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1 Introduction 

1.1 Cell growth and energy metabolism in cell culture setting 

1.1.1 Characteristics of cell growth curve 

In batch culture setting, cell growth follows to a certain principle. Typically, there is 

an initial phase (lag phase) in which growth is hysteresis. Lag phase has no net 

proliferation after inoculation when cells adapt to a new environment. The length of 

this phase varies with cell lines and cultivation conditions. Then cells enter an 

acceleration phase while cell mass and cell population increase exponentially with 

time. This phase is termed exponential phase. The exponential growth phase is the 

most important phase of the cell growth cycle. During exponential phase, cell 

population doubles at regular intervals of time (doubling time, td). In order to 

evaluate cell proliferation ability in this phase, quantitation of cell specific growth 

rate (SGR) is an important parameter.  

With consumption of essential nutrients and accumulation of metabolic wastes, cell 

growth rate begins to decrease. Then, cell growth rate equals cell death rate. This 

phase is called stationary phase. The length of the stationary phase often depends 

on the kind of cell lines. After stationary phase, cell death rate exceeds growth rate. 

The cell enters the decline phase.  

Cell growth curve is useful for evaluating the growth characteristics of a cell line. 

From the growth curve, the lag time and population doubling time can be 

determined (Lockhart 1971). 

1.1.2 Energy metabolism in the cultured cell 

Energy metabolism is determinant for cell growth and cellular function, during a cell 

culture process, and is warranted by the cell culture medium that supply the 

nutrient substances. For mammalian cell in culture setting, the main metabolic 

energy derives from glutamine, glucose and the other amino acids. Glutamine, 

rather than glucose, is often considered as the main metabolic energy source 

(Schneider et al. 1996).  

1.1.2.1 Glutamine metabolism 

Glutamine is of central importance in the metabolic and biosynthetic pathways of 

viable cells (Ehrensvard et al. 1949; Eagle et al. 1966). Glutamine can supply cell 
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energy and amino group donor for purine and pyrimidine biosynthesis. Glutamine 

catabolism firstly takes place in the cytosol with the initial removal of the amido 

group to form glutamate (Schneider et al. 1996).This reaction is catalyzed by 

glutaminase, which produces an ammonium molecule (Equation a). Under the 

catalysis of glutamate dehydrogenase (GDH) in mitochondrial matrix, glutamate is 

transformed into α-ketoglutarate (α-KG) and another ammonium molecule is 

produced (Equation b). Glutamate can also be catalyzed by the aminotransferase 

and the amino group is transferred to α-keto acid, leading to the formation of 

α-amino acid (Equation c). Most of glutamate is transaminated by aminotransferase, 

while less oxidatively deaminated by GDH (Schneider et al. 1996). Glutamine 

metabolism pathways in cell culture are illustrated in Figure 1.  

 Glutamine + H2O  Glutamate + NH3  (Equation a)  eGlutaminas 



 Glutamate + NAD+  α-KG + NH3 + NADH + H+ (Equation b)  GDH

 Glutamate + α-keto acid  α-KG + α-amino acid (Equation c)  ferase Aminotrans

Glutamine metabolism depends on the enzyme phosphate-activated glutaminase 

(Aledo et al. 1997). Glutaminase activity correlates with glutamine consumption and 

cell growth rate (Aledo et al. 1994). The glutaminolytic pathway depends on the cell 

line and the concentrations of glutamine, glucose and ammonia as well as pH in 

medium (Schneider et al. 1996; Lao and Toth 1997; Miller et al. 2000). It is evident 

that glutamine metabolic quotient is higher and the utilization efficiency is lower at 

higher glutamine concentrations in hybridomas, and the specific glutamine 

consumption is in dependant on the glucose concentration (Miller et al. 2000). 

However, Zielke et al. reported that raised glucose concentrations inhibited 

glutamine oxidation in human fibroblasts. When the glucose concentration in 

medium was reduced to zero, glutamine oxidation increased 5-fold (Zielke et al. 

1978). Higher specific nutrient consumption rates were found at the extreme power 

of hydrogen (pH) values (Miller et al. 2000). Ammonia or ammonium can inhibit the 

glutamine catabolic pathways by affecting the GDH and aminotransferase activities 

(Lao and Toth 1997). 
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Figure 1: Schematic diagram of glutamine and glucose metabolisms in cell culture 

(Mulukutla et al. 2010).  Acetyl CoA: acetyl coenzyme A; Ala: alanine; Asp: aspartic acid; 

ASCT2: glutamine transporter; CO2: carbon dioxide; FA: fat acid; F6P: fructose 6-Phosphate; 

F16P2: fructose-2,6-bisphosphate; F26P2: fructose-2,6-bisphosphate; G6P: glucose 

6-phosphate; G6PD: glucose 6-phosphate dehydrogenase; Glc: glucose; Gln: glutamine; Glu: 

glutamate; GLUT1: glucose transporter 1; GLS: glutaminase; GPI: glucose-6-phosphate 

isomerase; HK: hexokinase; Lac: lactate; LDH: lactate dehydrogenase; Mal: malate; NAD+: 

nicotinamide adenine dinucleotide, NADH: nicotinamide adenine dinucleotide, reduced; NH3: 

Ammonia; Oaa: oxaloacetate; PDH: pyruvate dehydrogenase; PEP: phosphoenolpyruvate; 

PFK1: Phosphofructokinase 1; PFK2: Phosphofructokinase 2; PK: pyruvate kinase; PPP: 

pentose phosphate pathway; Pyr: pyruvate; Suc-CoA: succinyl coenzyme A; TCA cycle: 

tricarboxylic acid cycle; α-KG: α-ketoglutarate. 
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The different metabolic pathways for glutamine degradation yield different amounts 

of adenosine triphosphate (ATP) (Schneider et al. 1996). Complete oxidation of 1 

mol glutamine to carbon dioxide (CO2) yields 27 mol ATP. However, incomplete 

oxidation to aspartate or transamination of pyruvate to alanine only yields 9 mol 

ATP (Glacken et al. 1986). 

1.1.2.2 Glucose metabolism 

Over 50 years ago, Warburg described that cancer cell consumed glucose at high 

rates and produced lactate, even at normal oxygen tension. Nearly 90% of glucose 

was transformed to lactate, which had adverse effects on cell growth and activity 

(Warburg 1956). In a typical medium, more glucose is supplied than any other 

nutrients. However, glucose may not provide the largest amount of energy for cell in 

culture (Schneider et al. 1996), for most glucose is converted to lactate, and 

therefore, glucose does not produce as much energy as glutamine. The two main 

pathways of glucose metabolism are glycolysis and pentose phosphate pathway. 

Glycolysis takes place in cytosol, where glucose is broken down to pyruvate by the 

catalysis of phosphofructokinase (PFK) (Equation d). Under high flux of glucose or 

insufficient flux of pyruvate oxidation in mitochondria, pyruvate is oxidized to lactate 

by the catalysis of lactate dehydrogenase (LDH) (Equation e). Pyruvate is also 

transported into the mitochondria where it is oxidized into acetyl coenzyme (CoA) 

by the catalysis of pyruvate dehydrogenase (PDH) and enters the tricarboxylic acid 

(TCA) cycle (Equation f). Pyruvate is also a main buffering pool of excess amino 

groups, especially glutamine, adopted by cells to generation of alanine through a 

transamination reaction in cell culture (Figure 1). 

Glucose + 2ADP + 2Pi + 2NAD+  2Pyruvate + 2ATP + 2NADH (Equation d) PFK

2Pyruvate + 2NADH LDH
 2Lactate + 2NAD+ (Equation e) 

2Pyruvate PDH
 2acetyl CoA + 2NADH + 2ATP + 2CO2 (Equation f) 

Glucose metabolism in mammalian cell culture is complex and regulated in several 

different pathways (Mulukutla et al. 2010). First, the common intermediate 

metabolites that derived from complex biochemical reaction networks are the 

fundamental adjustment factors of glucose metabolism. In these various 

biochemical reaction networks, the interconnection, branching and sharing of 

 



INTRODUCTION                                                                                5 

substrates and products constrain the glucose metabolism fluxes. In addition, the 

rates of reduced nicotinamide adenine dinucleotide (NADH) transforming into 

nicotinamide adenine dinucleotide (NAD+) through the conversion of pyruvate to 

lactate (Equation e) and the shuttles of NADH through mitochondrial also act as 

control factors in the glycolytic flux.  

Second, the glucose metabolism pathway is controlled by the activity of different 

enzymes (Mulukutla et al. 2010). Hexokinase (HK), PFK and pyruvate kinase (PK) 

are the main rate-limiting enzymes in glucose glycolysis. ATP, adenosine 

diphosphate (ADP), citrate, lactate and ammonia are reported to regulate the PFK 

activity. Lactate can directly inhabit the PFK activity (Papagianni et al. 2007) and 

indirectly inhabit the HK activity (Leite et al. 2011). Thus, it is reasonable that 

lactate can inhabit glucose metabolism in cell culture (Leite et al. 2011). However, 

PFK is reported to be activated by ammonia (Parmeggiani et al. 1966; Mouilleron et 

al. 2006). An increase in ammonia level can perturb the feedback regulation of 

glucose metabolism, which leads to a high rate of glycolysis and lactate production. 

Ammonia also affects PDH activity, which reduces acetyl CoA production. The 

decrease of acetyl CoA can affect the TCA cycle and energy metabolism 

(Zwingmann et al. 2003). 

Third, signaling proteins can regulate the glucose metabolism. v-akt murine 

thymoma viral oncogene homolog 1 (Akt1), 5' adenosine monophosphate-activated 

protein kinase (AMPK), v-myc myelocytomatosis viral oncogene homolog (cMYC) 

and tumor protein 53 (p53) act as the master metabolic regulators, which regulate 

the glucose metabolism individually or in crosstalk between signaling pathways 

(Mulukutla et al. 2010).  

Under aerobic condition, complete oxidation of 1 mol glucose yields 38 mol ATP. 

But only 2 mol ATP is yielded in anaerobic condition of glucolysis. 

1.2 Biology of ammonia 

1.2.1 General concept 

Ammonia /ammonium is a compound of nitrogen with the formula NH3 / NH4
+. NH4

+ 

is formed by the protonation of ammonia. The ratio of ammonia to ammonium ion 

depends on the pH of the internal environment and the cellular circumstance. If the 

pH is low, more ammonium molecules are protonated into ammonium ions. 

 



INTRODUCTION                                                                                6 

However, if the pH is high, more ammonia is formed. This equilibrium relationship 

can be expressed as following: 

NH3 + H+  NH4
+ (Equation g) 

The logarithmic acid dissociation constant (pKa) of ammonia is 9.01 in human 

plasma at 37°C (Lang et al. 1998). At cell culture temperature (37°C) and pH of 

around 7.0, ammonium ion predominates. The accounts of ammonia are lower than 

3% of the total “ammonia” at this condition (Newland et al. 1990). The term 

“ammonia” will be used throughout to refer to the sum of the ammonium ion and 

ammonia species in the following sections. 

1.2.2 Effect of ammonia on cell growth 

The history of studies on ammonia effect on cells is over 50 years (Ashida and 

Harper 1961). The references about the impacts of ammonia on cell growth and 

cell metabolism exceed 60 documents including some reviews (Newland et al. 

1990; Nissim and Korzets 1990; Schneider et al. 1996). The total concentrations of 

ammonia as low as 1 mmol / L (mM) to 3 mM have been reported to reduce cell 

growth considerably (Schneider et al. 1996). But the toxic effects caused by 

ammonia accumulation are various upon the cell types (Schneider et al. 1996; 

Mirabet et al. 1997). Over 60% growth reduction for mouse embryonic fibroblast 

(3T3) cells and 15% reduction for simian vacuolating virus 40 (SV-40) transformed 

3T3 cells were reported upon initial concentrations of 0.6mM ammonia in medium 

(Visek et al. 1972). For Chinese hamster ovary (CHO) cell, growth was not 

significantly affected by adding ammonia concentration of up to 10 mM (Lao and 

Toth 1997). To date, there are no studies on the effect of ammonia on C2C12 cell 

growth availably. 

There are several mechanisms underlying the impacts of ammonia on cell growth, 

and these mechanisms are described in detail in the following sections. 

1.2.3 Effect of ammonia on energy metabolism 

First, ammonia disturbs the intracellular pH and electrochemical gradients, thereby 

impacts the energy metabolism of cells (Ferreira et al. 2007). In aqueous solution, 

ammonia and ammonium are linked in a pH-dependent equilibrium. Ammonia is a 

small, uncharged, lipophile molecule that readily diffuses across cellular 

membranes. The diffusion will follow the gradient of chemical potential of ammonia. 
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The small percentage of NH3 which presents in extra- and intracellular aqueous 

phases can diffuse across membranes, thus rapidly equilibrate any 

trans-membrane gradient of NH3. As protonation is extremely fast, the pH 

equilibrium will be reconstituted immediately. Ammonia diffusion is passive 

transport without energy consumption (Martinelle et al. 1996). On the contrary, the 

diffusion of ammonium, across cellular membranes is an active transport by 

specific transport proteins such as sodium-potassium adenosine triphosphatase 

(Na+-K+-ATPase), Na+-K+-2Cl- co-transporter. NH4
+ is competitive to K+, which 

leads to predictable intracellular and extracellular power of hydrogen (pHe) 

changes. Ammonium diffusion process is slower and needs energy. In order to 

maintain ion gradients over the cytoplasmic membranes, an increased energy 

demand is necessary (Martinelle and Haggstrom 1993; Martinelle et al. 1996).  

Second, ammonia may disturb the enzymatic activity through a futile energy cycle. 

Ammonia can participate in glutaminase and glutamine synthetase (GS) reaction 

and displace equilibrium or interact with regulatory sites of enzymes. Ammonia 

participation may establish another futile cycle, which perturbs the energy 

metabolism. Glutaminase catalyzes deamidation of glutamine to yield ammonium 

and glutamate, while GS catalyzes the reverse reaction ATP-dependently. GS 

activity is shown to be controlled by glutamine level in the culture medium of 

skeletal muscle cells (Feng et al. 1990; Mouilleron et al. 2006; Huang et al. 2007). 

In addition, GDH participates in the futile cycle. This futile cycle can be formed: 

Glutamate + NAD+  α-KG + NH4
+ + NADH (Equation h)  GDH

NADH + NADP+ +ATP + H2O NADPH + NAD+ +ADP + Pi  (Equation i) 

α-KG + NH4
+ + NADPH Glutamate + NADP+ +H2O

   (Equation j)  GDH

In these reactions, energy dissipates in the process of nicotinamide adenine 

dinucleotide phosphate (NADPH) form by NADH, which is driven by ammonia 

(Schneider et al. 1996). 

