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Abstract: Autophagy and the (PI3K-Akt/mTOR) signaling pathway play significant roles in
glioblastoma multiforme (GBM) cell death and survival. Curcumin (Cur) has been reported to
prevent several cancers, including GBM. However, the poor solubility and limited bioavailability
of natural Cur limits its application in preventing GBM growth. Previously, we have shown the
greater apoptotic and anti-carcinogenic effects of solid lipid Cur particles (SLCP) than natural Cur in
cultured GBM cells. Here, we compared the autophagic responses on cultured U-87MG, GL261, F98,
C6-glioma, and N2a cells after treatment with Cur or SLCP (25 µM for 24 h). Different autophagy,
mitophagy, and chaperone-mediated autophagy (CMA) markers, along with the PI3K-AKkt/mTOR
signaling pathway, and the number of autophagy vacuoles were investigated after treatment with
Cur and or SLCP. We observed increased levels of autophagy and decreased levels of mitophagy
markers, along with inhibition of the PI3K-Akt/mTOR pathway after treatments with Cur or SLCP.
Cell survival markers were downregulated, and cell death markers were upregulated after these
treatments. We found greater effects in the case of SCLP-treated cells in comparison to Cur. Given
that fewer effects were observed on C-6 glioma and N2a cells. Our results suggest that SLCP could
be a safe and effective means of therapeutically modulating autophagy in GBM cells.

Keywords: glioblastoma multiforme; autophagy; mitophagy; curcumin; chaperone-mediated
autophagy; Akt/mTOR signaling; transmission electron microscopy

1. Introduction

According to the World Health Organization (WHO), glioblastoma multiforme (GBM) is one of the
deadliest and most aggressive brain cancers, affecting millions of people world-wide. Histopathological
analysis revealed that brain tumors account for 85% to 90% of all primary Central nervous system
(CNS) tumors, and about 70% to 80% are of glial cell origins. Whereas among all primary brain tumors
only 15% are GBM [1]. Importantly, most GBM patients survive on average for only 15 to 20 months
following initial diagnosis [2]. Despite current neurosurgical, radiotherapy, and chemotherapeutic
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advancement, the GBM growth and proliferation cannot be effectively controlled. The most potent
chemotherapeutic drug use to treat GBM is temozolomide (Temodar, TMZ), but resistance to TMZ
limits its effectiveness. Moreover, neuroinflammation also increases after treatment of TMZ, making
the development of alternative therapies critically important. In this context, several investigators
have studied the anti-cancer and anti-inflammatory effects of curcumin (Cur) in human malignancies,
including those found in various tissues, such as breast, prostate, colon, liver, and brain [3,4].

Several anti-cancer drugs have been tested to prevent GBM cell growth and metastasis [4]. Many
of these drugs kill GBM cells by inducing apoptosis, autophagic cell death, or necrosis, whereas
dysregulation of these major pathways promotes cancer development [5]. Although apoptosis is
the most common form of programmed cell death (PCD), autophagic cell death also has significant
roles in tumorigenesis [5]. It includes macroautophagy, microautophagy, and chaperones-mediated
autophagy (CMA), which are highly conserved cellular-debris disposal mechanisms by which cellular
organelles, misfolded protein aggregates, and pathogens or toxins are degraded through fusion of
the resulting autophagosomes with lysosomes [6–8]. The beneficial effects of autophagy have been
observed with anti-cancer drugs after their treatments in GBM cells, which may either induce or
bypass the apoptotic pathway, depending on cellular stress [9]. Several experimental results from
animal studies and cell culture studies have demonstrated that induction of autophagy or type-II PCD
can induce or inhibit type-I PCD or apoptosis [10], which suggests that they are inter-linked for cell
death and survival [11]. In addition, cancer cell growth and proliferation are also controlled by the
phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR, also known as
the mechanistic target of rapamycin and FK506-binding protein 12-rapamycin-associated protein 1)
sensitive mTOR-complex (PI3K-Akt/mTOR) pathway, which has inhibitory roles on the autophagic
pathway. The Akt/mTOR pathway plays significant roles in the regulation of autophagy, as well as
cancer cell growth and proliferation; inhibition of this pathway has activatory roles in the autophagy
pathway and inhibitory roles on cancer cell proliferation. Therefore, targeting autophagy by inhibiting
PI3K-Akt/mTOR might be a potent strategy to inhibit GBM growth and proliferation [12].

Curcumin (Cur), is the most active natural polyphenol present in the turmeric root of the herb,
Curcuma longa [13]. For a long time, it has been known to function as a potent inhibitor of tumor
growth, proliferation, invasion, angiogenesis, and metastasis. Cur has been applied for several cancer
therapies, including GBM [14]. It can attenuate cancer growth by increasing oxidative stress, disrupting
PI3k-Akt/mTOR signaling and induction of apoptosis, but it requires higher amounts to be effective
against cancer cells [15]. Unfortunately, poor solubility and instability in physiological fluids limits its
therapeutic application for targeting GBM [16,17]. Although various lipidated and nanotechnological
approaches of Cur formulations have been shown to increase its solubility and bio-availability [15],
none of these produce optimal levels. Recently, solid lipid particles (SLPs), conjugated with Cur
(SLCPs), have been characterized by our laboratory [15,18,19] and those of others to increase Cur
solubility, stability, and bioavailability [20–25], when tested in an in vitro model of GBM, as well as
animal models and clinical trials of Alzheimer’s disease [26,27].

Previously, we have reported that SLCPs induce a greater number of apoptotic deaths than natural
Cur in U-87MG [19]. In the present study, we have designed the experiments to compare the autophagy
mechanism, including mitophagy and the PI3K-Akt/mTOR pathway (which is one of the modulators
of the autophagy pathway) in vitro, using GBM cells derived from human (U-87MG), mouse (GL261),
and rat (F98) origins, their respective rat glial tumor cells (C6-glioma), and mouse neuroblastoma cells
(N2a cells) after treatment with Cur and/or SLCP. Our results suggest that SLCP induced autophagy
markers greater than natural Cur, as well as the inhibition of mitophagy and the significant disruption
of the PI3K-Akt/mTOR pathway in all three GBM cells, without significant effects on C6-glioma and
N2a cells.
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2. Results

In this study, we have compared the levels of autophagy, including mitophagy markers and the
PI3k-Akt/mTOR signaling pathway in cultured GBM cells after treatment with SLCP and or Cur.

2.1. SLCP Induced Autophagy Greater than Natural Cur in Different GBM Cells

We have investigated different autophagy markers, such as Atg5, Atg7, Beclin-1, LC3A/B, and
p62, from all three GBM cell lines (U-87MG, GL261, and F98), and from C6-glioma and N2a cells. We
observed that the Atg5 level was significantly increased (p < 0.05) in U-87MG and F98 cells, but not in
GL261 after treatment with Cur and or SLCP in comparison to vehicle-treated groups (Figure 1A,B).
Similarly, we found a significant increase (p < 0.01) in levels of Atg7 after Cur and or SLCP treatment
in U-87MG and GL261, but not in F98 cells, in comparison to the vehicle-treated group (Figure 2A,C).
Furthermore, the Beclin-1 level was also significantly increased (p < 0.05) in all three GBM cells after
treatment with Cur or SLCP in comparison to the vehicle group (Figure 1A,D). We also observed that
the ratio of LC3A/B-II/LC3A/B-I was significantly increased by Cur and or SLCP treatment in all
three GBM cells lines in comparison to vehicle-treated cells (Figure 1A,D). SLCP-treated cells had more
changes in autophagic markers, overall, than did Cur-treated cells. Similar to the Western blot data, the
immunofluorescence intensity of Atg5, Atg7, Beclin-1, and LC3A/B all tended to increase in U-87MG
cells after treatment with Cur and or SLCP, in comparison to vehicle-treated cells (Figure 1G).
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Figure 1. Changes of autophagy markers in GBM cells after treatment with Cur and or SLCP. A–F: U-
87MG, GL261, and F98 cells were treated with either Cur or SLCP (25 µM) for 24-h and then Western 
blots and immunocytochemistry (ICC) were performed. The Western blots data showed that there 
were significant increased levels of Atg5, Atg7, Beclin-1, LC3A/B, and p62 after treatment with SLCP 
and/or Cur. Values are represented as mean ± standard error of mean (SEM) from three independent 
observations. *p < 0.05 in comparison to the respective vehicle-treated group. G: Immunocytochemisty 
(ICC) revealed apparent increases in ICC intensity of Atg5, Atg7, Beclin-1, and LC3/A/B in SLCP- and 
Cur-treated U-87MG cells in comparison to vehicle-treated cells. Scale bar indicates 50 µm and is 
applicable to all images. 

