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We investigated the effect of pannexin-1 (PANX-1) on the release of glutamate and cytokines in U87
human malignant glioma (U87-MG) cells using small interfering RNA (siRNA) transfection and adenosine
triphosphate/lipopolysaccharide treatment. PANX-1 is a new family member of the gap junction proteins,
and is permeable to ions, metabolic molecules, second messengers, and neurotransmitters, among other
factors. PANX-1 plays an important role in the regulation of cell inflammation. However, the relationship
between PANX-1 and the secretion of glutamate, interleukin (IL)-6 and IL-8 in astrocytes is still poorly
understood. We found that the levels of IL-6, IL-8 and glutamate were lower in PANX-1 siRNA transfected
cells, while the levels of IL-6, IL-8 and glutamate were unaltered in cells without changes in the expres-
sion of PANX-1 protein. This provides further support for the hypothesis that PANX-1 plays an important
role in the release of IL-6, IL-8 and glutamate in U87-MG cells.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction [Ca2+] and adenosine triphosphate [ATP]) and neurotransmitters,
Astrocytes are the most abundant non-neuronal cells in the
central nervous system (CNS). In addition to their trophic and
structural role, astrocytes play an important role in the mainte-
nance of homeostatic pH balance, neurotransmitter and ion levels,
as well as the regulation of cell communication and inflammation.
Morphological and functional alterations of astrocytes may result
in the disruption of brain homeostasis and may induce multiple
brain diseases, including epilepsy, stroke, trauma and Alzheimer’s
disease [1,2].

Gap junctions (GJ), which were discovered more than five dec-
ades ago, can form direct intercellular cytoplasmic connections and
are involved in many biological events, including the transfer of
ions and small molecules [3,4]. Connexins (CXS), the predominant
family members of GJ, have been identified as key regulators in the
release of inflammatory mediators in many cell types [5–8].
Pannexins (PANX) were described as a new family member of GJ
proteins in 2000 [9]. As one of its subtypes, PANX-1 is abundantly
expressed in the brain and forms hemi-channels at the plasma
membrane of astrocytes. PANX-1 channels are permeable to ions,
metabolic molecules, second messengers (including calcium ions
which are smaller than 1 kDa [10–12]. Animal and clinical studies
have shown that there are some overlapping functions between
PANX-1 and CXS, and most CXS inhibitors demonstrate an inhibi-
tory effect on PANX-1 [6,13]. Therefore, PANX-1 may be responsi-
ble for the release of cytokines and glutamate in astrocytes.
However, the role of PANX-1 in the release of glutamate, inter-
leukin (IL)-6 and IL-8 from astrocytes is still poorly understood.
Inflammation and the disruption of the balance between excitatory
and inhibitory responses are involved in the onset and develop-
ment of many neurological disorders, including cerebrovascular
diseases, epilepsy, and neurodegenerative diseases [14–16].
Therefore, we examined the effect of PANX-1 on the release of glu-
tamate, IL-1b, IL-6 and IL-8 from astrocytes using enzyme-linked
immunosorbent assays (ELISA), the Bio-Plex suspension array
system (Bio-Rad Laboratories, Hercules, CA, USA) and high perfor-
mance liquid chromatography (HPLC).
2. Materials and methods

2.1. Materials

The U87 human malignant glioma cell line (U87-MG) was orig-
inally obtained from the Chinese Academy of Sciences, and used
in this study. PANX-1 small interfering RNA (siRNA; catalogue
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number sc-21687) and control siRNA (catalogue number sc-37007)
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Lipofectamine 2000 reagent was purchased from Invitrogen
(Carlsbad, CA, USA). ATP and lipopolysaccharide (LPS) were
obtained from Sigma-Aldrich (St Louis, MO, USA). The Cell
Counting Kit 8 was obtained from Dojindo Laboratories
(Kumamoto, Japan). A rabbit polyclonal anti-PANX-1 antibody
was purchased from Abcam (Cambridge, UK). The PrimeScript RT
master mix and SYBR Premix Ex TaqII were purchased from Takara
Bio (Shiga, Japan). The human IL-1b/IL-1F2 Quantikine ELISA Kit
was obtained from R&D Systems (Minneapolis, MN, USA). The
Bio-Plex suspension array system was purchased from Bio-Rad
Laboratories.