Third, ammonia affects glucolysis and energy metabolism of TCA cycle. It is evident 

that PFK is the key enzyme of glucolysis. PFK is activated by ammonia 

(Parmeggiani et al. 1966; Mouilleron et al. 2006). However, an elevated ammonia 

level may perturb the carbohydrate metabolism, leading to a high rate of glycolysis 
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and lactate production. Ammonia also affects the PDH activity that is the 

rate-limiting enzyme in pyruvate metabolism. As result, acetyl CoA production 

decreased, which affects the TCA cycle (Zwingmann et al. 2003). α-ketoglutarate 

dehydrogenase (α-KDGH) is another rate-limiting enzyme in TCA cycle which 

catalyzes α-KG into succinyl coenzyme A (Suc-CoA). Ammonia can inhibit this key 

enzyme and perturb the TCA cycle in another modality (Lai and Cooper 1986; 

Johansen et al. 2007). 

Furthermore, ammonia in cell culture may have autocrine- and paracrine-acting 

functions that support basal autophagy. This autophagic flux can adjust the cell 

energy homeostasis in another pathway and protect cell from tumor necrosis 

factor–α (TNF-α) that can induce cell death (Eng and Abraham 2010; Marino and 

Kroemer 2010). In vitro cultivated mammalian cell, some scholars found that the 

intracellular pool of uridine diphosphate-N-acetylglucosamine and uridine 

diphosphate-N-acetylgalactosamine acted as a central target during the inhibitory 

action of ammonium ions (Zanghi et al. 1998; Durand et al. 2008). The quick 

formation of uridine diphosphate-N compound depends on the presences of 

glucose and ammonia in medium. The level of this compound correlates with the 

level of growth inhibition in mammalian cell lines (Ryll et al. 1994). 

1.2.4 Metabolism of ammonia in cell culture 

In cell culture, ammonia derives mainly from deamination of amino acids, especially, 

glutamine because its concentration in culture medium is 5-20-fold higher than 

other amino acids (Capiaumont et al. 1995). Different metabolic pathways for 

glutamine degradation yield different amounts of ammonia. Complete oxidation of 1 

mol glutamine can release 2 mol ammonia. Incomplete oxidation of 1 mol glutamine 

to glutamate and chemical decomposition to pyrrolidone carboxylic acid in the 

medium only yields 1 mol ammonia. Glutamine, as a protein constituent and an 

amino group donor, does not yield any ammonia in some biosynthetic pathways. 

Strategies to reduce the ammonia production in mammalian cell cultivation include 

the methods as following. 

First, glutamine in culture medium can be substituted by glutamate, other amino 

acids or other chemical compounds. If glutamine is substituted by glutamate or 

other amino acids that have not the process of oxidative deamidation, ammonia 
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formation would be reduced. Some literatures support this view in variety of cell 

lines (Hassell and Butler 1990; Capiaumont et al. 1995). Some scholars found that 

using glutamate to substitute glutamine not only decreases the production of 

ammonia, but also increases cell growth and yield (Altamirano et al. 2000; Hong et 

al. 2010). Other scholars questioned that although replacing glutamine by 

glutamate could reduce ammonia concentration in medium, glutamine could not be 

substituted completely for it might limit the growth of cells (Capiaumont et al. 1995). 

Genzel Y et al found that using pyruvate to replace the glutamine in cell culture 

could reduce ammonia formation and growth inhibition of mammalian cells (Genzel 

et al. 2005). Addition of isoleucine in the cell culture medium might provide the 

carbon skeleton for synthesis of glutamate / glutamine in the detoxification of 

ammonium (Johansen et al. 2007). 

Second, physical or chemical methods are adopted usually to decrease the 

ammonia concentration in cell culture medium. Various ion-exchange resins and 

Zeolite including Phillipsite and Gismondine can extract selectively and remove the 

ammonia (Jeong and Wang 1992; Capiaumont et al. 1995; Matsumura and Fidel 

Rey P. Nayve 1995; Park et al. 2000; Fang et al. 2010). However, the effects 

obtained from the physical or chemical removal of ammonia on cell growth remain 

controversy. Some results show an increase in cell growth by such treatment 

(Jeong and Wang 1992; Matsumura and Fidel Rey P. Nayve 1995; Park et al. 2000), 

while there is also evidence that physical and chemical removal of ammonia could 

not increase the cell production (Capiaumont et al. 1995).  

Third, dialysis system by hollow fiber module or dialysis membrane can reduce the 

ammonium in the medium (Capiaumont et al. 1995; Matsumura and Fidel Rey P. 

Nayve 1995; Park et al. 2000).  

Fourth, electrophoretic mechanism is another effective method which is used to 

remove ammonium in medium. Electric current density of 50 A / m2 can completely 

remove cell-produced ammonium and increase the cell growth. Furthermore, 

electrophoresis does not affect cellular functionalities such as glucose and 

glutamine consumption (Chang et al. 1995).  

Moreover, another authors found that an elevation in the concentrations of amino 

acids and vitamins step by step could reduce the concentration of ammonia (Hiller 
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et al. 1994).  

1.3 Biology of α-ketoglutarate 

1.3.1 General concept 

α-KG is also referred as 2-oxoglutarate, 2-ketoglutaric acid, 2-oxoglutaric acid, 

oxoglutaric acid and 2-oxopentanedioic acid. The molecular formula of α-KG is 

C5H6O5 and its molecular weight (MW) is 146.0215 g / mol. In biochemical aspect, 

α-KG is an integral component of the TCA cycle which bridges amino acids 

metabolism with glucose oxidation in cells (Figure 2). Thus, it has important 

physiological effects. 

Acetyl CoA

 

1.3.2 Biochemical relations between α-ketoglutarate and ammonia 

As an intermediate metabolite, α-KG is produced from glutamine via glutamate and 

is a central molecule in amino acids metabolism as well as the catcher of ammonia 

metabolism. Aminotransferase catalyzes the transfer of the amino group of α-amino 

acids to α-KG and form α-keto acids and glutamate. These transamination 

Figure 2: α-KG and TCA cycle. Acetyl CoA: acetyl coenzyme A; FAD: flavine adenine 

dinucleotide; FADH2: flavin adenine dinucleotide, reduced; GDP: guanosine diphosphate; GTP: 

guanosine triphosphate; H+: hydrogen ion; Mal: malate; NAD+: nicotinamide adenine 

dinucleotide, NADH: nicotinamide adenine dinucleotide, reduced; Oaa: oxaloacetate; Pi: 

inorganic phosphate, orthophosphate; Suc-CoA: succinyl coenzyme A; TCA cycle: tricarboxylic 

acid cycle; α-KG: α-ketoglutarate; α-KGDH, α-ketoglutarate dehydrogenase. The bold arrows 

indicate the key steps of TCA cycle. 
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NADH + H+

NAD+ 
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FADH2 
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NADH + H+ 

NAD+

NADH + H+ 

NAD+
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α-KGDH
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reactions are reversible. In these double-displacement reactions, amino acids are 

synthesized from a-keto acids. Almost all kinds of amino acids except for essential 

amino acids like lysine, threonine, proline and hydroxyproline can take part in 

transamination. Through interaction with glutamate, α-KG serves as an ammonia 

carrier in the amino transfer process that is controlled by the aminotransferase. On 

the other hand, α-KG participates in the transformation process between 

nicotinamide adenine dinucleotide (phosphate) (NAD(P)+) and reduced 

nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and thus plays a role in 

the ammonia metabolism (Figure 3). At the same time, α-KG can transfer ammonia 

to glutamate and decrease the toxicity of ammonia keeping the energy metabolism 

and cellular medium homeostasis.  

 

1.3.3 Effect of α-ketoglutarate on cell growth 

In last two decades, there have been only a handful of studies regarding α-KG and 

cell culture. In cell biochemistry and biotechnology engineer aspects, some 

investigators supplemented or substituted α-KG in cell culture medium. The results 

were various with regard to the different cell lines and media. Nilsang et al. found 

that an addition of α-KG in cell medium at the beginning of the batch cultivation led 

to better growth in hybridoma cell. But it could not improve the metabolism of 

ammonia (Nilsang et al. 2008a). Lane and his colleagues tried to modify ammonia 

in situ in embryo culture by supplementing α-KG, NADH and GDH in medium, and 

the data revealed that ammonia could be converted to glutamate by enzymatic 

method in situ and addition of α-KG in cell medium could ameliorate the cell 

number and implantation (Lane and Gardner 1995). Hassell et al. used α-KG to 

replace the glutamine in three different cell lines in order to survey the adaption to 

α-keto acid 

GDHaminotransferase 

α-amino acid α-KG NH4
+ + NAD(P)H + H+ 

NAD(P)+ + H2Oglutamate

Figure 3: α-KG acts as a central role in ammonia metabolism. NH4
+: ammonium; GDH: 

glutamate dehydrogenase; H+: hydrogen ion; H2O: water; NAD(P)+: nicotinamide adenine 

dinucleotide (phosphate); NAD(P)H: nicotinamide adenine dinucleotide (phosphate), reduced; 

α-KG: α-ketoglutarate. 
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non-ammoniagenic medium and the yield of the substrates. The outcomes showed 

that cell yield, ammonia accumulation, glucose consumption and lactate 

accumulation enhanced (Hassell and Butler 1990). In some non-mammalian cell 

cultures, α-KG also shows positive aspects in cell growth and metabolism 

amelioration (Munderloh and Kurtti 1989; Milner et al. 1996). 

1.3.4 Effect of α-ketoglutarate on cell energy metabolism 

α-KG directly participates in the energy production as an intermediate metabolite in 

TCA cycle, and can be catalyzed by α-KGDH to Suc-CoA (Figure 2). This reaction 

is able to release NADH, H+ and CO2 and supply the equivalents (H) for respiratory 

chain. Mailloux et al. revealed that α-KG could recover the activity and expression 

of α-KGDH, succinate dehydrogenase (SDH) and prolyl hydroxylase-2 (PHD-2) in 

aluminum exposed hepatocytes (Mailloux et al. 2009a). However, ammonia is an 

inhibitor to α-KGDH which can inhabit this step, thereby affecting the cell energy 

matabolism (Ott et al. 2005; Mailloux et al. 2009b).  

Second, in the system of malate-aspartate shuttle, α-KG acts as an important 

intermediate (Figure 4). The malate-aspartate shuttle is a biochemical system for 

translocating electrons produced during glycolysis across the semipermeable inner 

membrane of the mitochondrion for oxidative phosphorylation in eukaryotes. NADH 

can not penetrate the mitochondrial membrane, but is produced continuously in the 

cytosol by 3-phosphoglyceraldehyde dehydrogenase (Mayes and Botham 2003). In 

order to implement the energy transfer, shuttle systems are necessary. 

Malate-aspartate shuttle is of more universal utility. The complexity of this system is 

due to the impermeability of the mitochondrial membrane to oxaloacetate, which 

must react with glutamate and transaminate to aspartate and α-KG before being 

transported through the mitochondrial membrane and reconstituted to oxaloacetate 

in the cytosol. By this shuttle system, α-KG can help amino acids and glucose 

implement the energy metabolism (Mayes and Botham 2003). 

Third, α-KG responses to mutiple signalling mechanisms. α-KG as the ligand for 

receptor G-protein-coupled can stimulate the inositol phosphate synthesis (He et al. 

2004). Moreover, in some special bacterial and plants, α-KG may act as a 

regulatory metabolite involved in cyclic adenosine monophosphate (AMP) 

dependent catabolite repression in Escherichia coli K12 (Daniel and Danchin 

 

http://en.wikipedia.org/wiki/Glycolysis
http://en.wikipedia.org/wiki/Semipermeable
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1986). 

 

1.4 Study hypothesis and purpose 

As a multiple functional intermediate metabolite, α-KG has been applied in basic 

and clinical medicine studies. However, whether α-KG affects the metabolisms, 

especially in ammonia and energy metabolism aspects in skeletal muscle cells, is 

unknown. The previous studies in our lab showed that administration of α-KG in not 

well-trained subjects could improve exercise tolerance and training effects, 

decrease blood ammonia level and better stress-recovery status (Liu et al. 2010). 

Hereby, whether these effects are associated with the participation of α-KG in the 

nutrient substances, metabolic wastes and energy metabolic processes in skeletal 

muscle cells is yet unclear. The available data and literatures with regard to the 

influences of α-KG on metabolic mechanisms are mainly limited in the 

biotechnology and bioengineering. Therefore, it was hypothesized that 

supplementation of α-KG in culture medium affects the cell growth and nutrient 

substance metabolism in C2C12 cells, and the objectives of this study were to 

investigate the effects of α-KG on cell growth, ammonia, glutamine, glucose and 

lactate metabolisms in C2C12 cell culture, and the following questions are to be 

Figure 4: α-KG and Malate shuttle (Mayes and Botham 2003).  ① malate / α-ketoglutarate 

transporter;  glutamate②  / aspartate transporter; Asp: Aspartate; H+: hydrogen ion; Glu: 

glutamate; Mal: malate; MDH: malate dehydrogenase; NAD+: nicotinamide adenine 

dinucleotide; NADH: nicotinamide adenine dinucleotide, reduced; Oaa: oxaloacetate; α-KG: 

α-ketoglutarate. 
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addressed. 

1) Does α-KG affect the cell growth of C2C12 cell in culture setting? 

2) Does α-KG affect the energy substrate consumptions of glutamine and glucose 

in culture setting? 

3) Does α-KG affect lactate and ammonia productions in C2C12 cell culture 

setting? 

4) Does α-KG affect the relationship between the substrates and products? 

5) Are the effects of α-KG on cell growth and nutritional substrate metabolisms 

dose-dependents?  
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2 Materials and Methods 

2.1 Cell culture 

2.1.1 Culture medium  

Original growth medium (OGM): Dulbecco's Modified Eagle Medium (DMEM, 

Catalog №. 41966029, Lot №. 722027, Gibco Invitrogen Company) with 10% heat 

inactivated fetal bovine serum (FBS; Catalog №. 10270, Lot №. 41A1692K, Gibco 

Invitrogen Company), 1% penicillin and 1% streptomycin (Catalog №. 15140, Lot 

№. 741996, Gibco Invitrogen Company). The concentration of glutamine and 

glucose is 3.97 mM and 25 mM respectively. The formulations of DMEM are shown 

in Table 1. 

