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Abstract. Pyruvate carboxylase (PC) is an enzyme catalyzing the conversion of pyruvate to oxaloac-
etate, which possesses anaplerotic role in cellular metabolism. The expression of PC was confirmed 
in cells of several cancer types, in which it ensures several cellular functions, such as growth and 
division. To investigate the expression of PC in human astrocytoma, glioblastoma and neuroblas-
toma cells we applied the immunodetection methods. The results of the Western blot analysis and 
immunocytochemical detection revealed the presence of PC in human astrocytoma, glioblastoma 
and neuroblastoma cells. Furthermore, application of PC inhibitor, 3-chloro-1,2-dihydroxypropane 
(CDP), negatively impacts the viability of astrocytoma cells. The cytotoxic effect of CDP could be 
partially reversed by application of citrate, 2-oxoglutarate and malate in incubation media. Our re-
sults revealed that astrocytoma, glioblastoma and neuroblastoma cells are equipped with PC, which 
might significantly contribute by its anaplerotic activity to sustain the metabolism of cancer cells. 

Key words: Cancer metabolism — Pyruvate carboxylase — Astrocytoma — Glioblastoma —Neu-
roblastoma

Abbreviations: BSA, bovine serum albumin; CAC, citric acid cycle; CDP, 3-chloro-1,2-dihydroxy-
propane; DMEM, Dulbecco’s modified Eagle’s medium; EDTA, ethylenediaminetetraacetic acid; FBS, 
fetal bovine serum; NHA, normal human astrocyte; PBS, phosphate-buffered saline; PC, pyruvate 
carboxylase; TBS, Tris-buffered saline.

Gen. Physiol. Biophys. (2021), 40, 127–135

doi: 10.4149/gpb_2021003

Correspondance to: Radovan Murín, Department of Medical 
Biochemistry, Jessenius Faculty of Medicine in Martin, Comenius 
University in Bratislava, 036 01 Martin, Slovakia
E-mail: murin@jfmed.uniba.sk

Introduction

The autonomous growth stimulation and resistance to cell 
growth inhibitory signals belong to characteristic features 
of cancer cells (Hanahan and Weinberg 2000, 2011). These 
two features are closely associated with the transformation of 
cellular metabolism, resulting in a promotion of its anabolic 
part with a biosynthetic capacity (Locasale and Cantley 2011). 
Cancer cellular anabolism is also the subject to the availability 
of substrates. The substrates, essential for the synthesis of 
macromolecular substances either originate from the extra-

cellular space or are withdrawn from intermediate cellular 
metabolism. Indeed, several intermediates from the citric 
acid cycle (CAC) has a role of the precursors for biosynthesis 
of the non-essential amino acids, nucleotides and membrane 
constituting compounds (Danhier et al. 2017). To compensate 
for a  loss of withdrawn CAC intermediates by cataplerotic 
processes and to avoid the cellular metabolic collapse, the cells 
should replenish the CAC by anaplerotic reactions (Owen et 
al. 2002; Jitrapakdee et al. 2006; Lao-On et al. 2018).

Anaplerotic metabolism involves the processes of formation 
of 2-oxoglutarate, oxaloacetate and succinyl-CoA, which are 
formed by catabolism of glucogenic amino acids and odd-
chain fatty acids, or enzymatic carboxylation of pyruvate to 
oxaloacetate by pyruvate carboxylase (PC) (Jitrapakdee et al. 
2006; Lao-On et al. 2018). In the metabolism of several types of 
cancer cells, glutamine metabolism is considered to contribute 
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significantly to 2-oxoglutarate generation. Besides, glutami-
nolysis provides the cells with reduced nitrogen, which is es-
sential for the biosynthesis of nitrogen bases and non-essential 
amino acids (Altman et al. 2016; Cluntun et al. 2017). However, 
decreased glutaminolysis activity of the cancer cells could be 
compensated or even replaced by a PC response (Cheng et al. 
2011; Sellers et al. 2015; Lao-On et al. 2018). Furthermore, the 
inhibition of PC activity correlates with decreased metabolic 
activities of cancer cells, as well as their growth and migration 
capability (Caneba et al. 2012; Sellers et al. 2015; Christen et al. 
2016; Phannasil et al. 2017; Lin et al. 2020). The expression of 
PC has already been confirmed in the cancer cells of the mam-
mary gland, ovarian (Caneba et al. 2012) and lung tumours 
(Sellers et al. 2015), myeloid leukaemia (Pate et al. 2014) as 
well as glioblastoma cell lines (Cheng et al. 2011). 

