14

CO2 is trapped by using alkaline (such as 
KOH or benzothonium hydroxide) solutions. 

 These techniques have been applied successfully to 
metabolic flux measurements of other substrates (lactate, 
fatty acids) in heart perfusions and in cells and appeared in 
the literature countless times [1, 2, 4]. The techniques described 
here are specifically adapted and optimized for this specific 
cell line (C2C12) in an attempt to present at least a starting 
point for research in related fields. 

2. METHODS 

 C2C12 mouse myoblasts were grown in Dulbecco's 
Modified Eagle's Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 100U/ml penicillin G and 
100 g/ml streptomycin (growth medium). After reaching 
80% confluency, the cells were differentiated in the same 
medium that contained 1% FBS (differentiation medium) 
[5]. 

 Cells were used in metabolic measurements only after 
visual confirmation of myotube formation of all myoblasts in 
the differentiation medium. In our system, this transformation 
took 10 days in the differentiation medium. In other words, 
all assays were performed on the 11

th
 day in the 

differentiation medium. 

2.1. Validations and Preliminary Assays 

 For validation of the functionality, protein and time-
course assays were performed for each substrate (results not 
shown). The rate of a metabolic process should be positively 
correlated with the amount of cell protein and time. For 
example, the rate of glycolysis should increase with the 
increasing amount of cells and duration of incubation. 

 During the initial assays, we observed that the rate of a 
metabolic pathway was slightly different in each passage. 
Therefore, the effect of the treatment was compared within 
the same passage number. In other words, the effect of drug  
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A on glycolysis at passage number X was evaluated by 
comparing the mean rate of glycolysis on cells that contained 
no drug (control) and the mean rate of glycolysis on cells 
that had been treated with drug A (n=1). To confirm the 
results, metabolic measurement was performed on the entire 
group (the effect of drug A on glycolysis) at passage number 
Y (n=2). We confirmed the results of each metabolic 
pathways at least 5 times to reach n=5. 

 After the initial confirmation that the effect of drug A 
was dose-dependent, we picked a concentration that had a 
maximum effect on the metabolic parameter in question. We 
also set an incubation time of 2 hours. 

2.2. Rate of Glycolysis in Resting Cells 

 For the measurement of glycolysis, the medium of the 
cells was replaced with fresh differention medium that 
contained [5-

3
H]-glucose at a specific activity of 10-20 

Ci/mmol glucose. Labeled glucose metabolized by 

glycolysis produces 
3
H2O that is released into the media. The 

media was collected by the end of assay. [5-
3
H]-glucose was 

separated from 
3
H2O

3
 and the amount of 

3
H2O as an indicator 

of glucose usage by glycolysis was measured by standard 
scintillation counting techniques. One 1 ml PBS was added 
to each flask to scrape and transfer the cells into clean tubes 
where they are sonicated and prepared for protein assay [6] 
to determine the amount of cells in that particular flask. 

2.3. Rate of Glucose Oxidation in Resting Cells 

 The cells grown and differentiated in regular 25cm
2
 

flasks were transferred to 6-well incubation plates for these 
studies. On the day before the experiment (Day 10 in 
differentiation medium), the cells were trypsinized as they 
were for regular passage procedure and divided between the 
6 wells of the new plate. On the day of the experiment, the 
medium of the cells was replaced with fresh differention 
medium that contained [U-

14
C-]glucose at a specific activity 

 

Fig. (1). Measurement of glycolysis by using [5-
3
H]-glucose. 

 

Fig. (2). Measurement of glucose oxidation by using [U-
14

C-]glucose. 
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of 250-300 Ci/mmol glucose. Just before the start of the 2-
hours incubation, a filter paper treated with 1M KOH was 
placed onto the lid of the 6-well plate. KOH-treated filter 
paper trapped 

14
CO2 that was produced by cells through the 

oxidation of [U-
14

C-] glucose. By the end of 2 hours 
incubation, 0.5ml HClO4 was added to each well. The reason 
for HClO4 addition was to release the 

14
CO2 that was 

produced by the cells and kept inside the medium. The 
amount of 

14
CO2 that was trapped on the filter paper was 

determined through standard scintillation techniques as a 
measure of glucose oxidation [7]. 

2.4. Data Processing and Statistics 

 Results were shown as mean ± sem of 5 different 
experiment sets as explained in previous sections. Student’s 
t-test was used to compare 2 separate sets and statistical 
significance was considered to be present at p<0.05. 

3. RESULTS AND DISCUSSION 

 The metabolic rates of the cells have been evaluated in 
resting conditions (without the addition of any drug). Some 
cells were stimulated by the addition of an adrenergic 
receptor agonist, adrenaline. Adrenalin was used to mimic 
the hypercatecholamine-state which is known to stimulate 
the cells to metabolize higher amounts of energetic 
substrates compared to the resting state in order to meet the 
increasing demand for energy, for example, during 
sympathetic activation. 

 As shown in Fig. (3), the rate of glycolysis was 1.08 ± 
0.03 nmol glucose/mg in resting cells at passage number 4. 
As expected, the addition of 1 M adrenaline increased the 
rate of glycolysis to 1.74 ± 0.16 nmol glucose/mg (an 
increase of nearly 60%). As explained in “Methods”, we 
have been able to confirm, at following passage numbers that 
adrenalin stimulated glycolysis to a similar level (about 60%, 
results not shown). 

 

Fig. (3). Rate of glycolysis in resting (no treatment) and adrenaline-

treated C2C12 cells. 

 Next, we measured the rate of glucose oxidation in cells 
of passage number 6 and found that the cells metabolize 
0.005 nmol glucose /mg. 

 

 

 The substrate preference of a tissue is crucial in 
determining the performance and research in the field 
suggest that pharmacological manipulation of metabolic 
pathways has an exciting future in treating pathologies such 
as ischemic heart diseases [8-10]. A crucially important 
point in performing research in this area is to accurately 
measure the rates of the metabolic pathway in question in 
order to evaluate the effect of a certain manipulation. Using 
labeled substrates is a good tool for this and has been used 
for many years in different laboratory techniques such as 
organ perfusions and cell studies. Although not a perfect 
model to represent the heart tissue, the method that is 
presented here is optimized for C2C12 cell line in our 
laboratory. To the best of our knowledge, a detailed 
methodology for the measurement of glycolysis and glucose 
oxidation in this cell line has not appeared in scientific 
literature. We therefore felt the need to report our technique 
and the early results to verify a functional system. 

CONCLUSION 

 There are several limitations of this study. For example, 
only the metabolism of exogenous substrates that are 
supplied with the medium were measured. A possible 
contribution of endogenous stores to overall substrate usage 
is beyond the coverage of this technique. Moreover, we are 
aware of the fact that the functional work of a tissue is very 
important in determining the substrate preference. For 
example, when the workload is increased, the heart supplies 
its extra energy from carbohydrates. In our system, we have 
not been able to evaluate the contribution of function to 
substrate usage. However, cell studies are still very valuable 
for not requiring the use of animals at the early stages of a 
research like this presented here. Our future experiments will 
focus on measuring the rates of other metabolic processes 
and include additional pharmacological interventions. 
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