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Abstract. The chaperone protein heat shock protein 60 
(HSP60) is considered a tumor promoter in several types of 
primary human tumors, where it orchestrates a broad range 
of survival programs. Curcumin (CCM) is well‑established to 
exhibit several anticancer properties with an excellent safety 
profile. Our previous study showed that CCM suppresses 
extracellular HSP60 expression, which is typically released 
by activated microglia, and acts as an inflammatory factor 
by binding to Toll‑like receptor 4 (TLR‑4) on the cell 
membrane. The present study assessed whether CCM exerted 
its anti‑neuroglioma effects on U87 cells via inhibition of 
HSP60/TLR‑4 signaling, similar to that in microglia. The 
results demonstrated that CCM significantly inhibited the 
viability and invasive capacity of neuroglioma U87 cells as 
evidenced by a Cell Counting Kit‑8 assay. Western blotting 
and ELISA results showed that CCM decreased the expression 
of HSP60 and its transcriptional factor, heat shock factor 1, 
and reduced HSP60 release. Accordingly, TLR‑4, as the target 
of HSP60, and its downstream signaling proteins myeloid 
differentiation primary response 88 (MYD88), NF‑κB, induc‑
ible nitric oxide synthase and cytokines IL‑1β and IL‑6 were 
downregulated by CCM. The expression levels of apoptotic 
factors associated with NF‑κB activation, including TNF‑α 
and caspase‑3 were increased in U87 cells by CCM treatment, 
while p53 expression, a tumor suppressor, was shown to be 
decreased. Based on the results of the present study, CCM 
may exert its anti‑tumor effects in U87 cells by inhibiting the 
HSP60/TLR‑4/MYD88/NF‑κB pathway and inducing tumor 

cell apoptosis. Thus, CCM may be used as a potential therapy 
for the clinical treatment of neuroglioma.

Introduction

Heat shock protein 60 (HSP60) is an evolutionarily conserved 
molecular chaperone protein that is abundantly expressed in 
primary human tumors (1). HSP60 has been shown to possess 
anti‑apoptotic properties and serves a central role in tumor cell 
maintenance by stabilizing mitochondrial survivin expression 
and restraining p53 function (2). At present, the majority of 
studies on HSP60 focus on its intracellular anti‑apoptotic 
functions in tumor cells (3‑5).

An increasing number of studies have shown that endog‑
enous HSP60 is upregulated in cells when cellular stress is 
increased and is released into the extracellular environment 
to induce an autoimmune response. This is particularly 
prevalent in activated microglia and in the myocardium of 
failing heart (6‑10). HSP60 expression in colorectal cancer 
(CRC) tissue and the serum antibody titer to HSP60 is signifi‑
cantly higher in patients with CRC compared with healthy 
subjects (11). Extracellular HSP60 is a target of Toll‑like 
receptor 4 (TLR‑4), where the activation of which stimulates 
downstream signaling molecules, such as myeloid differentia‑
tion primary response 88 (MYD88) and NF‑κB, resulting in 
an increase in the release inflammatory factors, such as induc‑
ible nitric oxide synthase (iNOS), IL‑1β, TNF‑α and IL‑6 (12). 
These inflammatory factors can promote tumor growth (13). 
Therefore, HSP60 inhibitors may serve as anticancer agents by 
inhibiting tumor growth, invasion and infiltration. 

Curcumin (CCM) is a natural polyphenolic compound 
present in the rhizome of Curcuma longa and belongs to the 
family Zingiberaceae (14). An increasing number of experi‑
mental studies have revealed that CCM exhibits multiple 
biological effects and may serve as a potential protective factor 
of various diseases due to its anti‑inflammatory, anti‑oxidant 
and anti‑apoptotic properties, whilst also possessing an excel‑
lent safety profile (15‑17). The anticancer effects of CCM 
manifest due to its ability to induce growth arrest and apoptosis 
in various premalignant and malignant cells (18).

