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Abstract
Ischemia-reperfusion or traumatic brain injury induces the accumulation of reactive oxygen species (ROS) in brain. ROS cause oxidative stress to astrocytes as well 
as neurons, and oxidative stress leads to damage of cellular organelles, proteins, or lipids. Removal of damaged cellular cytosolic components is indispensable for the 
maintenance of cell homeostasis. In macroautophagy (hereafter referred to as autophagy), the process of degrading defective proteins and damaged organelles, damaged 
cellular cytosolic components are isolated by autophagosomes. Microtubule-associated protein 1 light chain 3B (LC3B) plays a significant role in autophagosome 
formation, and the conversion from unconjugated LC3B (LC3B-I) to phosphatidylethanolamine (PE)-conjugated LC3B (LC3B-II) is the index of the activation of 
autophagy. γ-Aminobutyric-acid-type-A receptor-associated protein like 1 (GABARAPL1) is a paralogue of LC3B; its function is not fully understood.

In this study, we demonstrated that GABARAPL1 mRNA and protein expression are upregulated by hydrogen peroxide (H2O2) in rat C6 glioma cells and that 
the induction of GABARAPL1 by H2O2 was accompanied by the conversion from LC3B-I to LC3B-II, indicating the formation of autophagosomes. Thus, 
GABARAPL1 may be associated with the autophagic process induced by H2O2.

Abbreviations: ROS: Reactive oxygen species, H2O2: hydrogen 
peroxide, LC3: Microtubule-associated protein 1 light chain 3, PE: 
Phosphatidylethanolamine, GABARAP: γ-aminobutyric-acid-type-A 
receptor-associated protein, CQ: chloroquine

Introduction
Ischemia-reperfusion or traumatic brain injury leads to the 

generation and accumulation of reactive oxygen species (ROS) in 
the central nervous system [1,2]. ROS cause oxidative stress to both 
neurons and astrocytes, and oxidative stress leads to damage of cellular 
cytosolic components, such as mitochondria, proteins, or lipids. Cell 
survival and maintainance of homeostasis depends on removal of 
damaged cellular cytosolic components. Macroautophagy (hereafter 
referred to as autophagy) is the process by which defective proteins 
and damaged organelles are isolated and degraded to generate new 
proteins and organelles under a variety of stresses including oxidative 
stress [3-5]. 

Autophagy proceeds through a series of stages, including initiation, 
elongation and closure, and maturation. An important process of the 
initiation of autophagy involves the inhibition of mammalian (or 
mechanistic) target of rapamycin (mTOR), and ROS inhibit mTOR [6-
9]. In the elongation and closure stage of autophagy, a double-layered 
membrane structure, called the autophagosome, is formed to isolate 
cellular cytosolic components. Autophagosome formation is mediated 
by the members of the microtubule-associated protein 1 light chain 
3 (LC3) subfamily and the γ-aminobutyric-acid-type-A receptor-
associated protein (GABARAP) subfamily. In rats, the LC3 subfamily 
includes LC3A and LC3B, and the GABARAP subfamily includes 
GABARAP, GABARAP-like 1 (GABARAPL1), and GABARAP-
like 2 (GABARAPL2) [10-14]. These members are conjugated to 
phosphatidylethanolamine (PE), and the PE-conjugated forms of these 
members play an important role in the formation of autophagosomes 

[11,13,15]. The conversion of unconjugated-LC3B (LC3B-I) to PE-
conjugated LC3B (LC3B-II) indicates the formation of autophagosomes 
[13]. Moreover, it has been reported that GABARAPL1 plays an 
imortant role in degradation of damaged mitochondria [16] and 
hypoxia [17]. However, the regulation of expression of GABARAPL1 
by ROS including hydrogen peroxide (H2O2) remains uncler.

Astrocytes play several important roles in the central nervous 
system: providing nutrients to neurons, forming the blood-brain 
barrier, maintaining the extracellular ion balance, surrounding and 
maintaining synapses, and participating with neurons in the processing 
of information [18-20]. Thus, optimal function of the brain depends 
on autophagy for protection of astrocytes as well as neurons from 
oxidative stress.

In this study, we examined the effects of H2O2 on the expression of 
GABARAPL1 in rat C6 glioma cells, which are often used as the model 
for astrocytes and express mRNA for LC3B and GABARAPL1 [21]. 

Materials and methods
Materials

H2O2 and chloroquine diphosphate were purchased from Wako 
Pure Chemical Industries (Osaka, Japan). Anti-GABARAPL1 (11010-
1-AP) was obtained from Proteintech (Chicago, IL, USA). Anti-actin 
antibody was from Sigma (St. Louis, MO, USA). Anti-LC3 (8E10) and 
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horseradish peroxidase-linked secondary antibodies were from MBL 
(Nagoya, Japan). 

