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Maltol inhibits oxygen glucose deprivation-induced
chromatinolysis in SH-SYSY cells by maintaining pyruvate level
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Abstract. Maltol, a chemical isolated from ginseng root, has
shown treatment effects on several pathological processes
including osteoarthritis, diabetic peripheral neuropathy and
liver fibrosis. Nevertheless, its effect on ischemia-induced
neuron death remains elusive. In the present study, the treat-
ment effect of maltol on ischemia-induced neuron damage
was investigated by using oxygen and glucose deprivation
(OGD) model in SH-SYS5Y cells. In vitro studies revealed
that maltol protected SH-SYS5Y cells against OGD-induced
chromatinolysis by inhibiting two reactive oxygen species
(ROS)-regulated pathways. One was DNA double-strand
breaks and the other was nuclear translocation of apoptosis
inducing factor. Mechanistically, maltol not only inhibited
OGD-induced depletion of glutathione and cysteine by main-
taining cystine/glutamate antiporter (xCT) level, but also
abrogated OGD-induced catalase downregulation. Meanwhile,
maltol also alleviated OGD-induced inactivation of mTOR by
attenuating OGD-induced depletion of adenosine triphosphate
and pyruvate and downregulation of pyruvate kinase M2,
indicating that maltol inhibited the glycolysis dysfunction
caused by OGD. Considering that activated mammalian
target of the rapamycin (mMTOR) could lead to enhanced xCT
expression and decreased catalase degradation by autophagy,
these findings indicated that maltol attenuated OGD-induced
ROS via inhibition of mTOR inactivation by maintaining
pyruvate level. Taken together, it was demonstrated that maltol
prevented OGD-induced chromatinolysis in SH-SYSY cells
via inhibiting pyruvate depletion.
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Introduction

All the necessary information of maintaining cellular physi-
ological functions is contained in nuclear DNA, which is an
essential macromolecule in eukaryotic cells (1). Enzymatic
degradation of nuclear DNA is defined as chromatinolysis (2),
which plays dual roles in regulating cellular destiny. On one
hand, degradation of damaged DNA could prevent genetic
mutations and disease occurrence. On the other hand, exces-
sive chromatinolysis facilitates disassembly of nucleus and
makes cell death irreversible. The mechanisms accounting
for chromatinolysis remain elusive, but previous studies have
shown that gamma H2A histone family member X (y-H2AX)
formation and nuclear translocation of apoptosis inducing
factor (AIF) are two crucial factors leading to chromati-
nolysis (2,3). y-H2AX often forms at the breaking location of
DNA double strands and serves as a platform recruiting nucle-
ases (4). AIF is a protein located within the space between
mitochondrial inner and outer membranes. After translocating
into nucleus and being recruited to y-H2AX, it could degrade
DNA into oligonucleotides or smaller molecules (2). Several
compounds have been shown to eliminate cancer cells via
inducing chromatinolysis (5-7), but it remains elusive whether
chromatinolysis is involved in regulation of ischemia-induced
neuronal death.

Maltol (3-hydroxy-2-methyl-4-pyrone) is a chemical
isolated from ginseng root via Maillard reaction (8). Although
being widely used as a food flavoring agent, it has multiple
bio-activities including anti-oxidative stress, anti-inflamma-
tory and anti-apoptotic (9-11). Moreover, it effectively inhibits
several pathological processes including osteoarthritis, diabetic
peripheral neuropathy and liver fibrosis (12-14). In mice,
maltol has neuroprotective effects against hypoxia-induced
damage in neurons (15,16). Similarly, it could also inhibit
neuronal death after spinal cord injury by inhibiting oxidative
stress (17). These results indicated a potential neuroprotective
effect of maltol against ischemia-induced neuronal damage.
A major factor leading to the neuron death caused by cerebral
ischemia, traumatic brain injury and epilepsy is oxygen and
glucose deprivation (OGD) (18), which is often used to inves-
tigate the effects of natural chemicals on neuronal damage.
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SH-SYSY cells are human neuroblastoma cells with similar
properties with neurons in electrophysiology, neurochemistry
and morphology. For this reason, SH-SY5Y cells stressed
by OGD are often used as an in vitro model to investigate
neuronal injury or death caused by ischemic insults (19). In
the present study, the effect of maltol on neuronal damage
caused by ischemia was investigated using the OGD model in
SH-SYS5Y cells.

