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Abstract. Cell migration is an important factor influencing
the treatment outcomes of high‑grade glioma (World Health
Organization grades III‑IV). Using immunohistochemical
staining, the present study demonstrated that the protein levels
of phosphorylated pyruvate dehydrogenase α1 (p‑PDHA1)
were increased according to the grade of glioma. Moreover,
p‑PDHA1 mediated tumor necrosis factor‑α (TNF‑α)‑induced
cell migration in glioma cells. Phalloidin staining and western
blot analysis were used to detect the protein level of p‑PDHA1
in U251 glioma cells stimulated by TNF‑α at different time
points. Phalloidin staining was used to observe the cyto‑
skeletal structure. The effects on the expression of specific
migration markers and on the cytoskeletal structure were also
detected. Dichloroacetic acid is an inhibitor of PDK. These
results indicated that p‑PDHA1 served an important role in
the migration of glioma cells, and consequently in the develop‑
ment of glioma.
Introduction
According to the grading system developed by the World
Health Organization (WHO), gliomas are classified into
grades I‑IV (1). Grade I and II gliomas are low‑grade
gliomas and the prognosis of the patients is relatively good.
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Grade III and IV gliomas are high‑grade gliomas (HGG).
The prognosis of the patients with these types of tumors is
relatively poor (2). Diffuse astrocytoma is classified as a WHO
grade II tumor, whereas anaplastic astrocytoma is a WHO
grade III tumor. Glioblastoma is a WHO grade IV tumor (3).
In the last 30 years, the 5‑year survival rate of gliomas has not
significantly improved (4). Based on this evidence, the identifi‑
cation of new treatments for patients with GBM is imperative.
Tumor necrosis factor‑ α (TNF‑ α) is a polypeptide
cytokine produced by mononuclear macrophages and is
considered an important inflammatory factor in the tumor
inflammatory microenvironment (5). Tumor necrosis factor
receptor 1 (TNFR1) is one of the receptors of TNF‑ α that
mediates the majority of its biological functions, such as
antiviral activity (6), apoptosis induction (7) and activation of
the NF‑κ B protein (8,9). The receptor of TNF‑α is a type I
transmembrane glycoprotein distributed on the surface of the
normal cell membrane (10). A previous study has reported
that TNFR1 exerts a significant influence on the malignant
progression of tumors and that it is associated with the degree
of differentiation or the depth of invasion of the tumors (11).
Pyruvate dehydrogenase (PDH) α1 (PDHA1) is a subunit
of PDH. PDHA1 has a molecular weight of 43.3 kDa and a
genomic DNA full length of 15.92 Kbp which includes 11 exons.
It is located on the X chromosome (Xp22.1‑22.2) and is also
known as PDC E1α (12). In mitochondria, PDH exists in the
form of PDH complex (PDHc) and a specific phosphorylation
site of PDHc on PDHA1 serves an important role in regulating
the activity and energy metabolism of PDHc (13). PDH kinase
(PDK)1 primarily acts on PDHA1 in PDHc. The regulation of
PDHA1 phosphorylation can increase PDHc activity (14). The
normal expression of PDHA1 is a prerequisite for the normal
development of the tricarboxylic acid (TCA) cycle and the
oxidative phosphorylation in the mitochondria (15). The func‑
tion of PDHA1 is to transform aerobic glycolysis into oxidative
phosphorylation. In the absence of oxygen, pyruvate is reduced
