
Heliyon 7 (2021) e06352
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Nutrient starvation induces apoptosis and autophagy in C6 glioma
stem-like cells

Wanna Sa-nongdej a, Sukumal Chongthammakun b,c, Chanchai Songthaveesin c,*

a Ramathibodi School of Nursing, Faculty of Medicine Ramathibodi Hospital, Mahidol University, Bangkok, 10400, Thailand
b Department of Anatomy, Faculty of Science, Mahidol University, Bangkok, 10400, Thailand
c Center for Neuroscience, Faculty of Science, Mahidol University, Bangkok, 10400, Thailand
A R T I C L E I N F O

Keywords:
C6 glioma stem cells
Nutrient starvation
Apoptosis
Autophagy
* Corresponding author.
E-mail address: chanchai.son@mahidol.ac.th (C.

https://doi.org/10.1016/j.heliyon.2021.e06352
Received 1 August 2020; Received in revised form
2405-8440/© 2021 The Authors. Published by Else
nc-nd/4.0/).
A B S T R A C T

Glioblastoma is a severe cancer with extremely poor survival. Its treatment typically involves a combination of
surgery, chemotherapy, and radiation therapy. However, glioma stem-like cells (GSCs)-a subpopulation of tumor-
propagating glioblastoma cells—cause post-treatment recurrence and are a major factor in the poor prognosis of
the disease. GSCs have higher proliferation than non-GSCs and are more resistant to invasive chemotherapy and
radiotherapy. In this study, we subjected GSCs to nutrient starvation (deprived of glucose, glutamine, and cal-
cium) to determine whether cell death can be triggered as a potential strategy to improve treatment outcomes.
Flow cytometry revealed that 35.1%, 96.1%, and 99.9% of starved GSCs underwent apoptosis on days 1, 3, and 5,
respectively, along with nearly 100% autophagy on all three days. Western blots detected cleaved caspase-3 (an
apoptosis marker) and phospho-beclin 1, LC 3B-I, LC 3B-II (autophagy markers) in C6 GSCs after nutrient star-
vation for 1, 3, 4, and 5 days. Transmission electron microscopic observation of GSC ultrastructure after starvation
treatment revealed that compared with control GSCs, starved cells had more pyknotic nuclei, membrane bleb,
swollen endoplasmic reticulum, degenerative mitochondria, lipid droplets, and microvilli loss. Thus, nutrient
starvation stresses cells by increasing free radicals. Cell stress opens more channels between mitochondria and
endoplasmic reticulum. This study demonstrated that nutrient starvation decreases proliferation by approximately
81%, while increasing apoptosis (99.9%) and autophagy (94.6%) in C6 GSCs by the fifth day. Nutrient starvation
of GSCs may, therefore, be an effective therapeutic strategy that can trigger apoptotic and autophagic metabolic
reprogramming in cancer cells.
1. Introduction

Glioblastoma is a type of cancer originating from glial-type cells (e.g.,
astrocytes, oligodendrocyte progenitor cells, and glioblastoma stem-like
cells), found in about 15% of brain tumors. Overall incidence rate of
all brain tumors is 10.82 (95% CI: 8.63–13.56) per 100,000 person-years
[1]. Glioblastoma is a severe disease, with 97% of patients surviving for
only approximately 12–15 months after diagnosis [2].

Glioblastoma treatment typically involves surgery after chemo-
therapy and radiation therapy. However, chemoresistant glioma stem-
like cells (GSCs), a subpopulation of tumor-propagating glioblastoma,
frequently cause post-treatment tumor recurrence [3, 4]. These cells have
the potential for unlimited growth, self-renewal, and multilineage dif-
ferentiation to neurons, astrocytes, and oligodendrocytes [3, 4].
Songthaveesin).