Materials and methods

Reagents. Maltol and pyruvate sodium were both purchased
from MilliporeSigma. Primary antibodies against AIF
(cat. no. ab32516), phosphorylated (p)-H2AX at S139
(cat. no. ab81299), ATM (cat. no. ab32420), p-ATM at S1981
(cat. no. 81292), catalase (cat. no. ab209211), cystine/glutamate
antiporter (xCT) (cat. no. ab175186), mTOR (cat. no. ab134903),
p-mTOR (cat. no. 109268), PKM2 (cat. no. ab89364), p-JINK
(cat. no. ab124956), TOMM?20 (cat. no. ab186735) and H2A
(cat. no. ab177308) were all obtained from Abcam. Primary
antibody against f-actin was obtained from Cell Signaling
Technology, Inc.

Cell line and culture and cellular viability assay. SH-SYSY
cells were obtained from Shanghai institute of cell biology,
Chinese Academy of Sciences (Shanghai, China). The cells
were authenticated by STR profiling. Cells were cultured in
DMEM medium (Hyclone; Cytiva) with high glucose supple-
mented with 10% FBS (Clark Bioscience), penicillin (100 U/ml)
and streptomycin (100 zg/ml), and maintained at 37°C and 5%
CO, in a humid environment. MTT assay kit was used for
cellular viability examination and DMSO was used to dissolve
the purple formazan. The results were expressed as a ratio of
the absorbance at 570 nm to that in control cells.

Assay of intracellular GSH and cysteine. The intracellular GSH
levels were assayed by using GSH assay kit (cat. no. S0052;
Beyotime Institute of Biotechnology) following the manufactur-
er's protocol. The result was displayed as a ratio of the absorbance
of each prepared sample at 412 nm to that of control cells.

The intracellular cysteine levels were determined by cysteine
assay kit (cat. no. A126-1-1; Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's instructions. The
result was expressed as a ratio of the absorbance of each
prepared sample at 600 nm to that of control cells.

Measurement of reactive oxygen species (ROS). Intracellular
ROS levels were detected by using DCFH-DA, which was
obtained from Beyotime Institute of Biotechnology. The oper-
ation protocol was conducted according to the manufacturer.
Fluorescence was measured using a fluorescence spectrometer
(HTS 7000; PerkinElmer, Inc.) at an excitation wavelength
of 485 nm and an emission wavelength of 530 nm. The ROS
levels were displayed as arbitrary unit/mg protein, then as a
ratio to control. A fluorescence microscope (IX71; Olympus
Corporation) was used to observe and image the cells seeded
on six-well plates stained with DCFH-DA.

Neutral comet assay. Neutral comet assay was performed
as previously described (20). Briefly, SH-SYS5Y cells with

or without OGD treatment were collected and suspended
in low-melting agarose. After deposited on comet slides
pre-layered with regular-melting agarose, the cells were
covered with coverslips and cooled down at 4°C for 10 min.
Afterwards, the cells were lysed in darkness at 4°C for 1 h and
washed for 10 min in TBE buffer. After electrophoresed and
washed, the cells were neutralized and stained with acridine
orange for 5 min.

The slides were observed and images were captured by
using a fluorescence microscope (IX71; Olympus Corporation).
ImagelJ software v1.54 (National Institutes of Health) and
OpenComet 1.3 software (National Institutes of Health) were
applied to measure the cell number with DNA comets and the
DNA percent content in comet tail region (four assays, each
with ~100 cells analyzed).