Several studies have shown the effects and mechanisms 
of CCM against human neuroglioma cells (19‑21). CCM 
was shown to induce G2/M cell cycle arrest and apoptosis 
in U87 cells by increasing forkhead box protein O1 expres‑
sion (22), and was also reported to suppress tumor growth 
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and angiogenesis in human glioma cells through modulation 
of VEGF/angiopoietin‑2/thrombospondin‑1 signaling (23,24). 
Since inflammatory factors can enhance glioma growth, and 
CCM is an effective anti‑inflammatory factor, it remains 
unknown whether CCM can exert its antitumor effects by 
inhibiting the inflammatory HSP60/TLR‑4 signaling pathway.

The present study investigated the effects of CCM on the 
viability and invasive ability of neuroglioma U87 cells and 
determined whether the HSP60/TLR‑4 signaling pathway is 
involved in this effect. The results demonstrated that CCM 
can exert its antitumor effects by inhibiting the inflammatory 
HSP60/TLR‑4 signaling pathway. These findings suggested 
that CCM may be used as a potential therapy for the treatment 
of human glioma.

Materials and methods

Chemicals. The U87 cell line (glioblastoma of unknown 
origin) was purchased from The Cell Bank of Type 
Culture Collection of the Chinese Academy of Sciences. 
CCM was purchased from Sigma‑Aldrich; Merck KGaA 
(cat. no. C1386). Antibodies against caspase‑3 (cat. no. 9665), 
p53 (cat. no. 2524), MYD88 (cat. no. 4283) and TLR‑4 
(cat. no. 2219) were purchased from Cell Signaling 
Technology, Inc; anti‑iNOS (cat. no. ab129372) and NF‑κB 
(cat. no. ab31481) antibodies were purchased from Abcam; 
antibodies against HSP60 (cat. no. API‑SPA‑901) and 
heat shock factor (HSF)‑1 (cat. no. API‑SPA‑806), and a 
HSP60 ELISA kit (cat. no. ADI‑EKS‑600) were purchased 
from Enzo Life Sciences, Inc. and anti‑β‑actin antibody 
(cat. no. TA‑09) was purchased from OriGene Technologies, 
Inc. IL‑6 (cat. no. NOV‑NR‑E10276‑1x96T), IL‑1β 
(cat. no. EHC002b.96.10) and TNF‑α (cat. no. ADI‑901‑099) 
ELISA kits were purchased from Neobioscience Technology 
Co., Ltd. BCA kits (cat. no. 23225) and ECL reagent 
(cat. no. 32106) were purchased from Thermo Fisher Scientific, 
Inc. DMEM (cat. no. 220511) and FBS (cat. no. 16140071) 
were purchased from Gibco (Thermo Fisher Scientific, 
Inc.). Cell Counting Kit‑8 (CCK‑8; cat. no. BB‑4202‑1) was 
purchased from BestBio Science.

Cell culture. U87 cells were cultured in DMEM supplemented 
with 10% FBS and maintained at 37˚C in a humidified incu‑
bator with 5% CO2. CCM was dissolved in DMSO (1 mM). 
Preliminary experiments were performed to determine the 
concentrations and time points of CCM treatment (data not 
shown). Cells were treated with different concentrations of 
CCM (10, 20, 40, 60 or 80 µM) for 24 h. The supernatant of 
culture medium and protein lysate of cells [lysed with 1 ml 
RIPA buffer (Solarbio Life Sciences, cat. no. R0010)] with 1 µl 
protease inhibitor, 5 µl PMSF and 5 µl phosphatase inhibitor) 
were collected for subsequent experiments. The morphological 
features of cell growth were observed using an inverted light 
microscope (magnification, x100 or 200).

Cell viability assay. A CCK‑8 kit was used to assess the 
viability of cells following various treatments. A total of 
5x104 cells/well were seeded into 96‑well microtiter plates and 
treated with various concentrations of CCM. After 24 h, 10 µl 
CCK‑8 solution was added to each well, and cells were cultured 

for a further 2 h. Absorbance was measured at a wavelength of 
450 nm with an Immunoreader (Bio‑Rad Laboratories, Inc.). 
Cell viability is presented as the percentage of the control value.

