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Abstract. Honokiol [3,5-di-(2-propenyl)-1,1-biphenyl-2,2-diol; 
HNK], a natural bioactive molecular compound isolated from the 
Magnolia officinalis, exhibits potent antitumor activity against 
a variety of human cancer cell lines. However, few studies have 
reported the antineoplastic effects of HNK on glioblastoma 
cells. It remains unknown how apoptosis is induced by HNK 
in glioblastoma cells and through which associated pathway 
this compound acts. The present study confirmed that HNK 
inhibited proliferation of glioblastoma cells by inducing a slight 
G0/G1 phase cell cycle arrest and apoptosis. We demonstrated 
for the first time that HNK triggered apoptosis of glioblastoma 
cells through both caspase-independent and caspase-dependent 
pathways, the latter including the extrinsic pathway and intrinsic 
pathway. Moreover, the inhibition of STAT3 signaling, ERK1/2 
as well as activation of the p38 MAPK signaling pathway may 
be involved in apoptosis induced by HNK in U87 cells. Our 
findings suggest that HNK treatment could be a promising 
therapeutic strategy in human glioblastoma.

Introduction

Glioblastoma is the most common and lethal type of primary 
brain tumor, accounting for 82% of all malignant glioma 

cases (1). Despite multimodal treatment including surgical 
resection, adjuvant TMZ-based chemotherapy and radio 
therapy, the prognosis of glioblastoma remains poor, with 
a median overall survival time of only 15 months from the 
time of diagnosis (2). It is now commonly recognized that 
the rapid proliferation of glioblastoma cells, coupled with its 
widely invasive growth and persistently aggressive biological 
behavior, lead to treatment failure and tumor recurrence (3). 
Therefore, the development of novel agents with promising 
therapeutic results and minimized toxicities for the treatment 
of glioblastoma is urgently needed.

Honokiol [(3,5-di-(2-propenyl)-1,1-biphenyl-2,2-diol; 
HNK] is a natural bioactive molecular compound isolated 
from the Magnolia officinalis, a well-known Chinese tradi-
tional medicine that has been used for thousands of years in 
the treatment of anxiety, thrombotic stroke and gastrointes-
tinal complaints. Accumulating studies have demonstrated 
that HNK exerts multiple pharmacological activities including 
anti-inflammatory, anti-bacterial, anti-angiogenic, anti-throm-
bocytic and anti-oxidative activity (4). Moreover, extensive 
mechanistic and preclinical studies have indicated that HNK 
exhibits potent antitumor activity against a variety of human 
cancer cell lines (5-8), without appreciable toxicity (9). The anti-
tumor properties of HNK in relation to cell cycle arrest (7,8), 
apoptosis (5,6) and paraptosis (10), or autophagy (11) have been 
well characterized. However, few studies have reported the 
antineoplastic effects of HNK on glioblastoma cells and it is 
not known how apoptosis is induced by HNK on glioblastoma 
cells and through which associated pathway this compound 
acts. Wang et al  (12) reported that HNK could effectively 
cross blood-brain barrier (BBB) and blood-cerebrospinal fluid 
barrier (BCSFB) and inhibit brain tumor growth in rat 9L 
intracerebral gliosarcoma model and human U251 xenograft 
glioma model. Another study verified that HNK exerts an anti-
cancer effect on T98G human glioblastoma cells through the 
induction of apoptosis and inhibition of adhesion molecules 
ICAM-1 and VCAM-1 expression (13).

In the present study, we investigated the therapeutic poten-
tial of HNK against U87 cells in vitro. This study demonstrated 
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that HNK inhibits growth of glioblastoma cells by causing a 
slight G0/G1 phase cell cycle arrest and inducing apoptosis 
via both caspase-dependent and -independent pathways. We 
also demonstrated that HNK exerts antiproliferative activity 
on glioblastoma cells through the inhibition of signal trans-
ducers and activator of transcription 3 (STAT3) signaling, and 
ERK1/2 signaling pathway, as well as through activation of the 
p38 MAPK signaling pathway. Our findings suggest that HNK 
treatment could be a promising therapeutic strategy in human 
glioblastoma.