2.2. Cur and or SLCP Treatment Has Little Influence on Autophagy Pathways in Rat Glial Tumor Cells (C6-
Glioma) and Mouse Neuroblatsoma (N2a) Cells 

We did not observe any significant changes of Atg5 (Figure 2A, B) and LC3A/B levels (Figure 
2A, E) after treatment with Cur and or SLCP treatment. In addition, we observed very little 
differences of Atg7 levels in C6-glioma cells, and there was a decrease in N2a cells (Figure 2A, C) 
after Cur and or SLCP treatment. In contrast, Beclin-1 was increased in C6-glioma, but not in N2a 
cells (Figure 2A, D) after Cur and or SCLP treatment. The ICC of Atg5, Atg7, Beclin-1, and LC3A/B 

Figure 1. Changes of autophagy markers in GBM cells after treatment with Cur and or SLCP. (A–F):
U-87MG, GL261, and F98 cells were treated with either Cur or SLCP (25 µM) for 24-h and then
Western blots and immunocytochemistry (ICC) were performed. The Western blots data showed
that there were significant increased levels of Atg5, Atg7, Beclin-1, LC3A/B, and p62 after treatment
with SLCP and/or Cur. Values are represented as mean ± standard error of mean (SEM) from three
independent observations. * p < 0.05 in comparison to the respective vehicle-treated group. (G):
Immunocytochemisty (ICC) revealed apparent increases in ICC intensity of Atg5, Atg7, Beclin-1,
and LC3/A/B in SLCP- and Cur-treated U-87MG cells in comparison to vehicle-treated cells. Scale bar
indicates 50 µm and is applicable to all images.
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in U-87MG also showed comparable results, as shown in the Western blots after Cur and/or SLCP 
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significant changes of autophagy markers following treatment, except Atg7 levels were significantly 
decreased in both cell lines (C) and Beclin-1 levels were increased in C6-glioma (D). Values are 
represented as mean ± SEM from three independent observations. * p < 0.05 in comparison to the 
respective vehicle-treated cells. F: ICC of autophagy markers in N2a cells showed that there were no 
major changes of the immunofluorescent signal for these parameters. Scale bar indicates 50 µm and 
is applicable to all images. 
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87MG after treatment with Cur and SLCP, in comparison to the vehicle-treated group (Figure 3A, B). 
Similarly, the FUNDC1 level was also significantly decreased in SLCP-treated cells greater than the 
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Figure 2. Changes of autophagy markers in C6-glioma and N2a cells after treatment with SLCP and
Cur. C6-glima and N2a cells were treated with either Cur or SLCP (25 µM) for 24-h prior to performing
Western blots and ICC. (A–E): The Western blots analyses revealed that there were no significant
changes of autophagy markers following treatment, except Atg7 levels were significantly decreased
in both cell lines (C) and Beclin-1 levels were increased in C6-glioma (D). Values are represented
as mean ± SEM from three independent observations. * p < 0.05 in comparison to the respective
vehicle-treated cells. (F): ICC of autophagy markers in N2a cells showed that there were no major
changes of the immunofluorescent signal for these parameters. Scale bar indicates 50 µm and is
applicable to all images.

2.2. Cur and or SLCP Treatment Has Little Influence on Autophagy Pathways in Rat Glial Tumor Cells
(C6-Glioma) and Mouse Neuroblatsoma (N2a) Cells

We did not observe any significant changes of Atg5 (Figure 2A,B) and LC3A/B levels (Figure 2A,E)
after treatment with Cur and or SLCP treatment. In addition, we observed very little differences of Atg7
levels in C6-glioma cells, and there was a decrease in N2a cells (Figure 2A,C) after Cur and or SLCP
treatment. In contrast, Beclin-1 was increased in C6-glioma, but not in N2a cells (Figure 2A,D) after
Cur and or SCLP treatment. The ICC of Atg5, Atg7, Beclin-1, and LC3A/B in U-87MG also showed
comparable results, as shown in the Western blots after Cur and/or SLCP treatment (Figure 2F).

2.3. SLCP Inhibits Mitophagy Markers More than Cur in GBM Cells.

We also investigated the most important mitophagy markers, such as BNIP3L/NIX, FUNDC1,
BNIP3, PINK-1, and HIF-1α, by Western blots. We observed that BNIP3L/NIX was significantly
decreased in GL261 and F98 cells (p < 0.05) and there was a trend of reduction of this protein in
U-87MG after treatment with Cur and SLCP, in comparison to the vehicle-treated group (Figure 3A,B).
Similarly, the FUNDC1 level was also significantly decreased in SLCP-treated cells greater than the
Cur treated and vehicle-treated group (Figure 3A,C). In addition, BNIP3, PINK-1, and HIF-1α levels
were also significantly decreased (p <0.05) in Cur and or SLCP-treated cells in comparison to the
vehicle-treated group (Figure 3A,D,E). Whereas, we found a significant decrease of BNIP3L/NIX and
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HIF-1α in C6-glioma and N2a cells after treatment with Cur and or SLCP (Figure 3F–I), whereas no
significant changes were observed in the case of FUNDC1 protein in both the cell lines (Figure 3F,H).
Int. J. Mol. Sci. 2019, 19, x 5 of 19 

Int. J. Mol. Sci. 2019, 19, x; doi: 
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lines (A–E), and SLCP showed greater decreases of these parameters than did Cur. Both NIX and HIF-
1α were decreased in C6-glioma and N2a cells, but not FUNDC1 (F–I). Values are represented as 
mean ± SEM from three independent observations. * p < 0.05 and ** p < 0.01, in comparison to the 
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We observed that PI3Kp85, phosphoPI3Kp85, total Akt, p-AKT, mTOR, and p-mTOR levels 
were significantly decreased in U-87MG, GL261, and F98 cell lines after treatment with Cur and or 
SLCP (Figure 4A–D). SLCP showed greater inhibition of the PI3k-Akt/mTOR pathway than Cur. 
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Figure 3. Mitophagy markers were down-regulated more in GBM cells by SLCP than by Cur. U-87MG,
GL261, F98, C6-glioma, and N2a cells were treated with either Cur or SLCP (25 µM for 24-h) prior
to Western blots analyses. The levels of BNIP3L/NIX, FUNDC1, BNIP3, PINK-1, and HIF-1α were
significantly down-regulated (p < 0.05) after treatment of SLCP and or Cur in all three GBM cell lines
(A–E), and SLCP showed greater decreases of these parameters than did Cur. Both NIX and HIF-1α
were decreased in C6-glioma and N2a cells, but not FUNDC1 (F–I). Values are represented as mean ±
SEM from three independent observations. * p < 0.05 and ** p < 0.01, in comparison to the respective
vehicle-treated cells.

2.4. SLCP Inhibits PI3K-Akt/mTOR Pathway Activity in GBM Cells More than Cur does in GBM

We observed that PI3Kp85, phosphoPI3Kp85, total Akt, p-AKT, mTOR, and p-mTOR levels were
significantly decreased in U-87MG, GL261, and F98 cell lines after treatment with Cur and or SLCP
(Figure 4A–D). SLCP showed greater inhibition of the PI3k-Akt/mTOR pathway than Cur. Whereas in
the case of C6-glioma and N2a cells, this pathway was mostly unaltered (Figure 4G–K).
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Figure 4. SLCP inhibited the PI3K-Akt/mTOR pathway greater than Cur in cultured GBM cells. U-
87MG, GL261, F98, C6-glioma, and N2a cells were treated with either Cur or SLCP (25 µM for 24-h) 
prior to Western blots and ICC. A–G: Western blots analyses revealed that PI3Kp85, pPI3Kp85, total 
Akt, p-Akt (Ser473), mTOR, and p-mTOR levels were significantly decreased in all three GBM cells 
after treatment with Cur and or SLCP, in comparison to the respective vehicle-treated cells. These 
parameters were unaltered in C6-glioma and or N2a cells (H–L), except that pAkt was significantly 
increased in C6-glioma after the treatment. Values are represented as mean ± SEM from three 
independent observations. * p < 0.05 and ** p < 0.01 in comparison to their respective vehicle-treated 
cells. 

2.5. Cur and or SLCP Treatment Inhibited Chaperone-Mediated Autophagy (CMA) Markers in GBM Cells. 

CMA markers, such as HSC70, were unaltered in all three GBM cell lines, but LAMP2A levels 
were significantly down-regulated after treatment with Cur and or SLCP (Figure 5A, D, E). In 
contrast, HSP70 was increased in all three cell lines after treatment with Cur and or SLCP (Figure 5A, 
B), and the HSP90 level was also diminished in U-87MG and GL261, but was increased in F98 cells 
treated with SLCP (Figure 5A, C). 

 

Figure 4. SLCP inhibited the PI3K-Akt/mTOR pathway greater than Cur in cultured GBM cells.
U-87MG, GL261, F98, C6-glioma, and N2a cells were treated with either Cur or SLCP (25 µM for 24-h)
prior to Western blots and ICC. (A–G): Western blots analyses revealed that PI3Kp85, pPI3Kp85, total
Akt, p-Akt (Ser473), mTOR, and p-mTOR levels were significantly decreased in all three GBM cells after
treatment with Cur and or SLCP, in comparison to the respective vehicle-treated cells. These parameters
were unaltered in C6-glioma and or N2a cells (H–L), except that pAkt was significantly increased
in C6-glioma after the treatment. Values are represented as mean ± SEM from three independent
observations. * p < 0.05 and ** p < 0.01 in comparison to their respective vehicle-treated cells.

2.5. Cur and or SLCP Treatment Inhibited Chaperone-Mediated Autophagy (CMA) Markers in GBM Cells.

CMA markers, such as HSC70, were unaltered in all three GBM cell lines, but LAMP2A levels
were significantly down-regulated after treatment with Cur and or SLCP (Figure 5A,D,E). In contrast,
HSP70 was increased in all three cell lines after treatment with Cur and or SLCP (Figure 5A,B), and the
HSP90 level was also diminished in U-87MG and GL261, but was increased in F98 cells treated with
SLCP (Figure 5A,C).
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Figure 5. Chaperone-mediated autophagy markers were inhibited in GBM cells after SLCP or Cur
treatment. U-87MG, GL261, F98, C6-glioma, and N2a cells were treated with either Cur or SLCP (25
µM for 24-h) prior to Western blots. HSC70 levels were unaltered by SLCP or Cur treatment, while
LAMP2A levels were significantly decreased in all the GBM cell lines (A,D,E). There were significant
increases in levels of HSP70 (A,B) and significant decreases in levels of HSP90 (A,C, but in F98 by
SLCP) after treatment with Cur or SLCP treatments. The changes were more in the case of SLCP-treated
cells in comparison to Cur-treated cells. Values are represented as mean ± SEM from two independent
observations. * p < 0.05 and ** p < 0.01, in comparison to their respective vehicle-treated group.