Gel electrophoresis and western blotting. SH-SYS5Y cells were
collected and homogenized as previously described (20). The
homogenates were centrifuged to isolate cytoplasmic, mito-
chondria and nuclear fractions (21). The protein content in each
fraction was assayed with a BCA Protein assay kit (Beyotime
Institute of Biotechnology). Equal quantities of protein (30 ug
per lane) were electrophoresed on 8-12% sodium dodecyl
sulfate-polyacrylamide gels based on the molecular weight of
the target protein and transferred to PVDF membranes. The
membranes were then blocked with 5% skimmed milk in PBS
for 2 h at room temperature and incubated overnight at 4°C
with primary antibodies. Then, the membrane was incubated
with horseradish peroxidase-conjugated secondary antibody at
room temperature for 2 h and washed with PBS for three times.
All the primary antibodies and secondary antibodies were
diluted with PBS-T (0.05% Tween-20) at 1:1,000. Eventually,
immunoreactive proteins were visualized by using a chemi-
luminescence developer (ChemiScope 5300; Clinx Science
Instrument Co., Ltd.). The loading controls in western blotting
used in the present study were as follows: $-actin was used for
cytoplasm fraction (22), Tomm?20 was used for mitochondrial
fraction (23) and H2AX was used for nuclear fraction (6).

Immunocytochemical staining. The SH-SYS5Y cells
(8x10* cells/well) were seeded on a culture dish. After OGD,
they were fixed in ethanol, washed with PBS, and incubated
with 1% Triton X-100 for 10 min at 4°C. After blocking the
non-specific antibody binding sites with 5% skimmed milk
in PBS for 2 h at room temperature, the cells were incubated
overnight with anti-y-H2AX (1:100; cat. no. ab81299; Abcam)
or anti-AIF (1:100; cat. no. ab32516; Abcam) followed by
incubation in Alexa Fluor 488-conjugated or Alexa Fluor
647-conjugated goat anti-rabbit IgG (1:200; cat. nos. A0423
or A0468; Beyotime Institute of Biotechnology) for 1 h and
then with Heochst33258. Finally, all the cells were observed
under laser scanning confocal microscope (FV1000; Olympus
Corporation).

Mitochondrial membrane potential assay. The cells were
collected and stained with JC-1 at 37°C for 20 min according
to the manufacturer's instruction (Beyotime Institute of
Biotechnology). After washed with PBS, the cells were assayed
by flow cytometry (FACScan) and analyzed using CELLquest
pro software 5.1 (both from Becton-Dickinson and Company)
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observed under fluorescence microscope (IX71; Olympus
Corporation).

Statistical analyses. All data was acquired from at least four
independent experiments and are expressed as the mean + stan-
dard deviation. Statistical analyses were performed with
Microsoft Excel 2010 (Microsoft Corporation) and GraphPad
Prism 6 software (GraphPad Software, Inc.). Statistical
comparisons were made using one-way ANOVA with Tukey's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Maltol inhibits OGD-induced death and chromatinolysis in
SH-SY5Y cells. To investigate whether maltol has protective
effect on neurons stressed with OGD, MTT assay was used
to examine cellular viabilities. As previously described (24),
SH-SYSY cells were pretreated 1 h with maltol at 0.5, 1.0,
2.0 and 4.0 mmol/l and then stressed with OGD for 24 h. As
revealed in Fig. 1A, the viability of the SH-SY5Y cells was
decreased by OGD significantly when compared with that of
control cells. Light microscopy showed that the control cells
were polygonal, but majority of the cells stressed with OGD
became smaller and round (Fig. 1B). By contrast, OGD-induced
reduction in cellular viability was apparently prevented in the
cells pretreated with 0.5 mmol/l maltol, and further prevented
when maltol dosage was increased to 1.0 mmol/l (Fig. 1A).
Pretreatment of maltol at 4 mmol/I alone could inhibit cellular
viabilities, and the effect of maltol at 2 mmol/l was less
significant than that of maltol at 0.5 and 1.0 mmol/l (Fig. 1A).
Thus, maltol at 0.5 and 1 mmol/l was used in the subsequent
studies. Morphologically, the cells with smaller size and round
shape caused by OGD were obviously inhibited in the pres-
ence of maltol (Fig. 1B). Therefore, the aforementioned results
indicated that maltol could effectively prevent OGD-induced
injury in SH-SYS5Y cells.

To clarify why maltol could exert protection against
OGD-induced damage, agarose gel electrophoresis was used
to assay its effect on chromatinolysis because chromatinolysis
is a final event leading to cell death (1). In comparison with
control cells, the DNA isolated from OGD-stressed cells
presented smear band on agarose gel after being subjected
to electrophoresis, which was obviously inhibited in the cells
pretreated with 0.5 mmol/l maltol (Fig. 1C). Notably, the
inhibitory effect of 1.0 mmol/l maltol was more obvious than
that produced by 0.5 mmol/l maltol. This suggested that maltol
protects SH-SYS5Y cells against OGD-induced damage via
inhibiting chromatinolysis in a dose-dependent manner.