24 September 2020; Accepted 19
vier Ltd. This is an open access ar
Radio-chemotherapy inhibits cell division and DNA replication.
However, while this treatment does decrease GSC division and the cells
do enter senescence, these cells possess the ability for subsequent
restoration of viability, making them resistant to treatment. Stress may
decrease GSCs and limit cancer stem cell renewal [3, 4]. For example,
glucose deprivation for over 48 h activated autophagy in human trans-
formed fibroblasts, but other starvation conditions did not induce the
same effect [5]. Cancer cells convert glucose into lactate mostly through
glycolysis [6], while glutamine is an essential source of anaplerotic in-
termediates for the tricarboxylic acid cycle. Therefore, cancer cells still
use ATP production. In particular, GSCs proliferate more than non-GSCs
and thus have relatively higher glucose metabolic rates, suggesting that
they use different mitochondrial biosynthesis and metabolic pathways
from those of non-GSCs or differentiated glioma cells. Cancer cells
require 100 times more glutamine than they do other amino acids [7]. A
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Figure 1. C6 gliospheres were induced using 20 ng/mL EGF, 20 ng/mL bFGF, and B27. Cells were confirmed as glioma stem-like cells (GSCs) using (a) CD 133
(green), (b) CD 44 (green), and (c) nestin (green). C6 GSCs can differentiate into (d) astrocytes (GFAP, green), (e) oligodendrocytes (MOG, green), and (f) neurons
(synaptophysin, green). Flow cytometry of CD 133 staining showed that 90.6% of gliospheres in C6 GSCs were CD 133-positive (h and g as a control), while 3.3% C6
(non-GSC) glioma cells were CD 133-positive (j and i as a control). GFAP (green) in C6 rat glioma cells (non-GSCs) (k) compared with differentiated C6 rat GSCs under
the serum-medium condition (l) on day 7. a-b, d-f, k-l scale bar ¼ 20 μm and c, scale bar ¼ 50 μm.
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lack of cellular calcium has been implicated in the induction of apoptosis
and autophagy [8, 9].

Programmed cell death (apoptosis, necrosis, and autophagy) involves
the expression and regulation of multiple genes [10]. Apoptosis is char-
acterized by changes in the morphological and biochemical hallmarks of
GSCs, such as cell shrinkage, pyknotic nuclei, nuclear fragmentation, and
membrane blebbing [11]. During apoptosis, caspases cleave cells and
pack the remnants into apoptotic bodies as a mechanism to avoid im-
mune stimulation. The mechanism underlying the radioresistance of
GSCs is likely the upregulation of anti-apoptotic proteins and DNA repair
enzymes. Successful necrotic activation may have major biological con-
sequences in GSCs and could limit their tumorigenic potential, including
the induction of an inflammatory response [12, 13, 14].
Figure 2. Representative micrographs (a–d) of C6 glioma stem-like cells (GSCs) after
compared with control GSCs cultured in nutrient-rich medium (a). scale bar ¼ 200

2

Autophagy is an adaptation to nutrient starvation, wherein cells self-
digest. Autophagy is induced by the activity of PI3K phosphatidylinositol
3-kinase/AMPK (adenosine monophosphate-activated protein kinase)
and other nutrient-sensing pathways [15, 16].

In this study, we subjected GSCs to nutrient (glucose, glutamine,
calcium) starvation, with the aim of characterizing their cell-death-
related response. We examined flow cytometry indicators of apoptosis
and autophagy. We also detected various marker proteins for the two
processes, specifically, cleaved caspase-3 (apoptosis) and phospho-beclin
1, LC 3B-I, and LC 3B-II (autophagy). Finally, we examined the
morphology of starved GSCs during apoptosis and autophagy.

These findings will improve our understanding of GCSs and their
response to clinical treatments, benefiting the development of therapies
1 (b), 3 (c), and 5 (d) d of nutrient starvation (no glucose, glutamine, or calcium)
μm.



Figure 3. Number and size of C6 glioma stem cells after nutrient starvation on days 1, 3, and 5 compared with control gliospheres cultured in glioma stem
cell medium.
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that are more specific and effective. By employing the mechanisms of
nutrient starvation, we may see dramatic enhancements in treatment
outcomes for glioblastomas.