Materials and methods

Cell lines and reagents. The human glioma cell lines U87, U251 
and T98G were grown in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal calf serum (FCS), 
100 IU/ml penicillin and 100 IU/ml streptomycin in a 5% CO2 
atmosphere at 37˚C. HNK with a purity of up to 99.5% was 
kindly provided by Professor Xiao Wang (Shandong Analysis 
and Test Center, Shandong Academy of Sciences), and stock 
solutions were prepared in dimethyl sulfoxide (DMSO) at a 
concentration of 100 mg/ml and dissolved in DMEM medium 
prior to use. Cell Counting Kit-8 (CCK8) was purchased from 
Dojindo Laboratories (Kumamoto, Japan). Propidium iodide 
(PI), Rhodamine 123 (Rh123) were purchased from Sigma. 
Hoechst 33342, p38 inhibitor (SB203580), JNK1/2 inhibitor 
(SP600125), MEK-1/2 inhibitor (U0126) and caspase inhibitor 
(Z-VAD-fmk) were obtained from Beyotime Biotechnology 
Inc. (Nantong, China). Annexin V (FITC) apoptosis detection 
kit was obtained from BD Biosciences (San Diego, CA, USA). 
Antibodies against Bax, Bcl-2, cleaved caspase-3, -9 and -8, Fas, 
FasL, survivin, phospho-ERK1/2, ERK1/2, phospho‑p38, p38, 
phospho-JNK were purchased from Cell Signaling Technology 
(Beverly, MA, USA). JNK antibody was purchased from Santa 
Cruz. Horseradish peroxidase-labeled IgG anti‑mouse and 
anti‑rabbit antibodies were supplied by Proteintech Group Inc. 
(Chicago, IL, USA). GAPDH-HRP antibody and anti-LC3αβ 
antibody were obtained from Epitomics.

Cell proliferation assay. Cell proliferation was analyzed by 
Cell Counting Kit-8 (CCK-8; Dojindo Laboratories), according 
to the manufacturer's protocol, as previously described (14). 
Cell viability was measured using trypan blue exclusion and 
live cells were enumerated. Cell counts were expressed as 
mean ± standard deviation (SD).

Cell cycle distribution. After exposure to 10 µg/ml HNK 
for different exposure durations, cells (3x105) were washed 
twice with ice-cold phosphate-buffered saline (PBS), and 
fixed in cold 75% ethanol at 4˚C for at least 24 h. Then, the 
cells were rinsed with PBS, resuspended in 1 ml of cell cycle 
buffer (0.38 mm Na-citrate, 0.5 mg/ml RNase A, and 20 µg/ml 
propidium iodide) at room temperature for 40 min and the 
cells were analyzed using an EPICS XL flow cytometer with 
EXPO32™ ADC software (Beckman Coulter, Miami, FL, 
USA).

Reverse transcription-PCR assays. Cells were incubated with 
10 µg/ml HNK for 24 and 48 h. Then, total RNA was extracted 
using TRIzol (Invitrogen, Carlsbad, CA, USA) according to 

the manufacturer's instructions. RNA purity determination, 
cDNA synthesis, and reverse transcription-PCR (RT-PCR) 
were performed as previously described (16). The primers 
used were all synthesized by Sangon Co., Ltd. (Shanghai, 
China) and the sequences were as follows: cyclin E (301 bp) 
sense, 5'-ATACAGACCCACAGAGACAG-3' and antisense, 
5'-TGCCATCCACAGAAATACTT-3'; p27 (270  bp) sense, 
5'-ATGTCAAACGTGCGAGTGTC-3' and antisense, 5'-TCT 
GTAGTAGTCGGGCAA-3'; P21 (341 bp) sense, 5'-CCCTCC 
TGGCTCTTGATACCC-3' and antisense, 5'-TGCCCTTCTT 
CTTGTGTGTCCC-3'.

Detection of apoptosis. After HNK treatment for 12 or 24 h, 
cells were observed under inverted microscope and photo-
graphed. Then, the cells were collected and washed with PBS, 
fixed with 4% paraformaldehyde for 15 min, and stained with 
Hoechst 33342 (10 µg/ml) for 5 min at room temperature in 
the dark. After washing three times, cells were resuspended by 
PBS. Stained nuclei were observed by a fluorescence micro-
scope and photographed.