Maltol inhibits OGD-induced nuclear translocation of AIF
via inhibition of JNK activation. AIF that is located at mito-
chondria could serve as a nuclease after translocation into
nuclei and being recruited to y-H2AX; therefore, western
blotting was used to analyze the effect of OGD on AIF
distribution. Compared with control cells, mitochondrial AIF
was apparently decreased by OGD, whereas nuclear AIF was
increased correspondingly (Fig. 1E). Consistently, confocal
microscopy revealed that AIF accumulated obviously in the
nuclei of OGD-stressed cells (Fig. 1D). This indicated that

OGD induced AIF translocation from mitochondria to nuclei.
Given that AIF release from mitochondria is decided by mito-
chondrial depolarization (25), JC-1 staining combined with
flow cytometry was used to examine OGD-induced changes
in mitochondrial membrane potentials. JC-1 displays high
red fluorescence after accumulation in mitochondria, but it
exists in the cytoplasm and emits green fluorescence when
the mitochondrial membrane potential is exhausted. Both
fluorescence microcopy and flow cytometry revealed that red
fluorescence decreased obviously in the cells stressed with
OGD, when compared with control cells (Fig. 1F and G). It
has been reported that activated JNK could aggravate cerebral
ischemia-induced mitochondrial depolarization by translo-
cation to mitochondria (26). The effect of OGD on p-JNK
distribution was examined using western blotting. Compared
with control cells, cytoplastic and mitochondrial p-JNK were
obviously increased by OGD (Fig. 1E and F). These findings
indicated that OGD induced mitochondrial depolarization
in SH-SYSY cells. By contrast, OGD-induced depletion of
mitochondrial membrane potential, translocation of AIF from
mitochondria to nuclei as well as increased p-JNK in mito-
chondria were all inhibited by maltol (Fig. 1E-H). Therefore,
these data indicated that maltol inhibited OGD-induced
nuclear translocation of AIF.

Maltol inhibits OGD-induced DNA double-strand breaks
(DSBs) in SH-SY5Y cells. To elucidate why maltol could inhibit
chromatinolysis, neutral comet assay was used to examine its
effect on DNA DSBs that is a crucial step leading to chromati-
nolysis. When compared with control cells, the majority of the
cells stressed with OGD presented long comet tails (Fig. 2A).
Statistical analysis proved that the cells with comet tails and
the DNA content in the tails were both significantly improved
by OGD (Fig. 2B and C). Moreover, confocal microscopy
showed that y-H2AX foci, a prominent biomarker of DNA
DSBs, formed extensively in the nuclei of OGD-stressed cells
(Fig. 2D). Furthermore, western blot analysis revealed that
the protein level of y-H2AX was upregulated by OGD, when
compared with control cells (Fig. 2E). Consistently, p-ATM
accounting for y-H2AX formation was also upregulated by
OGD at each indicated time, although the ratio of p-ATM/ATM
presented no statistical difference (Fig. 2E and F). These
results indicated the OGD-induced DNA DSBs in SH-SY5Y
cells. By contrast, pretreatment with 1.0 mmol/l maltol obvi-
ously inhibited OGD-induced increase in cells with comet tails
and improvement of DNA content in comet tails (Fig. 2A-C).
Notably, maltol obviously attenuated OGD-induced upregu-
lation of y-H2AX and p-ATM in a dose-dependent manner
(Fig. 2E). Therefore, these data indicated that maltol inhibited
OGD-induced DNA DSBs.