to lactate. In the presence of oxygen, pyruvate is oxidized by
PDH to acetyl‑CoA, which enters the mitochondria and is
metabolized further by the TCA cycle. When the phosphory‑
lation of PDHA1 is inhibited, it can inactivate PDHc (16).
Furthermore, the Warburg effect is enhanced, and the inva‑
siveness of tumor cells is increased (17). Therefore, the ability
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of phosphorylated (p)‑PDHA1 to mediate TNFα‑induced cell
migration in glioma cells is worth determining.
Materials and methods
Patients and tissue samples. A total of 80 paraffin embedded
samples were obtained from the Affiliated Hospital of Nantong
University between January 2013 and January 2017. The
present study was approved by the Human Research Ethics
Committee of Nantong University, China. The patients were
recruited based on: i) Postoperative pathological diagnosis;
and ii) Magnetic resonance imaging data. Moreover, all glioma
specimens were obtained from patients who had not previ‑
ously received radiotherapy or chemotherapy. The sections of
the glioma samples were analyzed by two professionals from
the Department of Pathology, Affiliated Hospital of Nantong
University according to the WHO (2007) tumor grading
standards (18). The grading system adopted the double‑blind
method. The follow‑up data were collected by telephone visit
and concomitant household registration data visit (follow‑up
time ≤60 months). The follow‑up rate was 93.7% (75/80).
Cell lines. The cell lines used were purchased from The Cell
Bank of Type Culture Collection of the Chinese Academy of
Sciences. Specifically, U251, U87 (glioblastoma of unknown
origin), A172, H4 and SHG44 glioma cell lines, and 293T cells
were used in the present study. U251, U87, A172, H4 and SHG44
glioma cell lines were cultured in DMEM medium (Gibco;
Thermo Fisher Scientific, Inc.). 293T cells were cultured in
RPMI 1640 medium (Sigma‑Aldrich; Merck KGaA). In total,
10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.)
was added into all culture media. Cell culture was performed
at 37˚C in a 5% CO2 incubator.
Antibodies. The primary antibodies used in the present study
included the following: PDHA1 (1:500; cat. no. 377092 Santa
Cruz Biotechnology, Inc.), p‑PDHA1 (1:1,000; no. ab115343;
Abcam), TNFR1 (1:1,000; cat. no. ab68160; Abcam), MMP2
(1:500; cat. no. 13595; Santa Cruz Biotechnology, Inc.),
MMP14 (1:500; cat. no. 373908; Santa Cruz Biotechnology,
Inc.), E‑cadherin (1:1,000; cat. no. 14472; Cell Signaling
Technology, Inc.), GAPDH (1:5,000; cat. no. ab8245; Abcam).
Drug treatment. DCA stock solutions of 1/10 mM
(Sigma‑Aldrich; Merck KGaA) were diluted in PBS for in vitro
experiments. Prior to western blotting experiments, DCA was
diluted into 5, 10 and 20 mM concentrations to stimulate U251
cells for 24 h at 37˚C in a 5% CO2 incubator. Prior to migration
and wound‑healing experiments, the concentration of 20 mM
DCA was chosen to stimulate U251 cell for 24 and 48 h at
37˚C in a 5% CO2 incubator.
Cell protein extraction. Cells at 0, 4, 8, 12 and 24 h were
washed three times with PBS at room temperature for 5 min.
RIPA cell protein lysate (Thermo Fisher Scientific, Inc.;
400 µl) was added to the cells on ice for 40 min. Samples were
then centrifuged at 4˚C for 15 min at 12,000 x g.
Cell proliferation assays. The U251 glioma cells were
seeded in 96‑well plates at a density of 2x10 6 cells/well