2.2. Cell culture

U87-MG cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum and a mixture of
antibiotics and antimycotics in 5% carbon dioxide and 95% air at
37�C. The cells were passaged every 4–5 days to maintain expo-
nential growth.

2.3. siRNA transfection

U87-MG cells were seeded in 6-well plates and cultured in
DMEM without antibiotics to improve the transfection efficiency.
When the cells became 50–80% confluent, they were transfected
with 75 nM PANX-1 siRNA or control siRNA using the Lipofec-
tamine 2000 reagent. PANX-1 siRNA and Lipofectamine 2000
reagent were diluted in serum-free medium (Opti-MEM; Life Tech-
nologies, Carlsbad, CA, USA). The media was changed to growth
media 6 h after transfection, and the cells were harvested 48 h
after transfection for subsequent messenger RNA and protein
expression analyses.

2.4. Real-time reverse transcription polymerase chain reaction (PCR)

Total cellular RNA was extracted using Trizol reagent followed
by isopropanol precipitation. Next, RNA (500 ng) was used for
complementary DNA synthesis using the PrimeScript RT Master
Mix kit, followed by real-time PCR analysis using SYBR Premix Ex
TaqII, using an ABI Prism 7300 system (Applied Biosystems, Foster
City, CA, USA). The specific PCR primer sequences were designed
and synthesized by Bio-TNT (China): PANX-1 50-AATCTGTGACTTC
TGCGACAT-30 (sense) and 50-CCATTTCCATTAGGGACTCAA-30

(anti-sense); b-actin 50-AAGGTGACAGCAGTCGGTT-30 (sense) and
50-TGTGTGGACTTGGGAGAGG-30 (anti-sense). The initial denatura-
tion phase was 30 min at 95�C, followed by 40 cycles of denatura-
tion at 95�C for 5 s, and annealing at 60�C for 31 s. After PCR
amplification, 5 ll of PCR product and a DNA ladder were simulta-
neously run on a 2% agarose gel to confirm the PCR products. The
relative quantification of the PCR products was performed after
normalization against b-actin, using the comparative cycle thresh-
old method.

2.5. Western blot analyses

The total cellular proteins were extracted using sodium dodecyl
sulfate (SDS) lysis buffer, and the protein amounts were estimated
using a BCA Protein Assay kit (Beyotime Institute of Biotechnology,
Jiangsu, China). All proteins were boiled for 5 min in SDS sample
buffer. Next, the protein samples (20 lg/well) and the molecular
weight marker were simultaneously subjected to 10% SDS
polyacrylamide gel electrophoresis and then electrophoretically
transferred onto immobilon-P membranes for 105 min at
300 mA, using a wet electroblotting system (Bio-Rad). The
membranes were then blocked with 5% fat-free milk in 1� Tris
buffered saline with Tween-20 for 1 h at room temperature and
subsequently incubated with anti-PANX-1 (1:1000) or
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
1:10000) overnight at 4�C. The membranes were then incubated
with 1:1000 diluted goat anti-rabbit or goat anti-mouse
immunoglobulin G antibody coupled to horseradish peroxidase
(HRP). Immunoreactivity was detected by enhanced chemilumi-
nescent detection using the Chemiluminescent HRP Substrate kit
(Merck Millipore, Billerica, MA, USA) according to the manufac-
turer’s instructions. Finally, the protein expressions were quanti-
fied by densitometry using image analysis software (Tinon
Software, Zhongshan, China) and normalized against GAPDH pro-
tein expression.
2.6. Stimulation of cells with ATP or LPS