Maltol inhibits OGD-induced ROS via maintaining
catalase, xCT, GSH and cysteine levels. Because oxida-
tive stress characterized by intracellular accumulation of
ROS is a factor leading to nuclear translocation of AIF and
DNA DSBs and OGD could induce oxidative stress (6,24),
DCFH-DA (a probe for ROS) was used to examine whether
maltol could inhibit OGD-induced ROS. As revealed by
fluorescence microscopy, the green fluorescence exhibited
by DCFH-DA was markedly brighter in OGD-stressed cells
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Figure 1. Maltol prevents OGD-induced chromatinolysis and mitochondrial damage. (A) MTT assay revealed that OGD-induced decrease in the viabilities of
SH-SYSY cells was significantly prevented by pretreatment with maltol at 0.5 and 1.0 mmol/l. Pretreatment of maltol at 4 mmol/l alone could decrease cellular
viabilities, and the effect of maltol at 2 mmol/l was less significant than that of maltol at 0.5 and 1.0 mmol/I. (B) Light microscopy showed that majority of
the cells stressed by OGD became smaller and round, which was obviously prevented by maltol. (C) The smear band exhibited by the nuclear DNA extracted
from OGD-stressed cells on agarose gel was apparently inhibited by pretreatment with maltol. (D) Confocal microscopy with immunocytochemical staining
revealed that OGD triggered AIF accumulation in nucleus, which could be inhibited in the presence of maltol. (E) Western blotting demonstrated that maltol
prevented OGD-induced AIF downregulation in mitochondrial fraction and upregulation in nuclear fraction, as well as suppressed JNK activation and trans-
location to mitochondria. (F) Statistical analysis demonstrated that the ratio of p-JINK/JNK in mitochondria was obviously enhanced by OGD, which could be
prevented by maltol. (G) Fluorescence microscopy in combination with JC-1 staining showed that OGD-induced reduction in red fluorescence was partially
inhibited in the presence of maltol. (H) Flow cytometry combined with JC-1 staining identified that OGD-induced reduction in red fluorescence was inhibited
by maltol. OGD, oxygen and glucose deprivation; AIF, apoptosis inducing factor; p-, phosphorylated.

than that in control cells, which was obviously attenuated inhibited by 0.5 mmol/l maltol, and further inhibited when
in the cells pretreated with 1.0 mmol/l maltol (Fig. 3A).  maltol dosage was improved to 1.0 mmol/l (Fig. 3B). These
Statistical analysis proved as well that the increased fluo-  results indicated that maltol inhibited OGD-induced ROS in
rescence intensity caused by OGD could be significantly a dose-dependent manner.
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Figure 2. Maltol inhibits OGD-induced DNA double-strand breaks. (A) Neutral comet assay showed that maltol at 1.0 mmol/l apparently inhibited OGD-induced
increase of the cells with comet tails. (B) Statistical analysis revealed that maltol effectively inhibited the cells with comet tails. (C) Statistical analysis revealed
that maltol effectively inhibited the DNA content in the comet tails. (D) Confocal microscopy combined with immunocytochemical staining showed that OGD
induced formation of numerous puncta in nucleus. (E) Western blotting proved that maltol obviously inhibited OGD-induced upregulation of .-H2AX, ATM
and p-ATM. (F) The statistical analysis demonstrated that there was no significant difference in the ratio of p-ATM/ATM in cells treated as indicated. OGD,

oxygen and glucose deprivation; p-, phosphorylated; ns, no significance.

To address why maltol could prevent OGD-induced ROS,
its effect was examined on catalase (which can catalyze reduc-
tion of hydrogen peroxide into water and oxygen) and GSH (an
intracellular antioxidant synthesized from cysteine) (27). As
revealed by western blotting, maltol exerted inhibitory effect
on OGD-induced downregulation of catalase, which became
more apparent when maltol dosage was increased from
0.5 to 1.0 mmol/1 (Fig. 3C and D). Although GSH and cysteine
were both depleted by OGD, their levels were maintained
dose-dependently by maltol (Fig. 3E and F). Since cysteine
is converted from cystine, the effect of maltol on the protein
level of SLC7A11 was investigated. As a light chain of xCT
accounting for transporting extracellular cystine into cells,
SLC7A11 level is also regulated by activated mTOR (28). It
was revealed that maltol inhibited OGD-induced downregula-
tion of SLC7A11 and p-mTOR in a dose-dependent manner
(Fig. 3C and D). Therefore, the aforementioned results indi-
cated that maltol prevented OGD-induced ROS via inhibiting
depletion of GSH and cysteine, downregulation of catalase and
SLC7A11, and inactivation of mTOR.