Intervention growth medium (IGM): The different amounts of α-KG salts (Analytical 

balance: KRBA100 model, Series №. 60406123 093-09-148, Sartorius AG) were 

dissolved in OGM to attain the final concentration of α-KG at 0.1 mM, 1 mM, 10 mM, 

20 mM, 30 mM and 100 mM, respectively (Table 2). pH value of IGM was adjusted 

with 1 mM sodium hydroxide to match that of the OGM. After being filtered 

separately with 0.22 µm filters (Cat. №. 190-2520, Nalgene) in work-bench 

(Heraeus Hs12, Kendro Company), all of the media were sub-packed into sterile 50 

ml polystyrene conical tubes (Falcon, Becton Dickinson France S.A) and were 

deposited in 4 ℃ refrigerator. 

2.1.2 Cell line and cell culture process 

C2C12 cell is a sub-clone of the mouse myoblasts, established by D. Yaffe and 

Saxel through serial passage of myblasts cultured from the thigh muscle of C3H 

mice (Yaffe and Saxel 1977).  

C2C12 cell line was purchased from the LGC Standards GmbH (Standards' 

partnership with American Type Culture Collection). The vials of frozen C2C12 cells 

(1×106) were thawed in 37  water bath with constant agitation (1 min). Then the ℃

outside of the vials was wiped with 70% ethanol. The contents of the vials were 

transferred to the pre-prepared culture plates (150 mm×150 mm, Nunc Omni-Tray) 

with 15 ml OGM. The plates were gently rocked or swirled to distribute the cells 

even over the whole surfaces. Then, these culture plates were placed into 37 °C, 

8% CO2 humidified incubator (Model 7341, Heinicke Company). C2C12 cells were 
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Table 1: The formulations of DMEM  

Components 
Molecular 

weight 

Concentration 

(mg/L) 

Concentration 

(mM) 

Glycine 75 30 0.4 

L-Arginine hydrochloride 211 84 0.398 

L-Cystine 2HCl 313 63 0.201 

L-Glutamine 146 580 3.97 

L-Histidine hydrochloride-H2O 210 42 0.2 

L-Isoleucine 131 105 0.802 

L-Leucine 131 105 0.802 

L-Lysine hydrochloride 183 146 0.798 

L-Methionine 149 30 0.201 

L-Phenylalanine 165 66 0.4 

L-Serine 105 42 0.4 

L-Threonine 119 95 0.798 

L-Tryptophan 204 16 0.0784 

L-Tyrosine 181 72 0.398 

L-Valine 117 94 0.803 

Choline chloride 140 4 0.0286 

D-Calcium pantothenate 477 4 0.00839 

Folic Acid 441 4 0.00907 

Niacinamide 122 4 0.0328 

Pyridoxine hydrochloride 204 4 0.0196 

Riboflavin 376 0.4 0.00106 

Thiamine hydrochloride 337 4 0.0119 

i-Inositol 180 7.2 0.04 

Calcium Chloride  147 264 1.8 

Ferric Nitrate  404 0.1 0.000248 

Magnesium Sulfate  246 200 0.813 

Potassium Chloride  75 400 5.33 

Sodium Bicarbonate 84 3700 44.05 

Sodium Chloride  58 6400 110.34 

Sodium Phosphate monobasic 154 141 0.916 

D-Glucose  180 4500 25 

Phenol Red 376.4 15 0.0399 

Sodium Pyruvate 110 110 1 
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Table 2: α-KG concentration and pH in respective group 

Group 
α-KG final concentration  

(mM) 
pH 

A (Control) 0 7.79 

B 0.1 7.75 

C 1 7.68 

D 10 7.11 

E 20 6.53 

F 30 5.99 

G 100 4.36 

observed daily microscopically. Culture media were changed the day after seeding 

and every 2 days or 3 days thereafter till the cells reached about 70% confluence. 

Before sub-culture, the cells were washed three times with cold Dulbecco's 

phosphate buffered saline (DPBS, Catalog №. H15-002, Lot №. H00210-0211, 

Gibco Invitrogen Company). Then, the cells were sub-cultured by using 0.25% 

trypsin solution (Catalog №. T4174, Lot №. 9D0702, Sigma Company) containing 

0.01% ethylenediaminetetraacetic acid (EDTA). After the cells were treated by 

trypsin solution, they were re-suspended in a proper volume of culture medium and 

the viable-cell counts were performed with Trypanblau exclusion. The method of 

cytometry will be described in detail in the following section. When the cell counts 

attained enough for the experiment design, C2C12 cells would be distributed 

according to the different experiment protocols. Stock cultures of the cells were 

remained in OGM. 
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2.2 Study design 

In order to evaluate the effects of α-KG on C2C12 cell growth, glucose, glutamine, 

lactate and ammonia metabolisms, clonogenic assays and effects of α-KG on 

nutrient substrate and production metabolism experiments were done separately 

according to the following procedure (Figure 5).  

C2C12 cells 

100 cells / well in 8 ml 
OGM or IGM were 
planted in 6-well plates

1x104 cells / well in 1 ml 
OGM or IGM were 
planted in 24-well plates 

Keep in culture  

Colony count 

Cells and media 
harvest everyday 
till the 8th day 

14 days 

Cell count 

Glucose, lactate, 
glutamine and 
ammonia assay 
in media 

Figure 5: The procedure of experiment. 100 cells / well in 8 ml OGM or IGM were planted in 

6-well plates and were incubated in clonogenic assay experiments. After incubation of 14 days, 

the cell colonies in various groups were counted respectively. 1 x 104 cells / well in 1 ml OGM or 

IGM were planted in 24-well plates in α-KG intervention experiments. The cells and culture 

media were collected separately for cell counts by Trypanblau exclusion method and the 

concentration of glucose, lactate, glutamine and ammonia by enzymatic analysis every 24 h from 

the beginning of the experiment till the end of 8 days. α-KG: α-ketoglutarate; OGM: original 

growth medium; IGM: intervention growth medium. 
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2.3 α-ketoglutarate intervention 

2.3.1 Clonogenic assay 

Exponential growth phase C2C12 cells were harvested from the donor culture 

plates. The cells were treated using trypsinization until the cells rounded up. This 

process should be inspected under the microscope. After adding medium, the cells 

were collected and detached to produce a single-cell suspension. Then, the cells 

were washed with DPBS several times to eliminate the rudimentary trypsin solution. 

Cell population was determined accurately and cell suspension was diluted with 

OGM into the desired concentration at 1×104 / ml. 10 µl cell suspension (100 cells) 

was pipetted into each well of 6-well culture plate (35 mm × 35 mm) according to 

the clonogenic assay design (Figure 5). There were total 21 wells with seeded 

C2C12 cells. Another 5ml OGM was supplemented to each culture well. These 

plates were put back into incubator at 37 °C, 8% CO2. When these cells attached to 

the bottom of culture plates, suspensions were discarded and another 8 ml OGM or 

different kinds of IGM were replaced to each culture well randomly. After the media 

being replaced, these cells were put back into incubator again. Then, the cells were 

checked under the microscope daily till the sufficient colony forming on the end of 

the 14th day.  

2.3.2. α-ketoglutarate intervention on C2C12 cell growth and metabolism 

Like the aforementioned clonogenic assay experiment, the exponential growth 

phase C2C12 cells were dealt and the cells were counted accurately. Then, the cell 

suspension was diluted with OGM into the desired concentration at 1×106 / ml. 10 

µl cell suspension (1×104 cells) was pipetted into each well of 24-well culture plate 

(16 mm × 16 mm) according to the intervention experiment design (Figure 5). 

There were total 7 culture plates which were planted with cells. Another 0.99 ml 

OGM or different kinds of IGM were supplemented to the each culture well.  
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2.4 Sampling 

2.4.1 Cell sampling 

In clonogenic assay experiments, there were totally 7 groups (Group A: control 

group, Group B: 0.1 mM α-KG medium, Group C: 1 mM α-KG medium, Group D: 

10 mM α-KG medium, Group E: 20 mM α-KG medium, Group F: 30 mM α-KG 

medium, Group G: 100 mM α-KG medium). Every group had triplicate wells and 

this experiment setting was repeated two times. Thus, there were six cell colony 

samples obtained in each group on the end of the experiments. The methods of 

colony count and colony-forming efficiency (CFE) will be described in detail in the 

following sections. 

In α-KG intervention study, cell growth and metabolism, there were also totally 7 

groups (Group A: control group, Group B: 0.1 mM α-KG medium, Group C: 1 mM 

α-KG medium, Group D: 10 mM α-KG medium, Group E: 20 mM α-KG medium, 

Group F: 30 mM α-KG medium, Group G: 100 mM α-KG medium). One plate with 

24 wells served as one group. The cells in random three wells of each plate were 

harvested per 24 h from the beginning of the experiment till the end of 8 days. The 

experiment setting was conducted two times. Thus, there were six cells samples 

were harvested in every experiment group per 24 h, respectively. The cell harvest 

and count methods will be described in detail in the following sections. 

2.4.2 Medium sampling 

The cell culture media corresponding to each cell sampling were simultaneously 

collected into the 15 ml sterile conical tubes (Falcon, Becton Dickinson France S.A), 

and then were centrifuged at 5000 rpm × 3 min at 4  by the ℃ centrifuge (5810R, 

Eppendorf Company) in order to remove the fractions of dead cells. The 

supernatants were aliquoted into 1.5 ml Eppendorf vials (Eppendorf Gerätebau) 

and were deposited at -20  refrigerator. These collected medium samples wer℃ e 

used to determine glucose, lactate, glutamine and ammonia concentration 

respectively.  
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2.5 Analysis of the experiment parameters 

2.5.1 Colony count and colony-forming efficiency calculation  

At the end of the 14th day of clonogenic assay experiment, the media were 

discarded. The cells were rinsed carefully with DPBS several times. After DPBS 

being discarded, the plates were added with mixture solution of 3 ml 6.0% 

glutaraldehyde and 0.5% crystal violet for cell colony fixation and staining for 30 

min. The plates were rinsed with tap water and dried at room temperature. 

Colonies were enumerated and characterized according to their morphology under 

inverted microscope and a 100 mm transparent paper marked with scoring grid. 

Colony was defined to consist of at least 50 cells. CFE was calculated from the 

flowing formula: 

CFE= (№ of colonies formed / № of cells seeded) × 100%  (Formula 1) 

2.5.2 Cell count 

Viable cells were counted using Trypanblau exclusion methods (Patterson Jr 1979). 

To count the cell population, the cell plates were rinsed carefully with DPBS several 

times. After DPBS being discarded, C2C12 cells were trypsinized with 1 ml / well 

0.5% trypsin solution (5% trypsin with 2% EDTA, Lot №. 9D0702, Sigma Company). 

When the cells suspended, they were collected into a 10 ml centrifuge tubes 

(Falcon, Becton Dickinson France S.A) with trypsin solution together. The culture 

plates were rinsed again with DPBS two times. This DPBS eluant would be 

intermixed with the cell-trypsin mixed solution. The mixed solution was centrifuged 

at 1000 rpm × 10 min at room temperature. Then the supernatant was discarded 

and the cell pellet was re-suspended thoroughly with 1 ml DPBS again. 45 µl of cell 

suspension and 5 µl of Trypan blue (0.4%, Catalog №. T18154, Lot №. 076K2331, 

Sigma Company) were mixed in Eppendorf vial and incubated 4 minutes at room 

temperature. After incubation, a drop of the stain / culture combination was put on 

the both sides of haemocytometer with cover slip (0.0025 mm2 / grid, Optical Labor). 

Total viable cell (opaque) were counted in four 1 mm × 1 mm of haemocytometer 

under invert microscope (Axiovert 25CFL, Carl Zeiss Company). 

Total viable cell numbers / ml = total opaque cell numbers in four squares × 2.5 × 

103 × dilutions  
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= total opaque cell numbers in four squares × 2.5 × 103 × (45 + 5) / 45  

= 2.778 × 103 × total opaque cell numbers in four squares. (Formula 2) 

2.5.3 Specific growth rate and doubling time 

Cell growth curve is useful in evaluating the growth characteristics of a cell line. Lag 

time and population doubling time (td) can be determined by specific growth curve 

(Lockhart 1971). From cell growth curve, the cell specific growth rate (SGR) can be 

calculated. 

SGR is defined as the increase in cell mass per unit time. It is commonly given by 

the symbol-µ, and the most common units are in reciprocal hours (h-1); however, it 

can also be expressed in reciprocal seconds (s-1) or minutes (min-1) or any other 

units of time. SGR of C2C12 cell treated at a given α-KG concentration was 

obtained from the slope of the logarithm of viable cell density in exponential growth 

phase region versus time. SGR also can be calculated from the formula (Levasseur 

et al. 1993): 

µ = ln (mt2 / mt1) / (t2- t1)  (Formula 3) 

where: mt1 and mt2 are biomasses at the different time points (t1 and t2) in 

exponential growth phase respectively, and (t2-t1) is the interval from t1 to t2. 

For a constant growth rate of µ, the formula for the doubling time td is given by: 

td = ln(2) / µ = 0.693/µ (Formula 4) 

2.5.4 Lactate and glucose  

Determination principle of lactate and glucose is an enzymatic-amperometric 

method (Guilbault and Lubrano 1973; Satoshi Hikima and Hasebe 1995).  

For determination of lactate and glucose concentration of the medium samples, 20 

µl each sample were added to the tube containing 0.5 ml reagent solution. After 

thorough mixture, the tubes were placed in the diagnostic instrument (BIOSEN 

S_line, EKF-diagnostic GmbH) for automatic measurement, and the concentration 

of lactate and glucose were simultaneously reported. The measurement was in 

duplicate.  

The specific rate of glucose consumption and lactate production in batch culture 

was calculated by simple formulas as following (Ozturk and Palsson 1990): 
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- d[Glc] / dt = kGlc Xv (Formula 5) 

d[Lac] / dt = kLac Xv  (Formula 6) 

where: [Glc] and [Lac] are the glucose and lactate concentrations at a certain time 

point, kGlc and kLac are the consumption rate constant of glucose and production 

rate constant of lactate individually, and Xv is the viable cell counts, t is time. 

In order to get the kGlc and kLac values, the differential method is used (Ozturk and 

Palsson 1990). The differential method uses a discrete approximation to the time 

derivatives between the two data points obtained. Then, the parameters in the 

equations are evaluated as functions of time. Here, I evaluated the time derivatives 

at each sampling time and calculated the rates at each point from these derivatives 

and the concentrations using the above equations. The values for the actual 

glucose uptake rate and lactate production rate remained constant for 5 days 

during the cell growth period. 