2.6. Cell Survival and Cell Death Markers Were also Modulated by SLCP More than Cur in GBM Cells.

There was a significant increase (p < 0.01) in Bax and Cyt-c and caspase-3 levels in both Cur
and SLCP-treated cells in comparison to vehicle-treated cells (Figure 6A–E). In contrast, there was
a significant decrease of Bcl-2 in GL261 and F98 cells (Figure 6A,B). Unlike GBM cell lines, Bax and
Bcl2 were unaltered in C6-glioma and N2a cells (Figure 6F,G), but Cas-3 (Figure 6F,J) levels were
increased in C6-glioma, while being unaltered in N2a cells after Cur or SLCP treatment, in comparison
to vehicle-treated cells.
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To investigate the degree of formation of autophagy vacuoles (AV) after Cur or SLCP-treatment, 
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Figure 6. Cell death and cell survival markers in GBM cells. U-87MG, GL261, F98, C6-glioma, and N2a
cells were treated with either Cur or SLCP (25 µM for 24-h) prior to Western blots analyses. Western
blots analyses showed that SLCP and Cur treatments increased Bax, Cyt-c, and caspase-3 and decreased
Bcl2 in all three GBM cell lines, in comparison to vehicle-treated cells (A–E). Cell survival and cell
death markers were unaltered in the case of C6-glioma and N2a cells, except for Caspase-3, which was
increased in C6-glioma after both of these treatments. Values are represented as mean ± SEM from
two independent observations. * p < 0.05 and ** p < 0.01 in comparison to either in Cur-treated or to
vehicle-treated cells.

2.7. SLCP Treatment Produced Greater Increases in the Number of Autophagy Vacuoles in U-87MG Cells than
Did Cur Treatments

To investigate the degree of formation of autophagy vacuoles (AV) after Cur or SLCP-treatment,
U-87MG cells were treated with SLCP and/or Cur for 24 h. TEM images indicated that there were
significantly more autophagy vacuoles in SLCP-treated cells (p < 0.01) in comparison to Cur-treated
cells (Cur: 61.00% and in SLCP: 163.84%) (Figure 7A,B). In addition, SLCP treatments increased
membrane blebbing, cytoskeleton disorientation, and chromosomal condensation more in U-87MG
cells than Cur-treated cells (Figure S1).
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Figure 7. SLCP treatments resulted in more autophagy vacuole formations in U-87MG cells than
did treatments with Cur. U-87MG cells were grown and treated with either Cur or SLCP (25 µM for
24-h). Cells were processed for TEM and images were taken with JEOL-TEM. (A): Representative TEM
images showing that the numbers of autophagy vacuoles were significantly increased (B) in the case of
SLCP-treated cells compared to Cur-treated cells. (C): Fusion of two autophagy vacuoles (red arrow),
autophagolysosome complex (black arrow), and mitophagy (white arrow) after treatments with SLCP
for 24 h. Scale bars indicate 1 µm. V-vacuole, AV-autophagy vacuoles, arrow indicates autophagy
vacuoles. * p < 0.05 and ** p < 0.01 compared to vehicle group; ## p < 0.01 compared to Cur-treated cells.

3. Discussion

Accumulated experimental evidence supports the contention that the dysregulation of autophagy
mechanisms significantly contributes to GBM cell death and survival [10]. In the present study,
we compared the role of natural Cur or SLCP (a greater permeable solid lipid Cur formulation) on
autophagy markers, including mitophagy and chaperone-mediated autophagy pathways in cultured
GBM cells. We found a greater induction of autophagy markers, including an increased number of
autophagy vacuoles, along with a significant decrease in the levels of mitophagy markers and inhibition
of the PI3K-Akt/mTOR pathway by SLCP than by natural Cur in different GBM cell lines, without
significantly affecting the rat glial tumor cells (C6-glioma) and mouse neuroblastoma (N2a) cells.

Given the present lack of effectiveness and the preponderance of side-effects when the current
standard chemotherapies for GBM are used [28,29], many laboratories, including our own, have started
investigating natural anti-cancer agents, such as Cur [2,30]. However, to avoid the poor solubility, rapid
degradation, and limited bio-availability of natural Cur [17,23], we utilized more permeable solid lipid
Cur particles (SLCP) [15,18,19]. Previously, we have demonstrated that SLCP has greater anti-cancer
effects in U-87MG cells than does natural Cur [19]. However, its role in autophagy mechanisms in GBM
cells remained unexplored. Given that Cur has been shown to induce autophagy, we hypothesized
that using SLCP, with its higher solubility and greater membrane permeability, would have stronger
modulatory effects on autophagy than natural Cur. Therefore, we investigated different autophagy
markers in three different GBM cells (U-87MG, GL261, and F98) after treatment with Cur and or SLCP.

GBM cell metastasis can be prevented by induction of apoptosis [31]. However, cells can die by
alternative pathways, such as autophagy. Interestingly, when autophagy is induced, either at earlier
or later stages, it may lead to non-apoptotic cell death [32]. In addition, cells with a dysfunctional
apoptotic pathway may undergo autophagic cell death [33]. Thus, the timing and magnitude of
the cellular stresses seem to dictate whether autophagy or apoptosis will be activated. Moreover,
autophagy preceded apoptosis, and this mechanism makes the cells more susceptible to death [10].
Given this, we sought to understand the mechanisms of autophagy, including mitochondrial autophagy
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(mitophagy) and CMA markers, in cultured GBM cells by comparing the treatment effects of SLCP
with those of natural Cur.

To monitor the autophagy mechanism in GBM cells after treatment with Cur or SLCP, we
investigated the Atg5, Atg7, Beclin-1 and LC3A/B, and p62. Atg5 and Atg7 are considered to
be essential molecules for the induction of autophagy [34]. For example, defective Atg5 or Atg7
expression consequences decreased autophagic activity in animals [9]. In the present study, we
observed an up-regulation of these two markers in all three GBM cells, (except Atg5 in U-87MG
cells) (Figure 1) after treatment with Cur and or SLCP, suggesting the induction of autophagosome
formation, which has been verified by transmission electron microscopic studies (Figure 7). Similarly,
Beclin-1 is an important autophagosome initiation tumor suppressor protein, whose expression is
reduced in many cancers. It interacts with Bcl-2 and can induce apoptosis by activating the function
of mitochondrial permeability transition pore (MPTP) [35]. Overexpression of Beclin-1 in U-87MG
cells enhances the capacity for cellular autophagy, whereas silencing of Beclin-1 decreases autophagic
capacity [36]. We found an increase in beclin-1 levels after Cur and/or SLCP treatment, suggesting
an enhancement of the autophagy pathway (Figure 1). Our findings are supported by Liang and
colleagues, who also found that over-expression of Beclin-1 in U-87MG cells enhanced the capacity
for cellular autophagy and induced apoptosis, whereas silencing of Beclin-1 decreased autophagic
capacity [36].

LC3A/B is the key structural component of the autophagosome formation [37]. The amount of
LC3-II reflects the number of autophagosomes and autophagy-related structures and a decrease of its
level indicates an impairment of this process. Therefore, levels of LC3 are considered the most reliable
marker to monitor autophagy. We observed an increase in the levels of LC3A/B-II after treatment with
Cur or SLCP, indicating autophagosome formation was enhanced, which was supported by the recent
in vitro work of Guo and colleagues [38]. Although the amount of LC3-II at a given time point does
not necessarily estimate the autophagic activity, because inhibition of autophagosome degradation
sometimes increases the amount of LC3-II, most cases reveal that increased amounts of LC3-II reflect
the number of autophagosomes, thus increased levels of LC3A/B, suggesting that the autophagy
mechanism was induced by these treatments (Figure 1). In addition, we also investigated the levels of
sequestosome 1 (SQSTM1) or p62, which binds directly to LC3. Increased levels of LC3A/B-II and p62
indicate an increased accumulation of autophagosome formation, which is correlated with an increase
in autophagic vacuoles (AV), as revealed by our TEM studies. Although increased levels of p62 inhibit
autophagy mechanisms, and decreased levels can be observed when autophagy is induced, therefore,
p62 levels may be used as a marker to study autophagic flux. We found that p62 levels were increased
by Cur or SLCP treatment, which may be due to blocking of the fusion of autophagy vacuoles with
lysosome or by the inhibition of a later maturation step of autophagosome degradation. The overall
accumulated increase in AVs in cells by these treatments could induce autophagy-related cell death.
Recently, Zanotto-Filho and colleagues showed that autophagy induction improves the efficacy of
Cur and or TMZ combination therapy in animal models of glioblastomas, suggesting Cur is a potent
autophagy inducer in GBM cells [39].