Maltol inhibits OGD-induced mTOR inactivation by
maintaining pyruvate level. To address why maltol prevented
OGD-induced mTOR inactivation, its effect on OGD-induced
changes in glycolysis function was investigated, considering that
glycolysis dysfunction leads to mTOR inactivation (29). It was
found that OGD induced obvious depletion of ATP and pyruvate
(Fig. 4A and B). Moreover, western blotting showed as well that
PKM2 was obviously downregulated by OGD (Fig. 4C). These
indicated that OGD induced glycolysis dysfunction.

Given that pyruvate could be used to generate ATP after
entering TCA (30), the SH-SYSY cells were pretreated with
exterior pyruvate at 10 mmol/I for 1 h and then stressed with
OGD for 24 h. It was found that supplement of exterior pyru-
vate not only inhibited OGD-induced death in SH-SY5Y cells,
but also reversed ATP depletion (Fig. 4D and F). Consistently,
pyruvate apparently inhibited OGD-induced downregulation
of p-mTOR (Fig. 4G and H). This indicated that pyruvate
depletion exacerbated OGD-induced mTOR inactivation.
Moreover, OGD-induced downregulation of xCT and deple-
tion of cysteine and GSH were all prevented by pyruvate
(Fig. 4G, I and J). The smear band on agarose gel presented
by the DNA isolated from OGD-stressed cells was obviously
inhibited by pyruvate (Fig. 4E). The aforementioned results
indicated that pyruvate depletion contributed to OGD-induced
mTOR inactivation.

Notably, it was revealed that the depleted pyruvate and ATP
and downregulated PKM?2 caused by OGD were all prevented
by maltol in a dose-dependent manner (Fig. 4A-C). These
indicated that maltol inhibited pyruvate depletion caused by
OGD by maintaining glycolysis function.

Discussion

In summary, it was demonstrated in the present study that
maltol protected SH-SYSY cells against OGD-induced chro-
matinolysis by inhibiting DNA DSBs and nuclear translocation
of AIF. Then, it was found that maltol attenuated OGD-induced
ROS, which could lead to DNA DSBs and nuclear translocation
of AIF. Mechanistically, it was revealed that maltol attenuated
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Figure 3. Maltol inhibits OGD-induced accumulation of ROS. (A) Fluorescence microscopy combined with DCFH-DA staining showed that the green fluo-
rescence exhibited by OGD-stress cells was markedly brighter than that in control cells, but was inhibited when the cells were pretreated with maltol.
(B) Statistical analysis of the fluorescence intensity demonstrated that maltol inhibited OGD-induced ROS in a dose-dependent manner. (C) Western blotting
revealed that maltol apparently prevented OGD-induced downregulation of catalase, SLC7A11 and p-mTOR. (D) Statistical analysis demonstrated that the
ratio of p-mTOR/mTOR in mitochondria was obviously decreased by OGD, which could be prevented by maltol. (E and F) Maltol prevented OGD-triggered
depletion of GSH and cysteine. OGD, oxygen and glucose deprivation; ROS, reactive oxygen species; p-, phosphorylated.

ROS via two pathways; one was inhibiting depletion of GSH
and cysteine by maintaining xCT level and the other was
abrogating catalase downregulation. In addition, it was identi-
fied that maltol alleviated OGD-induced mTOR inactivation
via inhibiting pyruvate depletion. Considering that activated
mTOR could promote xCT expression and inhibit catalase
degradation by autophagy, the present data suggested that
ROS-dependent chromatinolysis induced by OGD was inhib-
ited by maltol via preventing glycolysis dysfunction-dependent
inactivation of mTOR.