The lactate yield on glucose is calculated as following:  

Y (Lac / Glc) = mmol of lactate produced / mmol of glucose consumed   (Formula 7) 

2.5.5 Ammonia and glutamine  

The determination principle of the glutamine and ammonia is based on enzymatic 

analysis (Lund 1990). The concentration of L-glutamine is determined in two rapid 

steps. L-glutamine is first deaminated in the presence of glutaminase to 

L-glutamate and ammonium ions (Equation a). In the presence of reduced NAPDH 

and GDH, the ammonia formed in aforementioned reaction reacts with α-KG to 

form L-glutamate and NADP+ (Equation j). The amount of NADP+ formed is 

stoichiometric to the amount of glutamine and ammonia. NADPH consumption is 

measured by the decrease in absorbance at 340 nm.  

According to the manual of L-glutamine / Ammonia assay kit (Catalog №. 

K-GLNAM, Lot №. 100809-1, Magazyme Company), the determination processes 

are as following: 

2.5.5.1 Material and sample  

The instruments used for the determination of ammonia and glutamine 

concentration included spectrophotometer (Ultrospec III, Pharmacie Company), 

vortex mixer (VF2, IKA Company), precision balance (Sartorius, Germany), 
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micro-pipettors (Eppendorf Company), disposable plastic cuvettes (1 cm light path, 

2500 µl, 12.5 mm × 12.5 mm × 45 mm, Catalog №. 759005, Brand GmbH), positive 

displacement pipettors (Eppendorf Company). The samples were put on the ice 

blocks to thaw to keep the ammonia and glutamine stabilization.  

Assay reagents were prepared according to the protocol of the assay kit. Standard 

ammonia and glutamine solutions were prepared as the quality control solutions.  

Standard L-glutamine solution: 0.03 g of L-Glutamine was dissolved in 50 ml 

deionized water yielding a concentration at 600 µg / ml. This standard glutamine 

solution was diluted with deionized water to echelon concentrations at 400 µg / ml, 

200 µg / ml, 100 µg / ml and 50 µg / ml. 

Standard ammonia solution: the standard ammonia solution (40 µg / ml) was 

diluted with deionized water to echelon concentrations at 30 µg / ml, 20 µg / ml and 

10 µg / ml. 

2.5.5.2 Determination  

Determinations of ammonia and glutamine concentration followed the procedure of 

the analytic kit. The absorbance differences (A1-A2) for both blanks and samples 

were determined. The absorbance difference of the blank from the absorbance 

difference of the corresponding sample was subtracted, thereby obtaining the 

change in absorbance (∆A) resulting from the analyte as following:  

Determination of ammonia: 

∆A ammonia = (A1-A2) ammonia sample – (A1-A2) ammonia blank   (Formula 8) 

Determination of glutamine: 

∆A (glutamine + ammonia) = (A1-A2) glutamin sample – (A1-A2) glutamine blank   (Formula 9) 

∆A glutamine = (A1-A2) (glutamin + ammonia) –∆A ammonia  (Formula 10) 

The concentrations of ammonia and glutamine were calculated as following: 

c = V × MW ×∆A / (ε × d × v)  (Formula 11) 

Where: V = final volume [ml]; MW = molecular weight of analyte [g / mol]; ε = 

extinction coefficient of NADPH at 340 nm = 6300 [L / (mol × cm)]; d = light path 

[cm]; v = sample volume [ml]. 

The specific glutamine consumption and ammonia production in batch culture are 
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described by simple equations as following: 

- d[Gln] / dt = kGlnXv (Formula 12) 

d[Ammo] / dt = kAmmoXv  (Formula 13) 

where:[Gln] and [Ammo] are the glutamine and ammonia concentrations 

individually, kGln and kAmmo are the consumption rate constant of glutamine and the 

production rate constant of ammonia respectively, and Xv is the viable cell counts, t 

is time. 

The values of kGln and kAmmo are acquired as the methods described in glucose and 

lactate assay section.  

The ammonia yield on glutamine was calculated as following:  

Y(Ammo / Gln)=mmol of ammonia produced / mmol of glutamine consumed(Formula 14) 

2.5.5.3 Standard curves of ammonia and glutamine 

In order to test the linearity of the ammonia and glutamine assay methods and 

confirm the accuracy of spectrophotometer, standard ammonia and glutamine 

solutions at echelon concentrations were prepared. The standard curves for 

ammonia (Figure 6A) and glutamine (Figure 6B) determination were derived.  
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Standard Curve of Ammonia

y = 59.714x + 0.7363

R2 = 0.9984

-10

0

10

20

30

40

50

-0.2 0 0.2 0.4 0.6 0.8
∆A Ammmonia

A
m

m
o

n
ia

 C
o

n
c

e
n

tr
a

ti
o

n
(μ

g
 / 

m
l)

A 

Standard Curve of Glutamine

y = 552.45x - 5.5573

R2 = 0.9973

-100

0

100

200

300

400

500

600

700

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

∆A Glutamine

G
lu

ta
m

in
e

 C
o

n
c

e
n

tr
a

ti
o

n
(μ

g
 / 

m
l)

B 

Figure 6: Standard curve of ammonia and glutamine.  
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2.6 Statistical analysis 

The raw data of the repeated measurements were derived from the mean values. 

There were six raw data (3 wells with 2 experiments) in each group would be 

analyzed. Statistical analysis was performed with SPSS version 17.0 (SPSS Inc, 

Chicago, IL, USA). The results of statistical analysis were expressed as mean ± 

standard deviation (SD). Univariate analysis of variance (ANOVA) process of the 

General Linear Model (GLM) was chosen for the data in order to compare the 

integrated differences among the groups. The profile plots of estimated marginal 

means of the measured data were made by the GLM. Comparison between 

different groups at the same levels of time factor or different time points within the 

same group, Least-Significant Difference (LSD) and Student–Newman-Keuls 

(S-N-K) of one-way-ANOVA test were adopted if the data were normal distribution, 

otherwise the nonparametric statistics was used. Paired t test was adopted to 

compare the means of two groups at the same levels of time factor. A difference at 

P < 0.05 was considered to be statistically significant.  
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3 Results 

3.1 Colony formation 

Figure 7 depicts the colonies formed by cells growing from the single seeded cells. 

The CFE calculated through (Formula 1) in group A to F was 50%, 68%, 55%, 44%, 

10% and 6%, respectively, whereas there was no obviously formed colony in group 

G.  

 

 

Figure 7: Clonogenic assay. A: control group; B - G: treated cells, cultured in the original media 

added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM, 30 mM and 100 mM, 

respectively. 
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3.2 Cell count, specific growth rate and doubling time 

3.2.1 Cell growth curve and cell count 

In general, the cell growth curves follow a common model that after the first day lag 

phase (no increase in cell count or mass), the cells enter into the acceleration 

phase and exponential phase, attain their peak count on the fifth day, and decrease 

thereafter in the deceleration and decline phase. 

The detailed cell count data are summarized in Table 3.  

In the present study, the cell growth curves also followed this general cell growth 

model (Figure 8). Except for group E, the highest cell count was observed on the 

fifth day. Certainly, the maximum cell counts were different among the groups. In 

comparison with that of control group (2.5×105), the maximum cell account was 

clearly higher in group B (3.9 x 105) and C (3.0 x 105), while it was lower in group E 

(2.4 x 105) and F (1.6 x 105), and it was comparable between group D (2.4 x 105) 

and control group. 

In group E, the peak cell count was attained on the fourth day, and on the fifth day 

the cell count decreased already. However, even the peak cell count on the fourth 

day, the viable cell number was lower than that in other groups except for group F. 

The maximum cell counts are depicted in Figure 9. It is clearly shown that the 

highest maximum cell number was acquired in group B (155% of the control group), 

and the lowest in group F (49% of the control group). Therefore, the group B 

yielded cells three-fold of the group F. 
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Table 3: Cell counts in C2C12 culture (mean ± SD) 

Group 
Initially

Seeded
Day 1 Day 2 Day 3 Day 4 Day 5 Day6 Day7 Day8 

A 10000 8800±1556 34003±2188 107954±8612 190641±18091 250580±46242 167420±26926 110550±45620 41360±23190 

B 10000 10120±2508 46420±4375∆ 146542±5939∆, 312070±11619∆ 388850±35444∆ 243760±12556∆, 54670±7103 21230±10577 

C 10000 11440±984 40348±2311 136444±6719∆,¶ 262570±16712∆,¶ 300080±27449∆,¶ 203060±37055 102960±61357 17050±8783 

D 10000 9240±3615 41580±9443 128964±4768∆,¶ 203830±25179¶,‡ 243540±42021¶,‡ 178200±28001¶ 100760±58624 29700±19289 

E 10000 8360±1840 39688±11311 78144±9590∆,¶,‡,† 159060±16593∆,¶,‡,† 146520±15891∆,¶,‡,† 126500±46500¶,‡,† 77770±37504 33880±19718 

F 10000 8360±3935 28358±2252¶,‡,†,§ 56892±6699∆,¶,‡,†,§ 103950±10436∆,¶,‡,†,§ 128260±31438∆,¶,‡,† 94380±27083∆,¶,‡,† 62150±34763 24400±14538 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the same time point, P < 0.05; ‡: in comparison with group C 

at the same time point, P < 0.05; †: in comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same time point, P < 

0.05. A: control group, cells cultured in the original growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the final 

concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively.  
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a 

b 

Figure 8: Cell growth curves. 1 x 104 cells were initially seeded, and then harvested every 24 

h. A: control group, cells cultured in the original growth medium; B - F: treatment groups, cells 

cultured in the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 

mM, 20 mM and 30 mM, respectively. 
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Figure 9: The maximum cell counts. ∆: in comparison with group A, P < 0.05; ¶: in 

comparison with group B, P < 0.05; ‡: in comparison with group C, P < 0.05; †: in comparison 

with group D, P < 0.05. A: control group, cells cultured in the original growth medium; B - F: 

treatment groups, cells cultured in the original media added with α-KG at the final concentration 

0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively.

 

3.2.2 Cell specific growth rate and doubling time 

In order to further explore the effects of different concentrations of α-KG 

supplementation on C2C12 cell proliferation, SGR and td during the exponential 

growth phase were analyzed.  

In control group, the SGR was 0.86 ± 0.06 d-1 and td was 19.41 ± 1.23 h. The 

addition of α-KG to the media at different concentrations showed different effects 

on cell proliferation. The SGR in group B and group C (0.95 ± 0.05 d-1 and 0.94 ± 

0.02 d-1, respectively) were faster than that in control group (P < 0.05). While it in 

group D and group E (0.77 ± 0.12 d-1 and 0.71 ± 0.17 d-1) was not significant 

different to that of control group (P > 0.05). In group F, SGR was slower (0.65 ± 

0.18 d-1) than that in control group (P < 0.05) (Figure 10a).  

The doubling time in hours is illustrated in Figure 10b. The td was shortened in 

group B and C, while it prolonged in group D to F in comparison with that of control 

group. 
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Figure 10: SGR and td during the exponential growth phase. ∆: in comparison with group A, 

P < 0.05; ¶: in comparison with group B, P < 0.05; ‡: in comparison with group C, P < 0.05; †: in 

comparison with group D, P < 0.05. A: control group, cells cultured in the original growth 

medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the final 

concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. SGR: special growth 

rate, td: doubling time.  
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3.3 Nutrient substrate metabolism 

In the present study, the changes in glucose and glutamine in culture medium were 

analyzed. For this purpose, the Formula 5 and Formula 12 were used to calculate 

the specific glucose and glutamine utilization during the first five cultivation days 

when the cells were in growth stage.  

3.3.1 Glucose consumption 

3.3.1.1 Glucose content in media 

The average contents of glucose from each group during the 8-day period are 

shown in Table 4.  

Generally, the glucose content in the cell culture media decreased with the cell 

culture process. The initial glucose content was about 23 µmol with slight variation 

among the groups, but there was no remarkable difference. At the end of the 8-day 

culture, the glucose content showed distinct decline. Certainly, the change in the 

glucose content was different with regard to the different time points in the same 

group as well as the different groups. In most of the groups, the lowest glucose 

content was observed on the sixth culture day. There seemed a similarity in the 

changes in glucose content among the group A, B and C as well as a similarity 

between group E and F, the latter was generally lower than the former.  
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Table 4: Glucose contents (µmol) in C2C12 culture media (mean ± SD) 

Group Baseline Day 1 Day 2 Day 3 Day 4 Day 5 Day6 Day7 Day8 

A 23.02±0.52 22.35±.063 21.15±0.56 18.86±0.66 13.87±1.03 10.95±0.19 8.78±0.68 9.19±1.81 9.16±0.36 

B 22.80±0.67 22.28±0.69 21.22±0.65 19.02±1.10 13.40±1.44 10.34±0.60 7.88±0.95 9.40±0.49 8.34±1.14 

C 22.86±0.71 22.38±0.84 21.27±1.17 19.35±1.63 15.23±3.16 12.91±3.46¶ 10.16±2.35 11.46±2.78 10.94±2.37∆,¶ 

D 22.89±0.74 22.36±0.84 21.57±0.80 20.17±1.59 16.81±2.55∆,¶ 15.17±2.48∆,¶,‡ 13.00±1.52∆,¶,‡ 14.57±1.20∆,¶,‡ 12.15±1.12∆,¶ 

E 22.99±0.74 22.67±0.78 21.40±0.98 20.02±1.07 18.14±1.18∆,¶,‡ 17.51±1.23∆,¶,‡ 17.04±2.25∆,¶,‡,† 17.49±2.49∆,¶,‡,† 17.74±0.98∆,¶,‡,† 

F 23.19±0.51 22.94±0.54 22.57±0.61∆,¶,‡,§ 20.48±1.36 18.69±1.16∆,¶,‡ 18.32±1.16∆,¶,‡,† 18.63±2.86∆,¶,‡,† 20.80±1.15∆,¶,‡,†,§ 19.91±1.29∆,¶,‡,†,§ 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the same time point, P < 0.05; ‡: in comparison with group C 

at the same time point, P < 0.05; †: in comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same time point, P < 

0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the final 

concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 
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3.3.1.2 Specific glucose consumption 

Since the cell counts were different with regard to groups and time points, the 

overall glucose content in media can not reflect the actual glucose consumption, 

thus, the specific glucose consumption was calculated based on the relation 

between changes in glucose content and cell counts. The results are shown in 

Table 5 

Table 5: Specific glucose consumption (nmol / 104 cell) (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 397.57±176.38 568.80±147.15 278.76±36.63 196.97±13.15 177.59±22.96 

B 287.92±136.54 299.75±196.98 211.03±20.56 151.62±20.48∆ 139.47±27.95 

C 200.16±54.93∆ 354.04±335.22 176.46±71.50∆ 121.79±19.32∆ 115.50±33.26∆

D 174.92±89.04∆ 382.82±256.86 170.02±62.56∆ 114.53±26.67∆ 106.14±27.26∆

E 243.97±128.05 476.85±295.89 211.17±111.40 106.16±35.64∆,¶ 89.52±22.15∆ 

F 212.47±192.86∆ 427.97±187.74 222.43±66.76 140.97±30.61∆ 156.03±83.43§

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the 

same time point, P < 0.05; ‡: in comparison with group C at the same time point, P < 0.05; †: in 

comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same 

time point, P < 0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, 

cells cultured in the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 

20 mM and 30 mM, respectively. 