Due to, PC possesses the supportive role for the growth, 
division and migration of the cancer cells (Lao-On et al. 
2018) and could provide a  therapeutic target to prevent 
cancer progression (Lin et al. 2020), the knowledge about its 
expression among different cancer types might be beneficial. 
Hence, by the immunocytochemical method, we investigated 
the expression of PC in cultured human astrocytoma, glio-
blastoma and neuroblastoma cells, and besides, we tested the 
importance of the enzymatic function of PC for sustaining 
the viability of astrocytoma cells.

Materials and Methods

Cell cultures

All tested human types of cells were obtained from com-
mercial sources and incubated under the recommended 
conditions. Briefly, human astrocytes were obtained from 
Gibco and grown in medium provided by a supplier. The 
cells in human neuroblastoma cell line SH-SY5Y (ATCC-
CRL-2266) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM)/Nutrient Mixture F-12 Ham (Sigma, 
D8437) supplemented with 10% (v/v) fetal bovine serum 
(FBS), penicillin (100 U/ml) and streptomycin sulphate 
(0.1 mg/ml). Cells in human glioblastoma cell line A172 
(ATCC-CRL-1620) and astrocytoma cell line SW1088 
(ATCC-HTB-12) were cultured in DMEM-high glucose 
(Sigma, D6429) supplemented with 10% (v/v) FBS, penicillin 
(100 U/ml) and streptomycin sulphate (0.1 mg/ml).

The cells were kept in a humidified incubator in an at-
mosphere enriched to 5% CO2 at 37°C. The plastic culture 
wells and dishes were obtained from Sigma. 

Immunoblotting analysis 

The cells were twice rinsed with ice-cold phosphate-buffered 
saline (PBS) and subsequently lysed in hypotonic solution 

(100 mmol/l Tris/HCl, pH 7.4, 1 mmol/l EDTA). The cell 
lysates were clarified by centrifugation (10,000 ×  g, 4°C, 
5 min) and produced supernatants were used for protein 
estimation by Bradford´s method and subsequently for 
immunoblotting analysis. Before the electroblotting on the 
nitrocellulose membrane (Bio-Rad Laboratories), the pro-
teins (10 µg/lane) were separated in 10% acrylamide gels by 
SDS-PAGE method. To detect the presence of pyruvate car-
boxylase among the separated proteins, the membranes were 
incubated with the rabbit antiserum diluted 1:500 in Tris-
buffered saline (TBS) supplemented with 0.05% Tween-20 
and 1 mg/ml bovine serum albumin (BSA) at 4°C for 12 h, 
followed by the incubation with affinity-purified anti-rabbit 
IgG conjugated with horse-radish peroxidase. Generation of 
the chemiluminescent signal was initiated by addition of the 
SuperSignal West Pico Chemiluminescent Substrate solution 
(Thermo-Scientific) and recorded by Chemidoc XRS system 
(Bio-Rad Laboratories). To normalize the chemiluminescent 
signal of PC to β-actin, the membranes were stripped and 
subsequently re-stained with mouse monoclonal anti-β-actin 
antibodies followed by anti-mouse IgG molecules conjugated 
with horse-radish peroxidase. The obtained chemilumi-
nescent signals for PC and β-actin were quantified (Image 
StudioTM Software, LI-COR, Inc.) and the relative expression 
level of PC to β-actin in different cell types was calculated 
and normalized against the relative expression level of PC 
in normal human astrocytes (NHA). 

Immunofluorescent double staining 

Before the experiment, the cells were plated into culture 
6-well plates with attached glass coverslips (20×20 mm) at 
the bottom. After 48-hour incubation, the cells were washed 
twice with ice-cold PBS and subsequently fixed with freshly 
prepared paraformaldehyde (4% w/w) solution in PBS for 
10 min. The paraformaldehyde solution was discarded from 
fixed cells and the cells were permeabilized with TBS sup-
plemented with 0.3% (w/w) Triton X-100 (Sigma). Subse-
quently, the mixture of primary antibodies, rabbit anti-PC 
(Cesar and Hamprecht 1995; Murín et al. 2009) and human 
anti-pyruvate dehydrogenase (Murín et al. 2009), was pre-
pared by diluting both antibodies in ratio 1:250 with the 
solution consisting of TBS supplemented with 0.1% (w/w) 
Triton X-100 and 1 mg/ml bovine serum albumin, of which 
200 μl were layered on the fixed cells containing surface of 
the coverslip. After the overnight incubation at 4°C, the 
antiserum containing solution was discarded and the cells 
were washed three times for 5 min in TBS solution sup-
plemented with 0.1% (w/w) Triton X-100. The mixture of 
applied secondary antibodies contained mouse anti-rabbit 
IgG molecules conjugated with Alexa Fluor 488 and mouse 
anti-human IgG conjugated with TRITC, which were diluted 
1:500 in Tris-buffered saline supplemented with 1 mg/ml 
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of BSA and 0.1% Triton X-100 and incubated with the cells 
at room temperature for 1 h. After discarding the solution 
with secondary antibodies, the cells were washed in TBS 
(3×5 min) and subsequently mounted with the DAPI con-
taining solidifying mounting medium (Sigma). 