2. Materials and methods

C6 gliospheres were induced to generate GSCs. Briefly, C6 glioma
cells (Cell Lines Service, Denmark) were plated onto coverslips in a six-
well plate containing Dulbecco's Modified EagleMedium(DMEM):Nu-
trient Mixture F-12 (1:1; Gibco, USA) supplemented with 10% fetal
bovine serum (FBS, United Kingdom). Cells were placed in a humidified
atmosphere of 5% CO2 at 37 �C until confluent. Confluent cells were
dissociated using 0.25% trypsin-EDTA (Gibco) solution and cultured in
glioma stem cell medium, comprising neurobasal medium (NBM) sup-
plemented with B27 (1X; Gibco), heparin (2 μg/mL), 20 ng/mL recom-
binant human basic fibroblast growth factor (bFGF, Sigma, USA), and 20
ng/mL recombinant human epidermal growth factor (hEGF, Sigma).
Gliospheres were plated in a six-well plate, then stored in a 5% CO2
incubator at 37 �C, with the medium changed every 3 d. Upon reaching
>100 μm in diameter, C6 gliospheres were subjected to nutrient star-
vation using a non-glucose, non-glutamine, non-calcium medium (SILAC
[stable isotope labeling with amino acids in cell culture] Advanced
DMEM/F-12 Flex Media, Gibco) in a six-well plate and incubated (5%
3

CO2, 37 �C) for 0, 1, 3, and 5 d. Gliospheres were collected for subsequent
analyses.

2.1. Flow cytometry

Flow cytometry assessed immunoreactivity of GSCs and C6 glioma
cells to GSC marker CD 133. Untreated GSCs (1 � 106 cells) and semi-
confluent C6 glioma cells were washed with 500 μL (0.01 M) of
phosphate-buffered saline (PBS), fixed in -20 �C absolute alcohol for 20
min, and treated with 5% bovine serum albumin for 20 min. Cells were
then treated with 8 μL of CD 133-FITC antibody (E-bioscience, United
Kingdom) and incubated in darkness for 1 h at room temperature. Sec-
ondary antibody Alexa Fluor®-488 was used as a control. The reaction
was terminated with PBS. At least 10,000 cells were assessed on a
FACScalibur flow cytometer (Becton Dickinson).

To detect early and late apoptosis, nutrient-starved C6 GSCs were
stained with FITC-conjugated Annexin V and propidium iodide (PI) from
Sigma. They were then subjected to the same flow cytometry procedures
as described in the previous paragraph, except that 7 mL PI were added
along with 8 μL of Annexin V-FITC for 1 h incubation in darkness at room
temperature. The percentage of intact (Annexin V-/PI-), early apoptotic
(Annexin Vþ/PI-), late apoptotic (Annexin Vþ/PIþ), and necrotic
Figure 4. Flow cytometry of nutrient-starved glioma
stem-like cells (GSCs) stained with Annexin V plus
propidium iodide on days 1 (b), 3 (c), 5 (d), and
control GSC medium (a). (b) Percentage of apoptotic
cells after 1 day of nutrient starvation: Q1 (necrosis
20.1%), Q2 (late apoptosis 11.7%), Q3 (viable cells
64.9%), Q4 (early apoptosis 3.3%). (c) Percentage of
apoptotic cells after 3 days of nutrient starvation: Q1
(necrosis 37.4%), Q2 (late apoptosis 57.9%), Q3
(viable cells 3.9%), Q4 (early apoptosis 0.8%). (d)
Percentage of apoptotic cells after 5 days of nutrient
starvation: Q1 (necrosis 36.2%), Q2 (late apoptosis
52.9%), Q3 (viable cells 0.1%), Q4 (early apoptosis
10.8%). (a) Percentage of apoptotic cells in control
stem cell medium: Q1 þ Q2 þ Q4 (0.1% þ 0.9% þ
0.1% ¼ 1.1% dead cells) and Q3 (viable cells 98.9%).
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Figure 5. Flow cytometry to detect autophagy in GSCs treated with FITC-conjugated LC3B to induce nutrient starvation. (b) Day 1: 99.7%. (c) Day 3: 99.3%. (d) Day
5: 94.6%. (a) Control medium: 3.7%.
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(Annexin V-/PIþ) cells was calculated in FACSDiva version 6.1.1 (BD
Biosciences).