for 24 h and subsequently the Cell Counting Kit (CCK)‑8
reagent (Dojindo Molecular Technologies, Inc.) was added to
each well for 4 h, taking care to avoid light. The absorbance
was measured at 450 nm by a microplate reader (Bio‑Rad
Laboratories, Inc.).
Western blot analysis. Proteins were extracted from the
transfected cells using RIPA buffer on ice. Protein extracts
were mixed with 2X loading buffer. The protein was quanti‑
fied using BCA determination method. Proteins (60 µg/lane)
were separated by 10% SDS‑PAGE. The protein samples were
transferred to polyvinylidene fluoride (PVDF) membranes
following sodium dodecyl sulfate‑polyacrylamide gel electro‑
phoresis. The PVDF membrane was blocked with skimmed
milk at room temperature for 2 h, before the aforementioned
primary antibodies were added at 4˚C overnight. Membranes
were then incubation with horseradish peroxidase conju‑
gated goat anti‑rabbit secondary antibody (1:5,000; cat.
no. ab7090; Abdam) at room temperature for 2 h. Pierce™
Electro‑chemiluminescence (Thermo Fisher Scientific, Inc.)
was used to detect protein expression. The ImageJ software
(v1.50; National Institutes of health) was used to conduct
densitometric analysis.
Immunofluorescence staining of cytoskeleton. U251MG
cells were cultured in a 6‑well plate. After 4 h growth, the
cells were collected. The cells were fixed with 4% para‑
formaldehyde for 1 h at 37˚C. Subsequently, they were
treated with 0.2% Triton X‑100 and blocked with 1% bovine
serum albumin (Sigma‑Aldrich‑Merck KGaA) at room
temperature for 30 min. Then cells were immunolabeled
with anti‑vinculin (1:200; cat. no. 00162950; Sigma‑Aldrich;
Merck KGaA) at 37˚C for 1 h followed by FITC‑anti‑mouse
(1:200; cat. no. F4516; Sigma‑Aldrich; Merck KGaA) at room
temperature for 2 h. Subsequently, phalloidin‑tetramethylrho‑
damine (1:1,000, Abcam) was added to the cells and placed
in a 37˚C incubator for 1 h. Finally, the nuclei were stained
with 4',6‑diamidino‑2‑phenylindole at room temperature for
1 h. The cytoskeletal structure was detected by an Olympus
fluorescence microscope (magnification, x1,000).
Wound healing assay. The U251 glioma cells were cultured in
a 6‑well plate according to different experimental conditions.
A line was drawn in the fused cell layer (5x105 cells/well) with
a 100 µl micropipette tip. The cells were washed three times
with PBS and grown in serum‑free DMEM, before being
incubated at 37˚C for 48 h. Then, the cells were imaged at 0,
24 and 48 h using an inverted Leica phase contrast microscope
(magnification, x200). The wound closure rate was calculated
using ImageJ (version 1.6; National Institutes of Health) and
relative wound closure was determined.
Cell invasion assay. A total of 200 µl U251 cells (5x105 cells)
was added in serum‑free DMEM to the upper layer of each
chamber and 600 µl DMEM containing 10% fetal bovine
serum was added to the lower layer of each chamber. The
cells were cultured at 37˚C in a 5% CO2 incubator for 24 h.
At appropriate time points, the cells in the upper chamber
were removed with a cotton swab and the migrated cells were
fixed and stained with 4% crystal violet at room temperature
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Figure 1. p‑PDHA1 protein level in glioma tumors of different grade. (A) Immunohistochemical staining was used to detect the level of p‑PDHA1 and
E‑cadherin in glioma tumors of different grade (x400). (B) Scatter plots indicated the correlation between p‑PDHA1 and E‑cadherin. (C) K‑M survival curves
of 80 patients with glioma with different WHO grade tumors. (D) K‑M survival curve of high and low p‑PDHA1 level in 80 patients with glioma. (E) K‑M
survival curve of 80 patients with glioma with high and low p‑PDHA1 level in different WHO grade tumors. p‑PDHA1, phosphorylated pyruvate dehydroge‑
nase α1; K‑M, Kaplan‑Meier; WHO, World Health Organization.