As GBM cells are resistant to apoptosis, the mammalian target for the rapamycin (mTOR) signaling
pathway plays an important role [40]. In fact, the mTOR pathway has emerged as a major effector of
cell growth and proliferation and is an attractive target for cancer therapy [41,42]. Indeed, mTOR and
phosphorylated mTOR (p-mTOR, active form of mTOR) is a potent blocker of autophagy [43]. Thus,
inhibiting the mTOR pathway could be a viable strategy to induce autophagy-related cell death to
prevent GBM growth. These proteins are controlled by the cellular PI3K and Akt levels. Increases
in PI3K activate Akt, which activates the mTOR pathway and induces tumorigenesis, whereas their
inhibition prevents activation of this pathway [44]. We observed a significant decrease in levels of
PI3Kp85, phosphorylated PI3Kp85, total Akt, p-Akt, mTOR, and p-mTOR after treatment with Cur and
or SLCP, indicating PI3K-Akt/mTOR pathways were significantly affected by these treatments, which
corresponds to recent findings of Yu and colleagues [45]. Decreased mTOR levels have been shown
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to induce autophagy [46]. Interestingly, we observed greater levels of PI3K-Akt/mTOR inhibition
in SLCP-treated cells (Figure 4) than in Cur-treated cells, indicating greater induction of autophagy
by SLCP than natural Cur, which was further supported by increased levels of autophagy markers
and the number of AV (Figure 7). Recently, Guo and colleagues also reported that Cur may protect
cells against oxidative stress-induced damage through induction of autophagy via inhibition of the
Akt/mTOR pathway [38]. Similarly, using in vitro and in vivo models of GBM, Zhuang and colleagues
also reported that Cur promotes differentiation of glioma-initiating cells by inducing autophagy [47].
Furthermore, Aoki and colleagues reported that Cur suppresses the growth of malignant gliomas
in vitro and in vivo through induction of autophagy by inhibition of the Akt/mTOR/p70S6K pathway
and activation of the ERK1/2 pathway [48]. The above observations were supported by the work
of Zhao and colleagues, who reported that Cur potentiates the anti-tumor activities against GBM
by suppressing the PI3K/AKT and NF-κB/COX-2 signaling pathways [14]. All these previous
observations further supported and confirmed our findings.

In addition, we investigated the mitophagy markers. Mitophagy is a selective form of
macroautophagy in which mitochondria are targeted for degradation in autophagolysosomes [49,50].
Although mitophagy is not a mechanism of autophagy, it is a special type of autophagy pathway,
but it has beneficial effects, especially for the elimination of old and/or damaged mitochondria, thus
maintaining the integrity of the mitochondrial pool. Inhibition of mitophagy has adverse effects
on mitochondrial health and cell survival [49]. In addition, mitophagy also plays a key role in
reducing mitochondrial mass [49]. We have investigated mitophagy markers, such as BNIP3L/NIX,
FUNDC1, BNIP3, PINK-1, and HIF-1α (Figure 3). BNIP3L (Bcl2 and adenovirus E1B 19-kDa-interacting
protein 3-like), also known as NIX, are the proteins which interact with Bcl2 and are involved in cell
death and autophagy, suggesting that BNIP3L/NIX are implicated in the pathogenesis of cancer [51].
BNIP3L is required for interaction with Bcl2, the main anti-apoptotic protein present in mitochondria,
whereas decreased levels of BNIP3L may inhibit interactions with Bcl2, thus indirectly inducing cell
death [51]. Similarly, BNIP3 is another mitophagy marker, which has a similar role in mitophagy,
like BNIP3L/NIX. We found a greater decrease in levels of both NIX and BNIP3 in the case of SLCP
(Figure 3), which suggests that SLCP has greater capability to induce cell death. Moreover, in tumor
cells, NIX and BNIP3 regulate mitophagy in response to hypoxia, and the deregulation of NIX and
BNIP3 expression is associated with increased tumor growth [51]. One of the factors noted in most
malignancies is the hypoxic environment, where hypoxia-inducing factor-1α (HIF-1α) levels increase.
This factor is a positive regulator of NIX and BNIP3 expression. Therefore, reduction of HIF-1α may
down-regulate NIX or BNIP3 levels. For example, knock-down of HIF-1α in glioma cells significantly
impairs their migration in vitro, as well as their ability to invade into the brain parenchyma in vivo [52].
In addition, HIF-1α acts as an activator of angiogenic factors, such as placenta-like growth factor and
platelet-derived growth factor. Therefore, decreased levels of HIF-1α may be one of the reasons for
the down-regulation of NIX or BNIP3 levels, indicating a reduction of mitophagy and induction of
cell death.

Like NIX and BNIP3, FUNDC1 is an adaptor molecule present at the outer membrane of
mitochondria [53]. NIX, BNIP3, and FUNDC1 interact with Bcl-2 or Bcl-XL and modulate in binding
with LC3 and recruit components of the autophagy machinery to the mitochondria. Therefore,
inhibition of these adaptor proteins, along with decreased HIF-1α after treatment with Cur and
or SLCP, indicates decreased mitophagy, which may lead to induction of cell death [49]. Greater
inhibition of these proteins by SLCP treatment in comparison to Cur indicates SLCP is a stronger
negative regulator on these proteins, which suggests that a greater amount of Cur is required to
inhibit mitophagy, as well as induction of cell death. Given that mitophagy may also be regulated by
PINK-1/Parkin, we investigated the levels of PINK-1 after treatment with Cur and or SLCP. We found
a significant reduction of PINK-1 levels (Figure 3), suggesting Cur- and or SLCP-induced mitophagy
is PINK-1 dependent. Other than PINK-1, mitophagy may also be regulated by the Parkin pathway,
but the role of Parkin in the regulation of cell death is debated. Importantly, PINK1 shuttles between
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the cytosol and mitochondria in healthy cells. It plays a vital role in communicating the collapse of
the mitochondrial membrane potential and it can stabilize on the outer membrane of depolarized
mitochondria and recruit Parkin, which is initially inactive. In addition, PINK1 can phosphorylate
Parkin on the ubiquitin-like (UBL) domain, resulting in an increase of its ubiquitin ligase activity and
the formation of polyubiquitin chains on the surface of depolarized mitochondrial membranes, which
could act as a Parkin activator by overcoming the autoinhibitory mechanism of Parkin. Therefore,
we investigated the levels of PINK1 rather than Parkin.

In addition to macroautophagy and microautophagy, we also investigated the status of
chaperone-mediated autophagy (CMA), which is a special type of autophagy for degradation of
tiny proteins aggregates. It requires chaperones, such as heat shock cognate 70 (HSC70) and
lysosome-associated membrane protein type 2A (LAMP-2A). Although HSC70 levels were unaltered,
LAMP2A was significantly down regulated by Cur or SLCP, indicating CMA was also inhibited
(Figure 5). In addition, we also checked whether the other chaperones, such as HSP70 and HSP90, were
affected by Cur and or SLCP treatments in GBM cells. We observed that there was an upregulation of
HSP70, whereas opposite effects were observed in the case of HSP90 in all these GBM cells (except F98
cells) after SLCP treatment. HSP90 become upregulated in cancer and the inhibition of HSP90 by Cur
or SLCP suggested that Cur/SLCP acts as a HSP90-inhibitor [54].

Previously, we have confirmed that the SLCP induced greater cell death in U-87MG cells by
using MTT, TUNEL, Annexin-V staining, and comet assays [19]. In support of our previous findings,
we presently observed more membrane blebbing, actin or cytoarchitectural damage, and chromosomal
condensation (Figure S1), as well as induction of cell-death related proteins and reduction of cell
survival proteins (Figure 6) in the case of SLCP, when compared to Cur-treated cells. This finding
indicates that a higher amount of Cur is required to damage the cells, which can be achieved
more efficiently by SLCP treatments. Moreover, an increased number of autophagy vacuoles
(Figure 7), chromosomal condensation, and membrane blebbing, as seen by TEM images (Figure S1),
confirmed that SLCP can induce autophagy and cell death more efficiently than by using Cur
(Figure 6). Extrapolating these results, we have assessed that Cur and SLCP have roles on autophagy
mechanisms in cultured GBM cells, without affecting the rat glial tumor cell line (C6-glioma) or mouse
neuroblastoma cell line (N2a cells). To this end, the C6-glioma and N2a cells that were treated with the
same concentrations (25 µM) of Cur and/or SLCP consistently revealed the lowest levels of autophagy
and cell death markers (Figures 2 and 6), which suggests that Cur and SLCP can specifically target
its therapeutic effects on GBM cells (Type-IV glioma), rather than glial tumor or neuroblastoma cells.
In addition, during cellular stress, pro-survival and pro-death processes are concomitantly activated,
which depends on the degree of stress. Mild cellular stress causes damage to a few mitochondria, which
are rapidly sequestered by autophagosomes, whereas severe stress induces mitochondrial damage
and autophagy is unable to efficiently clear this. During these circumstances, mitochondria release
pro-death proteins, such as cytochrome c, apoptosis inducing factor (AIF) and SMAC/Diablo, that can
activate the cell death pathway. As treatment of Cur/SLCP induced cellular stress, therefore, it can
induce mitochondrial damage and activate the cell death pathway. Overall, Cur or SLCP treatment
induced cellular stress, which interfered in autophagy, mitophagy, and the cell death and survival
pathway as observed in cultured GBM cells.

As autophagy determines cell death and survivability, therefore, the role of autophagy in GBM cell
death and survivability after Cur and SLCP treatment needs to be critically analyzed. In fact, not only
under disease conditions, but even under normal physiological conditions, the autophagy mechanism
is active and can promote cell death or increase cell growth. For example, nutrient starvation,
deprivation of supporting factors, or a hypoxic environment increases cell survivability [55,56].
Similarly, autophagy-dependent program cell death also occurs during mammalian embryogenesis [57]
and in the case of apoptosis-resistant cells, such as in the absence of the pro-apoptotic proteins, Bax and
Bak [58]. Moreover, many cellular environment autophagy cross-talks with the apoptotic machineries
and directly inhibits apoptosis [59]. Therefore, the connections between autophagy and cell death



Int. J. Mol. Sci. 2019, 20, 399 13 of 20

are very complicated and controversial. In the case of cancer cells, autophagy may act as a tumor
suppressor, as well as inducing tumor growth [60]. Some reports suggest that induction of autophagy
can suppress tumor growth, whereas its prolonged activation may kill cancer cells with a high apoptotic
threshold. In contrast, prolonged inhibition of autophagy may lead to cell survival instead of cell death.
Most interestingly, the apoptotic pathways become mutated in human tumors, where autophagy plays
alternative forms of PCD to prevent their growth. In our study, we found an induction of autophagy
by Cur and or SLCP treatment, but whether autophagy was the mechanism by which GBM cells
were dying (cell death by autophagy) or autophagy was present during cell death (cell death with
autophagy) is an open question. As we know, when cell death is mediated by autophagy and if the cell
death is prevented after inhibition of autophagy, then it is considered as “autophagic cell death”. In our
study, we did not investigate the cell death after inhibition of the autophagy mechanism, therefore,
we were not sure whether it was a “autophagic cell death”. However, the “autophagic cell death” is
also characterized by the presence of abundant autophagosomes and lack of phagocytic activities,
and we found many autophagosomes in U-87MG cells after treatment with Cur and or SLCP (Figure 7),
which suggests that Cur and or SLCP may have partially induced cell death caused by autophagy,
along with apoptotic death [19]. However, we prefer to describe this phenomenon as “cell death with
autophagy” rather than an important effector mechanism of cell death because we do not have concrete
evidence to confirm whether the cell death was caused by autophagy. Most importantly, Cur and/or
SLCP treatment caused DNA damage [19], and disruption of the cytoskeleton (Figure S1), which
induced autophagy and suppress tumor growth, suggesting that these treatments have a negative
impact on GBM cell survivability. Therefore, further experiments are needed for a better understanding
of the role of autophagy mechanisms on GBM cell death and survival after treatment with Cur and or
SLCP in order to apply its beneficial role for GBM therapy.

