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 Background: Gliomas are commonly diagnosed tumors in the central nervous system that have an elevated mortality rate. 
The present study evaluated pyrazolo[4,3-c]pyridine-4-one (PP-4-one) as an anti-proliferative agent against gli-
oma cells and investigated the associated mechanism.

 Material/Methods: The changes in cell growth were analyzed by Cell Counting Kit-8 (CCK-8) and apoptosis by flow cytometry using 
Annexin V-FITC staining kit. The FACSCalibur flow cytometer was used for analysis of DNA content and west-
ern blotting for protein expression.

 Results: The PP-4-one treatment suppressed viability of U251, C6, and U87 cells significantly at a concentration of 
0.25 µM. At a concentration of 16 µM, PP-4-one treatment for 72 hours suppressed viability of U251, C6, and 
U87 cells to 24%, 21%, and 20%, respectively. Treatment with PP-4-one suppressed cyclic 3’,5’-adenosine mo-
nophosphate (cAMP) levels in U251 and C6 cells significantly (P<0.05) depending on the concentration. The 
apoptotic cells were increased significantly (P<0.05) by PP-4-one treatment in U251 and C6 cell cultures. A con-
siderable enhancement in the proportion of U251 and C6 cells in the G0/G1 phase was recorded on incubation 
with PP-4-one. Treatment of U251 and C6 cells with PP-4-one markedly enhanced p21 expression relative to 
the control. The B-cell lymphoma (Bcl-2) level in PP-4-one treated U251 and C6 cells was markedly lower rel-
ative to the control cells. The Bax, caspase-3, and caspase-9 levels were elevated markedly by PP-4-one treat-
ment in U251 and C6 cells.

 Conclusions: This study demonstrated that PP-4-one has anti-proliferative potential for glioma cells via targeting cAMP and 
Bcl-2 levels. It also promoted glioma cell apoptosis through caspase activation and arrest of the cell cycle. Thus, 
PP-4-one may be used to develop drug candidates for the glioma treatment.
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Background

Gliomas are frequently diagnosed tumors in the central ner-
vous system that have an elevated mortality rate and com-
prises 16% of all primary brain and central nervous system tu-
mors [1]. Malignant gliomas are a commonly detected class of 
primary brain tumors which destroy neurons and are aggres-
sive and highly invasive tumors with poor prognosis [2]. The 
genetic and cellular mechanism of gliomas has been investi-
gated to a greater extent because of intensive efforts by cli-
nicians [3]. The survival time for glioblastoma multiforme pa-
tients is only 2 years following diagnosis [4]. The progression 
from low-grade glioma to the high-grade glioma has differ-
ent time durations depending in various patients [4]. Gliomas 
are presently treated by the use of radiotherapy/chemothera-
py in combination with surgical resection [5]. In order to com-
bat gliomas, it is important to understand its pathogenesis to 
help identify novel therapeutic targets [6]. The glioma treat-
ment strategies currently used are not satisfactory and there 
is an urgent need for identification of effective therapeutic 
agent for glioma.

Pyrazole is one of the most important molecules in heterocyclic 
chemistry and many of its compounds are approved drugs [7]. 
Celecoxib and lonazolac are used as anti-inflammatory drugs, 
fipronil acts as an insecticide, dipyrone is a promising anal-
gesic and antipyretic molecule [8], and sildenafil is used for 
erectile dysfunction treatment, all of these drugs are pyrazole 
based compounds [9]. Fused-pyrazoles have been found to ex-
hibit several biological properties like anti-inflammatory [10], 
anti-viral [11], anti-tumor [12], anti-microbial [13], and anti-
protozoal [14]. In addition, many fused-pyrazoles have shown 
significant anti-human immunodeficiency virus (HIV) proper-
ties [15]. The anti-HIV activity of 1H-pyrazolo[3,4-b]pyridine-
3-yl compounds is associated with inhibition of reverse tran-
scriptase [15]. Another series of pyrazoles has been reported 
to exhibit anti-HIV property against both HIV-1 (IIIB) and HIV-
2 (ROD) [15]. The present study evaluated pyrazolo[4,3-c]pyr-
idine-4-one (PP-4-one) derivative (Figure 1) an anti-prolifera-
tive agent against glioma cells and investigated the associated 
mechanism.

Pyrazole scaffold has been employed for synthesis of antican-
cer agents that explore multiple tumor targets [16]. The com-
pound ABT-751 acts as tubulin inhibitor [17,18] while indeno-
pyrazoles inhibit polymerization of the tubulin inhibitors [19]. 
Another pyrazole analog effectively inhibits viability of multi-
drug resistant tumor cells via targeting phosphatase and tensin 
homolog (PTEN) activation and PTEN/Akt/NF-kB signaling [20].