for 5 min. The migrated cells were counted using an inverted
Leica phase contrast microscope (magnification, x100).
Immunohistochemical analysis. The tissue slices were put into
the oven for 8 h and subsequently into gradient ethanol and
xylene. The sections were boiled in citrate solution to retrieve
the antigens and washed with PBS three times. The endogenous
peroxidase activity was blocked with 0.3% hydrogen peroxide
at room temperature for 1 h. The primary antibody (p‑PDHA1;
1:1,000; cat. no. ab115343; Abcam), E‑cadherin (1:1,000;
cat. no. 14472; Cell Signaling Technology, Inc.) was added
to the sections at 4˚C for overnight incubation. The following
day, the sections were washed with PBS and the secondary
antibody was added at room temperature for 2 h. The slices

were stained with 3,3‑diaminobenzidine and hematoxylin at
room temperature for 5 min. The sections were differenti‑
ated with hydrochloric acid alcohol and dehydrated with
gradient alcohol. Finally, the slices were sealed with neutral
balsam. The sections were examined by two professional
pathologists who did not have previous relevant information
regarding the samples. The staining intensity of the sections
was classified as follows: 0 (no staining), 1 (weak staining), 2
(moderate staining) and 3 (strong staining). The proportion of
cell staining corresponded to the following scores: 0, <1%; 1,
1‑20%; 2, 21‑50%; 3, 51‑75%; and 4, >75%. PBS was used as
the negative control and the sections that were stained positive
were used as the positive control. Following the non‑specific
staining of the tumor margin, the necrotic area and adjacent
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Table I. Protein level of p‑PDHA1 and clinicopathological characteristics in 80 cases of glioma.

Variables
Age, years
<40
≥40
Sex
Female
Male
Tumor location
Frontal
Parietal
Occipital
Temporal
Tumor size, cm
<4
≥4
WHO grade
II
III
IV
Extent of resection
Biopsy
Total resection
Subtotal resection

Total, n

p‑PDHA1 expression
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Low
High

χ2‑value

P‑value

38
42

23
29

15
13

0.317

0.573

43
37

18
20

25
17

0.747

0.387

20
17
32
11

7
9
14
5

13
8
18
6

1.312

0.726

35
45

20
31

15
14

0.722

0.395

29
20
31

10
6
20

19
14
11

7.885

0.019

14
36
30

8
15
17

6
21
13

1.564

0.458

Pearson χ2 test was used for statistical analysis. WHO, World Health Organization; p‑PDHA1, phosphorylated pyruvate dehydrogenase α1.

brain tissue area were excluded. The scores of the staining
intensity and positive cell proportion were added.
Cell transfection. The small interfering (si)RNA sequences
used for PDHA1 knockdown were synthesized by the Shanghai
GeneChem Co., Ltd. The sequences were the following:
siPDHA1‑1, 5'‑CAATCAGTGGATCAAGTT‑3', siPDHA1‑2,
5'‑AATG GAGTTGAAAGCAGAT‑3', siPDHA1‑3, 5'‑TGG
TAGC ATC CCG TAATTT‑3', siPDHA1‑4, 5'‑AGAA AT
TCTCGCAGAG CTT‑3'. The negative control (NC) siRNA
sequence (siNC) was the following: 5'‑TTCTCCGAACGT
GTCACGT‑3'. Subsequent experiments were conducted at
48 h post‑transfection. The U251 glioma cells were grown at a
density of 80% and transfected with 100 nM siRNA targeting
specific genes using Lipofectamine ® 2000 (Invitrogen;
Thermo Fisher Scientific), according to the manufacturer's
instructions.
Statistical analysis. The data were analyzed by the SPSS
19.0 software (IBM Corp.). The association between PDHA1
and Ki‑67 was evaluated by the Spearman's correlation
coefficient. The χ2 test was used to compare the clinicopatho‑
logical parameters and the levels of the p‑PDHA1 protein in
80 patients. The Kaplan‑Meier (K‑M) by SPSS (v.22.0; IBM
Corp.) survival curve was used to analyze the survival rate

of the patients. The log rank test was used to compare the
survival curve data. The differences between two groups were
analyzed using the Student's paired t‑test. The differences
between multiple groups were analyzed by one‑way ANOVA
followed by Tukey's post hoc test. Cox proportional analysis
was used to analyze the independent effect of p‑PDHA1 on the
prognosis of patients. All experiments were repeated at least
three times. P<0.05 was considered to indicate a statistically
significant difference.
Results
p‑PDHA1 levels in different grades of human glioma
tissues. The protein levels of p‑PDHA1 and E‑cadherin in
tissues were detected by immunohistochemistry (Fig. 1A).
The staining results of 80 patients with glioma were assessed
using the Spearman rank test. The data demonstrated that
the protein levels of p‑PDHA1 correlated negatively with
E‑cadherin (Fig. 1B; P<0.001). The clinical data of 80
patients with glioma were analyzed, including 29 patients
with grade II glioma, 20 patients with grade III glioma and
31 patients with grade IV glioma. The χ2 test indicated that
p‑PDHA1 level significantly differed between the different
grades of glioma (P= 0.019; Table I). The K‑M survival curve
and log‑rank test were used to analyze the survival between
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Table II. Contribution of various potential prognostic factors to
survival by Cox regression analysis on 80 glioma specimens.
Characteristics
Age
Sex
Tumor location
Tumor size
WHO Grade
Extent of resection
p‑PDHA1