As a crucial step leading to cell death, chromatinolysis
is involved in regulation of apoptosis and necroptosis. It was
reported that it not only contributes to staurosporine-induced
apoptosis in Jurkat cells, but also regulates shikonin-triggered
glioma cell necroptosis (5,31). DNA was cleaved into frag-
ments of ~180-200 bp by activated endonucleases such as
caspase-activated DNase and endonuclease G during the
process of apoptosis (5), but was cleaved randomly under the
condition of necroptosis (5). This explains why the nuclear DNA
extracted from necroptotic cells presents continuous smear
bands after electrophoresis on agarose gel, whereas the DNA
extracted from apoptotic ones displays ladder bands (5). It was
reported that both brain ischemia and OGD induce neuronal
death via necroptosis; despite that, it remains elusive whether
chromatinolysis plays a role during the process of neuronal

death caused by brain ischemia or OGD (32,33). Previously, it
was reported that OGD could induce damages in mitochondria,
endoplasmic reticulum and disrupt in cell membrane (34-36).
In the present study, it was identified that OGD could induce
chromatinolysis given that the nuclear DNA extracted from
the cells stressed by OGD presented smear band on agarose
gel. By contrast, pretreatment with maltol obviously inhibited
the smear band. Thus, maltol protected SH-SYSY cells against
OGD stress via inhibition of chromatinolysis.

Nuclear translocation of AIF from mitochondria is a
crucial event causing chromatinolysis in both apoptotic and
necroptotic cells (2,31). Within nuclei, AIF is recruited to
A-H2AX on damaged DNA and performs as a nuclease to
degrade DNA (2). It is also required for nuclear recruitment
of macrophage migration inhibitory factor (MIF), which
exacerbates chromatinolysis via cleaving genomic DNA
into large fragments (37). Either cerebral ischemia or OGD
was reported to induce neuronal damage via causing AIF
translocation from mitochondria to nuclei (38,39). Further
study showed that activated JNK could exacerbate cerebral
ischemia-induced mitochondrial depolarization by transloca-
tion to mitochondria (26). Different with previous reports
showing that ginsenoside Rbl and baicalein exerted protection
on neuronal mitochondria against ischemic insults (38,39),
maltol could enhance PINK1/Parkin-mediated autophagic
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Figure 4. Maltol maintains pyruvate level. (A) Maltol inhibited OGD-induced depletion of pyruvate. (B) Maltol prevented OGD-induced reduction of ATP.
(C) Western blotting showed that maltol inhibited OGD-induced downregulation of PKM2. (D) MTT assay showed that pretreatment with PAS significantly
prevented OGD-induced reduction in the viabilities of SH-SY5Y cells. (E) The smear band exhibited by the nuclear DNA extracted from OGD-stressed cells
on agarose gel was apparently inhibited by pretreatment with PAS. (F) Supplement of exterior PAS restored OGD-induced reduction of ATP. (G) Western
blotting showed that supplement of exterior PAS restored OGD-induced downregulation of catalase, SLC7A11 and p-mTOR. (H) Statistical analysis demon-
strated that the ratio of p-mTOR/mTOR was obviously decreased by OGD, which could be prevented by PAS. (I and J) Supplement of exterior PAS restored
OGD-induced reduction of GSH and cysteine. OGD, oxygen and glucose deprivation; PAS, pyruvate sodium; p-, phosphorylated.

removal of damaged mitochondria (33). The data of the present
study proved that maltol effectively inhibited OGD-induced
mitochondria depolarization, nuclear translocation of AIF and
mitochondrial accumulation of p-JNK. Thus, maltol prevented
OGD-induced nuclear translocation of AIF by inhibition
of JNK activation, which further attenuated OGD-induced
chromatinolysis.

DNA DSBs is another factor leading to chromatinolysis.
Upon occurrence of DNA DSBs, ATM is activated and then
generates A-H2AX which could serve as a platform to recruit
nucleases (40). It has been reported that both cerebral isch-
emia and OGD could trigger DNA DSBs in neuron (41-43).
Besides ion radiation, ROS are regarded as a crucial factor
leading to DNA DSBs because bioactive macromolecules
including proteins, lipids and nucleic acids are easily attacked