HNK-induced U87 cells undergoing apoptosis were further 
determined using an Annexin V/FITC apoptosis kit. Briefly, 
after exposure to 10, 20 µg/ml of HNK for different time 
points, the cells were harvested, washed twice with cold PBS 
and resuspended in 100 µl 1X binding buffer containing 5 µl 
of Annexin V incubation reagent and 10 µl of PI. After incuba-
tion at room temperature in the dark for 15 min, analysis was 
carried out using a Beckman Coulter EPICS XL cytometer.

Caspase inhibition. To evaluate the involvement of caspases 
in HNK-induced apoptosis, cells were preincubated with 
the pan-caspase inhibitor Z-VAD-fmk (25 µM) for 1 h prior 
to incubation with HNK. Annexin  V/FITC analysis was 
performed as previously described.

Analysis of mitochondrial membrane potential (∆Ψm). ∆Ψm 
was assessed using fluorescent dye Rh123 and flow cytometric 
analysis. Briefly, after HNK treatment for 6 h, non-adherent 
cells were collected, and attached cells were trypsinized and 
washed twice with PBS. Cells (1x106) in different groups were 
incubated with 10 mg/ml Rh123 for 30 min at 37˚C. Then, 
cells were washed twice and resuspended in PBS followed by 
flow cytometric analysis. The change in the mean fluorescence 
intensity reflects the modification of ΔΨm, which drives the 
uptake and accumulation of Rh123 in the mitochondria.

Western blot analysis. Cells were lysed with lysis buffer 
(50  mM Tris-HCl pH  7.4, 150  mM NaCl, 1  mM PMSF, 
1 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, 1 µg/ml 
leupeptin, 2 µg/ml aprotinin, 1 mM Na3VO4 and 0.1% SDS). 
Protein concentration of each sample was determined by 
the Bradford protein assay. Equal quantities of protein were 
subjected to SDS-PAGE and were then transferred to PVDF 
membranes. The membranes were blocked with 5% milk for 
1 h and incubated with primary rabbit monoclonal antibodies 
against cleaved caspase-3 (1:1,000), -8  and  -9, Fas, FasL, 
Bcl-2 (1:1,000) and Bax (1:1,000), survivin, phospho‑ERK1/2, 
ERK1/2,  phospho-p38, p38, phospho-JNK, JNK, 
phospho‑STAT3 and STAT3 overnight at 4˚C followed by 
incubation with HRP-conjugated secondary antibodies for 1 h. 
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The protein bands were visualized using Immobilon Western 
Chemiluminescent HRP substrate (Millipore, Billerica, MA, 
USA) and pictured by LAS-4000 mini luminescent image 
analyzer (Fujifilm, Tokyo, Japan).

Statistical analysis. All experiments were performed in tripli-
cate. Data are represented as means ± standard deviation (SD). 
Statistical analyses were performed using Student's t-test or 
one-way ANOVA. In all analyses, p<0.05 was considered to 
indicate a statistically significant difference.

Results

HNK inhibits growth in glioblastoma cells. To determine the 
effect of HNK on the cellular proliferation in glioblastomas, 
we performed dose-response and time-course studies in three 
established cell lines, U251, U87 and T98G. DMSO, which 
was used to dissolve HNK, served as the control. As shown in 
Fig. 1A, HNK markedly inhibited growth of all three cell lines 
in a dose- and time-dependent manner from 5 to 40 µg/ml 

HNK at 12-72 h. Based on the results obtained in terms of cell 
growth inhibition, we found that U87 cells were most sensitive 
to HNK and were selected for the following steps of our study. 
Treatment of U87 cells with 40 µg/ml HNK for 12 h resulted 
in a great loss of viability (as shown by trypan blue staining), 
suggesting that treatment with HNK caused cell necrosis at 
this concentration. In comparison, the viability of cells treated 
with 20 µg/ml remained at 92% (data not shown). Therefore, 
the cells treated with 10 and 20 µg/ml HNK were adopted to 
perform the subsequent experiments.