In control group, the glucose utilization was higher in the first 2 days, especially on 

the second day, and then the glucose consumption decreased with the cell culture 

process.  

The general trends of specific glucose consumptions in the α-KG groups were 

similar to control group. On the first cultivation day, the specific glucose 

consumption in group C, D and F was less than that in control group (P < 0.05). On 

the second day, there was no significant difference among the different groups. On 

the third day, it was less in group C and group D than that it control group (P < 0.05). 

On the fourth day, it was less in the α-KG groups than that in control group (P < 

0.05). On fifth day, the specific glucose consumptions were less in group C, D and 

E than that in control group (P < 0.05). 

In order to compare the general trends among the groups during the cell growth 

phase, the mean specific glucose utilizations for groups are calculated and 

illustrated in Figure 11. There was no significant difference among the α-KG groups. 
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However, the specific glucose consumption in control group was higher than the 

other groups (P < 0.05). 

∆ 
∆ ∆ 

∆ ∆ 

Figure 11: Specific glucose consumptions for groups. ∆: in comparison with group A, P < 

0.05. There were no significant differences among the addition of α-KG groups. A: control 

group, cells cultured in the original growth medium; B - F: treatment groups, cells cultured in 

the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM 

and 30 mM, respectively.  
 

3.3.2 Glutamine consumption 

3.3.2.1 Glutamine content in media 

The average contents of glutamine from each group during the 8-day period of 

cultivation are shown in Table 6.   

Despite slight variation in the initial glutamine content, there was no significant 

difference among the groups.  

Generally, the glutamine content in the cell culture media decreased with cultivation 

time like the trend of glucose change. At the end of the 8-day culture, the glutamine 

content was only one fourth to a half of initial content. In the control group, 

glutamine was consumed by the cells more over two third of the initial content in the 

first five days. Furthermore, the glutamine content was only one fourth of the initial 

content on the last cultivation day in control group.  
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Table 6: Glutamine content (µmol) in C2C12 culture media (mean ± SD) 

Group Baseline Day 1 Day 2 Day 3 Day 4 Day 5 Day6 Day7 Day8 

A 2.61±0.33 2.37±0.35 1.81±0.23 1.52±0.18 1.06±0.09 0.86±0.08 0.75±0.12 0.84±0.50 0.70±0.29 

B 2.59±0.33 2.16±0.37 1.83±0.28 1.61±0.20 1.28±0.22∆ 0.93±0.05 0.70±0.25 1.10±0.45 1.28±0.93 

C 2.73±0.53 2.25±0.31 1.80±0.20 1.54±0.08 1.24±0.18 0.95±0.13 1.01±0.41 0.90±0.38 0.72±0.12 

D 2.71±0.47 2.09±0.06 1.85±0.06 1.45±0.17 1.10±0.07 0.95±0.06 1.07±0.37 1.00±0.21 1.17±0.37 

E 2.58±0.49 2.16±0.25 1.82±0.12 1.62±0.08 1.43±0.08∆,† 1.17±0.11∆,¶,‡,† 1.20±0.15¶ 1.50±0.50∆,‡ 1.49±0.55∆,‡ 

F 2.79±0.48 2.44±0.29 2.13±0.25∆,¶,‡,†,§ 1.78±0.27∆,‡,† 1.55±00.24∆,¶,‡,† 1.28±0.27∆,¶,‡,† 1.48±0.59∆,¶,‡ 1.57±0.76∆,‡ 1.46±0.45∆,‡ 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the same time point, P < 0.05; ‡: in comparison with group C 

at the same time point, P < 0.05; †: in comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same time point, P < 

0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the final 

concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 
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The general trends of glutamine consumptions change in group B, C and D were 

similar to the control group except for group B on the fourth day, and there was a 

similarity between group E and F, the latter was generally higher than the former 

especially on the fourth day. In group F, the glutamine content was higher than the 

other groups at different time points except for the last day. 

3.3.2.2  Specific glutamine consumption 

In order to investigate the actual utilization of glutamine by the cells in different 

groups in growth stage, specific glutamine consumptions are calculated and shown 

in Table 7.  

Table 7: Specific glutamine consumption (nmol / 104 cell) (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 212.16±53.39 210.42±69.41 52.26±14.27 24.04±5.87 15.51±4.66 

B 315.54±93.33 134.13±25.27 31.21±7.79 13.62±3.63∆ 8.71±2.75∆ 

C 301.37±226.93 182.70±89.64 38.52±14.21 15.80±4.68 9.48±3.16∆ 

D 379.01±258.41 204.15±102.47 45.75±13.08 18.59±3.04 10.50±2.17 

E 402.48±198.38 148.97±83.60 50.92±13.12 20.51±5.68 12.29±2.18 

F 285.30±193.96 207.32±121.08 71.01±32.73¶,‡,† 36.65±14.46∆,¶,‡,†,§ 23.35±6.66∆,¶,‡,†,§

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the 

same time point, P < 0.05; ‡: in comparison with group C at the same time point, P < 0.05; †: in 

comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same 

time point, P < 0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, 

cells cultured in the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 

20 mM and 30 mM, respectively. 

In general, all groups showed higher specific glutamine consumption during the first 

two days, and no significant difference was found among the groups within this 

phase. From the third day on, the specific glutamine consumption was clearly 

decelerated, and it was different among the groups. In comparison to that of the 

control group, it decreased faster in the α-KG groups except for group F, in which 

the specific glutamine consumption was clearly higher than that in the other groups. 

In order to compare the overall trends among the groups during the cell growth 

stage, the mean specific glutamine consumptions for groups are calculated and 

illustrated in Figure 12. There was no significant difference among all of the groups. 
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Figure 12: Specific glutamine consumptions for groups. There were no significant 

differences among all of the groups. A: control group, cells cultured in the original growth 

medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the 

final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 
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3.4 Waste production 

In the present study, the addition of α-KG in medium in C2C12 cell culture setting 

could affect the cell growth and nutritional substrate metabolism clearly. In order to 

explore the effects of α-KG on the metabolic waste products, the kinetic analysis of 

lactate and ammonia production was performed. The basal content and the 

subsequent content changes of lactate and ammonia were determined. Based on 

the measured data of the lactate and ammonia contents, the Formula 6 and 

Formula 13 were used to calculate the specific lactate and ammonia productions 

during the first five cultivation days when the cells were in growth stage. 

3.4.1 Lactate production 

3.4.1.1 Lactate content in media 

The average contents of lactate in media during the 8-day of cell cultivation are 

shown in Table 8.  

The initial lactate content in all groups was low, and though slight variation among 

the groups, there was no significant difference. 

The overall results of the lactate content in the cell culture media showed that with 

the cell culture the lactate content increased rapidly in the media, especially on the 

third day. At the end of 8-day culture, the lactate content increased distinctly over 

the initial content twelve to twenty-two folds. Among the group A to D, the changes 

of lactate content were similar and showed no significant difference except for the 

day seven and eight when it was lower in the group D (P < 0.05). In the group E 

and F, the lactate content also showed a gradual increase with the culture process, 

however, the magnitude of this increase was significantly lower than that in group A 

to D, especially on the day four (P < 0.05).  
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Table 8: Lactate content (µmol) in C2C12 culture media (mean ± SD) 

Group Baseline Day 1 Day 2 Day 3 Day 4 Day 5 Day6 Day7 Day8 

A 1.70±0.24 2.57±0.22 5.05±0.59 11.00±1.63 19.26±4.20 27.58±4.97 29.90±5.31 35.33±7.03 39.04±3.07 

B 1.83±0.25 2.83±0.40 5.18±1.36 12.42±2.28 19.70±4.30 29.04±3.62 28.06±4.54 39.45±2.40 38.11±4.25 

C 1.80±0.24 2.90±0.30 5.50±1.01 11.16±1.62 19.05±3.68 25.51±4.01 28.72±1.32 34.45±1.99 36.35±2.60 

D 2.01±0.30 2.80±0.27 5.32±0.72 11.39±1.97 19.23±2.48 24.47±3.43 26.02±2.38 31.03±2.83¶ 32.08±5.32∆,¶,‡ 

E 1.82±0.35 2.76±0.34 5.64±0.43 11.45±0.81 15.29±0.79¶ 17.42±2.38∆,¶,‡,† 18.05±2.04∆,¶,‡,† 22.08±3.74∆,¶,‡,† 24.86±1.25∆,¶,‡,† 

F 1.74±0.23 2.62±0.26 5.03±0.85 9.31±1.72¶ 12.65±1.01∆,¶,‡,† 16.35±1.79∆,¶,‡,† 17.56±2.18∆,¶,‡,† 21.62±0.93∆,¶,‡,† 21.94±0.94∆,¶,‡,† 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the same time point, P < 0.05; ‡: in comparison with group C 

at the same time point, P < 0.05; †: in comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same time point, P < 

0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the final 

concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 

 

 



RESULTS                                                                                    43 

3.4.1.2 Specific lactate production 

The specific lactate production is shown in Table 9.  

Table 9: Specific lactate production (nmol / 104 cell) (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 238.63±196.18 1082.09±300.29 576.79±115.85 422.65±73.62 386.57±71.49 

B 368.01±359.95 878.70±366.34 421.53±58.48∆ 288.06±36.32∆ 256.88±34.21∆ 

C 386.82±307.99 998.18±121.61 419.68±60.67∆ 285.10±46.63∆ 268.63±48.94∆ 

D 269.81±261.24 1049.42±546.15 510.81±78.53 330.57±48.65∆ 309.46±65.09 

E 804.02±127.58∆,¶,‡,† 1473.25±367.02¶ 590.12±154.78¶,‡ 299.11±47.64∆ 245.71±38.35∆ 

F 681.08±343.49∆,¶,† 1358.51±575.40 614.79±106.06¶,‡ 416.45±104.16¶,‡,†,§ 344.33±113.37§

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the 

same time point, P < 0.05; ‡: in comparison with group C at the same time point, P < 0.05; †: in 

comparison with group D at the same time point, P < 0.05; §: in comparison with group E at the same 

time point, P < 0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, 

cells cultured in the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 

20 mM and 30 mM, respectively. 

In control group, the specific lactate production reached its maximum on the 

second day, and then decreased with the time passage gradually. On the fifth day, 

the specific lactate production was only one third of the maximum value.  

The general trends of specific lactate productions in α- KG groups were similar to 

control group. In group B to D the specific lactate production was less than that in 

control group, especially on the third culture day. During the first three culture days, 

the specific lactate productions in group E and F were more than that in the other 

groups, especially on the first day. However, on the fourth day, the specific lactate 

production in group E was less than that in control group and group F (P < 0.05). 

In order to get the general trends among the groups during the cell growth stage, 

the mean specific lactate productions for groups are calculated and illustrated in 

Figure 13. There was no statistically significant difference between α-KG groups 

and the control group although the specific lactate productions in group E and 

group F were more than that in the other α-KG groups (P < 0.05)  
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Figure 13: Specific lactate productions for groups. ¶: in comparison with group B, P < 0.05; 

‡: in comparison with group C, P < 0.05; †: in comparison with group D, P < 0.05. There were 

no any significant differences in the addition of α-KG groups from the control group. A: control 

group, cells cultured in the original growth medium; B - F: treatment groups, cells cultured in the 

original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 

mM, respectively.  

 

3.4.1.3 Lactate yield on glucose 

In order to explore the relationship between the lactate production and glucose 

consumption and to investigate the effect of α-KG treatment on glycolysis, the 

values of lactate yield on glucose in batch cultivation are calculated and shown in 

Table 10.  

In control group, the lactate yield on glucose was low on the first day and increased 

clearly in the following days. Compared with that of the control group, the lactate 

yield on glucose was higher in groups B, C and D on the first day, increased 

dramatically on the second day, and then showed a gradual decrease in the 

following days. In group E and F, the lactate yield on glucose peaked on the first 

day already and then decreased gradually afterwards. 

Therefore, the mean lactate yield on glucose over the cell growth process differed 

among the groups (Figure 14) with the lowest in control group and the highest in 

group F.  
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Table 10: Lactate yield on glucose (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 0.62±0.54 1.97±0.54 2.09±0.45 2.16±0.44 2.21±0.44 

B 1.22±1.42 4.06±2.43 2.02±0.39 1.94±0.40 1.92±0.51 

C 1.94±1.55 5.44±4.00 2.63±0.77 2.46±0.46 2.39±0.31 

D 1.81±1.84 4.50±3.93  3.54±1.83¶  3.27±1.59¶  3.23±1.56¶ 

E 4.13±2.40∆,¶ 4.30±2.77 3.31±1.28 2.96±0.60 2.80±0.35 

F 5.02±2.97∆,¶,‡,† 3.96±2.49 3.03±1.31 3.16±1.37 2.56±1.39 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the 

same time point, P < 0.05; ‡: in comparison with group C at the same time point, P < 0.05; †: in 

comparison with group D at the same time point, P < 0.05. A: control group, cultured in the original 

growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the 

final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 

 

∆
∆ ∆

Figure 14: Lactate yield on glucose for groups. ∆: in comparison with group A, P < 0.05. 

There were no any significant differences among the addition of α-KG groups. A: control group, 

cells cultured in the original growth medium; B - F: intervention groups, cells cultured in the 

original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 

mM, respectively. 
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3.4.2 Ammonia production 

3.4.2.1 Ammonia content in media 

The data of average ammonia content in media during the 8-day period of cell 

culture are shown in Table 11.  