U87-MG cells were seeded on 96–well plates and stimulated
with different concentrations of ATP or LPS. The cell proliferation
was estimated using a Cell Counting Kit 8 according to the manu-
facturer’s instructions. Then U87-MG cells were seeded in 6-well
plates and stimulated with ATP or LPS for 24 h. After 24 h of stim-
ulation, the cells were washed with phosphate buffered saline and
lysed in SDS lysis buffer. Simultaneously, the cultural supernatants
were collected and centrifuged at 14,000 revolutions per minute
for 5 min at 4�C to remove cell debris. Supernatants were stored
at �80�C for the detection of cytokines and glutamate. A control
sample containing 0 lmol/l ATP or LPS was also processed.
2.7. HPLC

The levels of glutamate in the supernatants were quantified
using the Agilent 1100 System (Agilent Technologies, Santa Clara,
CA, USA) with fluorescence detection after derivatization with
o-phthaldialdehyde. The components were separated with a Zor-
bax Extend-C18 (250 mm � 4.6 mm; 5 lm) column (Agilent Tech-
nologies). The samples were eluted using in 40 mM sodium
phosphate buffer (40 mM monosodium phosphate; pH 7.2) and
acetonitrile. The levels of glutamate were quantified by performing
a comparison against a standard curve derived from a standard
solution of glutamate.
2.8. ELISA and Bio-Plex suspension array system

The level of immunoreactive IL-1b released from U87-MG cells
into the culture media was measured by ELISA, using a commercial
human IL-1b/IL-1F2 Quantikine ELISA kit. The levels of immunore-
active IL-6, IL-8, IL-10 and tumor necrosis factor (TNF)-a were
measured using the Bio-Plex suspension array system. The assays
were performed according to the manufacturer’s instructions.
2.9. Data analyses

The results are presented as the mean ± standard error of the
mean, unless otherwise stated. For the statistical analyses, each
treatment was compared with its respective control, and the
statistical significance between the groups was assessed using
the Student’s two-tailed t-test. Calculations were performed using
GraphPad InStat (version 5.0; GraphPad Software, San Diego, CA,
USA), and significance was established at p < 0.05 for all tests.
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3. Results

3.1. PANX-1 gene silencing and protein expression

To investigate the role of PANX-1 in U87-MG cells, siRNA was
used to knockdown the expression of PANX-1. According to
real-time PCR results, the PANX-1 knockdown resulted in a 79%
decrease compared with the control siRNA transfected cells
(Fig. 1A; p < 0.05). The western blotting analyses showed that
PANX-1-siRNA had a strong effect on downregulating the expres-
sion of the PANX-1 protein in U87-MG cells (Fig. 1B, C; p < 0.05).

3.2. PANX-1 silencing reduces the release of glutamate

To determine the relationship between PANX-1 and the release
of glutamate in human astrocytes, HPLC was used to analyze the
glutamate levels in culture media. The level of glutamate in
PANX-1 siRNA transfected cells was decreased compared to the
control siRNA transfected cells, with a decrease of approximately
40% (Fig. 2; p < 0.05).

3.3. PANX-1 silencing reduces the release of IL-6 and IL-8

To characterize the association between PANX-1 and the release
of cytokines in human astrocytes, ELISA and the Bio-Plex suspen-
sion array system were used. The baseline levels of IL-10 and
TNF-a in the supernatants of untreated U87-MG cells were below
the detection limit. The ELISA results showed that the level of IL-1b
in the supernatants of PANX-1 siRNA transfected cells was lower
compared to the cells treated with control siRNA, however, the
difference was not significant (p > 0.05). Conversely, there were
differences in the IL-6 and IL-8 levels in these two groups. Com-
pared with scrambled-treated cells, the levels of IL-6 and IL-8 in
Fig. 1. Messenger RNA (mRNA) and protein expression of pannexin-1 (Panx-1) in small in
real-time polymerase chain reaction (PCR) showed the mRNA quantification of Panx-1 i
b-actin. (B, C) The western blotting analyses showed the protein quantification of Panx-1
was used as a loading control. *p < 0.05, siRNA versus scrambled. The error bars repres
experiments.
the supernatants of cells transfected with PANX-1 siRNA was
decreased (Fig. 2; p < 0.05).