For detecting autophagy, nutrient-starved cells were stained with
FITC-conjugated LC3B (Sigma). Flow cytometry procedures remained the
same as described in the first paragraph. Cells were then analyzed in
FACSDiva.
2.2. Immunofluorescence staining

To detect proliferation, untreated GSCs were plated onto poly-L lysine
(Sigma-Aldrich)-coated glass coverslips and incubated in DMEM/F12
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Figure 6. Flow cytometry of nutrient-starved C6 gliospheres on day 3 revealing 57.9
significantly increased cell death rate compared with that in control conditions.
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with 10% FBS for 12 h. Gliospheres were washed three times with PBS,
fixed in -20 �C absolute alcohol for 20 min, washed three times with PBS,
and blocked with 5% bovine serum albumin (Sigma-Aldrich) for 20 min
at room temperature. They were then immunostained with FITC-
conjugated CD 133, CD 44, and nestin antibodies (E-bioscience) for 1 h
in the dark. After washing with PBS, cells were incubated at 37 �C for 1 h
with Alexa Fluor®-488 anti-mouse IgG antibody (1:100, Sigma) in
darkness, washed three times with PBS, and mounted on microscope
slides using glycerol mounting medium.

To detect differentiation, C6 GSCs were plated onto poly-L lysine
(Sigma-Aldrich)-coated glass coverslips and incubated for 8 h in DMEM/
37.4 36.2
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Figure 7. Comparison of control, apoptosis and autophagy on days 1, 3 and 5
after nutrient starvation by flow cytometry.

Figure 8. Autophagy detection in nutrient-starved gliospheres using anti-LC3B immunofluorescence. (a) Day 1. (b) Day 3. (c) Day 5. scale bar ¼ 20 μm.
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F-12 with 10% FBS. Differentiated C6 GSCs were washed three times in
500 μL of PBS (0.01 M). They were then fixed with -20 �C absolute
alcohol for 20 min, washed three times in 500 μL of PBS (0.01 M), and
blocked using 5% bovine serum albumin for 20min at room temperature.
For 1 h in darkness, cells were stained for glial fibrillary acidic protein
(GFAP, 1:100 mouse monoclonal IgG1; Santa Cruz, USA), myelin oligo-
dendrocyte protein (MOG 1:100, mouse monoclonal IgG1; Santa Cruz),
and neurons (synaptophysin 1:100, mouse monoclonal IgG1; Dako,
USA), then washed with PBS. Next, cells were incubated in darkness at
5

room temperature for 1 h with Alexa Fluor488 anti-mouse IgG antibody
(1:100, Sigma), washed three times with PBS, mounted on microscope
slides using glycerol mounting media, and examined under a fluores-
cence microscope (Olympus, IX71/IX51, Japan).

Next, the semiconfluent coverslip-cultured C6 cells were washed
three times with PBS, fixed with -20 �C absolute alcohol for 20 min, and
blocked using 5% bovine serum albumin for 20 min at room temperature.
After washing again with PBS, they were stained for GFAP (1:100, mouse
monoclonal IgG1; Santa Cruz, USA) for 1 h in the dark, before being
washed with PBS. Next, cells were incubated at room temperature in the
dark for 1 h with Alexa Fluor488 anti-mouse IgG antibody (1:100,
Sigma). Finally, the cells were washed three times with PBS, mounted on
microscope slides using glycerol mounting media, and examined under a
fluorescence microscope (Olympus, IX71/IX51).
For detecting autophagy, C6 GSCs were nutrient-starved for 0, 1, 3,

and 5 days, washed three times with PBS, fixed with -20 �C absolute
alcohol for 20 min, washed three times again with PBS, and blocked
using 5% bovine serum albumin for 20 min at room temperature. After
washing another three times with PBS, cells were incubated with rabbit
anti-mouse LC3B (1:100 Sigma, primary antibody: autophagy) for 1 h in
the dark. They were then rinsed with PBS to remove the antibody and
then incubated again (1 h darkness at room temperature) with Alexa
Figure 9. C6 glioma stem-like cell (GSC) morphology
under the transmission electron microscope (TEM).
(a) Control cell showing typical chromatin pattern in
the nucleus (n), mitochondria (thick white arrow),
endoplasmic reticulum (thin white arrow), and
microvilli (white arrowheads). (b) Day 1 of nutrient
starvation: damaged mitochondria (black arrow-
heads), membrane bleb (thin black arrow), interme-
diate junction or desmosome (thick black arrow),
swollen endoplasmic reticulum (ER) profile (aster-
isks), and mitochondria-associated membrane (MAM,
rectangle). (c) Day 3 of nutrient starvation: damaged
mitochondria (black arrowheads), intermediate junc-
tion or desmosome (thick black arrow), swollen ER
profile (asterisks), and MAM (rectangle). (d) Day 5 of
nutrient starvation: damaged mitochondria (black ar-
rowheads), swollen ER profile (asterisks), and MAM
(rectangle). Right side, cellular process in GSC
compared with control (a).