The fluorescence was observed and photomicrographs 
were taken by a Carl Zeiss Axio Imager 2 imaging system 
equipped with an Apotome detector (Carl Zeiss AG, Jena, 
Germany) and an HXP 120V fluorescence source. All fluo-
rescence images were obtained using relevant light filters, 
a Plan Apochromat 60×/1.4 Oil DIC objective with the size 
of the field of view of 148.03×110.91 μm and a resolution 
of 1388×1040 pixels. The maximum intensity projection of 
z-stacks composed of 4–6 focal planes with a total thickness 
of 5 µm, as well as the final editing of images took place in 
the ZEN BLUE software.

Cellular viability test

An MTT assay was performed to assess cellular viabil-
ity (Mosman 1983). Adherent astrocytoma cells (SW1088, 
ATCC) seeded in triplicates in 96-well flat-bottomed plates 
at density 10 000 cells/well were preincubated in culture 
medium (95% DMEM, 5% FBS) for 24  h. After that, the 
culture medium was refreshed and supplemented with either 
3-chloro-1,2-dihydroxypropane (CDP) or oxamate to the 
final concentration in a range from 0.1 to 100 mM. After 
either 24- or 48-h incubation, the media were exchanged 
to culture medium supplemented with MTT and the cells 
were incubated for additional 5 h. Subsequently, generated 
formazan was dissolved by adding 100 μl of 10% SDS in each 
well and the values of absorbance at 540 nm were measured 
by Synergy H4 microplate reader (Bio Tek, USA). The aver-

age value of absorbance obtained for group of control cells 
corresponded to 100% survival. 

To test the capability of pyruvate, citrate, 2-oxoglutarate, 
malate and oxalacetate to revert the cytotoxic effect of CDP, 
the cells were incubated in culture media supplemented 
with 50 mmol/l CDP in combination with one of the tested 
compounds for 24 h. 

Statistical analysis

The results are presented as mean ± SEM of at least three 
independent experiments. One-way analysis of variance with 
post hoc comparisons by Student-Newman-Keuls test was 
carried out to test for differences among the tested groups. 
Differences between data sets were considered statistically 
significant if the corresponding p  values were lower than 
0.05. The statistical analysis was performed with the software 
InStat (GraphPad Software, USA).

Results

Immunoblotting analysis of PC expression

Based on the knowledge, that PC is expressed in cultured 
astrocytes (Cesar and Hamprecht 1995; Murín et al. 2009; 
Izquierdo-Garcia et al. 2014), we used the protein lysates 
from the cultured human astrocytes as the positive con-
trol to test the specificity of the rabbit anti-PC serum. The 
Western blot analysis revealed the appearance of a  single 
band in the lane of separated proteins of the lysate prepared 
from cultured human astrocytes (Fig. 1, lane NHA). The 
estimated relative molecular mass of the visualized band 

Figure 1. The immunoblotting analysis of the pyruvate carboxylase (PC) expression in cultured human astrocytes (NHA), neuroblas-
toma (SH-SY5Y), astrocytoma (SW1088), and glioblastoma (A1172) cells. A. The presence of PC among the proteins in cell lysates was 
estimated by Western blot analysis. B. The relative expression levels of PC in different cell types were determined by densitometry, using 
the β-actin as an internal standard. Relative expression levels of the proteins are represented as mean ± SEM. ** p < 0.01, *** p < 0.001.
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is in the range of 122–127 kDa, which corresponds to the 
theoretical molecular mass of PC (Jitrapakdee et al. 2008). 
The appearance of the apparently same signal also among the 
proteins in the lysates prepared from the cultured neuroblas-
toma (SH-SY5Y), astrocytoma (SW 1088) and glioblastoma 
(A  172) cells (Fig. 1A) indicates the expression of PC in 
these cell types. The expression of PC among the used types 
of cell lines was normalized to chemiluminescent signal of 
β-actin (Fig. 1A) and quantified (Fig. 1B). The results of the 
relative quantification of PC expression indicate that the hu-
man astrocytoma cells express PC in a comparative amount 
to cultured human astrocytes, while the presence of PC in 
neuroblastoma or glioblastoma cells is decreased to 20 ± 2% 
or 48 ± 6%, respectively, in comparison to astrocytes. 