The initial content in all groups was about 1.05 µmol with slight variation among the 

groups, but there was no significant difference. With the cell culture process, the 

ammonia content increased gradually in the media. During the first three days, 

there was no significant difference in ammonia content among all of the groups. At 

the end of the eighth day, the ammonia content increased more than two times the 

initial content in group A to C, and there were no significant differences among 

these groups at different time points. Compared with control group, the ammonia 

content was higher in group D on the fourth day. However, it was significantly lower 

than that in control group on the sixth and eighth culture day as well as in group E 

and F on the seventh and eighth day (P < 0.05). 
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Table 11: Ammonia content (µmol) in C2C12 culture media (mean ± SD) 

Group Baseline Day 1 Day 2 Day 3 Day 4 Day 5 Day6 Day7 Day8 

A 1.07±0.04 1.31±0.03 1.47±0.08 1.68±0.10 1.82±0.11 2.09±0.16 2.30±0.43 2.32±0.46 2.34±0.23 

B 1.08±0.08 1.28±0.05 1.42±0.03 1.60±0.07 1.91±0.11 2.12±0.13 1.91±0.36 2.26±0.16 2.34±0.20 

C 1.03±0.06 1.28±0.09 1.50±0.06 1.62±0.05 1.81±0.12 2.01±0.16 1.98±0.32 2.03±0.10 2.10±0.10 

D 1.10±0.05 1.29±0.07 1.49±0.11 1.75±0.21 2.03±0.32∆,‡ 2.28±0.28‡ 1.88±0.25∆ 2.02±0.18 1.99±0.24∆,¶ 

E 1.09±0.03 1.30±0.05 1.47±0.07 1.69±0.10 1.87±0.11 2.19±0.17 2.08±0.26 1.91±0.20∆,¶ 1.91±0.31∆,¶ 

F 1.03±0.09 1.23±0.05 1.40±0.09 1.57±0.08† 1.70±0.09† 1.89±0.12†,§ 1.91±0.22 1.96±0.12∆ 1.90±0.15∆,¶ 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the same time point, P < 0.05; ‡: in comparison with group C 

at the same time point, P < 0.05. A: control group, cultured in the original growth medium; B - F: treatment groups, cells cultured in the original media added 

with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively.. 
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3.4.2.2 Specific ammonia production 

The specific ammonia production is shown in Table 12. 

Table 12: Specific ammonia production (nmol / 104 cell) (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 174.41±8.61 116.17±9.14 28.85±1.23 14.36±1.56 9.34±3.04 

B 128.09±28.72∆ 68.06±11.85∆ 18.78±2.68∆ 9.61±1.61 7.15±1.72 

C 147.53±33.22∆ 86.86±16.62 20.01±3.45∆ 9.02±1.90 6.17±1.86 

D 122.85±28.98∆ 99.29±46.61 27.59±5.69¶,‡ 14.85±4.03¶,‡ 11.83±4.00¶,‡ 

E 132.23±46.96∆ 81.39±25.77∆ 34.02±8.25¶,‡ 18.19±4.03∆,¶,‡ 15.65±4.74∆,¶,‡ 

F 124.04±18.75∆ 96.44±13.90 38.21±6.55∆,¶,‡,† 20.66±5.16∆,¶,‡,† 14.18±4.52∆,¶,‡ 

∆: in comparison with group A at the same time point, P < 0.05; ¶: in comparison with group B at the 

same time point, P < 0.05; ‡: in comparison with group C at the same time point, P < 0.05; †: in 

comparison with group D at the same time point, P < 0.05. A: control group, cultured in the original 

growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the 

final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 

In control group, the specific ammonia production was acquired maximum on the 

first cultivation day, and then decreased dramatically with the time passage, 

especially on the third day. On the fifth day, it was only five percent of the maximum 

value.  

The general trends of specific ammonia production in α-KG groups were similar to 

control group. Compared with the control group, the specific ammonia productions 

were less in all of the α-KG groups on the first cultivation day (P < 0.05) and there 

was no significant difference among the α-KG groups. The specific ammonia 

productions in group B and C were lower than that in the other groups especially on 

the third day. Compared with control group, the specific ammonia productions in 

group E and F were higher from the third day on, especially in the last two days (P 

< 0.05). Compared with group B, it was higher in group D, E and F especially on 

day three (P < 0.05). 

In order to reveal the general trends among the groups during the cell growth 

period, the mean specific ammonia productions for groups are calculated and 

shown in Figure 15. Compared with control group, the specific ammonia 

productions in α-KG groups were significantly less (P < 0.05), although there was 

no significant difference among the α-KG groups.  
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Figure 15: Specific ammonia productions for groups. ∆: in comparison with group A, P < 

0.05. There were no any significant differences among the addition of α-KG groups. A: control 

group, cells cultured in the original growth medium; B - F: intervention groups, cells cultured in 

the original media added with α-KG at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM 

and 30 mM, respectively.  

3.4.2.3 Ammonia yield on glutamine 

In order to explore the relationship between ammonia production and glutamine 

consumption and to investigate the effect of α-KG treatment on glutamine 

metabolism, the values of ammonia yield on glutamine in batch culture cultivation 

are calculated and shown in Table 13.  

Table 13: Ammonia yield on glutamine (mean ± SD) 

Group Day 1 Day 2 Day 3 Day 4 Day 5 

A 0.86±0.20 0.59±0.14 0.58±0.12 0.62±0.14 0.64±0.24 

B 0.42±0.11∆ 0.51±0.07 0.62±0.12 0.74±0.20 0.89±0.32 

C 0.64±0.31 0.55±0.21 0.56±0.15 0.58±0.08 0.66±0.13 

D 0.42±0.20∆ 0.50±0.19 0.62±0.11 0.79±0.14‡ 1.19±0.53∆,‡ 

E 0.42±0.23∆ 0.70±0.50 0.68±0.15 0.92±0.20∆,‡ 1.32±0.47∆,‡ 

F 0.57±0.28∆ 0.60±0.31 0.61±0.20 0.60±0.14 § 0.62±0.19†,§ 

∆: in comparison with group A at the same time point, P < 0.05; ‡: in comparison with group C at the 

same time point, P < 0.05; †: in comparison with group D at the same time point, P < 0.05; §: in 

comparison with group E at the same time point, P < 0.05. A: control group, cultured in the original 

growth medium; B - F: treatment groups, cells cultured in the original media added with α-KG at the 

final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 
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In control group, the ratio of ammonia yield on glutamine was 0.86 ± 0.20 on the 

first day and decreased slightly during the growth phase.  

Compared with control group, the values of ammonia yield on glutamine in α-KG 

groups were lower on the first day except for group C (P < 0.05). In group B, the 

ratio of ammonia yield on glutamine increased gradually with the cell growth 

process as well as in group D. In group C and F, values of the ammonia yields on 

glutamine showed only a slight fluctuation. In group E, this value was increased 

greatly on the fourth day and peaked on the fifth day. There was no significant 

difference among all groups on the second and third day. However, on the fourth 

and fifth day, the values of ammonia yield on glutamine in group D and E were 

higher than that in the other groups. The maximum value of ammonia yield on 

glutamine was acquired in group E on the fifth day. 

In order to get the general trends among the groups during the cell growth stage, 

the mean ammonia yield on glutamine for groups is calculated and illustrated in 

Figure 16. There was no significant difference between the α-KG groups and the 

control group. However, the ratio of ammonia yield on glutamine was higher in 

group E than that in group C and group F (0.81 vs. 0.59 and 0.60, respectively, P < 

0.05).  
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Figure 16: Ammonia yield on glutamine for groups. ‡: in comparison with group C, P < 0.05; 

§: in comparison with group E, P < 0.05. There were no any significant differences in the 

addition of α-KG groups from the control group. A: control group, cells cultured in the original 

growth medium; B - F: intervention groups, cells cultured in the original media added with α-KG 

at the final concentration 0.1 mM, 1 mM, 10 mM, 20 mM and 30 mM, respectively. 
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4 Discussion 

4.1 Study subjects  

It is evident that physical exercise can induce hyperammonemia that in turn limits 

exercise tolerance and training effects. The previous studies in our lab have shown 

that nutritional supplementation with α-KG improved exercise tolerance and led to 

better training effect such as muscle function as well as the improvement of 

nitrogen metabolism (Liu et al. 2010). Since cell growth like proliferation of 

activated satellite cells plays an important role in the muscular adaptation to 

training and nutritional substrate metabolism has effect on cell growth, the α-KG 

supplementation will be used to explore the beneficial effects on cell growth and 

nutritional substrate metabolism.  

C2C12 mouse skeletal muscle cell line is a sub-clone of the mouse myoblasts. This 

cell line is also thought to be derived from myosatellite cells, and acts as a potential 

source of new myoblasts. It has a capacity of proliferation, differentiation and is 

often used as the useful tool to study the differentiation of myoblast and osteoblast 

to express various proteins and explore mechanistic pathways (Yaffe and Saxel 

1977). Up to date, C2C12 cells can be used to study the metabolisms of lipids, 

glucose and proteins (Capell et al. 2010; Mullen et al. 2010; Straadt et al. 2010). 

Thus, to investigate the effects of α-KG on C2C12 cells can help us explore the 

possible principles of the cell proliferation and nutrient metabolism of skeletal 

muscle cells. 

α-KG serving as an important intermediate metabolite and as a central molecule in 

amino acid metabolism has been confirmed to bridge the amino acid metabolism 

and glucose metabolism in cell biochemistry. During this process, α-KG can 

mediate ammonia metabolism and adjust the cell energy metabolism, thereby 

modify the cell biological behavior. Although several earlier studies reported that 

addition of α-KG to cell culture system maintained cell stability and / or promoted 

cell growth, including the metabolism of glucose and amino acids, and the 

replacement of glutamine with α-KG reduced the ammonia production in cell culture 

(Ayres 1982; Facci et al. 1985; Hassell and Butler 1990; Juurlink et al. 1991; Lane 

and Gardner 1995; Matsumoto et al. 2006; Nilsang et al. 2008a, 2008b), no studies 

have addressed muscle cell line and dose-response of α-KG effects on cell culture.  
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Based on its biochemical role, α-KG has impacts on energy metabolism that is 

determinant for the cell growth. However, studies on effects of α-KG on the 

substrates like glucose and glutamine as well as production of lactate and ammonia 

that are involved in the metabolism seem not available, especially in relation to 

changes in cell growth. Therefore, in the present study, effects of α-KG on cell 

growth and nutrient metabolism were investigated on C2C12 cell culture and 

related to dose-response.  

4.2 α-KG on cell growth 

4.2.1 Colony formation  

The clonogenic assay is an in vitro cell survival assay based on the ability of a single 

cell to grow into a colony (Franken et al. 2006). The assay essentially tests every 

cell in the population for its ability of indefinite cytodieresis. As a primitive method, 

the assay is used to determine cell death after treatment with ionizing radiation 

(Soderdahl 1988). Later, it is used to determine the effectiveness of the agent 

treatment (Franken et al. 2006). Based on this principle, clonogenic assay could be 

used to test the adaptation for C2C12 cells to various contents of α-KG media to 

investigate the effects of α-KG on cell growth macroscopically.  

In this study, the cell colonies were analyzed in various concentration of α-KG 

supplementation media from 0.1 mm to 100 mM. The results showed that the 

intervention at various concentration α-KG media led to distinct influences on the 

formation of cell colony, which was clearly dose-dependant (Figure 7). 

A CFE at 50% in control group suggests a relative suitable medium environment for 

the colony formation in C2C12 culture. To best knowledge there are no studies 

demonstrating α-KG effects on the cell colony formation of cell culture. Accordingly, 

this result is in a good consistence with that derived from cell growth curve (see 

below). 

With increase in α-KG concentration in media, the CFE decreased, so that α-KG at 

lower concentration stimulated the CFE and at higher concentration restrained the 

CFE. α-KG at high concentration (100 mM) could completely prevent the colony 

formation. This may be associated with changes in the medium environment, for 

example, pH. 
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4.2.2 Cell growth curve 

The cell growth can be estimated by a variety of methods. As a common method, 

cell count is a widely used parameter. SGR and td calculated by cell growth curve 

are also the basic indicators of cell proliferation, which can show us the characters 

of cell growth kinetics (Berney et al. 2006; Mehrara et al. 2007).  

In the original cell culture medium used in this study, the concentration of α-KG was 

very low (Table 1). Adding additional α-KG to the original medium can theoretically 

affect the cell growth based on the biochemical role of α-KG in the cell metabolism. 

The analysis on the kinetics of cell growth curve showed that the treatment of α-KG 

at 0.1 mM and 1 mM respectively led to a significant increase in the maximum cell 

counts (Figure 9), SGR (Figure 10a) as well as a shorter td (Figure 10b), suggesting 

a strong stimulant effect on cell growth. However, when the concentration of α-KG 

at or over 20 mM, the cell growth was clearly restrained (Figure 8b), showing a 

reduction in cell counts and SGR as well as the extension of td. The concentration 

of α-KG in medium at 10 mM seems to be critical with regard to cell growth (Figure 

8a).  

Based on these data, it can be concluded that the treatment with α-KG in C2C12 

cell culture setting leads to a distinct influence on the cell growth, and this action is 

in a dose-dependent manner. For C2C12 cell line, the optimal addition 

concentration of α-KG in culture medium might be between 0.1 mM to 1 mM, in 

which the cell proliferation can be significantly stimulated. These results can be 

compared with few previous studies, though these studies with different 

experimental settings do not allow a direct comparison. For example, the study of 

McCoy cell adaptive culture in α-KG replacement medium showed that α-KG at 4 

mM in the medium could increase cell yield by 17% in maximum cell counts 

(Hassell and Butler 1990). Nisang et al. added 2 mM α-KG in media either at the 

beginning of the cultivation or in another set after 72 h in D2 cell and 2C83G2 cell 

culture, and showed that the addition of α-KG in both cells brought about a 

stimulating effect on cell growth though the cell growth in the former cultivation 

setting was better than that in the latter setting (Nilsang et al. 2008a). Mailloux, et al. 

found that supplementing 0.5 mM to 5 mM α-KG in aluminum exposed Hepatocytes 

cultural medium could improve the hepatocyte viability significantly (Mailloux et al. 

2009a). Lane and Gardner added NADH, GDH and 0.44 mM α-KG in blastocyte 
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cultural medium and got an increase in cell number, implantation and fetal 

development (Lane and Gardner 1995). In other study, a three-fold increase of 

motoneuron was acquired by addition of 5 mM α-KG in culture medium (Juurlink et 

al. 1991). In spite of different settings and effects of studies on α-KG, negative 

effect with restrained cell growth seems not to be reported. 