Cell culture

Rat C6 glioma cells were obtained from JCRB cell bank (Osaka, 
Japan) and were cultured at 37°C under a humidified 5% CO2 
atmosphere in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% FBS, 100 units/ml penicillin, and 100 µg/ml 
streptomycin.

Real-time quantitative PCR

Total RNA isolated from C6 glioma cells was purified using Nu-
cleoSpin RNA (Macherey-Nagel, Düren, Germany). Reverse transcrip-
tase reactions were performed on 1 μg of RNA using a PrimeScript 
II 1st strand cDNA Synthesis Kit (Takara Bio, Otsu, Japan) in a 20 
µl volume at 42°C for 60 min. Real-time quantitative PCR was per-
formed with SYBR Premix Ex Taq II (Takara Bio, Otsu, Japan) and 
LineGene (BioFlux, Tokyo, Japan) using the following primers: LC3B, 
5′-GAGCTTCGAACAAAGAGTGGA-3′ and 5′-CTTCTCACCCTT-
GTATCGCTCTA-3′; GABARAPL1, 5′-AGAAGGCTCCTAAAGC-
CAGG-3′ and 5′-GTCCTCAGGTCTCAGGTGGA-3′; hydroxymeth-
ylbilane synthase (HMBS), 5′- TGGCGCAGCTACAGAGAAAG-3′ 
and 5′- AGCTCATCCAGCTTCCGTAG-3. Relative standard curves 
were generated using serial dilutions of cDNA to determine amplifi-
cation efficiencies for each target gene. The expression level of a tar-
get gene was compared with the expression of HMBS for each sample. 
Relative expression levels were calculated using REST software [22].

Western Blot Analysis

C6 glioma cells were harvested and lysed in modified RIPA buffer 
(50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 
mM NaCl, 1 mM EDTA, 2 mM diisopropylfluorophosphate, 10 µg/
mL of leupeptin, 10 µg/mL of aprotinin, and 10 µg/mL of pepstatin). 
Cell lysates were centrifuged and proteins in the supernatants were 
electrophoresed in sodium dodecyl sulfate-polyacrylamide gels and 
transferred to Immobilon P membranes (Millipore, Billerica, MA). 
The membranes were blocked with 1% skim milk in 0.1% Tween 20/
PBS (PBS-T) and incubated with primary antibodies. Horseradish 
peroxidase-conjugated secondary antibodies were used and 
immunoreactive proteins were detected with ImmunoStar LD (Wako 
Pure Chemical Industries, Osaka, Japan).

Statistical analysis

Results of multiple observations are presented as means ± SEM. 
Differences between groups were analyzed by Student's t test. P<0.05 
was considered significant.

Results
The effects of H2O2 on mRNA expression of LC3B and 
GABARAPL1 in C6 glioma cells

The mRNA expression of LC3B and GABARAPL1 in C6 glioma 
cells were assessed by quantitative PCR. C6 glioma cells were treated 
with the indicated concentrations of H2O2, and total RNA was extracted 
after 6 h (Figure 1A). LC3B mRNA expression level was not significantly 
increased by H2O2. Conversely, GABARAPL1 mRNA expression level 
increased to three times that of the control with 0.25 mM H2O2, and 
the increase in GABARAPL1 mRNA expression reached a maximum 
(five times that of the control) with 0.5 mM H2O2. This expression was 
kept to 1 mM H2O2. We also investigated the effects of 1 mM H2O2 

on the mRNA expression of LC3B and GABARAPL1 at various time 
points up to 8 h (Figure 1B). LC3B mRNA expression level was not 
significantly increased by H2O2 at up to 8 h. In contrast, GABARAPL1 
mRNA expression level increased to 2.5 times that of the control at 
4 h, and the increase in GABARAPL1 mRNA expression reached a 
maximum (five times that of the control) at 6 h. This expression was 
maintained up to 8 h. 

GABARAPL1-I, not GABARAPL1-II, was increased 
by H2O2 in C6 glioma cells

C6 glioma cells were treated with 50 µM chloroquine (​CQ) for 
16 h. CQ is an inhibitor of lysosomal degradation and inhibits the 
degradation of PE-conjugated LC3B (LC3B-II) in lysosomes. On SDS-
PAGE, LC3B-II and PE-conjugated GABARAPL1 (GABARAPL1-II) 
migrate faster than unconjugated LC3B (LC3B-I) and unconjugated 
GABARAPL1 (GABARAPL1-I), respectively. LC3B-II was detected 
both in the absence and presence of CQ. Although GABARAPL1-I was 
detected in C6 glioma cells in the absence of CQ, GABARAPL1-II was 
detected in C6 glioma cells only in the presence of CQ (Figure 2A). 
Next, we examined the expression of LC3B and GABARAPL1 with 1 
mM H2O2. Because the conversion of LC3B from LC3B-I to LC3B-II is 
a crucial step in autophagosome formation and indicates the increase 
in the number of autophagosomes, the effects of 1 mM H2O2 on the 
level of LC3B-II were examined at various time points for up to 8 h 
(Figure 2B). The level of LC3B-II was increased to about twice that of 
the control with 1 mM H2O2 at 4 h, after which it remained at this level. 
Total LC3B expression level was marginally but significantly increased 
with 1 mM H2O2. Although GABARAPL1-II was not detected in 