ELISA. ELISA kits were used to determine the quantity of 
TNF‑α, IL‑6, IL‑1β and HSP60 in culture medium according 
to the manufacturer's protocol. Absorbance was measured 
at a wavelength of 450 nm on a microplate reader (Bio‑Rad 
Laboratories, Inc.).

Western blotting. A BCA kit was used to determine 
protein concentration. Equal amounts of protein (20 µg) 
were resolved electrophoretically using 10% SDS‑PAGE 
and transferred to a 0.45‑µm polyvinylidene difluoride 
membrane. The membrane blots were blocked with 5% 
milk in TBS‑Tween‑20 (0.1% TBS‑T) at room temperature 
(RT) for 1 h and incubated at 4˚C overnight with antibodies 
against iNOS (1:200), TLR‑4 (1:1,000), HSF‑1 (1:1,000), 
NF‑кB (1:1,000), HSP60 (1:1,000), p53 (1:1,000), Caspase‑3 
(1:2,000), MYD88 (1:1,000) or β‑actin (1:1,000). After 
thoroughly washing the membrane with TBS‑T buffer, they 
were incubated with HRP‑conjugated anti‑mouse (cat. no 
ZB‑2305; OriGene Technologies, Inc.) or anti‑rabbit (cat. no 
ZB‑2301; OriGene Technologies, Inc.) secondary antibodies 
at RT for 2 h. Signals were visualized using an ECL kit 
and the membranes were then exposed to X‑ray films. The 
densitometry was analyzed by Image‑Pro Plus software 
version 6.0 (Media Cybernetics, Inc.).

Statistical analysis. Data are presented as the mean ± SEM. 
The data were analyzed using SPSS 19.0 (IBM Corp.). 
Statistical comparisons were performed using paired Student's 
t‑test or one‑way ANOVA followed by Dunnett's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference. 

Results

Chemical structure of CCM and its effects on U87 cell 
viability. The chemical structure of CCM is [1,7‑bis(4‑hydroxy‑
3‑methoxyphenyl)‑1,6‑heptadiene‑3, 5‑dione] and is shown 
in Fig. 1A. To determine the effects of CCM on U87 cell 
viability, cck‑8 assays were performed. Cells were treated 
with various concentrations of CCM (10, 20, 40, 60 or 80 µM) 
for 24 h and cell viability was assessed. The results showed 
that CCM treatment significantly inhibited the viability of 
U87 cells compared with the control group (P<0.05; Fig. 1B). 
Viability was normalized to cells that were incubated in media 
without CCM. The cell viability decreased with an increase 
in CCM concentration. An IC50 of 48.77 µM was obtained by 
calculating the median lethal concentration. In order to prevent 
false positive results caused by low cell activity, 40 µM CCM 
was chosen as the follow‑up concentration for subsequent 
experiments.

CCM treatment affects cell morphology. The morphology of 
cells in the control group and CCM group (40 µM for 24 h) 
was observed under an inverted microscope. As shown in 
Fig. 2, U87 cells in the control group (left panels) were poly‑
morphous and the majority of them exhibited long fusiform 
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morphology. Cells were cross‑linked and had several slender 
dendrites. Cells treated with CCM are shown in the right 
panels. Compared with the control group, the number of 

cells was notably lower, and the majority of cells exhibited 
a round morphology with shorter dendrites, showing signs of 
apoptosis.

Figure 2. CCM treatment affects cell morphology. Magnification, x100 and 200. CCM, curcumin.

Figure 1. Chemical structure of CCM and its effects on U87 cell viability. (A) Chemical structure of CCM. (B) U87 cells were treated with different concentra‑
tions of CCM (10, 20, 40, 60 or 80 uM), and cell proliferation was assessed using a Cell Counting Kit‑8 assay. Results are presented as the mean ± standard 
error of the mean of three independent experiments. *P<0.05 vs. CTRL group. CTRL, control; CCM, curcumin.
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Effects of CCM on expression of TLR‑4, MYD88 and NF‑κB 
in U87 cells. The expression levels of TLR‑4, MYD88 and 
NF‑κB were detected using western blotting. As shown in 
Fig. 3, TLR‑4, MYD88 and NF‑κB protein expression was 
significantly lower following CCM treatment compared with 
the controls. 