4. Materials and Methods

4.1. Chemicals

Curcumin (Purity >65%; catalog no: C1386-50G (Sigma, St. Louis, MO, USA), propidium iodide
(PI), and other accessory chemicals were procured from Sigma (St. Louis, MO, USA). Hoechst 33342
was purchased from ThermoFisher Scientific (Grand Island, NY, USA). Solid lipid particles containing
Cur (SLCP or Longvida, which contains 26% pure Cur) were gifted from Verdure Sciences (Noblesville,
IN, USA). The SLCP has been well characterized by us and others in collaboration with Verdure
Sciences, including clinical studies in Alzheimer’s disease [19,27]. The human origin GBM cell line
(U-87MG; catalog no: HTB-14), rat GBM cells (F98, catalog no: ATCC® CRL2397™), mouse glioma
(C6-glioma, catalog no: ATCC® CCL107™), and N2a (catalog no: ATCC® CCL-131™) cells were
purchased from ATCC (Manassas, VA, USA), whereas the mouse GBM cell line (GL261) was procured
from DCTD/DTP Tumor Repository at the National Cancer Institute. All the antibodies used in this
study are documented in Table 1.

4.2. Cell Culture

U-87MG and N2a cells were grown with Eagle’s Minimum Essential Medium (EMEM, GIBCO)
containing 10% heat-inactivated fetal bovine serum (FBS), and penicillin/streptomycin (100 IU/mL
penicillin and 100 µg streptomycin/mL). The Gl261 cells were cultured in Roswell Park Memorial
Institute Medium-1640 (RPMI-1640), along with 10% FBS and pen/strep (100 IU/mL penicillin
and 100 µg streptomycin/mL), and F98 cells were grown on Dulbeco’s Modified Eagle’s Medium
(DMEM), along with 10% FBS and pen/strep, (100 IU/mL penicillin and 100 µg streptomycin/mL).
The C6-glioma cells were grown in F12K media along with 2.5% FBS and 15% horse serum and
100 IU/mL penicillin and 100 µg streptomycin/mL. The cultures were maintained at 37 ◦C in a
humidified atmosphere at 5% CO2. Prior to the experiment, the cells were grown either in a 75 cm2
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culture flask, or on glass cover slips, with fresh media and antibiotics, but without growth factors,
depending on the experimental setup.

Table 1. Sources of different antibodies used in this study.

Antibodies Source Type Company Catalog No. Address

Atg5 Rabbit Monoclonal Cell signaling Technology 12994S Danvers, MA, USA
Atg7 Rabbit Monoclonal Cell signaling Technology 8558S Danvers, MA, USA

Beclin-1 Rabbit Polyclonal Cell signaling Technology 3738S Danvers, MA, USA
LC3A/B Rabbit Polyclonal Cell signaling Technology 4108S Danvers, MA, USA

p62 Rabbit Polyclonal Cell signaling Technology 5114S Danvers, MA, USA
mTOR Rabbit Polyclonal Cell signaling Technology 2972S Danvers, MA, USA

p-mTOR Rabbit Monoclonal Cell signaling Technology 2971S Danvers, MA, USA
PI3Kp85 Rabbit Monoclonal Cell signaling Technology 4292S Danvers, MA, USA

BNIP3L/NIX Rabbit Monoclonal Cell signaling Technology 12396S Danvers, MA, USA
FUNDC1 Rabbit Monoclonal EMD Millipore ABC506 Burlington, MA, USA
HIF-1α Rabbit Monoclonal Cell signaling Technology 14179S Danvers, MA, USA
PINK-1 Rabbit Monoclonal Cell signaling Technology 6946S Danvers, MA, USA
Cyt-c Rabbit Monoclonal Cell Signaling Technology 4272S Danvers, MA, USA

Caspase-3 Rabbit Monoclonal Cell Signaling Technology 9661S Danvers, MA, USA
Bax Rabbit Polyclonal Cell signaling Technology 2772S Danvers, MA, USA

Bcl-2 Mouse Monoclonal Santa Cruz Biotech Sc-7382 Santa Cruz, CA, USA
Akt Rabbit Monoclonal Cell signaling Technology 9272S Danvers, MA, USA

pAkt (Ser473) Rabbit Monoclonal Cell signaling Technology 4060S Danvers, MA, USA
HSP70 Rabbit Polyclonal Cell signaling Technology 4872S Danvers, MA, USA
HSP90 Rabbit Polyclonal Cell signaling Technology 4877S Danvers, MA, USA
HSC70 Rabbit Polyclonal Cell signaling Technology 8444S Danvers, MA, USA
LAMP2 Mouse Polyclonal Santa Cruz Biotech sc-20004 Santa Cruz, CA, USA
GAPDH Rabbit Monoclonal Cell signaling Technology 2118S Danvers, MA, USA
β-tubulin Rabbit Monoclonal Cell signaling Technology 2146S Danvers, MA, USA

4.3. Curcumin and or SLCP Treatment

Cur was solubilized in pure methanol (100%), as described previously (28), and then diluted in
the Hank’s balanced salt solution (HBSS) to obtain its desired concentration before being added to the
culture flask containing the cells. The final methanol concentration was ≤0.1% and the same amount
of methanol was added to the vehicle-treated cell. The final Cur or SLCP concentration was 25 µM.
This dose was selected on the basis of our dose dependent cell viability data (Figure S1) [34].

4.4. Immunocytochemistry and Confocal Imaging of Autophagy Markers.

Immunocytochemistry of Atg5, Atg7, Beclin-1, and LC3A/B were performed as described
previously [24]. Briefly, U-87MG and N2a cells were grown (1 × 105/well) on a Petri-plate containing
glass cover slips in EMEM with pen/strep (100 IU/mL penicillin and 100 µg streptomycin/mL) for
24 h and then treated with Cur and/or SLCP (25 µM) for another 24 h. Then, the cells were fixed
with 4% paraformaldehyde after washing with cold PBS (0.1 mM, pH 7.4) and incubated with rabbit
anti-Atg5, Atg7, Beclin-1, and LC3A/B monoclonal and polyclonal antibodies (1:200, see Table 1)
overnight at 4 ◦C, followed by incubation with the respective secondary antibodies (1:500) tagged with
Alexa-fluorophore 560 (Molecular Probes, OR) for 1 h at room temperature. Nuclei were stained with
Hoechst 33342 (20 mM, ThermoFisher Scientific, Grand Island, NY, USA) for 5 min and visualized
using a table top Fluoview confocal laser scanning microscope (FV1oi, Olympus) using appropriate
filters for excitation and emission.

4.5. Transmission Electron Microscopy (TEM)

U-87MG cells were processed for TEM as described by Schrand and colleagues [61]. Briefly,
U-87MG cells were grown in 60 mm Petri plate (~106 cells/mL) in EMEM with pen/strep (100 IU/mL
penicillin and 100 µg streptomycin/mL) for 24 h. The next day, the cells were treated with Cur and
or SLCP (25 µM) for 24 h. After treatment, the cells were thoroughly rinsed with fresh serum free
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media at room temperature (RT) for 3 times, 5 min each. Then, the cells were treated with 0.25%
trypsin-EDTA solution for 1–2 min and the cell suspension was taken in a 15 mL conical tube and
centrifuged for 5 min at 1000× g at room temperature. Supernatant was removed and 1 mL of fresh
2.5% glutaraldehyde/formaldehyde (dissolved in 0.1 mM PBS, pH 7.4) was added and kept for 2 h at
RT. After fixation, the cells were thoroughly rinse with PBS, three times for 10 min each, and 1 mL of
1% osmium tetroxide (dissolved in PBS) was added and allowed for 1 h at RT. Then, the cell pellet
was rinsed in PBS five times for 10 min each and then washed in double-distilled water (ddH2O)
two times for 10 min each. After centrifugation, the cell pellet was dehydrated through a graded
series of ethanol concentrations (50%, 70%, 90%, and 100%) for 10 min each. The cells were treated
with propylene oxide: ethanol mixture (1:1) for 30–45 min, then this mixture was replaced with 100%
propylene oxide for 10 min, followed by a propylene oxide: resin (1:1) for 45 min before continuing in
100% resin overnight. The sample block was prepared with small plastic cubes at the flat face and cells
reached the bottom of the capsule. For sectioning, stereomicroscope lenses were adjusted to the lowest
magnification and the lighting was set to focus on the sample. A glass knife was inserted into the
knife holder and positioned near the sample block face in the ultramicrotome. The block was trimmed
manually by advancing the glass knife attached to the ultra-microtome while viewing the sample
through the stereomicroscope lenses. An 80-nm thick section was made, and several sections were
collected onto a TEM grid (300-mesh Cu, with support film such as formvar/carbon) and sections
on grids were allowed to dry for a few minutes, then carefully placed in a grid storage box using
fine-tipped tweezers. For staining, a piece of parafilm was placed in a glass petri dish, onto which a
few drops of water or stain were added. Then, the grid was placed face down on a drop of ddH2O for
1–2 min. Then, the grid was transferred face down onto a drop of 1% uranyl acetate and lead acetate
(filtered through a 0.2-µm syringe filter) for 30 min, followed by the grid being dipped into a drop of
double distilled H2O to rinse. Then, the grids were blot dried using Whatman’s filter paper and it
was placed in a grid box for storage until imaging. At least 10 individual cells were imaged from each
group and the number of autophagy vacuoles were counted from each of the cells manually.