Hazard ratio

95% CI

P‑value

1.089
1.290
0.822
1.340
13.661
0.944
2.432

0.636‑1.865
0.760‑2.189
0.639‑1.057
0.800‑2.244
7.046‑26.488
0.688‑1.295
1.344‑4.400

0.757
0.345
0.127
0.266
0.000
0.721
0.003

CI, confidence interval; WHO, World Health Organization; p‑PDHA1,
phosphorylated pyruvate dehydrogenase α1.

different WHO grades and p‑PDHA1 level in patients with
glioma (Fig. 1C; P= 0.000). Subsequently, the association
of the survival time between high and low p‑PDHA1 level
was analyzed using the K‑M curve and the log rank test
(Fig. 1D; P= 0.000). Patients were then divided into high and
low p‑PDHA1 expression groups. The high expression group
was associated with the different grades of glioma (Table I).
It was revealed that the survival time of patients with high
p‑PDHA1 level in glioma was lower than that noted in low
p‑PDHA1 group. The K‑M survival curves of high and low
p‑PDHA1 level in the different glioma grades indicated that
low p‑PDHA1 level was associated with longer survival
time of patients with glioma in tissues of all grades (Fig. 1E;
P<0.05). Multivariate survival analysis demonstrated that
p‑PDHA1 level was an independent prognostic factor for
glioma (P= 0.003; Table II).
Protein level of p‑PDHA1 in glioma cells. Initially, five glioma
cell lines were selected as follows: H4, A172, SHG44, U251
and U87. Western blot analysis indicated that the levels of
p‑PDHA1 were increased in U251 glioma cells compared with
total protein (Fig. 2A). Subsequently, TNF‑α (50 ng/ml) was
used to stimulate U251 glioma cells and the absorbance was
detected at 0, 4, 8, 12 and 24 h at 490 nm. CCK‑8 analysis indi‑
cated that following the stimulation of TNF‑α, compared with
0 h, the proliferation of glioma cells was increased (Fig. 2B).
Furthermore, U251 glioma cells were treated with TNF‑ α
(50 ng/ml) and the cell protein was collected at 0, 4, 8, 12 and
24 h, in order to assess the highest protein level time point
of p‑PDHA1. Western blot analysis indicated that p‑PDHA1
and TNFR1 levels were increased at 4 h in U251 glioma cells
compared with those noted at 0 h (Fig. 2C).
p‑PDHA1 promotes glioma cell migration and invasion
following TNF‑a stimulation. In order to further investigate
whether p‑PDHA1 exhibited migratory effects on glioma
cells, the effects of TNF‑α stimulation on specific migratory
markers were assessed in U251 glioma cells. The results indi‑
cated that the protein levels of MMP2 and MMP14 in glioma
cells were significantly increased at 4 and 8 h compared with
0 h. (Fig. 3A). In addition, these results were further veri‑
fied by immunofluorescence staining of the cytoskeleton.