HNK induces a slight G0/G1 arrest in U87 cells. To determine 
whether the growth inhibitory effect of HNK is due to the 
arrest of cell cycle, the distribution of cellular DNA content in 
U87 cells was examined in the presence of HNK at 10 µg/ml 
for 24 and 48 h. Representative flow histograms and quantita-
tive data depicting cell cycle distribution in U87 cultures are 
shown in Fig. 1B and C. HNK caused a slight accumulation in 
G0/G1 phase cell population (68.2 in control vs. 74.6 and 78.6% 
in cells treated for 24 and 48 h, respectively), accompanied 

Figure 1. Evaluation of cell growth and cell cycle distribution of glioblastoma cells after treatment with HNK. (A) U251, U87 and T98G cells were incubated 
with HNK at a concentration of 5, 10, 20, 40 µg/ml for the indicated time points and the number of surviving cells was determined using CCK8 assay as 
described in Materials and methods. (B) The cells were treated with 10 µg/ml HNK for 0, 24 and 48 h, they were then centrifuged, incubated in 70% ethanol, 
stained with PI, and then the DNA content was analyzed by flow cytometry as described in Materials and methods. One representative experiment of three 
is shown. (C) The histograms show that there was a slight increase of G0/G1 population with concomitant decrease of S and G2/M population after treatment 
with HNK. All results are described as means ± SD of three independent experiments. *P<0.05 compared with control. (D) U87 cells were treated with HNK 
for 24 and 48 h, then the mRNA expression of p21, p27 and cyclin E was detected by RT-PCR. Each amplification was performed at least three times. Semi-
quantitative analysis was performed using the ImageJ software program.
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by a concomitant reduction in S-phase cell population (14.2 
in control vs. 7.8 and 3.8% in HNK-treated cells for 24 and 
48 h, respectively). However, the slight cell cycle block is not 
completely in parallel to the marked inhibition of cell prolif-
eration at the same time points, indicating that a G0/G1 phase 
cell cycle arrest may be partly associated with cell growth 
inhibition by HNK.

In order to further explore the cell cycle arrest in U87 cells 
under the influence of HNK, the mRNA expression of cell 
cycle regulatory genes involved in G1/S transition and S phase 
was detected by RT-PCR  (Fig.  1D). The results indicated 
that cyclin E was significantly reduced after HNK treatment 
for 48  h. In contrast, the expression of p21 and p27 was 
pronouncedly upregulated compared to the control at this time 
point, while there was no detectable change at 24 h. Altered 
expression of cyclin E, p21 and p27 may account for an arrest 
in G0/G1 phase, in line with the change of cell cycle distribu-
tion at the same time points.

HNK induces apoptosis in U87 cells. To further clarify 
whether the growth inhibitory effect of HNK was associated 
with apoptosis, in the first step, morphological changes of 
U87 cells were observed under an inverted light microscope 
and an inverted fluorescence microscope after Hoechst 33342 
staining. It was noted that after 10 µg/ml HNK treatment 
for 12 h, the number of U87 cells moderately decreased and 
a proportion of the cells shrank, detached from the culture 
plate and became round. Furthermore, cells treated with 
20 µg/ml HNK displayed greater morphological changes. The 
cells were completely detached from the culture plate and 
apoptotic bodies were formed. Even at the concentration of 
40 µg/ml, most of the cells underwent necrosis characterized 
by structural properties such as a loss of membrane integrity, 
cellular swelling and organelle degradation (Fig. 2A). Trypan 
blue staining further confirmed the result (data not shown). 
Accordingly, Hoechst 33342 staining results showed that the 
nuclei of control cells were round and large in size, exhibiting 