Figure 1. A. Dose-dependent effects of H2O2 on mRNA expression of LC3B and 
GABARAPL1 in C6 glioma cells. C6 glioma cells were treated with the indicated 
concentrations of H2O2 for 6 h. (B) Time course of mRNA expression of LC3B and 
GABARAPL1 with H2O2 treatment in C6 glioma cells. C6 glioma cells were treated with 1 
mM H2O2 for the indicated times. The mRNA expression levels of LC3B and GABARAPL1 
were compared with those of HMBS mRNA, which was used as an internal control. Results 
are the ratios of treated to control levels (means ± SEM, n = 3). P<0.05 was considered 
statistically significant.
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control and H2O2-treated C6 glioma cells, GABARAPL1-I expression 
levels were increased to twice that of the control with 1 mM H2O2 at 6 
h, after which GABARAPL1-I expression level remained at this level 
(Figure 2C).

The expression of GABARAPL1 by H2O2 was not 
affected by the inhibition of the lysosomal degradation 
in C6 glioma cells

 LC3B-II exists on the inner and the outer autophagosomal 
membrane, and LC3B-II on the inner autophagosomal membrane 
is degraded by a lysosome after maturation to an autolysosome. 
In contrast, LC3B-II on the outer autophagosomal membrane is 
delipidated and reused to form an autophagosome [23]. 

An increase in the level of LC3B-II indicates increased autophagic 
flux as well as decreased degradation of LC3B-II in autolysosomes. 
Therefore, LC3B-II levels are not associated with the autophagic flux 
that indicates autophagic activity, although they are associated with the 
number of autophagosomes. If the level of LC3B-II by H2O2 treatment 
in the presence of a lysosomal degradation inhibitor is higher than that 
in the absence of a lysosomal degradation inhibitor, this indicates the 
increased autophagic flux [24]. Therefore, we examined the effects of 1 
mM H2O2 on autophagic flux using 50 µM ​CQ at 8 h. Increased level of 
LC3B-II by H2O2 were elevated in the presence of CQ (Figure 3A). Based 
on these results, the increase in the level of LC3B-II by H2O2 treatment 
was possibly caused by the enhancement of autophagic flux. However, 
total LC3B expression levels treated with H2O2 were not much affected 
in the presence of CQ (Figure 3A). Moreover, we examined the effects 
of ​CQ on GABARAPL1 expression. GABARAPL1-II was not detected 
in the presence of CQ at 8 h. Increased GABARAPL1-I expression level 
with H2O2 was not much changed in the presence of CQ (Figure 3B). 

Discussion
ROS are generated and accumulated in the central nervous system 

in cases of ischemia-reperfusion or traumatic brain injury [1,2]. 
Superoxide is primarily generated among ROS and is then rapidly 
changed to H2O2 by reduction. In addition, H2O2 is more stable than 
other ROS. Therefore, H2O2 affects physiological responses in cells 
by oxidative stress or acting as the intracellular signaling messenger. 

Figure 2. Increase in GABARAPL1-I expression with H2O2 treatment. 
C6 glioma cells were treated with 50 µM chloroquin (CQ) for 16 h. Cell lysates were 
subjected to Western blot analysis with an anti-LC3 antibody or an anti-GABARAPL1 
antibody (A). C6 glioma cells were treated with 1 mM H2O2 for the indicated times. Cell 
lysates were subjected to Western blot analysis with an anti-LC3 antibody (B) or an anti-
GABARAPL1 antibody (C). The expression level of actin was used as an internal control. 
Results are the ratios of treated to control levels (means ± SEM, n = 3). P<0.05 was 
considered statistically significant.