Figure 2. Protein level of p‑PDHA1 in glioma cells. (A) Western blotting
results of p‑PDHA1 level in five glioma cell lines. The bar chart indicated
the ratio of p‑PDHA1 to PDHA1 levels. (B) Cell Counting Kit‑8 analysis of
TNF‑α (50 ng/ml)‑induced U251 glioma cells. *P<0.05 vs. Con. (C) Western
blot analysis of TNFR1 and p‑PDHA1 levels in U251 glioma cells stimulated
by TNF‑ α (50 ng/ml) at different time points. The bar chart indicates the
ratio of p‑PDHA1 to PDHA1 expression and the expression levels of TNFR1
compared with those of GAPDH. *P<0.05 and #P<0.05 vs. 0 h. p‑, phosphory‑
lated; PDHA1, pyruvate dehydrogenase α1; TNF‑α, tumor necrosis factor‑α;
TNFR1, tumor necrosis factor receptor 1; Con, control.

Immunofluorescence microscopy demonstrated that F‑actin
formed strong and dense stress fibers in U251 glioma cells
treated with TNF‑α for 4 h (Fig. 3B).
Knockdown of PDHA1 is associated with the migration and
invasion capacities of glioma cells. Following stimulation
with TNF‑α, the expression levels of the migratory markers
were increased suggesting that they were also associated
with p‑PDHA1 levels. U251 cells were transfected with
four PDHA1‑specific siRNAs and the data demonstrated
that siPDHA1‑4 exhibited the most significant knock‑
down efficiency in U251 glioma cells (Fig. 4A). Therefore,
siPDHA1‑4‑transfected U251 cells were selected and grouped
according to the experimental design. The stimulation time
of TNF‑ α (50 ng/ml) was 4 h. The association between
p‑PDHA1 and glioma cell was studied using cell migration
and wound‑healing assays. The results indicated that knock‑
down of p‑PDHA1 significantly inhibited the migratory and
migration efficiency of glioma cells at 24 and 48 h compared
with 0 h. TNF‑α stimulation did not enhance cell migration in
PDHA1‑siRNA‑transfected cells compared with the TNF‑α
stimulation group (Fig. 4B and C). Subsequently, western
blot analysis was performed, and the data indicated that
TNFR1 levels were upregulated following TNF‑α stimulation.
Knockdown of p‑PDHA1 also reduced the expression levels
of MMP2 and MMP14. TNF‑ α stimulation increased the
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Figure 3. p‑PDHA1 promotes the migration of glioma cells following TNF‑ α treatment. (A) Western blot analysis of the expression levels of MMP2 and
MMP14 following TNF‑α stimulation at different time points. The bar chart indicates the expression levels of MMP2 to MMP14 compared with those of
GAPDH. *P<0.05; ^P<0.05 vs. 0 h. (B) Immunofluorescence staining of the cytoskeleton indicating the localization of F‑actin (red fluorescence, arrow) and
of the nuclear region (blue fluorescence) using fluorescence microscopy (magnification, x1,000). p‑, phosphorylated; PDHA1, pyruvate dehydrogenase α1;
TNF‑α, tumor necrosis factor‑α; TRITC, tetramethylrhodamine.

expression levels of MMP2, MMP14 and p‑PDHA1/PDHA1
(P<0.05). Whereas it did not increase the expression levels
of MMP2, MMP14 and p‑PDHA1/PDHA1 (P<0.05) in
PDHA1‑siRNA transfected cells (Fig. 4D).
Effects of DCA on the migration and invasion capacities
of glioma cells stimulated by TNF‑ α. It has been reported
that DCA is the inhibitor with preliminary clinical effects
on glioblastoma (19). PDK is an important kinase that
regulates the activity of the PDHc. Therefore, the protein
levels of p‑PDHA1 were examined in U251 glioma cells at
various concentrations of DCA. The results indicated that
p‑PDHA1/PDHA1 level (P<0.05) was significantly lower
following treatment of the cells with 20 mM DCA compared
with that noted in the control cells (Fig. 5A). U251 glioma
cells were incubated with 20 mM DCA for 24 h and grouped
according to the experimental design. The stimulation time
of TNF‑α (50 ng/ml) was 4 h. Based on the analysis of the
wound healing and transwell invasion assays, DCA‑treatment
of U251 cells resulted in a significant inhibition in their
migratory and invasive efficacy. TNF‑α stimulation did not
enhance cell migration in the DCA‑treated cells compared
with the cells treated with TNF‑ α alone (Fig. 5B and C).
Western blot analysis indicated that DCA reduced the
expression levels of MMP2 and MMP14. TNF‑ α stimula‑
tion increased the expression levels of MMP2, MMP14 and
p‑PDHA1/PDHA1 (P<0.05). Whereas it did not increase the
expression levels of MMP2, MMP14 and p‑PDHA1/PDHA1
(P<0.05) in the DCA‑treated glioma cells (Fig. 5D).