3.4. Effect of ATP on the release of IL-1b, IL-6, IL-8 and glutamate in
U87-MG cells

The U87-MG cells were exposed to ATP, which resulted in a
strong induction of cell death by ATP in a dose-dependent manner
(Fig. 3A–C). Because there was obvious cell death when the cells
were treated with 5 lg/ml ATP, we used 0.1 lg/ml and 1 lg/ml
ATP to stimulate U87-MG cells in the following studies. Compared
with untreated cells, there were no differences in either the
expression of PANX-1 protein or the levels of IL-1b, IL-6, IL-8 and
glutamate in ATP-treated cells (Fig. 3; p > 0.05).

3.5. Effect of LPS on the release of IL-1b, IL-6, IL-8 and glutamate in
U87-MG cells

To evaluate the effect of the inflammatory response on U87-MG
cells, we treated U87-MG cells with LPS. In the ATP-treated cells,
IL-1b, IL-6, IL-8 and glutamate levels were not significantly altered
compared to the LPS-treated group (Fig. 4; p > 0.05). In addition,
western blotting analyses were performed to detect PANX-1 pro-
tein expression in cells treated with various concentrations of
LPS. However, there was no upregulation of PANX-1 protein in
the LPS-treated cells (Fig. 4A, B; p > 0.05).

4. Discussion

In 2000, PANX were discovered as a novel family member of GJ
proteins in vertebrates [9]. There are three family members of
PANX proteins in mammals: PANX-1, PANX-2 and PANX-3.
PANX-1 is highly expressed in the CNS and is the only family
terfering RNA (siRNA) and control siRNA (scrambled) treated U87-MG cells. (A) The
n scrambled and siRNA-treated cells. Panx-1 mRNA levels were normalized against

in scrambled and siRNA-treated cells. Glyceraldehyde 3-phosphate dehydrogenase
ent the mean ± standard error of the mean and were obtained from at least three



Fig. 2. Cytokines and glutamate released from pannexin-1 small interfering RNA (siRNA) and control siRNA (scrambled) transfected U87-MG cells. U87-MG cells were
transfected with pannexin-1-siRNA and control siRNA for 48 h. The levels of (A) interleukin (IL)-1b, (B) IL-6, (C) IL-8 and (D) glutamate were determined using enzyme-linked
immunosorbent assays, the Bio-Plex suspension array system (Bio-Rad Laboratories, Hercules, CA, USA) and high performance liquid chromatography, respectively. *p < 0.05,
siRNA versus scrambled. The error bars represent the mean ± standard error of the mean and were obtained from at least three experiments.
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member of PANX proteins that is expressed in astrocytes. PANX-1
is able to form intercellular channels, which are permeable to
small molecules such as Ca2+ and ATP [6,10,11]. In this study,
we investigated the relationship between PANX-1 and the
inflammatory immune response in the CNS, and also the effect of
PANX-1 on the release of glutamate.

We found that the baseline levels of IL-10 and TNF-a in the
supernatants of untreated U87-MG cells were below the detection
limit. Multiple lines of evidence suggest that PANX-1 contributes
to the release of mature IL-1b via an association with purinergic
receptors (P2X7 receptor) [17]. Therefore, changes in PANX-1 pro-
tein levels may result in an alteration of IL-1b levels. However, we
found that in the PANX-1 siRNA transfected cells, the IL-1b levels
were lower than in the control siRNA transfected cells, although
the difference was not statistically significant. These data suggest
that PANX-1 expression in U87-MG cells had no effect on IL-1b
secretion. We hypothesize that this might be due to the U87-MG
cells being a human malignant cell line, therefore, having biologi-
cal characteristics that are different from primary astro-
cytes obtained from human tissue.