Material and Methods

Reagents

1,5,6,7-tetrahydro-4H-pyrrolo[3,2-c]pyridin-4-one (CAS num-
ber PH003760) commonly known as pyrazolo[4,3-c]pyridine-
4-one was obtained from Merck. All other chemicals were sup-
plied by Sigma-Aldrich.

Cell line and culture

The U251, C6, and U87 cell lines were provided by the Chinese 
Academy of Sciences (Shanghai, China). The culture of cells 
was carried out at 37°C in RPMI-1640 medium which contained 
fetal bovine serum (10%) under 5% CO2 atmosphere. The an-
tibiotics, penicillin (100 U/mL) and streptomycin (100 µg/mL) 
were also mixed with the medium.

Growth inhibition assay

The U251, C6, and U87 cells were distributed at 2×105 cells per 
well concentration in 96-well plates. The cell incubation for 24 
hours was followed by treatment with 0.25, 0.5, 1.0, 2.0, 4.0, 
8.0, and 16 µM PP-4-one in RPMI-1640 medium. After 72 hours 
treatment, Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, 
Japan) solution (10 μL) was put into the wells and incubation 
for an additional 1 hour was continued under same conditions. 
The cell viability measurements were made indirectly by re-
cording optical density for each well using a microplate read-
er (Molecular Devices, USA) 3 times at 456 nm wavelengths.

Determination of cyclic 3’,5’-adenosine monophosphate 
(cAMP) level

The U251 and C6 cells were distributed at 2×105 cells per well 
concentration in 24-well plates and treated with 0.25, 0.5, 
1.0, 2.0, 4.0, 8.0, and 16 µM PP-4-one for 72 hours. The phos-
phate-buffered saline (PBS) washing of cells and subsequent 
lysis with RIPA buffer for 40 minutes was followed by lysate 

Figure 1.  Chemical structure of PP-4-one. Abbreviations: PP-4-
one, pyrazolo[4,3-c]pyridine-4-one.
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centrifugation at 12 000 g for 15 minutes at 4°C to obtain su-
pernatant. The supernatant was treated with hydrochloric acid 
(0.1 M) and DMEM/F12 for 30 minutes. The cAMP level in 30 µL 
sample of supernatant was analyzed on incubation with an-
ti-cAMP primary antibodies at 4°C for 4 hours. Then samples 
were incubated with Northern Lights™ 557 conjugated anti-
rabbit immunoglobulin G secondary antibodies.

Analysis of apoptosis

Apoptosis in U251 and C6 cells following treatment with PP-
4-one was assessed using Annexin V-FITC staining kit (BD 
Biosciences, San Jose, CA, USA). The cells distributed in 6-well 
plates at 2×106 cells per well concentration were treated with 
2.0 and 16 µM PP-4-one or dimethyl sulfoxide (DMSO, con-
trol) for 72 hours. Then cells were collected and subsequently 
treated with 200 μL of binding buffer solution. The cell suspen-
sion was treated with annexin V-FITC (10 μL) for 20 minutes 
under complete darkness at room temperature. Afterwards, 
cells were treated with binding buffer (300 μL) and propid-
ium iodide (PI, 5 μL) prior to flow cytometric analysis using 
CELL Quest 3.0 software.

Cell cycle analysis

The U251 and C6 cells at 2×106 cells concentration were put 
into 10 cm culture dishes and cultured in RPMI-1640 medium 
for 24 hours. Then, cells were treated with 2.0 and 16 µM PP-
4-one or DMSO (control) for 72 hours. The harvested cells were 
subjected to fixing in ethyl alcohol (70%) for 24 hours and then 
rinsed in PBS. Staining of the cells with PI solution (5%) was 
carried out in accordance with instructions from manufactur-
er. The FACSCalibur flow cytometer along with the Cell Quest 
software Pro (5.1 version; BD Biosciences, Franklin Lakes, NJ, 
USA) were employed for cell cycle analysis.

Western blot assay

The U251 and C6 cells after treatment with 2.0 and 16 µM PP-
4-one or DMSO (control) for 72 hours were lysed using radio-
immunoprecipitation assay (RIPA) buffer. The lysate centrifu-
gation at 12 000 g for 40 minutes at 4oC to obtain supernatant 
was followed bicinchoninic acid (BCA) assay for measure-
ment of protein concentration. The equal protein samples 
(30 μg) were subjected to electrophoresis on sodium dodec-
yl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel 
and then transferred to polyvinylidene fluoride (PVDF) mem-
branes. Blocking of membranes was performed by incubation 
with 5% non-fat milk in tris-buffered saline and Tween (TBST). 
Incubation of the blots was carried out with primary antibod-
ies at 4°C for overnight. The PBS washed blots were incubat-
ed with horseradish peroxidase (HRP)-conjugated secondary 
antibodies at room temperature for 2 hours. The immunoblots 

were subjected to visualization using electrochemiluminescent 
(ECL) assays along with the western blot detection system 
(Santa Cruz Biotechnology). The primary antibodies used for 
membrane incubation were: anti-p21 (dilution 1: 500; Santa 
Cruz), anti-Bcl-2 (dilution 1: 500; Santa Cruz), anti-cleaved cas-
pase-9 (dilution 1: 1000; Cell Signaling) and anti-cleaved cas-
pase-3 (dilution 1: 1000; Cell Signaling).