Figure 10. Glioma stem-like cells exhibiting multiple mitochondria-associated
membranes (MAMs, rectangle). Several close associations between two or
three swollen, rugous endoplasmic reticulum profiles (asterisks) with a damaged
mitochondrion (arrow) can been seen at day 3 of nutrient starvation.

W. Sa-nongdej et al. Heliyon 7 (2021) e06352
Fluor488 anti-mouse IgG antibody (1:100, Sigma). Subsequent to three
more washes with PBS, cells were mounted on microscope slides using
glycerol mounting medium and examined under a fluorescence micro-
scope (Olympus, IX71/IX5).
2.3. Transmission electron microscopy (TEM)

Cells were fixed in 2.5% glutaraldehyde at pH 7.2 (at room temper-
ature) for 24 h, postfixed using in a 0.1 M cacodylate buffer with 1%
OsO4 for 1 h, and stained with 0.2% uranyl acetate for 30 min. Cells were
then dehydrated in a series of graded ethanol steps and finally embedded
in Araldite. Ultrathin sections were double-stained with lead citrate and
uranyl acetate, then viewed under a JEOL 1200 EX electron microscope.
2.4. Western blot

Cleaved caspase-3 and phospho-beclin 1, LC 3B-I, LC 3B-II proteins
was analyzed. First, GSCs were plated into six-well plates. After nutrient
starvation for 0, 1, 3, 4, and 5 days, cells were washed three times with
PBS and collected via adding RIPA lysis buffer containing a protease
inhibitor cocktail, then scraped off the wells. Lysates were centrifuged at
14,000 rpm at 4 �C for 15 min. The supernatant was collected, and
Figure 11. Glioma stem-like cells with a “mitochondria-associated membrane (MAM
swollen endoplasmic reticulum (ER; white rectangle) (a). (b) Enlargement of white r
profiles (asterisk), and electron-dense vacuoles, damaged mitochondria, or mitophag
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protein concentration was measured using Bradford reagent at 595 nm.
An equal amount of protein per sample was separated with 12% SDS-
PAGE and transferred onto a nitrocellulose membrane (Bio-Rad Labora-
tories, CA, USA). Non-specific binding was blocked using 5% bovine
serum albumin in TBS-T for 1 h at room temperature. Membranes were
then incubated in 1:1000 dilutions at 4 �C overnight for mouse mono-
clonal primary antibody against cleaved caspase-3, phospho-beclin 1, LC
3B-I, and LC 3B-II (Santa Cruz Biotechnology). Another incubation fol-
lowedwith anti-mouse IgG secondary antibody (Zymed Laboratories, CA,
USA). Membranes were developed using an ECL kit (Pierce
Biotechnology).

2.5. Statistical analysis

Data were expressed as means � standard deviations (SD), calculated
from three independent replications. Differences between treated cells
and controls were determined using the independent t-test. Significance
was set at p < 0.05.

3. Results

3.1. Characteristics of C6 GSCs in gliospheres

Most C6 GSCs exhibited high CD 133 expression. The whole glio-
sphere was stained for CD 133, CD 44, and nestin (Figure 1a-c). Immu-
nofluorescence staining revealed differentiated C6 GSCs, including
astrocytes (Figure 1d), oligodendrocytes (Figure 1e), and neurons
(Figure 1f). Flow cytometry showed that a CD 133-positive population
was detected in 90.6% of C6 GSC gliospheres (Figure 1h and 1g [con-
trol]) and 3.3% C6 glioma cells (non-GSCs, Figures 1j and 1i [control]).
We also compared GFAP in C6 glioma cells (Figure 1k) and differentiated
rat C6 GSCs (Figure 1l) after 7 d of incubation in serum-containing me-
dium. Nutrient starvation for 1, 3, and 5 d decreased gliosphere size and
number compared with control. Treatment with nutrient starvation
decreased proliferation in the surviving fraction of C6 GSCs, by 60.1% on
day 1, 76% on day 3, and 81.5% on day 5 (Figures 2 and 3).