Figure 2. HNK induces apoptosis in U87 cells. (A) HNK-induced morphological changes in U87 cells. U87 cells were treated with 10, 20, 40 µg/ml HNK 
for 12 h, and were then observed under inverted microscope (magnification, x400). (B) Cells exposed to 10 µg/ml HNK for 24 h were fixed and stained with 
Hoechst 33342. Condensed or fragmented nuclei were considered as apoptotic cells (magnification, x200). (C) HL-60 cells were treated with 10 or 20 µg/ml 
HNK for the indicated times, stained with Annexin V and PI, and then analyzed by flow cytometry. Cells in the lower right hand quadrant (Annexin V+/PI-) 
correspond to early apoptotic cells, whereas cells appearing in the right upper quadrant (Annexin V+/PI+) correspond to late apoptotic cells.
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homogeneous blue fluorescence. By contrast, parts of cells 
treated with 10 µg/ml HNK for 24 h exhibited condensed 
or fragmented nuclei which is characteristic of cell apop-
tosis (Fig. 2B). In order to confirm apoptosis induced by HNK, 
U87 cells treated with 10, 20 µg/ml HNK for different dura-
tions were analyzed for Annexin V/PI double staining by flow 
cytometry. A time‑dependent study indicated that HNK at 
10 µg/ml induced 10.3, 25.1 and 26.4% of total apoptotic U87 
cells following 12, 24 and 48 h treatment. While at 20 µg/mg, 
apoptotic cells reached 28.5, 23.3 and 30% after 12, 24 and 
48 h treatment, accompanied by elevated necrotic cells for 8.5, 
15.3 and 45.4% (Fig. 2C).

HNK results in the activation of caspase-3, -8 and -9. Caspase 
family of cysteinyl-proteases plays the key role in the initia-
tion and execution of programmed cell death (16). Thus, the 
activities of effector caspase (caspase-3) and initiator caspase 
(caspase-8 and -9) were investigated by western blotting. Fig. 3A 
shows that the cleaved fragments of caspase-3, -8 and -9, which 
indicate the activation of caspase-3, -8 and -9, were observed 
to be more evident after treatment of U87 cells with 10 µg/ml 
HNK for 24 h in comparison with those in control cells. The 
results suggest that both the extrinsic pathway (death receptor 
pathway) and intrinsic pathway (mitochondrial pathway) were 
involved in HNK-induced apoptosis.

HNK-induced apoptosis is mediated through intrinsic path-
ways. To further address the intrinsic pathway, mitochondrial 
membrane potential (ΔΨm) was monitored by flow cytometry 
using Rh123. As shown in Fig. 3B, control cells exhibited 
strong staining for Rh123, whereas treatment with HNK for 
6 h led to the cell population shifting to the left, indicating 

that HNK induced a marked loss of ΔΨm. Such findings were 
consistent with the activation of caspase-9, which is often the 
result of disruption of ΔΨm.

It is well known that the Bcl-2 family of proteins represents 
key regulators of the mitochondrial apoptotic pathway (17). 
The influence of HNK on the expression of Bax and Bcl-2 was 
examined. As shown in Fig. 3C, treatment of U87 cells with 
HNK for 24 h led to an upregulation in the expression of Bax 
and a concurrent downregulation in the expression of Bcl-2 in 
a dose-dependent manner, accordingly leading to an increase 
in the Bax/Bcl-2 ratio (data not shown). Taken together, the 
data suggest that the mitochondrial pathway is likely to be 
involved in the apoptotic process induced by HNK in glioblas-
toma cells.

HNK-induced apoptosis is mediated through Fas-mediated 
extrinsic pathways. To characterize the role of the extrinsic 
pathway in HNK-induced apoptosis, we detected protein 
expression of Fas and FasL by western blotting. The results 
indicated that HNK induced a significant elevation in Fas and 
FasL (Fig. 3A). The data presented herein suggest that activa-
tion of the extrinsic Fas-related pathway may also play a role 
in HNK-induced apoptosis.

The caspase-independent pathway is also involved in 
HNK-induced apoptosis. A previous study revealed that both 
caspase-dependent and -independent mechanisms are involved 
in HNK-induced apoptosis in human multiple myeloma (18). 
To verify whether caspases are necessary in apoptosis induced 
by HNK in U87 cells, we pretreated cells with pan-caspase 
inhibitor Z-VAD-fmk (25 µM) for 1 h prior to HNK exposure, 
and checked for signs of apoptosis. As shown in Fig. 4, we 