The mechanisms of the effect on cell growth by the supplementation of α-KG in 

medium can be deduced as following. First, α-KG can be conveyed into cytosol and 

mitochondria, and participate in energy metabolism, and thereby stimulate the cell 

growth (Mailloux et al. 2009a). Second, α-KG might affect the other nutritional 

substrate and metabolites including the glucose, glutamine, lactate and ammonia, 

thereby improve the utilization of nutrients and energy metabolism, which is 

discussed in detail below. Third, α-KG increased cell growth may be attribute to an 

anabolic effect with increased deoxyribonucleic acid (DNA) synthesis activity. It is 

evident that α-KG added in a glutamine free medium stimulated DNA synthesis in 

human fibroblasts (Vaubourdolle et al. 1990). Fourth, when the concentration of 

α-KG is high (> 20 mM) in medium, it can influence the pH (Table 2) of the medium 

and this change can lead to an inhibited cell growth. In the present experiment, 

when the concentration of α-KG at 100 mM the cells could not survive and the cell 

growth was retrained in 20 mM and 30 mM α-KG supplementation group. 

The observations of colony formations and cell growth curves collectively 

demonstrate that α-KG supplementation in medium has a significant impact on the 

cell growth. The optimal concentration of α-KG supplementation for C2C12 cell 

growth is at 0.1 mM and 1 mM. Thus, the stimulant effect of α-KG on cell growth 

might contribute to α-KG -induced beneficial effect on skeletal muscle cell 

proliferation and physical exercise. 

4.3 α-ketoglutarate on cell nutrient consumption 

4.3.1 Glucose and glutamine contents 

In the present results, the major nutrients, glucose and glutamine, were determined 

during C2C12 cell growth process. 

There were no remarkable differences of the initial glucose and glutamine 

concentration among the different groups, and they decreased gradually with the 

cell culture process (Table 4 and Table 6). At the end of the culture, the glucose 
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contents were about one half of the initial contents in different groups, while the 

glutamine contents were one fourth to a half of initial contents. These results 

indicate that glucose and glutamine in culture media were utilized by the cells and 

the consumption of glutamine was more than glucose. Furthermore, the contents of 

glucose and glutamine in media were higher in 10 mM, 20 mM and 30 mM α-KG 

supplementation groups than that in the other groups, especially on the fourth 

culture day, which means the less consumption of glucose and glutamine in higher 

concentration α-KG supplementation groups. 

The results of glucose and glutamine contents in media suggest that glucose and 

glutamine consumption is closely related to the presence of α-KG and seems to be 

dose-dependent. There are come available evidences to support the former 

contention. Hassell and his colleague demonstrated that α-KG supplementation in 

medium could reduce the glucose and glutamine utilization significantly in McCoy 

cell culture setting (Hassell and Butler 1990). Another α-KG supplementation study 

also revealed the reduction of glucose utilization in D2 and 2C83G2 cell culture 

(Nilsang et al. 2008a). However, there is no previous study able with my result to 

elucidate the effects of α-KG on glucose and glutamine metabolisms with dose 

relationship.  

4.3.2 Specific glucose consumption 

With the cell growth, the cell counts and viability are different with regard to groups 

and time points, the glucose content in medium alone could not reflect the actual 

glucose consumption. Thus, the specific glucose consumption analysis is useful to 

reveal the glucose metabolism kinetics. 

In general, α-KG decreased the specific glucose consumption in C2C12 cell culture 

setting (Figure 11). Further analysis of specific glucose consumption at different 

time points during the cell growth stage (Table 5) and the specific lactate production 

(Table 9 and Figure 13) demonstrate that the specific glucose consumption was 

higher during the cell acceleration growth phase (on the second day) and α-KG 

increased the glucose utilization process more efficiently, which was reflected by 

increase in cell counts and relatively lower specific glucose consumption as well as 

decrease in specific lactate production. The former result is consistent with the 

earlier observation that the glucose consumption on specific basis rises with 
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increasing growth rate (Frame and Hu 1991). Therefore, it is affirmative that cells in 

acceleration phase need significantly more energy than quiescent cells, partly for 

the regulation process of PKM, PKF and HK (Mulukutla et al. 2010). The 

mechanisms responsible for the improved glucose utilization efficiency may be as 

following. α-KG can enter the mitochondria directly or undergo transamination in 

the cytosol to form pyruvate. In this respect, α-KG can delivers the important 

substrate pyruvate that can constrain the glycolytic flux by regenerating NADH and 

shuttling NADH across the mitochondrial membrane (Figure 1 and Figure 4). α-KG 

supplementation might stimulate NADH regeneration and shuttle NADH across the 

mitochondria membrane, and participate in TCA cycle. As a result, the specific 

glucose consumption is decreased in α-KG reasonable supplementation groups 

during the culture process. Based on this view, it is plausible that α-KG acting as an 

intermediate product stimulates the glucose utilization efficiently and serving as a 

metabolic substrate participates in the energy metabolism in cell culture.  

As mentioned in the introduction section, the enzyme activity is another regulation 

factor of glycolytic flux in cell culture. Three enzymes in glucolysis, HK, PFK and 

PK, act on cooperatively on primary control (Mulukutla et al. 2010; Vander et al. 

2010). Lactate is an inhibitor that suppresses PFK activity by favoring dissociation 

of its active tetramer state (Costa et al. 2007; Leite et al. 2011). Thus, lactate acting 

as the main metabolic product of glucose can adjust the glucolysis by affects the 

enzyme activities. In consideration of the specific lactate production (Table 9 and 

Figure 13) that it was lower in 0.1 mM to 10 mM α-KG groups and higher in 20 mM 

and 30 mM α-KG groups, one would see an inhibitive effect of lactate on cell growth. 

Furthermore, the gradual decrease of HK activity with the cell culture process can 

explain the reduction in specific glucose consumption decrease (Table 5) 

(Fitzpatrick et al. 1993; Leite et al. 2011). To clarify the point and to examine 

whether the α-KG supplement can affect the other enzyme activities and signaling 

proteins in the cell growth process, further studies are needed.  

4.3.3 Specific glutamine consumption 

To test effects of α-KG on the specific glutamine consumption, the analysis of 

specific glutamine consumption in different time points from the first cultivation day 

to the fifth day has shown that α-KG decreased the specific glutamine consumption 

at 0.1 mM to 20 mM α-KG dose-dependently in the cell growth phase (Table 7). 
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Coupled to the specific ammonia production (Table 12 and Figure 15), these results 

show that α-KG improved the glutamine utilization efficiency during the cell growth 

phase, which was expressed by the increase in cell counts and the decrease in 

specific glutamine consumption and ammonia production. Glutamine is well known 

as the main cell energy and amino group donor for biosynthesis. During the cell 

culture process, glutamine is catalyzed by glutaminase to form glutamate initially by 

removal of amido group (Equation a). The second step is the removal of α-amino 

group, leading to α-KG (Equation c). If amino group of glutamate is transferred to 

α-keto acid, for instance, pyruvate or oxaloacetate, alanine or aspartate is formed 

respectively (Figure 3). Based on these biochemical reactions, α-KG 

supplementation modulates the glutamine metabolism in cell culture. This result is 

consistent with the previous work, which showed that 0.5 mM α-KG 

supplementation in the renal mitochondria decreased the deamidation of glutamine 

(Strzelecki and Schoolwerth 1981). This inhibitor effect of α-KG on glutamine 

degradation might be due to glutamate formed in the matrix by enhanced reductive 

amination of α-KG (Equation b), rather than the direct effect of α-KG on glutamine 

decomposition (Goldstein 1976). As a result, α-KG supplementation in culture 

medium can decrease the glutamine consumption by effecting on glutamate and 

ammonia metabolism.  

Additionally, the cell counts increased accompanying the decrease in specific 

glutamine consumption in 0.1 mM to 10 mM α-KG supplementation groups (Table 

7), which implies that the apt α-KG supplementation in medium promotes the cells 

to acquire effective energy from glutamine. Whether α-KG serves as an energy 

substrate in cell growth process directly remains unknown in the present study. 

Based on the result of specific glutamine consumption on average level (Figure 12) 

that there was no significant difference, it seems that α-KG supplementation in 

medium serve as a stimulator to the energy utilization from glutamine rather than a 

major energy substrate for cell growth. Furthermore, α-KG supplementation in 

medium affects the relative enzyme activities as well as the other substrate and 

production level. α-KG is biochemically a bridge of glucose and amino acid 

metabolism and a pivotal intermediate metabolite and can affect glucose and amino 

acid metabolism processes and enzyme activities (Figure 1). There is now a 

general consensus that glucose, lactate, ammonia, pyruvate, succinate 
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concentration in medium and GDH, glutaminase, aminotransferase activity affect 

glutamine metabolism in cell growth process by complex reciprocal metabolic 

networks (Zielke et al. 1978; Frame and Hu 1991; Curthoys and Watford 1995; 

Labow et al. 2001). This general consensus might be used to explain the higher 

specific glutamine consumption in 30 mM group and no significant difference 

among the groups for the average level (Figure 12). 

Furthermore, different from the maximum specific glucose consumption got in 

acceleration phase, the rapid glutamine consumption was acquired in lag phase of 

cell growth (on the first cultivation day) (Table 7). This result can be compared with 

those of Glacken et al. who found the same phenomenon (Glacken et al. 1986). 

The reason of this phenomenon has yet to be clarified.  

In summary, these results indicate that α-KG supplementation in medium in C2C12 

cell culture can decrease the specific glutamine consumption dose-dependently by 

improving the glutamine utilization efficiency. This process is implemented by the 

reciprocal actions of productions, enzyme activities and intermediates as well as 

the glucose metabolism. The decrease of glutamine consumption might contribute 

to energy saving and the reduction of ammonia produce in physical exercise.  

4.4 α-ketoglutarate on metabolic waste production 

4.4.1 Lactate and ammonia contents 

The present results show that lactate contents increased dramatically with the 

cultivation time more than twenty folds the initial contents in different groups (Table 

8), while the ammonia contents increased gradually with only two folds the initial 

content (Table 11). These results show that lactate and ammonia in medium were 

produced by the cells and the content got higher with the cell culture process. 

Moreover, the extent of lactate increase was greater than the ammonia increase. 

Lactate is derived from the aerobic glycolysis in cell culture. Nearly 90% of glucose 

is converted to lactate during this process (Warburg 1956). Meanwhile, ammonia 

mainly comes from the glutamine decomposition in cell culture (Glacken et al. 1986; 

Schneider et al. 1996). Furthermore, glucose concentration in cultural medium is 

higher (25 mM) than glutamine concentration (3.97 mM) (Table 1). Coupled to the 

glucose and glutamine consumption (Table 4 and Table 6), it is reasonable that 

lactate content is more than ammonia content in the medium. 
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Compared with the hybridoma cell line in batch culture, lactate yield of C2C12 cell 

line is higher, while ammonia yield is lower (Goergen et al. 1992; Schmid et al. 

1992)， and the ammonia yield of C2C12 is similar to that of the CHO cell line 

(Wang et al. 2002). Thus, it is likely that C2C12 cell line can produce more lactate 

than the other cell lines in batch culture setting. 

The observation of lactate contents in higher concentration α-KG groups (20 mM 

and 30 mM) were lower from the fourth day till the end of cultivation day than that in 

the other groups (Table 8). Coupled to the cell counts during this phase (Table 3), it 

can be inferred that the decrease of cell counts might induce the lower lactate 

concentration in 20 mM and 30 mM α-KG supplement groups. In contrast, the 

ammonia contents in all of the groups were similar (Table 11). Coupled to the cell 

counts, it seems that ammonia content in media can be affected by the other 

aspects, which is discussed in the following sections. These results are 

inconsistent with those of Hassell and Butler, who demonstrated that lactate and 

ammonia production decreased in the replacement of glutamine with α-KG medium 

in McCoy cell culture setting (Hassell and Butler 1990). It is likely that α-KG 

supplementation in containing glutamine medium and replacement of glutamine 

with α-KG has different effects on lactate and ammonia production. 

In order to acquire the actual effect of α-KG supplementation in medium, the 

specific lactate and ammonia production should be analyzed for the different cell 

counts and activity during the different growth stages. Based on specific glucose 

and glutamine consumption, it is clear that α-KG supplementation in medium 

improved glucose and glutamine utilization efficiency, and it is accordingly to the 

postulation that α-KG supplementation in medium can affect the specific lactate 

and ammonia metabolism. 

4.4.2 Specific lactate production 

The analysis of specific lactate production at different time points during cell growth 

phase shows that α-KG supplementation decreased the specific lactate production 

at the supplementation concentration (0.1 mM to 10 mM) dose-dependently (Table 

9). Coupled to the cell counts (Table 3) and specific glucose consumption (Table 5), 

these results show that α-KG attenuated specific lactate production at the 0.1 mM 

to 10 mM concentration during the cell growth stage dose-dependently. In other 
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words, α-KG supplementation in culture medium decreases specific lactate 

production and specific glucose consumption accompanying with the fast cell 

growth rate. This result is compared with those of Nilsang et al., who found that 

lactate yield decreased in α-KG supplementation medium in 2C83G2 and D2 cell 

culture (Nilsang et al. 2008a). Furthermore, a small amount of lactate comes from 

the glutaminolysis (Miller et al. 1988). As mentioned above, α-KG supplementation 

in medium improved glucose and glutamine metabolic efficiency and decreased 

specific glucose and glutamine consumption. Thus, it is plausible that α-KG can 

decrease the specific lactate production because of the decrease in specific 

glucose and glutamine consumption. Whether the amelioration of specific lactate 

production is only based on the improvement of glucose and glutamine metabolism 

is unclear. Based on the experimental data that there were no significant 

differences in specific lactate production between α-KG groups and control group 

on the average level and the fluctuation on different observation time points in α-KG 

groups, to some extent, it can be inferred that enzyme activity, intermediate 

productions and reciprocal interaction of the metabolic network affect specific 

lactate production.  

Compared with the specific glucose consumption (Table 5), the trend of specific 

lactate production was consistent with the trend of specific glucose consumption. 

This result suggests that lactate derives from glucolysis mainly in C2C12 cell 

culture.  

In α-KG supplementation groups, when α-KG concentration was over 20 mM, the 

specific lactate production was also over the average level (Figure 13). In 30 mM 

α-KG group, the similar result was acquired at the different time points. The 

observation of specific lactate production at 20 mM and 30 mM was higher in the 

first three days than that in the other groups. The reason for this phenomenon can 

be explained as following. First, α-KG might participate in lactate formation by 

glutamate and pyruvate metabolism pathways at higher concentration (Figure 1). 