Statistical analysis

The data are presented as the mean±standard deviations 
of 3 independent experiments. The statistical analyses were 
carried out using Origin Lab software version 8.0 (Origin Lab, 
Northampton, MA, USA). The differences were analyzed sta-
tistically using one-way analysis of variance (ANOVA) and 
Bonferroni post-test. The values were taken statistically sig-
nificant at P<0.05.

Results

PP-4-one inhibited U251, C6, and U87 cell growth

The U251, C6, and U87 cells were growing at a significantly 
(P<0.05) higher rate in control cultures in comparison to PP-
4-one treated cells (Figure 2). A gradual suppression in U251, 
C6, and U87 cell viability was caused by an increase in con-
centration from 0.25 to 16 µM. The PP-4-one treatment sup-
pressed viability of U251, C6, and U87 cells significantly from 
0.25 µM; at 16 µM, PP-4-one treatments for 72 hours sup-
pressed viability of U251, C6, and U87 cells to 24%, 21%, and 
20%, respectively.

PP-4-one suppressed cAMP levels in U251 and C6 cells

The cAMP levels in U251 and C6 control cultures was much 
higher relative to those in the PP-4-one treated cultures at 72 
hours (Figure 3). Treatment with PP-4-one suppressed cAMP 
levels in U251 and C6 cells significantly (P<0.05) depending on 
the concentration. The cAMP level was significantly (P<0.05) 
suppressed by PP-4-one from 0.25 µM. The reduction of cAMP 
level by PP-4-one was maximum at 16 µM.

PP-4-one induced apoptosis in U251 and C6 cells

To assess apoptosis induction, we added PP-4-one at 1 µM and 
16 µM concentrations to U251 and C6 cell cultures (Figure 4). 
The apoptotic cell count was increased significantly (P<0.05) 
by PP-4-one treatment in U251 and C6 cell cultures. Treatment 
with 1 µM PP-4-one increased apoptotic cell count to 15.43% 
and 19.87% in U251 and C6 cells, respectively. On increasing 
PP-4-one concentration to 16 µM, the apoptosis in U251 and 
C6 cells was enhanced to 48.65% and 53.21%, respectively.
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Figure 4.  Apoptosis inducing effect of PP-4-one in U251 and C6 cells. The incubation with PP-4-one (1.0 µM and 16 µM) or DMSO for 
72 hours was followed by flow cytometry to analyze apoptosis in U251 and C6 cells. * P<0.05 and ** P<0.02 versus control 
cells. PP-4-one – pyrazolo[4,3-c]pyridine-4-one; DMSO – dimethyl sulfoxide.
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G0/G1 phase arrest of U251 and C6 cell cycle by PP-4-one

The PP-4-one treatment reduced U251 and C6 cell distribution 
in the G2/M phase significantly (P<0.05) at 72 hours (Figure 5). 
The U251 and C6 cell distribution was also decreased in the S 
phase significantly (P<0.05) on treatment with pyrazolo[4,3-c]
pyridine-4-one. However, a considerable enhancement in the 
proportion of U251 and C6 cells in the G0/G1 phase was re-
corded on incubation with pyrazolo[4,3-c]pyridine-4-one. The 
enhancement of U251 and C6 cell counts in the G0/G1 phase 
was significant by the addition of PP-4-one both at 1 µM and 
16 µM relative to control cells.

PP-4-one promoted p21 expression in U251 and C6 cells

The alteration in p21 expression by PP-4-one in U251 and C6 
cells was assessed using western blot (Figure 6). Treatment of 

U251 and C6 cells with PP-4-one markedly enhanced p21 ex-
pression relative to the control. There was marked elevation 
of p21 levels in U251 and C6 cells on treatment with 1.0 µM 
and 16 µM pyrazolo[4,3-c]pyridine-4-one.

PP-4-one influenced apoptotic protein levels in U251 and 
C6 cells

In U251 and C6 cells alteration in Bcl-2, caspase-9, caspase-3 
(cleaved) and Bax levels were detected at 72 hours of PP-4-one 
treatment by western blotting (Figure 7). The Bcl-2 level in PP-
4-one treated U251 and C6 cells was markedly lower relative 
to the control cells. The Bax, caspase-3 and caspase-9 levels 
were elevated markedly by PP-4-one treatment in U251 and 
C6 cells. Elevation in Bax, caspase-3 and caspase-9 levels and 
suppression of Bcl-2 level was evident in U251 and C6 cells 
on treatment with 1.0 µM and 16 µM PP-4-one.