CCM reduces the expression of HSP60 and HSF‑1 and 
reduces HSP60 release in U87 cells. The expression levels of 
HSP60 and HSF‑1, which can induce HSP60 expression, was 
detected by western blotting. As shown in Fig. 4, the levels 
of HSP60 and HSF‑1 were significantly decreased in U87 
cells treated with CCM compared with the control group. 
Extracellular HSP60 was measured by ELISA, and its release 
was significantly reduced in cells treated with CCM compared 
with controls.

Effects of CCM on inflammatory cytokine production in U87 
cells. IL‑1β and IL‑6 secretion promotes tumor proliferation (25), 
whereas TNF‑α can cause tumor cell apoptosis (26). Therefore, 
the levels of IL‑1β, IL‑6 and TNF‑α in culture medium were 
measured using ELISA. As shown in Fig. 5, the levels of IL‑1β 
and IL‑6 significantly decreased in U87 cells treated with CCM, 
whereas TNF‑α expression significantly increased compared 

with the control group. Thus, CCM may inhibit tumor cell prolif‑
eration by blocking IL‑1β and IL‑6 release and promote tumor 
cell apoptosis by increasing TNF‑α secretion. 

Effects of CCM on the expression of iNOS, p53 and caspase‑3 
in U87 cells. The expression levels of iNOS, caspase‑3 and p53 
were detected by western blotting. The results showed that the 
levels of iNOS, which may promote malignant cell transfor‑
mation and proliferation, was significantly reduced following 
treatment with CCM compared with controls (Fig. 6A and B). 
However, the expression levels of caspase‑3 and p53, which 
can induce tumor apoptosis, significantly increased following 
CCM treatment compared with controls.

Discussion

The present study showed that treatment with 40 µM CCM 
effectively inhibited U87 glioma cell proliferation and inva‑
sion (data not shown) and induced U87 apoptosis. CCM 
reduced the expression of HSP60, HSF‑1, TLR‑4, MYD88 and 
NF‑κB, and increased the expression of the apoptosis‑related 
proteins caspase‑3 and tumor suppressor gene p53 in U87 
cells. Additionally, expression of the proinflammatory 
factors IL‑6, IL‑1β and iNOS was decreased, and expression 

Figure 3. Expression levels of TLR‑4, MYD88 and NF‑κB were detected using western blotting. (A) Western blot results of TLR‑4, MYD88 and NF‑κB in 
CTRL and U87+CCM groups. β‑actin was used as the internal reference. (B‑D) Statistical analysis of A. Results are presented as the mean ± standard error 
of the mean of three independent experiments. *P<0.05 vs. CTRL group. CTRL, control; CCM, curcumin; TLR‑4, Toll‑like receptor 4; MYD88, myeloid 
differentiation primary response 88.
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of TNF‑α was increased. To the best of our knowledge, the 
present study is the first to report that HSP60 participated in 
the anticancer activities of CCM in neuroglioma U87 cells via 
the HSP60/TLR‑4/MYD88/NF‑κB signaling pathway.

CCM is known to possess antitumor properties in several 
tumor cell lines and animal model experiments such as gastric 
carcinoma, tongue squamous cell carcinoma (27‑29). The 

present study showed that CCM could significantly reduce the 
growth and invasion of U87 glioma cells. CCM inhibited the 
proliferation, invasion, angiogenesis and metastasis of different 
types of cancer via interactions with multiple cell signaling 
proteins, which differ based on the type of cancer (30). 
However, it remains unknown whether HSP60 is involved in 
the anticancer properties of CCM.