Discussion
Invasion and migration are the main biological characteristics
of tumor malignancy. A previous study has reported that the
three main characteristics of tumor cell migration are the
following: Tumor cells adhere to ECM and degrade it using
lyase, cathepsin and autocrine or paracrine cytokines, such as
5‑HT, histamine and bradykinin (20). All these processes alter
cell morphology and enable the migration movement using
pseudopodia (20). This partially explains the poor survival rate
of patients with glioma. Migration is the key to invasion; there‑
fore, the control of the migration of glioma cells is particularly
important for the effective treatment of this disease (21).
Several inflammatory cytokines have been demonstrated
to be involved in the tumor microenvironment, such as inter‑
leukin (IL)‑1, IL‑6, IL‑1β, TNF‑α and TGF‑β, which not only
recruit inflammatory cells to the tumor site, but also amplify
the inflammatory effect. They also promote the proliferation
and metastasis of tumor cells, and accelerate the formation
of tumor blood vessels and lymphatic vessels (22‑24). Tumor
necrosis factor can induce a variety of processes, such as apop‑
tosis, necrosis and cell migration (25‑27). There are two types
of TNFR receptors: TNFR1 and TNFR2. The majority of the
biological effects of TNF‑ α are produced by TNFR1 (28).
In the present study, the role of p‑PDHA1 was investigated
in the regulation of genes involved in cell migration and
TNF‑α‑induced gene expression in glioma cells.
Normal expression of PDHA1 is a prerequisite for
the carboxylic acid cycle and oxidative phosphorylation
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Figure 4. Knockdown of PDHA1 is associated with the migration and invasion capacities of glioma cells. (A) Western blot analysis of the interference
efficiency of U251 cells transfected with siPDHA1. The bar chart indicates the ratio of p‑PDHA1 to PDHA1 expression. *P<0.05 vs. siNC. (B) Wound
healing assays of U251MG cells treated with si‑NC, si‑PDHA1‑4, TNF‑α and siPDHA1 + TNF‑α. The migration of glioma cells to the wound surface at 0,
24 and 48 h was observed using the inverted Leica phase contrast microscope (magnification, x200). The bar chart indicates the quantitative results of the
wound healing assays *P<0.05, ^P<0.05 vs. siNC; #P<0.05 vs. TNF‑α. (C) Transwell invasion assays of U251 glioma cells in the si‑NC, siPDHA1‑4, TNF‑α
and siPDHA1 + TNFα groups. The bar chart indicated the quantitative results of the Transwell invasion assays (magnification, x100). *P<0.05, ^P<0.05 vs.
siNC; #P<0.05 vs. TNF‑α. (D) Western blot analysis of siPDHA1‑transfected and/or TNF‑α‑stimulated U251 glioma cells. The bar chart indicates the ratio of
p‑PDHA1 to PDHA1 expression, as well as the expression levels of TNFR1, MMP2 and MMP14 normalized to those of GAPDH. *P<0.05, ^P<0.05 vs. siNC;
#
P<0.05 vs. TNF‑α + siNC. p‑PDHA1, phosphorylated pyruvate dehydrogenase α1; PDHA1, pyruvate dehydrogenase α1; TNF‑α, tumor necrosis factor‑α;
TNFR1, tumor necrosis factor receptor 1.