Furthermore, the capability of the serum to recognize 
only the one prominent protein in lysates prepared from 
cultured human cells implies also its specificity (Cesar and 
Hamprecht 1995; Murín et al. 2009). 

Immunocytochemical detection of PC expression

The rabbit anti-PC serum was subsequently employed to 
identify the proportion of the human astrocytoma, glioblas-
toma and neuroblastoma cell expressing PC by an indirect 
immunochemical method. The pyruvate carboxylase in cells 
was visualized by rabbit anti-PC serum followed by affinity-
purified anti-rabbit IgG coupled with the Alexa Fluor 488. 
Fluorescence microscopy revealed the appearance of the 

green fluorescent signal in SH-SY5Y neuroblastoma (Fig. 
2A), SW1088 astrocytoma (Fig. 3A), as well as A-172 glio-
blastoma (Fig. 4A) cells. The green fluorescent signal was 
present in all observed cells, with the dotty-like appearance 
and localized around the cell nuclei, which were counter-
stained with DAPI (Figs. 2C, 3C, 4C). Such appearance of 
the fluorescent signal with its increased perinuclear density 
resembles the mitochondrial localization of PC (Murín et al. 
2009). Indeed, colocalization of the red immunofluorescent 
signal, representing the mitochondrial specific enzymatic 
complex of pyruvate dehydrogenase (Figs. 2B, 3B, 4B), 
with the PC in the same subcellular compartment could be 
confirmed by the yellow appearance of the merged views 
(Figs. 2D, 3D, 4D).

Based on the observations that immunofluorescent sig-
nal was i) visible only when a combination of primary and 
secondary antibodies was applied for immunocytochemical 
staining; ii) absent from the cells treated only the mixture 
of secondary antibodies (Figs. 3Ac, Bc, Cc, Dc); it may be 
assumed that the observed fluorescence signal specifically 
corresponds to the presence of PC in the cells.

The effect of PC inhibitors on the survival of astrocytoma 
cells

To evaluate the role of PC in sustaining the growth and 
viability of astrocytoma cells we added oxamate or CDP 
into the culture media (90% DMEM, 10% FBS) comprising 

Figure 2. Immunofluorescent double labelling of the PC (A) and pyruvate dehydrogenase (B) in cells of the human neuroblastoma cell 
line SH-SY5Y. C. The cell nuclei were visualized by DAPI. The photomicrographs (bottom panel, b) represent the magnification of the 
selected areas in top panel (a). The merged views of the frames (Aa, Ba, Ca) or (Ab, Bb, Cb) are presented in Da or Db, respectively. The 
scale bars in top frames (a) represent 20 µm and in bottom frames (b) represent 10 µm.

A B C D
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Figure 3. Immunocytofluorescent double labelling of the PC (A) and pyruvate dehydrogenase (B) in cells of the human astro-
cytoma cell line SW1088. The cell nuclei were visualized by DAPI (C). The photomicrographs in middle panel (b) represent the 
magnification of the selected areas in top panel (a). The merged views of the frames (Aa, Ba, Ca) or (Ab, Bb, Cb) or (Ac, Bc, Cc) 
are presented in (Da) or (Db) or (Dc), respectively. The negative controls were performed by omitting the primary antibodies 
against PC (Ac) and pyruvate dehydrogenase (Bc). The scale bars in top (a) and botton frames (c) represent 20 µm and in middle 
frames (b) represent 10 µm.

4 mmol/l glutamine. The both compounds, oxamate and 
CDP, are considered to inhibit the enzymatic activity of PC 
(Zeczycki et al. 2010). Their effect on the cellular viability 
was estimated by MTT test after incubation in presence of 
PC inhibitor for either 24 or 48 h (Fig. 5A). The results of 
MTT test revealed that the both PC inhibitors have capa-
bility to influence the cellular viability. CDP decreased cell 
viability more profoundly than oxamate and the presence 
of CDP in culture media at the level of 50 mmol/l after 
24-h incubation suppressed the viability of the cells to 
approximately 30% in comparison with the control group 
and at the level 100 mmol/l initiated the death of all cells. 
The cytotoxic effect of CDP was more intense if the cells 
were incubated for 48 h. In such case, the viability of the 
cells was below 3% in media supplemented with CDP at 
the level 10 mmol/l or higher.