4.6. Western Blot

To investigate different autophagy markers, Western blot was performed as described
previously [19,24]. Briefly, after the stipulated period of each experiment, the media was removed and
U-87MG, GL261, and F98 cells were washed with cold PBS, scrapped, collected in Eppendorf tubes,
centrifuged, and pellets were lysed with cold radio-immunoprecipitation assay (RIPA) buffer, along
with protease and phosphatase inhibitors. Total protein was measured from each of the samples by
Pierce protein assay reagent. Equal amounts of protein, per lane, were loaded and electrophoresed
on 10% Tris-glycine gel and transferred to PVDF membrane (Millipore, Bedford, MA). After probing
with respective primary (1:1000; see Table 1) and secondary antibodies, the blots were developed with
ImmobilonTM Western Chemiluminescent HRP-substrate (Millipore, Billeria, MA). The images were
taken by a gel documentation system (Bio-Rad) with an automated exposure time. The relative optical
density (OD) was measured using Image-J software (https://imagej.nih.gov/ij/). To ensure equal
protein loading in each lane, the blots were probed with either β-tubulin or GAPDH.

4.7. Statistical Analysis

The data were expressed as mean ± SEM. Data were analyzed using one-way analysis of variance
(ANOVA), followed by post-hoc Tukey HSD (honestly significant difference) test. Probability ≤0.05
was considered as statistically significant.

5. Conclusions

Overall, we demonstrated that Cur and or SLCP treatment induced autophagy and reduced
mitophagy, probably through inhibition of the PI3K-Akt/mTOR signaling pathway in cultured GBM
cells. In addition, cell death markers were induced, and cell survival markers were down-regulated by
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Cur and or SLCP. Importantly, SLCP showed greater induction of autophagy and greater inhibition of
mitophagy markers, along with greater disruption of the PI3K-Akt/mTOR signaling pathway than
Cur. There were lowest treatment effects on autophagy and mitophagy in rat glial tumor cells and
mouse neuroblastoma cells. Therefore, the data presented demonstrated that induction of autophagy
and reduction of mitophagy by Cur and or SLCP treatment, suggesting that treatments with SLCP to
prevent GBM cell growth and proliferation may have promising clinical utility.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/2/
399/s1. Figure S1: SLCP induced greater changes of membrane, cytoskeleton, and nuclear morphology than Cur
in U-87MG cells.
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Abbreviations

GBM Glioblastoma
SLCP Solid lipid curcumin particles
Cur Curcumin
Atg Autophagy-related protein
Akt Protein kinase B
PI3K Phosphatidyl inositol-3 kinase
mTOR Mechanistic target of rapamycin
HSP Heat shock protein
TMZ Temozolomide
PCD Program cell death
ATP Adenosine triphosphate
SLPs Solid lipid particles
AD Alzheimer’s disease
PI Propidium iodide
EMEM Eagle’s Minimum Essential Medium,
FBS Fetal bovine serum
HBSS Hank’s balanced salt solution
DMEM Dulbecco’s Modified Eagle’s Medium
FITC Fluorescent isothiocyanate
DPBS Dulbecco’s phosphate buffer saline
ROS Reactive oxygen species
BNIP3 Bcl-2/adenovirus E1B 19 kDa-interacting protein
Bax Bcl2-associated X protein
Bcl2 B-cell lymphoma 2
NF-kB Nuclear factor kappa beta
ATCC American type cell culture
SEM Standard error of mean
PBS Phosphate buffer saline
EDTA Ethylene-di-amino-tetra-acetic-acid
RPM Revolution per minute
mM Millimolar
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RIPA Radio immunoprecipitation assay
SDS Sodium dodecyl sulfate
BCA Bicinchoninic acid assay
PVDF Polyvinylidene fluoride
ANOVA One-way analysis of variance
HSD Honestly significant difference
µM Micromolar
AU Arbitrary unit
OD Optical density
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TBS Tris buffer saline
CMA Chaperone-mediated autophagy
HSC70 Heat shock cognate 70
LAMP-2A Lysosome-associated membrane protein type 2A
G2/M Gap2/mitosis
VEGF Vascular endothelial growth factor

References

1. Davis, M.E. Glioblastoma: Overview of Disease and Treatment. Clin. J. Oncol. Nurs. 2016, 20 (Suppl. 5),
S2–S8. [CrossRef] [PubMed]

2. Sordillo, L.A.; Sordillo, P.P.; Helson, L. Curcumin for the Treatment of Glioblastoma. Anticancer Res. 2015, 35,
6373–6378. [PubMed]

3. Shanmugam, M.K.; Rane, G.; Kanchi, M.M.; Arfuso, F.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.;
Tan, B.K.; Kumar, A.P.; Sethi, G. The multifaceted role of curcumin in cancer prevention and treatment.
Molecules 2015, 20, 2728–2769. [CrossRef] [PubMed]

4. Abbruzzese, C.; Matteoni, S.; Signore, M.; Cardone, L.; Nath, K.; Glickson, J.D.; Paggi, M.G. Drug repurposing
for the treatment of glioblastoma multiforme. J. Exp. Clin. Cancer Res. 2017, 36, 169. [CrossRef] [PubMed]

5. Shimizu, S.; Yoshida, T.; Tsujioka, M.; Arakawa, S. Autophagic cell death and cancer. Int. J. Mol. Sci. 2014, 15,
3145–3153. [CrossRef] [PubMed]

6. Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev.
Cell Dev. Biol. 2011, 27, 107–132. [CrossRef] [PubMed]

7. Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728–741. [CrossRef]
8. Yang, Z.; Klionsky, D.J. An overview of the molecular mechanism of autophagy. Curr. Top. Microbiol. Immunol.

2009, 335, 1–32.
9. Cuervo, A.M.; Bergamini, E.; Brunk, U.T.; Droge, W.; Ffrench, M.; Terman, A. Autophagy and aging:

The importance of maintaining “clean” cells. Autophagy 2005, 1, 131–140. [CrossRef]
10. Boya, P.; Gonzalez-Polo, R.A.; Casares, N.; Perfettini, J.L.; Dessen, P.; Larochette, N.; Metivier, D.; Meley, D.;

Souquere, S.; Yoshimori, T.; et al. Inhibition of macroautophagy triggers apoptosis. Mol. Cell. Biol. 2005, 25,
1025–1040. [CrossRef]

11. Song, X.; Lee, D.H.; Dilly, A.K.; Lee, Y.S.; Choudry, H.A.; Kwon, Y.T.; Bartlett, D.L.; Lee, Y.J. Crosstalk Between
Apoptosis and Autophagy Is Regulated by the Arginylated BiP/Beclin-1/p62 Complex. Mol. Cancer Res.
2018, 16, 1077–1091. [CrossRef] [PubMed]

12. Amaravadi, R.K.; Lippincott-Schwartz, J.; Yin, X.M.; Weiss, W.A.; Takebe, N.; Timmer, W.; DiPaola, R.S.;
Lotze, M.T.; White, E. Principles and current strategies for targeting autophagy for cancer treatment.
Clin. Cancer Res. 2011, 17, 654–666. [CrossRef] [PubMed]

13. Prasad, S.; Aggarwal, B.B. Turmeric, the Golden Spice: From Traditional Medicine to Modern Medicine.
In Herbal Medicine: Biomolecular and Clinical Aspects, 2nd ed.; Benzie, I.F.F., Wachtel-Galor, S., Eds.; CRC Press:
Boca Raton, FL, USA, 2011.