Figure 3. HNK induces caspase-dependent apoptosis. (A) U87 cells were treated with 10 µg/ml HNK for 24 h, then the cell lysates were subjected to western 
blotting to determine protein level of caspase-8 and -9, cleaved caspase-3, Fas and FasL. GAPDH was used as the loading control. Three independent studies 
yielded equivalent results and representative blots are shown. (B) Changes in ΔΨm in HNK-treated U87 cells as determined by flow cytometry analysis. 
Fluorescence intensity shifts from a higher to lower level indicate a decrease in ΔΨm. (C) U87 cells were treated with 5, 10, 20 µg/ml HNK for 24 h, then the 
cell lysates were subjected to western blotting to determine protein level of Bax and Bcl-2. GAPDH was used as the loading control. Three independent studies 
yielded equivalent results and representative blots are shown.
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found that although caspase-3 activity was almost completely 
blocked by the pan-caspase inhibitor Z-VAD-FMK, the 
inhibitor did not block HNK-induced apoptosis. These results 
suggest that caspase-independent pathways may be involved in 
HNK-induced apoptosis.

The MAPK signaling pathway is involved in HNK-induced cell 
death in U87 cells. To define the intracellular mechanisms by 
which HNK affects human glioblastoma cell survival in vitro, 
we analyzed the activation of intracellular pathways related to 
glioblastoma development MAPK pathways. We performed 
western blotting to detect the protein phosphorylation state of 
ERK, p38 and JNK in control cells and in cells treated for 1, 
6 and 12 h with HNK. There were no detectable changes in 
expression of total ERK, p38, JNK and phosphorylated-JNK 
protein level (Fig. 5A). In contrast, phosphorylation of ERK 
was reduced within 12 h from the onset of HNK treatment. 
Also, the treatment caused a significant increase in the activa-
tion of p38. These findings strongly indicated that activated 

p38 and abrogated ERK1/2 may both be involved in the 
HNK-induced apoptosis of U87 cells (Fig. 5A).

The STAT3 signaling pathway is also involved in HNK-induced 
apoptosis. STAT3, a signal transducer and activator of tran-
scription 3, is overexpressed in gliomas (19). Its involvement 
in tumor genesis can be attributed to its ability to induce cell 
proliferation and inhibit apoptosis (20). Therefore, to investi-
gate whether the STAT3 signaling pathway was involved in 
HNK-induced U87 cells death, we performed western blotting 
to assess the protein phosphorylation state and the protein 
expression of survivin (its target gene). The results indicated 
that HNK suppressed the phosphorylation of STAT3 on 
Tyr705 for activation, without affecting the total abundance 
of STAT3 (Fig. 5B). In parallel, survivin, as one of the down-
stream targets of STAT3 (21), was downregulated significantly, 
in line with the upregulation of cleaved caspase-3 expression 
(Fig. 5B). Hence, STAT3 signaling pathway may contribute to 
apoptosis induced by HNK.

Figure 5. HNK modulates growth and survival signaling pathways in U87 cells. (A) U87 cells were treated with 10 µg/ml HNK for 1, 6 and 12 h, then whole-
cell lysates were subjected to western blotting to determine phosphorylation and protein expression of MAPK (ERK1/2, p38, JNK). (B) U87 cells were treated 
with 10 µg/ml HNK for 1, 6 and 12 h, then whole-cell lysates were subjected to western blotting to determine phosphorylation and protein expression of STAT3 
and its target gene, survivin. GAPDH was used as the loading control. Three independent studies yielded equivalent results and representative blots are shown.

Figure 4. HNK induces caspase-independent apoptosis. U87 cells were pre-incubated with the pan-caspase inhibitor Z-VAD-fmk (25 µM) for 1 h prior to HNK 
exposure, and were then stained with Annexin V and PI and analyzed by flow cytometry.
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Discussion

HNK has been shown to have a broad spectrum of biological 
activities, including anti-inflammatory, anti-angiogenic, 
anti-thrombocytic and anticancer activity, based on recent 
discoveries in basic and translational research  (4). Despite 
numerous studies being conducted to investigate the effect of 
HNK on a variety of human cancer cell lines, specific infor-
mation on the glioblastoma lineage remains scant (12,13). In 
the present study, we confirmed that HNK exhibits strong 
dose- and time-dependent anticancer activity in all three glio-
blastoma cell lines: U87, U251 and T98G cells. According to 
the inhibition rate curve, we found that the U87 cell line was 
the most sensitive to HNK. Thus, the U87 cell line was selected 
to perform the following experiments.