In the next step, we investigated the capability of pyruvate, 
2-oxoglutarate, malate and citrate to revert the cytotoxic 

effect of CDP. The cells were incubated in culture media 
supplemented with 50 mmol/l CDP and one of the tested 
compounds in three different levels, either 1, 5 or 10 mmol/l. 
The MTT test was performed to assess the viability of the 
cells after incubation for 24 h. Only the supplementation of 
the media with 10 mmol/l level of either citrate, or 2-oxog-
lutarate, or malate partially reverted the cytotoxic effect of 
CDP (Fig. 5B). Pyruvate supplementation into the media at 
any of the tested levels had no protective outcome against 
the cytotoxic effect of CDP (data not shown).

Discussion

Here we provide the evidence that PC is present in cultured 
human astrocytoma, glioblastoma and neuroblastoma cells. 
These results provide the novel knowledge about the expres-
sion of PC in astrocytoma and neuroblastoma cells and 
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confirm already documented expression of PC in human 
glioblastoma cells (Cheng et al. 2011; Izquierdo-Garcia et 
al. 2014). Furthermore, we provide the data, which strongly 
suggests the importance of enzymatically active PC for sus-
taining the viability of astrocytoma cells. 

PC is a mitochondrial enzyme with a glia specific expres-
sion among the neural cells (Shank et al. 1985; Cesar and 
Hamprecht 1995; Murín et al. 2009), including astrocytes. 
Since, astrocytes are considered to be a precursors cells of 
astrocytoma, it might be deduce that the observed expression 

of PC in astrocytoma cells is maintained during the process 
of tumorigenic transformation of astrocytes. The cancer cells 
possess the capability to alter the expression and activity of 
PC (Phannasil et al. 2015; Oppermann et al. 2016), and there-
fore, the described presence of PC in neuroblastoma cells, in 
contrast to neurons, could be a consequence of changes in the 
gene expression underlying the metabolic transformation of 
cells during carcinogenesis (Rodríguez-Enríquez et al. 2019) 
and an metabolic adaptation of neuroblastoma cells to meet 
their metabolic needs. 

Figure 4. Immunocytofluorescent double labelling of the PC (A) and pyruvate dehydrogenase (B) in cells of the human glioblastoma 
cell line A172. The cell nuclei were visualized by DAPI (C). The photomicrographs in middle panel (b) represent the magnification of 
the selected areas in top panel (a). The merged views of the frames (Aa, Ba, Ca) or (Ab, Bb, Cb) are presented in Da or Db, respectively. 
The scale bars in top frames (a) represent 20 µm and in bottom frames (b) represent 10 µm.

A B C D
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Figure 5. The effect of oxamate or CDP on vi-
ability of human astrocytoma cells (SW1088) 
assessed by MTT-test. A. The cells were 
incubated in culture media supplemented 
with either oxamate (, ) or CDP (, ) for 
either 24 (, ) or 48 (, ) hours prior the 
MTT-test. B. The potential of citrate (10 mM), 
2-oxoglutarate (10 mM) or malate (10 mM) 
to reverse the cytotoxic effect of 50 mmol/l 
CDP was estimated by MTT-test after 24-hour 
incubation of the cells in media supplemented 
with CDP and either of tested compound. 
** p < 0.01, *** p < 0.001.

A B
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PC catalyzes the ATP-dependent synthesis of oxaloacetate 
from pyruvate and CO2. Oxaloacetate is a compound that 
enters several distinct metabolic pathways with the suggested 
roles in biosynthetic and energetic metabolism. The cellu-
lar metabolism of oxaloacetate includes either i) its direct 
transamination to aspartate, which might be subsequently 
amidated to asparagine; or ii) its entry into the CAC. The 
both biosynthetic reactions of aspartate and asparagine re-
quire the presence of appropriate amino group donor, which 
in case of cancer cells is considered glutamine (Zhang et al. 
2017; Jiang et al. 2019). The both, aspartate and asparagine, 
are amino acids those could serve several roles in cellular 
metabolism such as the monomers for proteosynthesis or as 
the indispensable substrates for nucleotide synthesis (Lieu 
et al. 2020). Furthermore, oxaloacetate and aspartate are 
intermediates of malate-aspartate electron shuttle between 
cytosol and mitochondrial matrix. 