This view was verified by Peng and his colleagues, who proved that α-KG could be 

transformed into lactate during the cell acceleration phase (Peng et al. 1991). 

Second, α-KG at high concentration and / or metabolic productions, for example, 

lactate and ammonia might affect the enzyme activities, leading to a high lactate 

production. Third, α-KG, substrates and productions may have reciprocal reactions, 
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which induce the increase in lactate products at high α-KG concentration. 

4.4.3 Specific ammonia production 

The observation of specific ammonia production shows that α-KG supplementation 

in medium improved ammonia metabolism at 0.1 mM to 10 mM concentration 

range in C2C12 cell batch culture (Table 12). This amelioration is revealed by the 

increase in cell counts and the decrease in specific glutamine consumption and 

specific ammonia production. This result can be compared with the previous works. 

Lane and Gardner found that 0.3 mM ammonia was modified from the culture 

medium in situ by adding α-KG (0.44 mM) in embryo cell culture medium, which is 

analogue to my result, although the α-KG concentration was at a single level in 

their study (Lane and Gardner 1995). Hassell et al. found that the ammonia 

concentration was lower in the replacement of glutamine with α-KG (4 mM) in 

McCoy, Vero and BHK cell culture (Hassell and Butler 1990). However, Nilsang and 

his colleagues found that addition of α-KG (2 mM) in medium could induce 

ammonia production increase in 2C83G2 and D2 cell cultures (Nilsang et al. 

2008a). They believed that α-KG does not enter the mitochondria directly, thus 

α-KG is transformed into glutamate by transamination first, and glutamate enters 

the mitochondria and forms α-KG again by catalysis of GDH (Figure 3). During this 

process, one ammonia molecule is produced (Nilsang et al. 2008a). However, as 

depicted above (Figure 4), α-KG can enter the mitochondria and be metabolized 

immediately by mitochondria. This view is supported by the other researchers 

(Peng et al. 1991; Mailloux et al. 2009a). Glimpsing at the reciprocal reaction of 

glutamine, glutamate, α-KG and ammonia (Equation a, b ,c), it is easy to find that 

all of these reactions are reversible and it is not difficult to understand that α-KG 

can modify the ammonia metabolism. This point is supported by the previous works 

through metabolic flux analysis and isotope analysis of ammonia and glutamine 

(Strzelecki and Schoolwerth 1981; Peng et al. 1991).  

Further analysis shows that the maximum specific ammonia production was 

acquired on the first cultivation day, and the trends were compared with the specific 

glutamine consumption during the cell growth phase (Table 7 and Table 12). This 

result suggests that the main source of ammonia is from the glutaminolysis and is 

supported by some previous works (Brand 1985; Glacken et al. 1986; Schneider et 

al. 1996).  
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It is also interesting to find that specific ammonia production was higher in 20 mM 

and 30 mM α-KG groups during the cell growth phase (Table 12). Compared this 

phenomenon with specific lactate production (Table 9) and specific glutamine 

consumption (Table 7) during the same time phase, it can be speculated that higher 

concentration α-KG supplementation in medium have some complex reciprocal 

effects on cell glucose, glutamine, ammonia and lactate metabolism. As mentioned 

in the introduction section, ammonia can affect the glucolysis and energy 

metabolism of TCA cycle by perturbing the PFK and PDH activities, leading to a 

high rate of glycolysis and lactate production. On the other hand, high lactate 

concentration in medium can induce a high ammonia production (Cruz et al. 2000). 

The high concentration α-KG supplementation (30 mM) in medium might stimulate 

this vicious cycle, leading to a high lactate and ammonia production in medium. 

In Figure 15, it is shown that specific ammonia production in α-KG groups was 

lower significantly than that in control group on average level. This result suggests 

that α-KG supplement in medium ameliorates specific ammonia production. That 

there was no dose dependent difference among the α-KG groups suggests that the 

mixed effects of α-KG on specific ammonia production at the different time points 

during the whole investigation phase cover this difference.  

4.4.4 Lactate yield on glucose and ammonia yield on glutamine 

With the glucolysis and glutaminolysis, lactate and ammonia are produced in 

C2C12 cell culture. In the present study, the ratio of lactate yield on glucose in 

α-KG supplementation groups increased dose-dependently in C2C12 cell culture 

setting (Table 10and Figure 14), and is higher than the theoretical maximum level (2 

mol / mol). However, the lactate yield on glucose in control group was compared 

with the theoretic level except for the first day. This result suggests that α-KG takes 

part in the lactate formation dose-dependently in cell culture. This view is also 

supported by the previous work. Nislang et al. found that the ratio of lactate yield on 

glucose was higher in α-KG supplementation groups in D2 and 2C83G2 cell lines 

than that in without α-KG treatment groups (Nilsang et al. 2008a). In Table 10, it is 

shown that maximum yield of lactate on glucose was on the second cultivation day. 

Coupling to specific glucose consumption and specific lactate production, the 

trends were similar. It means that lactate was derived mainly from glucolysis, rather 

than the α-KG transformation. The increase of the lactate yield on glucose in α-KG 
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groups is the additive effect of the transformation of α-KG to lactate. Under the 

common mammalian cell culture setting, more than 90% glucose is converted to 

lactate (Warburg 1956; Mulukutla et al. 2010). α-KG serving as an intermediate 

product of glucose and amino acid metabolism entangles the complex biochemical 

reactions. Pyruvate is one of the pivotal products, which can be transformed into 

lactate in cell cytosol (Figure 1). This view is supported by the study of Brand and 

Mulukutle, who proved or reviewed that α-KG can be transformed into pyruvate and 

lactate (Brand 1985; Mulukutla et al. 2010).  

For the ammonia yield on glutamine, the ratio in control group was 0.58 mol / mol to 

0.86 mol / mol. The previous works showed that this ratio was 0.7 mol / mol to 1.0 

mol / mol, certainly on the different cell line and culture setting (Glacken et al. 1986; 

Hassell and Butler 1990; Lao and Toth 1997). This result shows that the ratio of 

ammonia yield on glutamine was well below the theoretical maximum of 2 mol / mol. 

The reason can be explained as following. First, the content of ammonia that was 

assayed was only in the medium. The contents in the cell and mitochondria could 

not be determined. Second, the glutamine content which was assayed also was in 

the medium, which did not reflect the actual glutamine consumption content. Some 

glutamine entered into the cell, but not utilized by the cell. Third, aspartate 

aminotransferase pathway is possibly more dominant over GDH pathway during 

the glutamine and glutamate metabolism (Lao and Toth 1997) (Figure 3). Fourth, 

glutamine does not yield any ammonia in some biosynthetic pathways, such as a 

protein constituent and an amino group donor. It means that not all of the glutamine 

is decomposed in cell culture.  

Furthermore, there was a similarity of ammonia yield on glutamine between α-KG 

groups and control group, although there was a certain fluctuation (Table 13 and 

Figure 16). This result suggests that there is no significant effect on the ammonia 

yield on glutamine by α-KG treatment. The reason why the ratio of ammonia yield 

on glutamine was fluctuation in α-KG supplementation medium is poorly 

understood. The possible causes include the following aspects. First, the most 

important reason here, is probably that α-KG can directly catch / scavenge 

ammonia, such that the ratio of ammonia to glutamine changes. Second, ammonia 

derives not only from glutaminolysis but also from the other amino acid 

ammonolysis in cell culture (Schneider et al. 1996). Third, the interaction between 

 



DISCUSSION                                                                                  65 

the substrates and the metabolites affects ammonia production (Miller et al. 2000; 

Mulukutla et al. 2010). Fourth, α-KG has some effects on the enzyme activities in 

glutamine metabolism and TCA cycle (Mailloux et al. 2009a).  

These observations collectively demonstrate that α-KG supplementation in medium 

in C2C12 cell culture ameliorated specific lactate and ammonia production 

dose-dependently, although it increased the ratio of lactate yield on glucose and did 

not improve the ratio of ammonia yield on glutamine. The increase of cell growth 

and decrease of specific glucose and glutamine consumption as well as the 

decrease of specific lactate and ammonia production in reasonable α-KG 

concentration demonstrate that α-KG supplement in C2C12 cell culture medium 

has a positive effect, which might contribute to muscle function recovery and 

exercise tolerance improvement in physical exercise.  

4.5 Limitations and future direction 

Although all of the experiments have been finished according to the study design, 

there are still some limitations in this investigation.  

First, this study only investigated the effect of α-KG on C2C12 cell population. 

Whether mechanism for improved cell growth is due to decreasing the cell 

apoptosis, death or increasing the cell proliferation is not clear.  

Second, this study only studied the content or concentration changes of glucose, 

glutamine, lactate and ammonia. The reciprocal adjustment among these materials 

is not clear in my experiment. It will be interesting to see how the α-KG affects and 

adjusts the substance and production metabolism in the cell cytoplasm and 

mitochondria.  

Third, the effects of α-KG on the nutritional substance metabolisms are not 

investigated at the molecular biology and biochemistry level. It means that the 

molecular details of the process and the flux distribution of α-KG in C2C12 cell 

culture are still unclear. Isotope and nuclear magnetic resonance tracer would help 

reveal the details in the further study.  

4.6 Conclusion 

1) α-KG at reasonable concentration can stimulate cell growth whereas α-KG at 

high concentration can impair cell growth.  
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2) The effects of α-KG on cell growth are clearly dose-depend.  

3) α-KG supplementation in medium improves efficacy of energy metabolism 

during this cell culture setting. 

4) The optimal α-KG supplementation concentration is at 0.1 mM and 1 mM, 

which stimulates cell growth, decreases lactate and ammonia production and 

ameliorates glucose and glutamine metabolism efficiency. 

5) The positive results of α-KG supplementation in cell culture medium might help 

understand mechanisms underlying the supportive effect of α-KG on physical 

training in human beings. 
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5 Summary 

Background and purpose: Physical exercise brings about a variety of physiological 

challenges including increase in blood ammonia level that in turn limits exercise 

tolerance and training effects. Previous clinical studies have shown that nutritional 

supplement with α-ketoglutarate (α-KG) can lead to improved exercise tolerance 

along with better training effects. However, mechanisms underlying the beneficial 

training effects provided by α-KG supplement have not yet been addressed. α-KG is 

an analogue of glutamate and an intermediate metabolite of tricarboxylic acid cycle, 

and hence plays an important role in the metabolism of amino acids and glucose. 

Since cell growth like the proliferation of activated satellite cells and energy 

metabolism play important role in the muscular adaptation to training, it is 

hypothesized that the supplement of α-KG stimulates cell growth along with effects 

on energy metabolism in cell culture. The purpose of the present study was to 

investigate the effects of α-KG on cell growth in C2C12 cell culture and on the 

energy metabolism with regard to glucose, glutamate, lactate and ammonia, and to 

explore the potential dose-response of these effects to α-KG. 

Methods: C2C12 cells were cultured in Dulbecco’s Modified Eagle Medium media 

pretreated with adding α-KG (final concentration in media was 0.1 mM, 1 mM, 10 

mM, 20 mM, 30 mM and 100 mM respectively). The cells and media were harvested 

every 24 h till 8 cultivation days. Cells cultured in original medium without addition of 

α-KG served as control. From the cell samples the total cells were counted and the 

specific cell growth rate (SGR) and doubling time (td) in the cell exponential growth 

phase were calculated. From the samples of media the amount of glucose and 

glutamate were determined by enzymatic method and the specific consumption rate 

(SCR) was calculated.  This was also done for lactate and ammonia so that their 

specific production rates (SPR) could be calculated. In addition, a cell clonogenic 

assay was performed according the conventional method to determine the colony 

formation efficiency (CFE). The experiments were triplicate and the determination of 

each sample was duplicated. One-way analysis of variance and paired t test were 

performed for testing differences. A difference was assumed to be statistically 

significant at P < 0.05.   

Results: 1) From the control cells the CFE was 50%, and the cell growth followed 

the typical curve consisted of the initial phase (lag phase, 1st day, no increase or 
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somewhat decrease in cell number), an acceleration phase (2nd day, when cell 

number increased rapidly) and an exponential phase (day 3-5, when cell number 

increased exponentially with the culture time interval) and followed by a deceleration 

and decline phase with a SGR 0.86 / d, td 19.4 h and the maximum cell count 2.5 x 

105. 2) In the cell group treated by α-KG at 100 mM, the cells went rapidly into death 

and no viable cells could be harvested and thus no analysis executable. 3) The 

treatment with α-KG at lower concentration (0.1 mM and 1.0 mM) led to a CFE 68% 

and 55%, respectively. Correspondingly, the SGR, td and maximum cell count were 

0.95 / d, 17.6 h, 3.6x105 and 0.94 / d, 17.8 h, 3.0 x 105, respectively. 4) In the cells 

treated with α-KG at higher concentration (20 mM and 30 mM), the CFE were 10% 

and 6%; the SGR, td and maximum cell count were 0.71 / d, 24.6 h, 1.3 x 105 and 

0.65 / d, 24.7 h, 1.1 x 105, respectively. 5) With the cell cultivation the amount of 

glucose and glutamine in the media decreased continuously; from the 4th day on, it 

was more preserved in the cell culture treated at higher α-KG concentration. The 

glucose SCR was significantly lower in the α-KG-treated groups than that of the 

control. The glutamine SCR in α-KG-treated groups was generally lower than that of 

the control except for the 1st day and the group with α-KG at 30 mM. 6) The amount 

of lactate and ammonia increased rapidly with the culture procedure. Compared with 

the control the lactate SPR during the exponential growth phase was lower in the 

groups treated with α-KG except for the group at 30 mM. Similar changes were 

observed in the ammonia production; however, the ammonia SPR in groups treated 

at lower α-KG concentration and at higher concentration was respectively lower and 

higher than that in control group. 

Discussion and conclusion: 1) The treatment with α-KG led to profound effects on 

colony formation, cell growth rate and maximum cell count. α-KG at reasonable 

concentration can stimulate cell growth whereas α-KG at high concentration can 

impair cell growth. Thus, the effects of α-KG on cell growth are clearly dose-depend. 

2) Along with the stimulation of cell growth, α-KG treatment resulted in lower specific 

consumption of glucose and glutamine, showing an improved efficacy of energy 

metabolism during this cell culture setting. 3) α-KG treatment led to attenuated 

specific production of lactate and ammonia during the cell culture procedure, which 

might be attributed to the improved energy metabolic efficacy and the stimulant 

effect on cell growth. The results of this study might help understand mechanisms 

underlying the supportive effect of α-KG on physical training in human beings. 
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