To gain insight into the molecular mechanism involved in 
the growth arrest of glioblastoma by HNK, we first detected 
the cell cycle distribution and found that HNK particularly 
enhanced the amount of G0/G1 phase cells and diminished the 
amount of S-phase cells, as demonstrated previously in other 
cell lines (8,9). In parallel to the alteration of cell cycle distri-
bution, we observed the downregulation of cyclin E mRNA 
and upregulation of p21 and p27 mRNA. Collectively, these 
may account for HNK-mediated G0/G1 phase cell cycle arrest 
in U87 cells since cyclin E is essential for the G1-to-S phase 
transition (22), while the Cdk inhibitor p21 and p27 regulates 
G1-S transition by binding to and inhibiting kinase activity of 
Cdk/cyclin complexes (23). It is interesting to note, however, 
that a slight G0/G1 arrest does not concur with marked growth 
inhibition by HNK at the same concentration and time point, 
indicating that there are at least one other mechanism respon-
sible for the proliferation inhibition of U87 cells.

In the present study, the cell morphological changes and 
Annexin V/PI staining results, together with activation of 
caspase-3, confirmed pronounced apoptosis induced by HNK 
in accordance with earlier studies on the effect of HNK in 
human glioma cells (12,13), also in parallel to marked growth 
inhibition by HNK at the same time point. It suggests that the 
apoptosis may primarily contribute to the antiproliferative 
activity of HNK on U87 cells.

It is well known that classical apoptosis is mediated by two 
major pathways, known as the intrinsic (mitochondrial‑medi-
ated) and the extrinsic (receptor-mediated) pathway (24). The 
extrinsic pathway is initiated by the binding of a death ligand 
[e.g., FasL, tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL)] to its corresponding death receptor 
(e.g. Fas and TRAIL receptors DR4 and DR5), which lead to a 
sequential activation of caspase-8 and -3. The intrinsic pathway 
is characterized by the collapse of ΔΨm, causing the release 
of cytochrome c or Smac/DIABLO from the mitochondrial 
intermembrane space to the cytosol and the formation of the 
apoptosome complex consisting of cytochrome c, Apaf-1 and 
caspase-9. Then, caspase-9 is activated at the apoptosome and 
in turn activates caspase-3, committing the cell to apoptosis. 
It has been well documented that HNK-induced apoptosis 
is characterized by the activation of caspase-3, -8 and -9 in 
human multiple myeloma cells and B-cell chronic lympho-
cytic leukemia cells  (18,25). However, whether the same 
phenomenon as that of the above mentioned cell lines occurs 
in glioblastoma cells remains to be elucidated. In the present 

study, we noted that treatment of U87 with HNK did result 
in pronounced increase in caspase-8 activation, as well as a 
significant elevation in Fas and FasL expression, which high-
lighted the involvement of the extrinsic pathway. Furthermore, 
we observed increased cleaved fragments of caspase-9 and loss 
of ∆Ψ after HNK treatment in U87 cells, similar to previous 
reports in other cell types (18,25). The Bcl-2 family of proteins 
plays an important role in the regulation of mitochondrial-
mediated apoptosis (26). The family consists of anti-apoptotic 
proteins, such as Bcl-2 and Bcl-xL, as well as pro-apoptotic 
members, such as Bax, Bid, Bax and Bak. Accumulating 
evidence suggests it is the relative ratio of anti-apoptotic and 
pro-apoptotic Bcl-2 family proteins rather than the levels of 
individual proteins that plays a major role in determining 
the survival or death of cells (27). Consistent with a previous 
report on human colorectal cells (6), our data indicated that 
HNK increased expression of Bax and decreased expression 
of Bcl-2, finally resulting in downregulation of Bcl-2/Bax ratio 
and further confirmed that the intrinsic apoptotic pathway is 
also involved in HNK-induced apoptosis in U87 cells.

A previous study revealed that both caspase-dependent and 
-independent mechanisms are involved in HNK-induced apop-
tosis in human multiple myeloma (18). Similarly, we found that 
pretreatment with the pan-caspase inhibitor Z-VAD-FMK 
completely abrogated the cleaved caspase-3 fragments, 
indicating that caspase activation may be fully blocked by 
pan-caspase inhibitor. The apoptosis induced by HNK was not 
accordingly abrogated by addition of the pan-caspase inhibitor 
Z-VAD-FMK, which suggests that the caspase-independent 
pathway may also be involved in apoptosis induced by HNK 
in U87 cells except for caspase-dependent pathway.