The cancer cells might employ two strategies to refurnish 
the intermediates of the CAC. Either by importing them 
from their milieu or by synthesis from the available sub-
strates and intermediates of cellular metabolism (Pavlova 
and Thompson 2016). The import of the CAC intermediates 
from the extracellular space might be limited by their avail-
ability in the microenvironment and cellular transporting 
capacity (Elia and Fendt 2016; Muir et al. 2018). Therefore, 
the capability of the cells to resynthesize CAC intermedi-
ates also from endogenously generated substrates, such as 
pyruvate, might compensate the shortage of CAC interme-
diates withdrawn for biosynthetic reactions (Davidson et 
al. 2016) more independently on the composition of their 
microenvironment. Indeed, cancer cells are considered to 
metabolize in addition to glucose also substantial amounts 
of glutamine (Altman et al. 2016; Cluntun et al. 2017). Even 
glutamine might significantly contribute to the anaplerotic 
metabolism of cancer cells (DeBerardinis et al. 2008; Zhang 
et al. 2017), its shortage in cell milieu stimulates the adapta-
tion of cancer cells to anaplerosis catalyzed by PC (Cheng 
et al. 2011). Furthermore, the enzymatically active PC 
was showed to be critical for survival and proliferation of 
non-small-cell lung cancer cells (Sellers et al. 2015) as well 
as glioblastoma cells in a glutamine-independent manner 
(Cheng et al. 2011). 

The expression of PC in cultured cancer cells might reflect 
the importance of PC for sustaining their cellular metabolism 
(Jitrapakdee et al. 2008). Among the tested cells, astrocytoma 
cells show the highest expression level of PC (Fig. 1). There-
fore, to estimate the importance of PC for survival and/or 
growth of human brain cancer cells, the test for the viability 
of astrocytoma cells in presence of oxamate or CDP was 
performed. We observed, that the viability of astrocytoma 
cells is more profoundly compromised in presence of CDP 
in culture media (Fig. 5A). Even both compounds, oxamate 
and CDP, are considered to inhibit the enzymatic activ-

ity of PC (Zeczycki et al. 2010), they might also influence 
other cellular processes. Oxamate is a structural analogue 
of pyruvate, and in addition to its role of a non-competitive 
inhibitor of PC, competitively inhibits the entry of pyruvate 
into mitochondria (Martin-Requero et al. 1986) as well as it 
could inhibit two additional enzymes, lactate dehydrogenase 
(Zhai et al. 2013) and aspartate transaminase (Thornburg et 
al. 2008). The inhibitory effect of oxamate on PC could be 
suppressed by the increased intracellular concentration of 
pyruvate (Martin-Requero et al. 1986), which concentration 
might be raised by the concurrent inhibitory effect of oxam-
ate on lactate dehydrogenase activity. CDP is a non-genotoxic 
carcinogen (Robjohns et al. 2003) with antifertility activity in 
males (Lynch et al. 1998), which could cross the blood-brain 
barrier (Edwards et al. 1975). In cells, CDP could be further 
metabolized to compounds that also inhibit the fixation of 
carbon dioxide by PC (Doedens and Ashmore 1972). The 
differences among cytotoxic potential of the oxamate and 
CDP on the astrocytoma cells could be related to diverse 
molecular properties of oxamate and CDP. Since, the sup-
plementation of culture media with either citrate or malate 
or 2-oxoglutarate, which are intermediates of CAC, but not 
with pyruvate, could partially revert the cytotoxic effect of 
CDP on astrocytoma cells, we assume that the anaplerotic 
function of PC is obligatory for sustaining the viability of 
astrocytoma cells. 

In summary, we can conclude, that the results of our 
experiments provide evidence that PC is present in cultured 
human astrocytoma, glioblastoma and neuroblastoma cells. 
In the case of astrocytoma cells, the anaplerotic activity of 
PC is fundamental for sustaining their viability even in 
presence of glutamine. This knowledge might be useful 
in better understanding of the importance of anaplerosis 
facilitated by PC for sustaining or even promoting the cel-
lular metabolism of these cells, as well as its importance 
in maintaining or even stimulating their growth and divi-
sion. Besides, the knowledge about the distribution of PC 
in those brain-derived cancer cell types might provide the 
opportunity for further detail studies on the importance of 
PC in cancer cell metabolism or for development or testing 
of the novel diagnostic tools and anticancer therapeutic 
interventions.
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