by ROS (44). Moreover, ROS is a common pathological feature
of cerebral ischemia, traumatic brain injury and epilepsy (44).
Previous studies showed that pretreatment with maltol could
effectively rescue hydrogen peroxide-induced death in human
SH-SYS5Y cells and rat retinal neuronal cells (45,46). In the
present study, it was found that maltol markedly prevented
OGD-induced A-H2AX formation and phosphorylation of
ATM, as well as effectively inhibited ROS accumulation.
Another study revealed that maltol not only upregulates the
expression of Nrf2, but also promotes its translocation into
nuclei (12). Within nuclei, Nrf2 acts as a transcription factor
accounting for upregulating the expression of inducible anti-
oxidant enzymes (47). Thus, inhibition of ROS-dependent
DNA DSBs is the other pathway via which maltol prevented
OGD-induced chromatinolysis.
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ROS resulting from disrupted balance between their
generation and clearance could lead to DNA DSBs and nuclear
translocation of AIF (6). The ROS induced by transient isch-
emia or GOD was closely associated with downregulation of
catalase and depletion of GSH (48-50). Dioscin attenuated
OGD-induced oxidative stress in hippocampal neurons via
reversing catalase downregulation and GSH depletion (49).
Cysteine that is converted from cystine appears to play a crucial
role in regulation of intracellular ROS levels. A previous study
showed that cysteine exerts inhibitory effect on intracellular
H,0, via two pathways. One is to be used for synthesizing GSH
which is then used by GPX4 to reduce H,0O,, and the other
is to inhibit superoxide generation by mitochondrial complex
III (51). In the present study, it was identified that OGD induced
downregulation of catalase and depletion of GSH and cysteine
in SH-SYSY cells, which were all significantly prevented
by pretreatment with maltol. Therefore, maltol prevented
OGD-induced ROS via maintaining GSH and cysteine levels.

Downregulation of SLC7A11 is a pathway via which
ischemia improves neuronal ROS levels (52). It was found that
inhibition of SLC7A11 resulted in ROS accumulation by deple-
tion of GSH and cysteine. As a specific inhibitor of SLC7A11,
erastin was reported to induce death in primary spinal cord
neurons via improving intracellular ROS (53). Previous studies
showed that the protein level of SLC7A11 could be regulated by
p53 and mTOR, both of which play opposite role in regulation of
SLC7A11 expression. Activated p53 could suppress SLC7A11
expression directly, but activated mTOR upregulates SLC7A11
at transcriptional level via mediating Octl signaling (54).
Because catalase and A133p53 (an inhibitor of full-length p53)
are both selective substrates of autophagy, mTOR inactiva-
tion could promote catalase removal and p53 activation via
autophagic pathway (55). Thus, mTOR inactivation exacerbates
downregulation of SLC7A11 and catalase. In the present study,
it was found that maltol obviously restored OGD-induced
mTOR inactivation. Consistently, another study showed as
well that maltol not only could restore mTOR activity via the
PI3K/Akt pathway, but also could inhibit p53 activation (56).
Thus, maltol prevented OGD-induced downregulation of
SLC7A11 and catalase via maintaining mTOR activity.

mTOR signaling is often inactivated upon lack of energy
supply (54). Previous studies showed that pyruvate plays
an important role in regulating mTOR activity. After being
produced primarily by glycolysis, pyruvate enters into tricar-
boxylic acid cycle and then is used to generate ATP to supply
energy (57). Additionally, pyruvate is also an interior ROS
scavenger, which is supported by the finding that pyruvate effec-
tively protected neuronal cells against challenge by hydrogen
peroxide (58). Thus, pyruvate depletion could lead to energy
failure and oxidative stress, both of which could inactivate
mTOR. Reversely, mTOR inactivation could result in pyruvate
depletion. It was recently reported that suppression of mTOR
by deoxy-shikonin inhibited glycolysis and depleted pyruvate
in acute myeloid leukemia cells (59). Therefore, pyruvate
depletion and mTOR inactivation could exacerbate mutually.
In the present study, it was identified that supplement of exterior
pyruvate not only inhibited OGD-induced ATP depletion, but
also prevented p-mTOR downregulation. Correspondingly, the
downregulated catalase and SLC7A11 and the depleted GSH
and cysteine were all abrogated by exterior pyruvate. Thus,

pyruvate depletion due to glycolysis dysfunction contributed to
OGD-induced inactivation of mTOR. Notably, maltol signifi-
cantly prevented OGD-triggered depletion of pyruvate. Thus,
maltol maintained pyruvate level in the cells stressed by OGD.

In conclusion, the present study demonstrated that maltol
effectively inhibited OGD-induced chromatinolysis via
maintaining pyruvate level in SH-SYSY cells and may be a
potential medicine for cerebral ischemia.
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