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Regulation of carbohydrate and lipid metabolism by exogenous pyruvate
in cultured hepatocytes
[Introduction]

Pyruvate (Pyr), the terminal product of glycolysis, is a key intermediate located at a
crossroads of metabolic pathways of energy nutrients and is also present in the blood
(approximately 0.1 mM). In recent years, many research studies have attempted to apply
Pyr as supplements improving overweight etc. and as pharmaceuticals ameliorating
mitochondrial disease symptoms. Pyr (1-2 mM) is often added to the culture medium in
cell culture as an additional source of carbon and energy. However, the effects of
extracellular Pyr on the energy nutrient metabolism are poorly understood, not only in the
whole organism but also on the cultured cell level isolated from the regulatory system
such as the nerve and endocrine systems. In previous studies at supraphysiological
concentrations (25-50 mM), Pyr inhibited glucose (Glu) uptake in mouse skeletal muscle-

derived C2C12 myotube cells but conversely enhanced uptake in mouse fibroblast-
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derived 3T3-L1 preadipocytes. The response direction of the glucose metabolic system

to extracellular pyruvate thus appeared to vary depending on the tissue type from which

the cell line is derived. Although hepatocytes are the metabolic pivot of energy nutrients,

the effects of extracellular Pyr on glucose uptake and its subsequent metabolic fate have

not been reported for cultured hepatocytes so far. Based on this background, this study

aimed to unravel the pyruvate issue in the human hepatoma-derived cell line HepG2,

widely used as an alternative model for the liver.

[Method]

At the start of this research, the author introduced and assessed high sensitivity

enzymatic fluorometries for the quantification of trace amounts of lactate, pyruvate and

glycogen, required as indicators in cell experiments. These methods quantified the target

substances by detecting fluorophores converted from fluorogenic 10-acetyl-3,7-

dihydroxyphenoxazine in the presence of peroxidase and hydrogen peroxide, the latter of

which was produced by substrate specific-oxidases. Intracellular ATP was quantified by

a chemiluminescence method using luciferin-luciferase and image analysis. Subsequently,

the effects of Pyr on HepG2 cells were examined using these measurement systems. The

cells were cultured in a medium containing 0-2 mM Pyr for 24 hours. The culture medium
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and the cells were collected and Glu uptake, Pyr uptake, lactate production, intracellular

glycogen, intracellular triglyceride (TG), intracellular ATP, mitochondrial DNA

(mtDNA) copy number, gene and protein expression were measured. The cells were also

microscopically examined after staining with PAS for glycogen, Oil Red O for TG, or a

specific fluorescent dye for mitochondrial function.

[Results]

Extracellular Pyr (1, 2 mM) significantly increased Glu uptake by HepG2 cells and

appeared to surpass 1 uM insulin, a positive control. The increase in glucose uptake with

Pyr was dose dependent and detectable at 0.1 mM and almost saturated at 0.5-2 mM.

Malate, like Pyr, increased Glu uptake. Focusing on the metabolic fate of Glu and Pyr

incorporated into the cells, Pyr increased lactate production, and this effect reached a

plateau at 0.5 mM Pyr. The lactate conversion ratio from Glu and Pyr decreased in a dose-

dependent manner with extracellular Pyr. This Pyr-induced change suggested that Glu

and Pyr were converted to metabolites other than lactate and that intracellular respiration

partially shifted from anaerobic respiration by glycolysis to aerobic respiration driven by

mitochondria. The Pyr effect on intracellular glycogen content was undetectable by PAS

staining, but the enzymatic fluorometry showed that Pyr decreased intracellular glycogen
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in a dose-dependent manner. Conversely, Pyr increased intracellular TG, and Oil Red O

staining showed that pyruvate increased lipid droplets. With respect to mitochondria,

essential for TG synthesis in hepatocytes, Pyr increased intracellular ATP and the mtDNA

copy number. Mitochondria-specific fluorescent-dye staining showed that Pyr enhanced

staining signals in a dose-dependent manner. These results suggested that Pyr probably

stimulated mitochondrial biogenesis. Based on these findings, the author analyzed mRNA

and the protein expression of pyruvate carboxylase (PC) and cytosolic

phosphoenolpyruvate carboxykinase (PEPCKI1), which have roles in anaplerosis to

replenish TCA cycle intermediates from glycolytic products. For comparison,

mitochondrial phosphoenolpyruvate carboxykinase (PEPCK2) was also subjected to

analysis. Although Pyr showed no significant effect on the mRNA/protein expression of

PC/PEPCK2, 1 mM Pyr increased mRNA expression of PEPCKI1 significantly and ca.1.5

fold compared to control. In addition, 1 mM Pyr almost significantly (P=0.08) increased

the protein expression of PEPCK1 as analyzed by Western blotting.

[Discussion]

This study made clear that Pyr of near physiological concentrations increased Glu

uptake for 24-h culture in HepG2 cell line, a widely used alternative model for the liver.
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In a previous report using C2C12 myotube cells, the addition of 50 mM Pyr decreased

Glu uptake after 72-h culture. In 3T3-L1 preadipocytes, 25 mM pyruvate promoted

differentiation into adipocytes for 72 h culture with an induction mixture containing

insulin and others. In the adipocyte thus differentiated, Pyr increased glucose uptake only

with coexistence of insulin. The Pyr effects elucidated in this study significantly differ

from those of the previous studies in terms of dose, time of onset of the effect, and

independence from other factors such as insulin. It will be a future research topic whether

these considerable differences reflect the specificities of the tissues that derived from the

cell line. The further finding in this study was that extracellular Pyr shifted the metabolic

fate of the substrates from lactate and glycogen synthesis to TG synthesis. The Pyr-

stimulated TG accumulation triggered interest in investigating mitochondria, the supply

site of the TG synthesis material citrate. As expected, Pyr appeared to stimulate

mitochondrial biogenesis, as indicated by the ATP level, mtDNA copy number, and

mitochondria-specific fluorescent staining. Besides the mitochondrial citrate supply, TG

synthesis from glycolytic products highly depends on anaplerosis to replenish TCA cycle

intermediates. In this study, Pyr did not affect gene expression of PC/PEPCK2. On the

other hand, Pyr promoted the expression of PEPCK1, which is widely known as a key

enzyme in gluconeogenesis. Very recently, however, PEPCKI1 was revealed to have
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duality and to play roles in both gluconeogenesis and anaplerosis. The present results

appear consistent with this latest finding. Pyr-stimulated anaplerosis and mitochondrial

biogenesis may cause the metabolic flow of glycolitic products to sink into TG synthesis.

In this study, Pyr exerted various effects near physiological concentrations. Therefore, it

is expected that Pyr may exhibit similar effects in vivo. On the other hand, the findings

obtained may be limited to HepG2 cells. The author would like to further develop this

research by taking into account the use of other types of hepatocellular lines. It is also a

major challenge to elucidate the mechanism by which pyruvate promotes mitochondrial

biogenesis and the expression of PEPCKI1.
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