14. Zhao, J.; Zhu, J.; Lv, X.; Xing, J.; Liu, S.; Chen, C.; Xu, Y. Curcumin potentiates the potent antitumor activity
of ACNU against glioblastoma by suppressing the PI3K/AKT and NF-kappaB/COX-2 signaling pathways.
OncoTargets Ther. 2017, 10, 5471–5482. [CrossRef] [PubMed]

http://dx.doi.org/10.1188/16.CJON.S1.2-8
http://www.ncbi.nlm.nih.gov/pubmed/27668386
http://www.ncbi.nlm.nih.gov/pubmed/26637846
http://dx.doi.org/10.3390/molecules20022728
http://www.ncbi.nlm.nih.gov/pubmed/25665066
http://dx.doi.org/10.1186/s13046-017-0642-x
http://www.ncbi.nlm.nih.gov/pubmed/29179732
http://dx.doi.org/10.3390/ijms15023145
http://www.ncbi.nlm.nih.gov/pubmed/24566140
http://dx.doi.org/10.1146/annurev-cellbio-092910-154005
http://www.ncbi.nlm.nih.gov/pubmed/21801009
http://dx.doi.org/10.1016/j.cell.2011.10.026
http://dx.doi.org/10.4161/auto.1.3.2017
http://dx.doi.org/10.1128/MCB.25.3.1025-1040.2005
http://dx.doi.org/10.1158/1541-7786.MCR-17-0685
http://www.ncbi.nlm.nih.gov/pubmed/29669822
http://dx.doi.org/10.1158/1078-0432.CCR-10-2634
http://www.ncbi.nlm.nih.gov/pubmed/21325294
http://dx.doi.org/10.2147/OTT.S149708
http://www.ncbi.nlm.nih.gov/pubmed/29180881


Int. J. Mol. Sci. 2019, 20, 399 18 of 20

15. Maiti, P.; Paladugu, L.; Dunbar, G.L. Solid lipid curcumin particles provide greater anti-amyloid,
anti-inflammatory and neuroprotective effects than curcumin in the 5xFAD mouse model of Alzheimer’s
disease. BMC Neurosci. 2018, 19, 7. [CrossRef] [PubMed]

16. Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and
promises. Mol. Pharm. 2007, 4, 807–818. [CrossRef] [PubMed]

17. Kumar, A.; Ahuja, A.; Ali, J.; Baboota, S. Conundrum and therapeutic potential of curcumin in drug delivery.
Crit. Rev. Ther. Drug Carrier Syst. 2010, 27, 279–312. [CrossRef] [PubMed]

18. Maiti, P.; Hall, T.C.; Paladugu, L.; Kolli, N.; Learman, C.; Rossignol, J.; Dunbar, G.L. A comparative study
of dietary curcumin, nanocurcumin, and other classical amyloid-binding dyes for labeling and imaging
of amyloid plaques in brain tissue of 5x-familial Alzheimer’s disease mice. Histochem. Cell Biol. 2016, 146,
609–625. [CrossRef] [PubMed]

19. Maiti, P.; Al-Gharaibeh, A.; Kolli, N.; Dunbar, G.L. Solid Lipid Curcumin Particles Induce More DNA
Fragmentation and Cell Death in Cultured Human Glioblastoma Cells than Does Natural Curcumin.
Oxid. Med. Cell. Longev. 2017, 2017, 9656719. [CrossRef] [PubMed]

20. Ma, Q.L.; Zuo, X.; Yang, F.; Ubeda, O.J.; Gant, D.J.; Alaverdyan, M.; Teng, E.; Hu, S.; Chen, P.P.; Maiti, P.; et al.
Curcumin suppresses soluble tau dimers and corrects molecular chaperone, synaptic, and behavioral deficits
in aged human tau transgenic mice. J. Biol. Chem. 2013, 288, 4056–4065. [CrossRef]

21. Frautschy, S.A.; Cole, G.M. Why pleiotropic interventions are needed for Alzheimer’s disease. Mol. Neurobiol.
2010, 41, 392–409. [CrossRef]

22. Begum, A.N.; Jones, M.R.; Lim, G.P.; Morihara, T.; Kim, P.; Heath, D.D.; Rock, C.L.; Pruitt, M.A.; Yang, F.;
Hudspeth, B.; et al. Curcumin structure-function, bioavailability, and efficacy in models of neuroinflammation
and Alzheimer’s disease. J. Pharmacol. Exp. Ther. 2008, 326, 196–208. [CrossRef] [PubMed]

23. Hu, S.; Maiti, P.; Ma, Q.; Zuo, X.; Jones, M.R.; Cole, G.M.; Frautschy, S.A. Clinical development of curcumin
in neurodegenerative disease. Expert Rev. Neurother. 2015, 15, 629–637. [CrossRef] [PubMed]

24. Maiti, P.; Dunbar, G.L. Comparative Neuroprotective Effects of Dietary Curcumin and Solid Lipid Curcumin
Particles in Cultured Mouse Neuroblastoma Cells after Exposure to Abeta42. Int. J. Alzheimers Dis. 2017,
2017, 4164872. [PubMed]

25. Maiti, P.; Manna, J.; Veleri, S.; Frautschy, S. Molecular chaperone dysfunction in neurodegenerative diseases
and effects of curcumin. Biomed. Res. Int. 2014, 2014, 495091. [CrossRef] [PubMed]

26. Koronyo, Y.; Biggs, D.; Barron, E.; Boyer, D.S.; Pearlman, J.A.; Au, W.J.; Kile, S.J.; Blanco, A.; Fuchs, D.T.;
Ashfaq, A.; et al. Retinal amyloid pathology and proof-of-concept imaging trial in Alzheimer’s disease.
JCI Insight 2017, 2, 93621. [CrossRef] [PubMed]

27. Koronyo, Y.; Salumbides, B.C.; Black, K.L.; Koronyo-Hamaoui, M. Alzheimer’s disease in the retina: Imaging
retinal abeta plaques for early diagnosis and therapy assessment. Neurodegener. Dis. 2012, 10, 285–293.
[CrossRef] [PubMed]

28. Lata, S.; Molczyk, A. Side effects of temozolomide treatment in patient with glioblastoma multiforme—Case
study. Prz. Lek. 2010, 67, 445–446.

29. Dinnes, J.; Cave, C.; Huang, S.; Milne, R. A rapid and systematic review of the effectiveness of temozolomide
for the treatment of recurrent malignant glioma. Br. J. Cancer 2002, 86, 501–505. [CrossRef]

30. Rodriguez, G.A.; Shah, A.H.; Gersey, Z.C.; Shah, S.S.; Bregy, A.; Komotar, R.J.; Graham, R.M. Investigating
the therapeutic role and molecular biology of curcumin as a treatment for glioblastoma. Ther. Adv. Med.
Oncol. 2016, 8, 248–260. [CrossRef]

31. Fulda, S. Cell death-based treatment of glioblastoma. Cell Death Dis. 2018, 9, 121. [CrossRef]
32. Jawhari, S.; Ratinaud, M.H.; Verdier, M. Glioblastoma, hypoxia and autophagy: A survival-prone

‘menage-a-trois’. Cell Death Dis. 2016, 7, e2434. [CrossRef] [PubMed]
33. Nikoletopoulou, V.; Markaki, M.; Palikaras, K.; Tavernarakis, N. Crosstalk between apoptosis, necrosis and

autophagy. Biochim. Biophys. Acta 2013, 1833, 3448–3459. [CrossRef] [PubMed]
34. Arakawa, S.; Honda, S.; Yamaguchi, H.; Shimizu, S. Molecular mechanisms and physiological roles of

Atg5/Atg7-independent alternative autophagy. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2017, 93, 378–385.
[CrossRef] [PubMed]

35. Boutouja, F.; Brinkmeier, R.; Mastalski, T.; El Magraoui, F.; Platta, H.W. Regulation of the Tumor-Suppressor
BECLIN 1 by Distinct Ubiquitination Cascades. Int. J. Mol. Sci. 2017, 18, 2541. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12868-018-0406-3
http://www.ncbi.nlm.nih.gov/pubmed/29471781
http://dx.doi.org/10.1021/mp700113r
http://www.ncbi.nlm.nih.gov/pubmed/17999464
http://dx.doi.org/10.1615/CritRevTherDrugCarrierSyst.v27.i4.10
http://www.ncbi.nlm.nih.gov/pubmed/20932240
http://dx.doi.org/10.1007/s00418-016-1464-1
http://www.ncbi.nlm.nih.gov/pubmed/27406082
http://dx.doi.org/10.1155/2017/9656719
http://www.ncbi.nlm.nih.gov/pubmed/29359011
http://dx.doi.org/10.1074/jbc.M112.393751
http://dx.doi.org/10.1007/s12035-010-8137-1
http://dx.doi.org/10.1124/jpet.108.137455
http://www.ncbi.nlm.nih.gov/pubmed/18417733
http://dx.doi.org/10.1586/14737175.2015.1044981
http://www.ncbi.nlm.nih.gov/pubmed/26035622
http://www.ncbi.nlm.nih.gov/pubmed/28567323
http://dx.doi.org/10.1155/2014/495091
http://www.ncbi.nlm.nih.gov/pubmed/25386560
http://dx.doi.org/10.1172/jci.insight.93621
http://www.ncbi.nlm.nih.gov/pubmed/28814675
http://dx.doi.org/10.1159/000335154
http://www.ncbi.nlm.nih.gov/pubmed/22343730
http://dx.doi.org/10.1038/sj.bjc.6600135
http://dx.doi.org/10.1177/1758834016643518
http://dx.doi.org/10.1038/s41419-017-0021-8
http://dx.doi.org/10.1038/cddis.2016.318
http://www.ncbi.nlm.nih.gov/pubmed/27787518
http://dx.doi.org/10.1016/j.bbamcr.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23770045
http://dx.doi.org/10.2183/pjab.93.023
http://www.ncbi.nlm.nih.gov/pubmed/28603209
http://dx.doi.org/10.3390/ijms18122541
http://www.ncbi.nlm.nih.gov/pubmed/29186924


Int. J. Mol. Sci. 2019, 20, 399 19 of 20

36. Liang, X.H.; Jackson, S.; Seaman, M.; Brown, K.; Kempkes, B.; Hibshoosh, H.; Levine, B. Induction of
autophagy and inhibition of tumorigenesis by beclin 1. Nature 1999, 402, 672–676. [CrossRef] [PubMed]

37. Koukourakis, M.I.; Kalamida, D.; Giatromanolaki, A.; Zois, C.E.; Sivridis, E.; Pouliliou, S.; Mitrakas, A.;
Gatter, K.C.; Harris, A.L. Autophagosome Proteins LC3A, LC3B and LC3C Have Distinct Subcellular
Distribution Kinetics and Expression in Cancer Cell Lines. PLoS ONE 2015, 10, e0137675. [CrossRef]
[PubMed]

38. Guo, S.; Long, M.; Li, X.; Zhu, S.; Zhang, M.; Yang, Z. Curcumin activates autophagy and attenuates oxidative
damage in EA. hy926 cells via the Akt/mTOR pathway. Mol. Med. Rep. 2016, 13, 2187–2193. [CrossRef]