Figure 3. GABARAPL1-I expression upon H2O2 treatment was not affected by CQ. C6 
glioma cells were treated with 1 mM H2O2 in the absence or presence of 50 µM CQ for 8 
h. Cell lysates were subjected to Western blot analysis with an anti-LC3B antibody (A) or 
an anti-GABARAPL1 antibody (B). The expression level of actin was used as an internal 
control. Results are the ratios of treated to control levels (means ± SEM, n = 3). P<0.05 was 
considered statistically significant.
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H2O2 is transported into a cell via aquaporins on the plasma membrane 
[25], and H2O2 increases the generation of H2O2 in mitochondria 
and can lead to mitochondrial damage [26,27]. Moreover, H2O2 is 
also produced inside a cell via starvation and mitochondrial damage, 
leading to oxidative stress. Oxidative stress is highly associated with 
autophagy [3]. H2O2 inhibits mTOR, the key regulator for initiation of 
autophagy [6-9]. Furthermore, H2O2 inhibits ATG4, which delipidates 
LC3-II, leading to increases in LC3B-II level and the formation 
of autophagosomes [28]. Autophagy can protect brain cells from 
being damage by oxidative stress [29]. Although the autophagosome 
formation and the level of LC3B-II are induced by H2O2 [9,30], the 
effects of H2O2 on GABARAPL1 have not been clarified in astrocytes. 
Therefore, we examined the mRNA expression of GABARAPL1 in C6 
glioma cells by introducing H2O2. GABARAPL1 mRNA expression 
levels were considerably increased by H2O2. We confirmed that LC3B-
II levels were increased by H2O2 and that H2O2 increased in autophagic 
flux because the inhibition of lysosome degradation by CQ enhanced 
the LC3B-II levels induced by H2O2. In contrast, GABARAPL1-
II (the PE-conjugated form of GABARAPL1) was not detected, 
although the expression of GABARAPL1-I (the unconjugated form of 
GABARAPL1) was increased in C6 glioma cells by H2O2. Moreover, 
the increase in GABARAPL1-I expression induced by H2O2 was not 
much affected by CQ. Thus, this indicates that GABARAPL1-I is not 
engulfed into autophagosomes and is not degraded in autolysosomes. 
GABARAPL1-I may function at the outer membrane of or outside 
autophagosomes. LC3 subfamily and GABARAP subfamily members 
play a role in the formation of autophagosomes [11,13,15] and the 
fusion of an autophagosome with a lysosme [31,32]. It has been reported 
that LC3B functions at the early stage of the autophagosome formation 
and GABARAPL2 functions in the autophagosome closure stage [15]. 
Conversely, LC3 subfamily and GABARAP subfamily members bind 
autophagic adapter proteins that have the LC3-interaction region (LIR) 
[13,33]. The LIR binds to W/FxxL motif, which is also known as the 
Atg8-family interacting motif (AIM), in LC3 subfamily and GABARAP 
subfamily members [13,34,35]. However, each member of the LC3 
subfamily and GABARAP subfamily can interact with different proteins 
and have discrete functions in autophagy. Moreover, it has been 
indicated that LC3 subfamily and GABARAP subfamily members can 
bind their target proteins in both the AIM-dependent and -independent 
manners, and these members can interact with more than one protein 
[36]. Since GABARAPL1 can associate with GABARAPL2 [36], it may 
function in the closure of an autophagosome by GABARAPL2 or the 
fusion of an autophagosome with a lysosome by binding GABARAPL2. 
Conversely, many proteins that can bind to GABARAPL1 can also bind 
to the other members of LC3 subfamily and GABARAP subfamily [36]. 
Therefore, as the unconjugated form of GABARAPL1 (GABARAPL1-I) 
is not able to associate with autophagosomal membranes, it is possible 
that increased GABARAPL1-I may function to bind to its target 
proteins for protecting the degradation of these proteins by blocking 
the binding of the PE-conjugated form of the other LC3 subfamily and 
GABARAP subfamily members, which can bring these proteins into 
autophagosomes. This may lead to the selectivity of the degradation of 
autophagic cargoes by either PE-conjugated or -unconjugated form of 
LC3 subfamily and GABARAP subfamily members.

In conclusion, we demonstrated that GABARAPL1 mRNA was 
highly upregulated by H2O2 in C6 glioma cells. We also showed that 
GABARAPL1-I levels were increased by H2O2. The mechanism of 
induction of autophagy by H2O2 and the functions of GABARAPL1 
will require further investigation.

Summary
Reactive oxygen species leads to damage of cellular 

organelles or proteins. Damaged cellular cytosolic components 
are isolated by autophagosomes and degraded by the process of 
autophagy. The conversion from unconjugated LC3B (LC3B-I) to 
phosphatidylethanolamine-conjugated LC3B (LC3B-II) is the index 
of the activation of autophagy. γ-Aminobutyric-acid-type-A receptor-
associated protein like 1 (GABARAPL1) is a paralogue of LC3B; its 
function is not fully understood. We demonstrated that GABARAPL1 
mRNA and protein expression are upregulated by hydrogen peroxide 
(H2O2) in rat C6 glioma cells and that the induction of GABARAPL1 
by H2O2 was accompanied by the conversion from LC3B-I to LC3B-II. 
GABARAPL1 may be associated with the autophagic process induced 
by H2O2.
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