Numerous studies have indicated that HNK can stimulate 
apoptosis by modulating multiple signaling pathways including 
nuclear factor-κB (NF-κB), signal transducers and activator 
of transcription 3 (STAT3), mammalian target of rapamycin 
(m-TOR) which have considerable relevance during cancer 
initiation and progression (4). However, the role of MAPK and 
STAT3 signaling pathway in HNK-induced apoptosis in U87 
glioblastoma cells has never been examined. We then focused 
on the status of STAT3 and MAPK activation in HNK-treated 
glioblastoma cells.

MAPK families play an important role in proliferation, 
differentiation, development, transformation and apoptosis (28). 
At least three MAPK families have been studied in detail: extra-
cellular signal-regulated kinases (ERKs), c-Jun NH2-terminal 
kinases (JNKs) and p38 MAPKs (29). It has been reported that 
activated mitogen-activated protein kinase MAPK cascade 
leading to ERK1/2 phosphorylation is expressed in the majority 
of glial neoplasms and pharmacological targeting of the acti-
vated MEK/ERK1/2 module with the MEK inhibitor U0126 
attenuates cell proliferation (30). Contrary to ERK1/2 MAPK, 
in some cases the stress-activated protein kinase (SAPK, also 
known as JNK; c-Jun amino‑terminal kinase) was revealed 
to be activated in response to stress stimuli such as drug 
treatment (31). It has been reported that mimosine (32) and 
scriptaid (33) could induce apoptosis and inhibit glioma cell 
proliferation by elevating JNK activation. In the present study, 
we found the levels of phosphorylated ERK1/2 decreased in a 
time‑dependent manner following HNK treatment, suggesting 
that HNK-induced apoptosis in U87 cells may be mediated by 
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ERK1/2 downregulation. In contrast to previous studies, we 
detected no changes in phosphorylated JNK, which means 
SAPK/JNK may not contribute to apoptosis induced by HNK 
in U87 cells. Regarding another MAPK family-p38, the down-
stream effect of ROS accumulation, several studies revealed 
that activation of p38 may be required for apoptosis in human 
leukemic cells (34,35). The present study showed the same 
phenomenon occurred in U87 cells after treatment with HNK. 
We speculate a quick burst of ROS (9,36) may account for the 
activation of p38 in other cells treated with HNK, although we 
did not determine the modulation of ROS level in this study.

It has been confirmed that high STAT3 activity is frequently 
present in human tumors, including glioblastoma (19). Activation 
of STAT3 and its target genes, such as c-myc (37), survivin (21), 
bcl-2, can lead to cell-cycle progression, pro-angiogenesis, 
anti- apoptotic effects, tumor invasion and metastasis (20). 
Thus, STAT3 has emerged as a promising molecular target for 
glioblastoma therapy. A previous study revealed that blockage 
of the STAT3 signaling pathway with a decoy oligonucleotide 
suppresses growth of human malignant glioma cells (38). HNK 
was reported to inhibit the STAT3 signaling pathway in hepa-
tocellular carcinoma cells (39). Here, we observed significant 
downregulation of constitutive STAT3 activation is in line with 
apoptosis exhibited through modulation of cleaved caspase-3 
protein. In addition, survivin, a downstream target of STAT3, 
accordingly decreased. Collectively, STAT3 signaling may be 
involved in apoptosis induced by HNK in U87 cells.

In conclusion, the present study confirmed that HNK 
inhibited proliferation of glioblastoma cells by causing a slight 
G0/G1 phase cell cycle arrest and inducing apoptosis. Here, we 
demonstrated for the first time that HNK triggered apoptosis 
of glioblastoma cells through both caspase-independent and 
-dependent pathways; the latter was initiated by the extrinsic 
and intrinsic pathway. Moreover, the inhibition of STAT3 
signaling, ERK1/2 as well as activation of p38 MAPK signaling 
pathway may be involved in apoptosis induced by HNK in U87 
cells. Whether STAT3 and MAPK signaling are necessary for 
apoptosis should be further examined.
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