occurring in the mitochondria. PDHA1 is an important
catalytic component of PDHc. Phosphorylation of PDHA1
occurs at three specific serine residues and the single
phosphorylation of each site can cause PDHc inactiva‑
tion. Phosphorylation of site 1 is the most rapid reaction;
covalent modification occurs at specific serine residues in
PDHA1 (29). Tumor progression promotes the development
of hypoxia and induces the expression of hypoxia inducible
factors (HIFs). HIFs induce high expression of PDK, which
phosphorylates PDHA1 and inactivates PDHc (30). Although
aerobic glycolysis has been widely accepted as a metabolic
feature of tumors, its mechanism in tumor progression

remains unclear. In the present study, the data demonstrated
that the protein levels of TNFR1 and p‑PDHA1 were altered
in glioma cells following the stimulation with TNF‑ α. The
present study examined whether p‑PDHA1 was associated
with the inflammatory microenvironment, and its biological
interaction with the processes of invasion and migration of
glioma cells was further explored. Western blotting was used
to analyze the activity of glioma cell migration following
stimulation by TNF‑ α. The potential of glioma cell migra‑
tion was evaluated by immunofluorescence staining of the
cytoskeleton. It has been reported that PDK and PDH phos‑
phatase regulate the activity of PDHA1. Phosphorylation of
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Figure 5. Effects of DCA on the migration and invasion of glioma cells stimulated by TNF‑α. (A) Western blot analysis of U251 glioma cells incubated with
different concentrations of DCA for 24 h. The bar chart indicates the ratio of p‑PDHA1 to PDHA1 expression. *P<0.05 vs. 0 mM. (B) Wound healing assays
of NC, DCA, TNF‑α and DCA+TNF‑α U251 cells. The bar chart is representative of the quantitative results of the wound healing assays. *P<0.05, ^P<0.05 vs.
NC; #P<0.05 vs. DCA. (C) Transwell invasion assays of NC, DCA, TNF‑α and DCA + TNFα U251 cell groups. The bar chart is indicative of the quantitative
results of the Transwell invasion assay. *P<0.05, ^P<0.05 vs. NC; #P<0.05 vs. DCA. (D) Western blot analysis of U251MG cells treated with DCA and/or TNF‑ α.
The bar chart indicated the ratio of p‑PDHA1 to PDHA1 expression and the expression levels of TNFR1, MMP2 and MMP14 normalized to those of GAPDH.
*
P<0.05, ^P<0.05 vs. NC; #P<0.05 vs. DCA. DCA, dichloroacetic acid; TNF‑α, tumor necrosis factor‑α; p‑PDHA1, phosphorylated pyruvate dehydrogenase
α1; NC, negative control.

PDHA1 can cause PDHc inactivation. It can enhance the
Warburg effect and the invasiveness of tumor cells (17).
Therefore, in the present study, the involvement of PDHA1
phosphorylation in glioma cell migration and invasion was
further assessed.
Various proteases, including MMPs, are involved in the
destruction of normal brain tissue (31). The wound healing
and Transwell invasion assays demonstrated that knock‑
down of the expression of PDHA1 and reduced levels of
p‑PDHA1 decreased the migration and invasion of glioma
cells. TNF‑ α stimulation promoted glioma cell migration
and invasion, whereas this effect was not noted in PDHA1
siRNA‑transfected cells. DCA is an inhibitor of PDK,
which is an important kinase that regulates the activity of

PDHc (19). The present study indicated that DCA treatment
significantly inhibited the migratory and invasive efficiency
of glioma cells. TNF‑ α stimulation promoted glioma cell
migration and invasion, whereas TNF‑α stimulation did not
enhance cell migration in the DCA‑treated cells.
In conclusion, the present study demonstrated that
p‑PDHA1 served an important role in cell migration and
invasion of glioma cells, suggesting that its level was associ‑
ated with the development of glioma. Furthermore, the data
indicated that TNF‑α induced the level of p‑PDHA1 in glioma
cells. Therefore, p‑PDHA1 may represent a key messenger for
the regulation of cellular movement and gene expression. A
more comprehensive understanding of this pathway may be
helpful in establishing new therapeutic strategies for glioma.
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