Figure 4. Expression levels of HSP60 and HSF1 in U87 cells, and extracellular release of HSP60 by U87 cells. (A) Expression levels of HSP60 and HSF1 were 
detected by western blotting, β‑actin was used as the reference. Statistical analysis of the relative change in immunoactivity of (B) HSP60 and (C) HSF1 as a 
percentage. (D) Extracellular HSP60 levels in the two groups were detected using ELISA. Results are presented as the mean ± standard error of the mean of 
three independent experiments. *P<0.05 vs. CTRL group. CTRL, control; CCM, curcumin; HSP60, heat shock protein 60; HSF‑1, heat shock factor‑1.

Figure 5. Effects of CCM on the production of inflammatory cytokines (IL‑1β, IL‑6 and TNF‑α) in U87 cells. (A) ELISA of IL‑1β level in the culture medium 
of U87 cells in CTRL and U87 + CCM groups. (B) ELISA of IL‑6 level in the culture medium of U87 cells in CTRL and U87+CCM groups. (C) ELISA of 
TNF‑α level in the culture medium of U87 cells in CTRL and U87 + CCM groups. Results are presented as the mean ± standard error of the mean of three 
independent experiments. *P<0.05 vs. CTRL group. CTRL, control; CCM, curcumin; IL, interleukin; TNF, tumor necrosis factor.
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HSP60 is a molecular chaperone. In addition to its chap‑
erone role in assisting protein folding, HSP60 contributes to 
regulation of apoptosis and modulation of immune system 
activity, such as microglial activation‑induced inflammation 
in the central nervous system (31,32). Upregulated HSP60 
expression has been detected in several malignant tumors, and 
its high expression has been shown to enhance cell survival by 
exhibiting an anti‑apoptotic effect and through maintaining 
tumor cell growth (2). Therefore, inhibiting HSP60 expression 
may be a potential strategy for suppressing tumor growth. In 
the present study, HSP60 and its transcription factor HSF‑1, 
which regulates the expression of HSP60 by binding to its 
promoter, were shown to be expressed in U87 cells. HSP60 
was classically regarded as an intracellular protein, but in 
the last few years, considerable evidence has shown that it is 
expressed pericellularly and extracellularly (33,34).

Our previous studies showed that intracellular HSP60 is 
released into the extracellular space, where it acts as a ligand 
for TLR‑4 (6,7). TLR4 is expressed on a variety of immune 
and tumor cells, but its activation can have opposing effects, as 
it can either promote antitumor immunity or result in increased 
tumor growth and immunosuppression (35). 

Figure 6. Expression levels of iNOS, p53 and Caspase 3. (A) iNOS, p53 and Caspase‑3 levels were detected by western blotting. β‑actin was used as a 
reference. Statistical analysis of the relative change in immunoactivity of (B) iNOS, (C) p53 and (D) caspase‑3 as a percentage. Results are presented as the 
mean ± standard error of the mean of three independent experiments. *P<0.05 vs. CTRL group. CTRL, control; CCM, curcumin; iNOS, inducible nitric oxide 
synthase.

Figure 7. Schematic illustration showing the translocation of HSP60 from 
the mitochondria to the extracellular space of U87 cells and activation of 
the TLR‑4 signaling pathway TLR‑4, Toll‑like receptor 4; MYD88, myeloid 
differentiation primary response 88; HSP60, heat shock protein 60; HSF‑1, 
heat shock factor‑1; mito, mitochondria.
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The present study hypothesized that CCM may directly 
inhibit the expression of HSP60 or through inhibiting its 
transcription factor HSF‑1 to suppress HSP60 gene expres‑
sion, thereby decreasing HSP60 protein. As a mitochondrial 
protein, upon inflammation or stress, HSP60 can translocate 
to the cytosol and released to the extracellular space (9‑10). 
Extracellular HSP60 is a ligand of TLR‑4, where binding of 
HSP60 to TLR‑4 can result in the activation of one of two poten‑
tial signaling pathways, which are either MYD88‑dependent 
or MYD88‑independent (Fig. 7). The present study showed 
that both TLR‑4 and MYD88 were highly expressed in U87 
cells, and their expression was reduced by CCM, indicating 
that inhibition of HSP60 expression by CCM resulted in 
downregulation of TLR‑4 signaling via a MYD88‑dependent 
pathway. TLR4/MYD88 expression levels were shown to 
be positively correlated with the metastasis of breast cancer 
cells (36). Highly expressed TLR4/MYD88 may be useful as 
a novel biomarker to evaluate the prognosis and treatment of 
patients with cancer. 