3.2. Effects of nutrient starvation on apoptotic cell death and autophagy in
C6 GSCs

Flow cytometry revealed that after 1 d of nutrient starvation, 20.1%
of cells underwent necrosis, 11.7% were in late apoptosis, 3.3% were in
early apoptosis, and 64.9% remained viable (Figure 4). After 3 d, 37.4%
underwent necrosis, 57.9% were in late apoptosis, 0.8% were in early
) network” of 15 direct inter-organellar close associations in mitochondria with
ectangle in (a) showing a glioma stem-like cell with adjacent nuclei, swollen ER
y (arrow).



Figure 12. Ultrastructural morphology of glioma stem-like cells (GSCs). (a, b) Control gliospheres: nucleus (asterisks), mitochondria (white thick arrows), normal
endoplasmic reticulum (ER; white thin arrows), and microvilli (white arrowheads). (c, d) C6 gliospheres on day 1 of nutrient starvation. (e, f) GSCs on day 3 of nutrient
starvation. (g) GSCs on day 5 of nutrient starvation. (h) Enlargement of the rectangle in (g). Nucleus (asterisks), degenerated or damaged mitochondria or mitophagy
(thick arrows), swollen and fused ER (thin arrows), and blebbing of apoptotic bodies (black arrowheads).
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apoptosis, and 3.9% were viable (Figure 4). After 5 d, 36.2% underwent
necrosis, 52.9% were in late apoptosis, 10.8% were in early apoptosis,
and 0.1% were viable. In contrast, 1.1% control cells died and the
remaining 98.9% were viable (Figure 4). Flow cytometry detected
autophagy in 99.7% of nutrient-starved GSCs on day 1, 99.3% on day 3,
94.6% on day 5; only 3.7% of control GSCs underwent autophagy (Fig-
ures 5 and 6). We also performed another comparison of apoptosis and
autophagy in control and nutrient-starved cells on days 1, 3, and 5
(Figures 7 and 8).
7

3.3. Effects of nutrient starvation on C6 GSC morphology

Nutrient-starved cells were smaller than control cells under TEM
(Figure 9). Control GSCs had typical chromatin patterns, mitochondria,
endoplasmic reticulum (ER), and microvilli. In contrast, after 1 d of
nutrient starvation, we observed damaged mitochondria, membrane
bleb, intermediate junction or desmosome, swollen ER profile, and
mitochondria-associated membrane (MAM). After 3 days, we no longer
observed membrane bleb, but all other characteristics remained. Inter-
mediate junctions/desmosomes disappeared on day 5. Thus, GSCs had
different cellular processes from those of control (Figure 9d). GSCs
Figure 13. Ultrastructural morphology of glioblas-
toma stem-like cells (GSCs). Apoptotic GSCs with
pyknotic nucleus (n), degenerated mitochondria
(white arrowheads), and swollen endoplasmic reticu-
lum (star). Scale bar: 1 μm (a). Necrotic GSCs. Scale
bar: 2 μm (b). Nucleus (asterisks), degenerated mito-
chondria (black arrows), ruptured plasma membranes
(white arrowheads), blebbing of apoptotic body
(black arrowhead), intermediate junctions or desmo-
somes (black circles), and lipid droplets (black
rectangle).