Figure 6.  Effects of PP-4-one on the cell cycle progression. The U251 and C6 cells after 72 hours treatment with PP-4-one (1.0 µM and 
16 µM) or DMSO were assessed for p21 levels by western blotting and the data were quantitative analyzed. * P<0.05 and 
** P<0.02 versus control cells. PP-4-one – pyrazolo[4,3-c]pyridine-4-one.
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Discussion

Glioblastoma multiforme treatment using an effective and suc-
cessful therapeutic strategy is a serious challenge to clinicians 
worldwide and needs to be addressed as soon as possible. 
Towards this motive, several molecules have been discovered 
which possess inhibitory effect against various glioma cells [21]. 
The derivatives of pyrazole have been shown to be very effective 
anti-proliferative property in vivo and have antitumor activities 
in vivo in animal models. The present study showed growth in-
hibitory potential of PP-4-one against U251, C6, and U87 cells 
in a dose depending manner. The viability assay data provid-
ed evidence for anti-glioma potential of PP-4-one. There have 
been reports that activation of platelet-derived growth factor 
receptor (PDGFRs) promotes cAMP levels [22,23]. In cell mito-
chondria, ATP is cleaved to produce cAMP under the influence 
of various cellular factors including PDGFRs [24,25]. The acti-
vation of PDGFs has been found to be linked with increased 
glioma cell growth and proliferation [24,25]. The cAMP level, 
and thereby glioma cell proliferation, has also been shown to 
be enhanced by b-adrenoreceptors [17,18]. The cAMP acts as 
messenger and plays a crucial role in various physiological as 
well as pathological settings [26]. The G-protein coupled re-
ceptors on stimulation by adenylyl cyclases produce cAMP as 
signal transducers. It has been reported that increased cAMP 
levels in lymphoid cells by anti-cancer agents can cause cell 
cycle arrest in the G1 phase and inhibit apoptosis [27–30]. It 
has been demonstrated in lymphoblastic leukemia cells that 
cAMP inhibits apoptosis in p53-dependent manner, and it an-
tagonizes DNA damage [31,32]. In the present study PP-4-one 
considerably suppressed cAMP levels in U251, C6, and U87 
cells. This suggests that PP-4-one suppresses U251, C6, and 

U87 cell viability by inhibiting cAMP activation. The glioma 
cell growth is generally suppressed by chemotherapeutics via 
targeting the Bcl-2 (anti-apoptotic protein) and promotion 
of caspase-9/caspase-3 levels [33,34]. The Bcl-2 suppression 
and caspase-9/caspase-3 promotion is also used as strategy 
in other types of cancer as well [35,36]. In the present study, 
PP-4-one treatment of U251 and C6 cells markedly reduced 
Bcl-2 protein level. Moreover, the Bax, caspase-9/caspase-3 
levels were enhanced by PP-4-one treatment in U251 and C6 
cells. In U251 and C6 cells PP-4-one treatment upregulated 
the onset of apoptosis. The apoptotic portion of U251 and C6 
cells showed marked elevation in PP-4-one treated cultures 
relative to the control. In addition, treatment with PP-4-one 
markedly accumulated U251 and C6 cells in the G1/G0 phase 
of the cell cycle. The PP-4-one treated cultures showed rela-
tively lower proportion of U251 and C6 cells in the G2/M and 
S phases. Therefore, anti-proliferative potential of PP-4-one in-
volves changes of apoptotic protein expression in glioma cells. 
Apoptosis activation is associated with membrane permeabil-
ity of mitochondria which allows release of cytochrome c and 
finally activates caspases [37]. In the present study, elevated 
levels of caspase-3/caspase-9 in PP-4-one treated cells sug-
gested involvement of mitochondrial pathway.

Conclusions

The present study was the first to demonstrate anti-proliferative 
potential of PP-4-one for glioma cells via targeting cAMP and 
Bcl-2 levels. Moreover, PP-4-one promoted apoptosis via caspase 
activation and arrest of the cell cycle. Therefore, PP-4-one might 
be used to develop drug candidates for the glioma treatment.

Figure 7.  Effect of by PP-4-one on apoptotic proteins. The U251 and C6 cells treated with PP-4-one (1.0 µM and 16 µM) or DMSO were 
assessed for Bcl-2, caspase-9, caspase-3 (cleaved) and Bax levels by western blotting. PP-4-one – pyrazolo[4,3-c]pyridine-4-
one; DMSO – dimethyl sulfoxide.
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