NF‑κB as a downstream signaling factor of TLR4/MYD88 
and is a key factor in tumorigenesis, given its ability to regu‑
late the expression and function of a number of genes involved 
in these processes (37). Constitutive activation of NF‑κB is a 
common feature of several human tumors, including gastric 
cancer, breast cancer and lung cancer, amongst others (38,39). 
Aberrant NF‑κB activity was also detected in human malig‑
nant astrocytoma cells (40). Therefore, inhibiting NF‑κB 
should be effective in the prevention and treatment of cancer. 
In the present study, it was shown that curcumin could signifi‑
cantly decrease NF‑κB expression in U87 cells, suggesting 
that curcumin may suppress U87 cell growth by inhibiting 
NF‑κB activity.

When NF‑κB is activated, the downstream corresponding 
proinflammatory cytokines IL‑1β and IL‑6 are activated and 
secreted out of the cells, which can promote the proliferation 
of tumor cells (41). TLR‑signaling and proinflammatory cyto‑
kines have been shown to act as drivers of tumorigenesis (42). 
CCM was shown to decrease IL‑1β and IL‑6 levels in the 
present study. TNF‑α is a member of the TNF/TNFR cytokine 
superfamily and serves an inhibitory role in the formation and 
growth of tumor cells (43). The results of the present study 
showed that TNF‑α was upregulated by CCM, and this may 
contribute to the reduction in malignant progression of U87.

Apoptosis is a form of programmed cell death that results 
in the orderly and efficient removal of damaged cells, such as 
those resulting from DNA damage or during development. 
However, too little apoptosis occurs in cancers, resulting 
in malignant cells that will not die (44). The p53 tumor 
suppressor gene is a pivotal molecule mediating cell cycle 
arrest and apoptosis (45). Caspase‑3 is a major mediator of 
apoptosis that is activated during cellular exposure to cyto‑
toxic drugs, radiotherapy or immunotherapy, and is frequently 
used as a marker to assess the efficacy of cancer therapy (46). 
Apoptosis is regulated by p53‑dependent signaling pathways, 
which regulate caspase‑3 expression (47). The results of the 
present study showed that CCM significantly upregulated p53 
and caspase‑3 levels.

Proinflammatory factors that are secreted by tumor cells 
and the tumor microenvironment, whose expression may be 
driven by TLR4‑mediated signals, induce angiogenesis and 

metastasis and promote tumor growth (48). They also provide 
signals necessary for the survival, accumulation and function 
of cancer cells (49). Therefore, the use of inhibitors of proin‑
flammatory factors may prove beneficial for tumor therapy. 
TNF‑α is a multifunctional cytokine, which serves key roles 
in apoptosis and cell survival as well as in inflammation and 
immunity, indicating its role as a double‑edged sword (50). In 
the present study, CCM treatment increased TNF‑α levels and 
decreased the levels of the proinflammatory cytokines IL‑6, 
IL‑1β and iNOS in U87 cells. This suggested that curcumin 
may inhibit tumor cell proliferation by blocking IL‑1β and 
IL‑6 release and promote tumor cell apoptosis by increasing 
TNF‑α secretion.

Taken together, CCM may inhibit the invasion and growth 
of neuroglioma via the HSP60/TLR‑4/MYD88/NF‑κB 
signaling pathway. Therefore, HSP60 may be a potential thera‑
peutic target for treating neuroglioma. However, the lack of a 
proper control cell line is a limitation of the present study, and 
further studies should be performed to confirm these results. 
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