Figure 14. Two glioma stem-like cells (GSCs) with mitochondria-associated
membranes after 3 d of nutrient starvation, possessing sporadic cytoplasm
with degenerated mitochondria (white arrowheads). GSCs with nucleus (n)
separated into two regions. Swollen endoplasmic reticulum (asterisks) can be
seen. Microvilli (black arrowheads) are seen to be separated from GSCs.
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possessed multiple MAMs. Furthermore, on day 3 of nutrient starvation,
we observed close associations between two or three swollen, rugous ER
profiles and damaged mitochondria (Figure 10). Additionally, GSCs
possessed a “MAM network” involving 15 direct inter-organellar close
associations between mitochondria linked to expanded ERs. GSCs, also
displaying a “MAM network,” were adjacent to nuclei and possessed
swollen ER profiles and electron-dense vacuoles, damaged mitochondria,
or mitophagy (Figures 11 and 12). Apoptotic gliosphere stem cells had
pyknotic or necrotic nuclei, degenerated mitochondria, and swollen ER
(Figure 13). On day 3 of nutrient starvation, we also observed two GSCs
with MAM with sporadic cytoplasm containing degenerated mitochon-
dria. Glioma stem cells of the nuclei were separated into two regions and
contained swollen ER. Microvilli were distinct from GSCs (Figure 14).
3.4. Effects of nutrient starvation on cleaved caspase-3, phospho-beclin 1,
LC 3B-I, and LC 3B-II expression

Western blots revealed LC 3B I/II expression and beclin 1 phos-
phorylation (Figure 15). The latter appears to play a role in autophagy by
regulating UVRAG (ultraviolent irradiation resistance-associated gene),
which encodes a protein that forms a complex with VPS34 (vacuolar
protein sorting 34), ATG 14 L, and LC 3B I/II in GSCs after starvation for
1, 3, 4, and 5 d. Western blots confirmed the mechanism of apoptosis as
cleaved caspase-3 leading to apoptosome formation in C6 GSCs after days
1 and 3 of starvation treatment.
8

4. Discussion

This study successfully used the C6 gliosphere as an experimental
model to represent GSCs. Nutrient starvation decreased proliferation by
60–81% in the surviving fraction of C6 GSCs, while increasing apoptosis
by 99.9% and autophagy by 94.6%. Starved cells exhibited a higher
proportion of early and late apoptotic cell death, as well as non-apoptotic
cell death, compared with control GSCs. Similarly, previous research
demonstrated that combining metformin and 9-cis retinoic acid
decreased GSC proliferation rate and increased apoptosis by 86% in vitro
[17]. Furthermore, metformin in combination with temozolomide
induced 62.73% early and 61.73% late apoptosis in U87 GSCs [17, 18].
After 3 d of nutrient starvation, C6 GSCs exhibited shrinking, membrane
blebs, cytoplasmic vacuolization, and pyknotic nuclei, all characteristic
of early apoptosis. As indicators of late apoptosis, we observed apoptotic
bodies and nuclear fragments in higher numbers. Currently,
drug-induced apoptosis may occur via glutamine starvation reducing
GSC proliferation (glutamate pathway) [19], or the mitochondria
pathway [20, 21].

We speculate that nutrient starvation first induced functional changes
in mitochondria that eventually triggered apoptosis and autophagy in
GSCs. Normally, GSCs have fewer mitochondria and ER in cytoplasm
than non-GSCs [22]. When gliospheres lack glucose, glutamine, and
calcium, the reverse occurs, suggesting that starvation stresses the cells
and increases free radicals. Cell stress opens more channels (MAMs)
between mitochondria and ER [23]. Gaps between MAMs cause protein
breakdown through autophagy or mitophagy to eliminate deteriorated
cells. Nutrient starvation increases beclin 1 phosphorylation and LC3 I/II
expression through autophagic phagosomes in the mitochondria and ER.
Western blots detected both apoptosis and autophagy markers in C6 GSCs
after nutrient starvation. Beclin-1 phosphorylation may be an autophagy
marker because of its role in autophagosome maturation by regulating
the UVRAG-VPS34 complex that contains ATG 14 and LC 3B I/II in
gliosphere stem cells. We were also able to demonstrate that the mech-
anism of apoptosis involves cleaved caspase-3 generating the apopto-
some in C6 GSCs. Specifically, nutrient starvation promotes the
movement of Bax or Fas-L to the membrane, triggering the release of
cytochrome c from the mitochondria. This step, in turn, activates
caspase-3, leading to apoptosis.