IL-6 and IL-8 are mainly synthesized in astrocytes and have dual
functions in the CNS [18–20]. Our findings demonstrated that the
siRNA knockdown of PANX-1 significantly decreased IL-6 and
IL-8 secretion in U87-MG cells. Previous studies have shown that
ATP can upregulate the expression of PANX-1 [19]. However, we
found that there was no statistically significant difference in the
expression of the PANX-1 protein or the secretion of IL-6 and
IL-8 between the untreated cells and ATP-treated cells. To investi-
gate whether U87-MG cells are sensitive to inflammatory stimuli,
we treated U87-MG cells with LPS, a common inflammatory stim-
ulus [20]. Interestingly, we found that LPS had the same effect on
U87-MG cells as ATP. Consistent with this result, it has been
recently reported that LPS has no effect on primary astrocytes,
U251 and SNB-19 malignant glioma cells [21]. Moreover, the effect
of LPS on the release of cytokines in U87-MG cells supports the
hypothesis that there is a strong relationship between PANX-1
expression and IL-6 and IL-8 secretion. PANX-1 is an important
component of the inflammatory response in the CNS and accumu-
lating experimental evidence indicates that the brain immune
response is involved in the initiation and development of many
neurological disorders, including stroke and epilepsy. For example,
recent studies have highlighted the activation of inflammatory
pathways in epilepsy. Moreover, with regards to epilepsy treat-
ment, some anti-epileptic drugs (valproate, carbamazepine, pheny-
toin, levetiracetam and others) can modulate immune system
activity, and adrenocorticotropic hormone, dexamethasone, hydro-
cortisone and human intravenous immunoglobulins can suppress
seizure activity [22–26].

Glutamate is an important excitatory neurotransmitter in the
CNS and dysregulation of its release and reuptake alters neuronal
excitability and contributes to the generation of seizures, Alzhei-
mer’s disease and senile dementia [14,15]. Elucidating the effect
of PANX-1 on the release of glutamate from astrocytes will provide
further insight into the mechanisms underlying the pathogenesis
of various neurological diseases. In our study, we found that silenc-
ing PANX-1 with siRNA decreased the PANX-1 protein levels and
attenuated the production of glutamate, demonstrating that
PANX-1 plays a critical role in glutamate secretion in astrocytes.



Fig. 3. Effect of adenosine triphosphate (ATP) on the release of interleukin (IL)-1b, IL-6, IL-8 and glutamate in U87-malignant glioma (MG) cells. (A–C) There was a strong
dose-dependent induction of cell death by ATP on the U87-MG cells. (D–E) Pannexin-1 protein expression in U87-MG cells exposed to 0.1 lg/ml and 1 lg/ml ATP for 24 h was
determined using western blotting analyses. Levels of (F) IL-1b, (G) IL-6, (H) IL-8 and (I) glutamate were determined by enzyme-linked immunosorbent assays, the Bio-Plex
suspension array system (Bio-Rad Laboratories, Hercules, CA, USA) and high performance liquid chromatography, respectively. The error bars represent the mean ± standard
error of the mean and were obtained from at least three experiments.
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The exogenous application of ATP and LPS had no effect on
PANX-1 protein expression and glutamate levels, which supports
the hypothesis that PANX-1 contributes to the release of
glutamate.
The results of the present study demonstrate that PANX-1 has
an important role in the release of IL-6, IL-8 and glutamate in
U87-MG cells, which could play a critical role in glial
cell-mediated innate defense and maintenance of glutamate in



Fig. 4. The effect of lipopolysaccharide (LPS) on the release of interleukin (IL)-1b, IL-6, IL-8 and glutamate in U87-malignant glioma (MG) cells. (A–B) Pannexin-1 (Panx-1)
protein expression in U87-MG cells exposed to the indicated concentrations of LPS for 24 h were determined using western blotting analyses. The levels of (C) IL-1b, (D) IL-6,
(E) IL-8 and (F) glutamate were determined by enzyme-linked immunosorbent assays, the Bio-Plex suspension array system (Bio-Rad Laboratories, Hercules, CA, USA) and
high performance liquid chromatography, respectively. The error bars represent the mean ± standard error of the mean and were obtained from at least three experiments.
GAPDH = glyceraldehyde 3-phosphate dehydrogenase.
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the CNS, and that it may represent a potential target for therapeu-
tic intervention in many brain diseases. However, further studies
are necessary to determine the mechanisms that underlie the
release of IL-6, IL-8 and glutamate by PANX-1 in human astrocytes.
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