39. Zanotto-Filho, A.; Braganhol, E.; Klafke, K.; Figueiró, F.; Terra, SR.; Paludo, F.J.; Morrone, M.;
Bristot, I.J.; Battastini, A.M.; Forcelini, C.M.; et al. Autophagy inhibition improves the efficacy of
curcumin/temozolomide combination therapy in glioblastomas. Cancer Lett. 2015, 358, 220–231. [CrossRef]
[PubMed]

40. Duzgun, Z.; Eroglu, Z.; Biray Avci, C. Role of mTOR in glioblastoma. Gene 2016, 575 Pt 1, 187–190. [CrossRef]
41. Li, X.Y.; Zhang, L.Q.; Zhang, X.G.; Li, X.; Ren, Y.B.; Ma, X.Y.; Li, X.G.; Wang, L.X. Association between

AKT/mTOR signalling pathway and malignancy grade of human gliomas. J. Neurooncol. 2011, 103, 453–458.
[CrossRef]

42. Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18.
[CrossRef] [PubMed]

43. Kim, Y.C.; Guan, K.L. mTOR: A pharmacologic target for autophagy regulation. J. Clin. Investig. 2015, 125,
25–32. [CrossRef] [PubMed]

44. Dobbin, Z.C.; Landen, C.N. The importance of the PI3K/AKT/MTOR pathway in the progression of ovarian
cancer. Int. J. Mol. Sci. 2013, 14, 8213–8227. [CrossRef] [PubMed]

45. Yu, S.; Shen, G.; Khor, T.O.; Kim, J.H.; Kong, A.N. Curcumin inhibits Akt/mammalian target of rapamycin
signaling through protein phosphatase-dependent mechanism. Mol. Cancer Ther. 2008, 7, 2609–2620.
[CrossRef] [PubMed]

46. Kapuy, O.; Vinod, P.K.; Banhegyi, G. mTOR inhibition increases cell viability via autophagy induction
during endoplasmic reticulum stress—An experimental and modeling study. FEBS Open Bio 2014, 4, 704–713.
[CrossRef] [PubMed]

47. Zhuang, W.; Long, L.; Zheng, B.; Ji, W.; Yang, N.; Zhang, Q.; Liang, Z. Curcumin promotes differentiation of
glioma-initiating cells by inducing autophagy. Cancer Sci. 2012, 103, 684–690. [CrossRef] [PubMed]

48. Aoki, H.; Takada, Y.; Kondo, S.; Sawaya, R.; Aggarwal, B.B.; Kondo, Y. Evidence that curcumin suppresses
the growth of malignant gliomas in vitro and in vivo through induction of autophagy: Role of Akt and
extracellular signal-regulated kinase signaling pathways. Mol. Pharmacol. 2007, 72, 29–39. [CrossRef]

49. Chourasia, A.H.; Boland, M.L.; Macleod, K.F. Mitophagy and cancer. Cancer Metab. 2015, 3, 4. [CrossRef]
50. Chourasia, A.H.; Tracy, K.; Frankenberger, C.; Boland, M.L.; Sharifi, M.N.; Drake, L.E.; Sachleben, J.R.;

Asara, J.M.; Locasale, J.W.; Karczmar, G.S.; et al. Mitophagy defects arising from BNip3 loss promote
mammary tumor progression to metastasis. EMBO Rep. 2015, 16, 1145–1163. [CrossRef]

51. Zhang, J.; Ney, P.A. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ. 2009,
16, 939–946. [CrossRef]

52. Mendez, O.; Zavadil, J.; Esencay, M.; Lukyanov, Y.; Santovasi, D.; Wang, S.C.; Newcomb, E.W.; Zagzag, D.
Knock down of HIF-1alpha in glioma cells reduces migration in vitro and invasion in vivo and impairs their
ability to form tumor spheres. Mol. Cancer 2010, 9, 133. [CrossRef] [PubMed]

53. Chen, M.; Chen, Z.; Wang, Y.; Tan, Z.; Zhu, C.; Li, Y.; Han, Z.; Chen, L.; Gao, R.; Liu, L.; et al. Mitophagy
receptor FUNDC1 regulates mitochondrial dynamics and mitophagy. Autophagy 2016, 12, 689–702. [CrossRef]
[PubMed]

54. Fan, Y.; Liu, Y.; Zhang, L.; Cai, F.; Zhu, L.; Xu, J. C0818, a novel curcumin derivative, interacts with Hsp90
and inhibits Hsp90 ATPase activity. Acta Pharm. Sin. B 2017, 7, 91–96. [CrossRef] [PubMed]

55. Klionsky, D.J.; Emr, S.D. Autophagy as a regulated pathway of cellular degradation. Science 2000, 290,
1717–1721. [CrossRef] [PubMed]

56. Reggiori, F.; Klionsky, D.J. Autophagy in the eukaryotic cell. Eukaryot. Cell 2002, 1, 11–21. [CrossRef]
[PubMed]

57. Denton, D.; Nicolson, S.; Kumar, S. Cell death by autophagy: Facts and apparent artefacts. Cell Death Differ.
2012, 19, 87–95. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/45257
http://www.ncbi.nlm.nih.gov/pubmed/10604474
http://dx.doi.org/10.1371/journal.pone.0137675
http://www.ncbi.nlm.nih.gov/pubmed/26378792
http://dx.doi.org/10.3892/mmr.2016.4796
http://dx.doi.org/10.1016/j.canlet.2014.12.044
http://www.ncbi.nlm.nih.gov/pubmed/25542083
http://dx.doi.org/10.1016/j.gene.2015.08.060
http://dx.doi.org/10.1007/s11060-010-0424-1
http://dx.doi.org/10.3390/cancers10010018
http://www.ncbi.nlm.nih.gov/pubmed/29329237
http://dx.doi.org/10.1172/JCI73939
http://www.ncbi.nlm.nih.gov/pubmed/25654547
http://dx.doi.org/10.3390/ijms14048213
http://www.ncbi.nlm.nih.gov/pubmed/23591839
http://dx.doi.org/10.1158/1535-7163.MCT-07-2400
http://www.ncbi.nlm.nih.gov/pubmed/18790744
http://dx.doi.org/10.1016/j.fob.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25161878
http://dx.doi.org/10.1111/j.1349-7006.2011.02198.x
http://www.ncbi.nlm.nih.gov/pubmed/22192169
http://dx.doi.org/10.1124/mol.106.033167
http://dx.doi.org/10.1186/s40170-015-0130-8
http://dx.doi.org/10.15252/embr.201540759
http://dx.doi.org/10.1038/cdd.2009.16
http://dx.doi.org/10.1186/1476-4598-9-133
http://www.ncbi.nlm.nih.gov/pubmed/20515450
http://dx.doi.org/10.1080/15548627.2016.1151580
http://www.ncbi.nlm.nih.gov/pubmed/27050458
http://dx.doi.org/10.1016/j.apsb.2016.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28119813
http://dx.doi.org/10.1126/science.290.5497.1717
http://www.ncbi.nlm.nih.gov/pubmed/11099404
http://dx.doi.org/10.1128/EC.01.1.11-21.2002
http://www.ncbi.nlm.nih.gov/pubmed/12455967
http://dx.doi.org/10.1038/cdd.2011.146
http://www.ncbi.nlm.nih.gov/pubmed/22052193


Int. J. Mol. Sci. 2019, 20, 399 20 of 20

58. Yonekawa, T.; Thorburn, A. Autophagy and cell death. Essays Biochem. 2013, 55, 105–117. [CrossRef]
[PubMed]

59. El-Khattouti, A.; Selimovic, D.; Haikel, Y.; Hassan, M. Crosstalk between apoptosis and autophagy: Molecular
mechanisms and therapeutic strategies in cancer. J. Cell Death 2013, 6, 37–55. [CrossRef]

60. Yang, Z.J.; Chee, C.E.; Huang, S.; Sinicrope, F.A. The role of autophagy in cancer: Therapeutic implications.
Mol. Cancer Ther. 2011, 10, 1533–1541. [CrossRef]

61. Schrand, A.M.; Schlager, J.J.; Dai, L.; Hussain, S.M. Preparation of cells for assessing ultrastructural
localization of nanoparticles with transmission electron microscopy. Nat. Protoc. 2010, 5, 744–757. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1042/bse0550105
http://www.ncbi.nlm.nih.gov/pubmed/24070475
http://dx.doi.org/10.4137/JCD.S11034
http://dx.doi.org/10.1158/1535-7163.MCT-11-0047
http://dx.doi.org/10.1038/nprot.2010.2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	SLCP Induced Autophagy Greater than Natural Cur in Different GBM Cells 
	Cur and or SLCP Treatment Has Little Influence on Autophagy Pathways in Rat Glial Tumor Cells (C6-Glioma) and Mouse Neuroblatsoma (N2a) Cells 
	SLCP Inhibits Mitophagy Markers More than Cur in GBM Cells. 
	SLCP Inhibits PI3K-Akt/mTOR Pathway Activity in GBM Cells More than Cur does in GBM 
	Cur and or SLCP Treatment Inhibited Chaperone-Mediated Autophagy (CMA) Markers in GBM Cells. 
	Cell Survival and Cell Death Markers Were also Modulated by SLCP More than Cur in GBM Cells. 
	SLCP Treatment Produced Greater Increases in the Number of Autophagy Vacuoles in U-87MG Cells than Did Cur Treatments 

	Discussion 
	Materials and Methods 
	Chemicals 
	Cell Culture 
	Curcumin and or SLCP Treatment 
	Immunocytochemistry and Confocal Imaging of Autophagy Markers. 
	Transmission Electron Microscopy (TEM) 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