Nutrient starvation decreases intracellular ATP/AMP ratio, thereby
activating AMPK to suppress the mammalian target of rapamycin com-
plex (mTOR) pathway and induce growth arrest, apoptosis, and auto-
phagy [15]. Some studies reported that nutrient starvation decreases
proliferation, blocks G0/G1 cell cycle progression, and induces cell death
in GSCs through AMPK-dependent inhibition of FOXO3 and AKT [16]. In
contrast, AMPK is active in gliomas and the autophagic effects of star-
vation on GSCs are AMPK-independent, involving the upregulation of
LC3, binding of phospho-beclin 1 to ATG14L and hVPS34, and fusion of
lysosomes to form autophagosomes [16, 24]. Using CD 133-positive
glioma cells can help reduce apoptosis and stop autophagy after
nutrient deprivation [25]. The more complex proliferation and
Figure 15. Representative Western blot detecting cleaved
caspase-3 (apoptosis marker) and phospho-beclin 1, LC 3B-I,
LC 3B-II (autophagy markers) in C6 glioma stem-like cells
(GSCs) after nutrient starvation for 1, 3, 4, and 5 d. Beclin-1
phosphorylation may play a role in autophagy by regulating
UVRAG (ultraviolent irradiation resistance-associated gene),
which encodes a protein that forms a complex with VPS34
(vacuolar protein sorting 34), ATG 14 L, LC 3B I/II in GSCs
after starvation for 1, 3, 4, and 5 d. Western blots confirmed
the mechanism of apoptosis as caspase-3 cleavage leading to
apoptosome formation in C6 GSCs after day 1 and 3 of star-
vation treatment.
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differentiation of GSCs (into neurons, astrocytes, and oligodendrocytes)
are unlike CD 133-positive glioma cells. The lack of glucose, glutamine,
and calcium inhibited GSCs from generating glycolytic products to fuel
other biosynthetic pathways, such as the pentose phosphate pathway
[26] and lipid or amino acid biosynthesis. This process suppresses
glutathione synthesis directly, while indirect suppression also occurs
through an increase in cysteine, which causes mitochondrial dysfunction
and cellular damage [27, 28].

Both the glutamate pathway and the mitochondria pathway in-
duces apoptosis and autophagy. Normally, undifferentiated GSCs have
fewer MAMs than differentiated GSCs. Nutrient starvation appears to
further increase MAMs in GSCs, while also generating abnormal
mitochondria and swollen ER. Accumulation of MAMs, swollen ERs,
and abnormal mitochondria could lead to the formation of “disrupting
invadopodia,’’ which could then stimulate a proportion of GSCs to
become non-GSCs that lack a nucleus [29]. Formation of disrupting
invadopodia could form the basis of a novel noninvasive cancer
treatment that induces ER stress to trigger cancer cell apoptosis and
autophagy.

Our findings are in line with many previous reports indicating that
nutrient starvation affects metabolic reactions in mitochondria of cancer
cells. This study provides further evidence that nutrient starvation affects
GSCs [17, 18, 19, 24] as rapidly as within 72 h. The data have implica-
tions for cancer therapy and could potentially be applied in clinical trials.
Future studies could examine the effects of nutrient starvation on other
molecular mechanisms in GSCs, such as Notch, Hedgehog, and
Wnt/β-catenin pathways. Additionally, research on nutrient starvation
can expand to include other methods for inducing the condition,
including combining metformin and 9-cis retinoic acid, or metabolic
reprogramming [17, 30].

5. Conclusions

This study subjected GSCs nutrient starvation, then detected
apoptosis and autophagy markers using western blots. By day 5,
nutrient starvation decreased proliferation by about 81.5% and
induced almost 100% cell death through apoptosis and autophagy.
However, even on day 1, we observed autophagy (99.7%) and
apoptosis (35.1%) of GSCs. After 3 days, autophagy percentage
remained the same while apoptosis rose to 96.1%. Thus, gliospheres
were reduced by about 81.5% on day 5. We demonstrated that
nutrient starvation increased both early and late apoptosis in C6 GSCs.
Moreover, our morphological analyses revealed that mechanisms of
autophagy and apoptosis involve damaged mitochondria and expanded
ER contact sites (MAM) in the cytoplasm (disrupting invadopodia).
The process of disrupting invadopodia could form the basis of novel
anti-cancer therapy that focuses on metabolic changes. In conclusion,
our results provide novel insight into the role of nutrient starvation on
inducing apoptosis and autophagy in GSCs.
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