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Abstract Because ischaemic stroke is one of the most com-
mon brain disorders, diverse effective therapies are urgently
required. Recent studies reported a variety of azetidine-based
scaffolds for the development of central nervous system-
focused lead-like libraries. However, their mechanisms of ac-
tion and in vivo functions remain unclear. Here, we investigated
the potential mechanism and beneficial effects of
3-(naphthalen-2-yl(propoxy)methyl)azetidine hydrochloride
(KHG26792), a novel azetidine derivative, on ischaemia/
reperfusion (I/R) brain injury. We adapted a mouse brain is-
chaemia model induced by 2 h of middle cerebral artery occlu-
sion followed by 24 h of reperfusion. We measured apoptotic
cell death, inflammatory mediators, free radical generation, and
anti-oxidative enzymes activities. We also measured the mito-
chondrial ATP level and Na+, K+-ATPase and cytochrome c
oxidase activities. Using western blotting, we analysed the pro-
tein levels of inducible NOS, hypoxia-upregulated protein 1,

PTEN-induced putative kinase, uncoupling protein 2, p-Akt,
MMP-3, and full-length receptor for advanced glycation end-
products (RAGE). KHG26792 significantly improved neuro-
logical deficits and brain oedema and suppressed I/R-induced
apoptosis. KHG26792 significantly attenuated I/R-induced in-
flammation and oxidative stress by upregulating SOD and cat-
alase activity, GSH, p-Akt, mitochondrial ATP, Na+, K+-
ATPase, cytochrome c oxidase, and soluble RAGE and down-
regulating iNOS, HYOUP1, and MMP-3, suggesting a poten-
tial anti-inflammatory and antioxidant role of KHG26792. This
is the first study to show that KHG26792 can protect mouse
brains against I/R injury by inhibiting apoptotic damage, mod-
ulating inflammation, scavenging free radicals, ameliorating
oxidative stress, and improving the energy metabolism of the
brain, although the clinical relevance of our findings remains
unknown.
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Bax Bcl-2-associated X protein
CAT catalase
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DCF-DA 2′,7′-dichlorofluorescin diacetate
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glycation end-products
HNE 4-hydroxy-2-nonenal
HYOU1 hypoxia-upregulated protein 1
ICAM-1 intercellular adhesion molecule-1
iNOS inducible nitric oxide synthase
I/R ischaemia/reperfusion
KC keratinocyte-derived chemokine
MCAO middle cerebral artery occlusion
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MCP-1 monocyte chemoattractant protein-1
MDA malondialdehyde
PINK1 PTEN-induced putative kinase 1
sRAGE soluble receptor for advanced

glycation end-products
UCP2 uncoupling protein 2

Introduction

Ischaemic stroke is one of the most common brain disorders
because the brain is particularly susceptible to cerebral isch-
aemic reperfusion injury due to its high demand for oxygen,
high level of polyunsaturated fatty acids, and low activity of
ROS-scavenging enzymes (Shi et al. 2013; Guo et al. 2014).
Thus, diverse effective therapeutic approaches are urgently
required to protect the brain from ischaemic brain injury
(Urban et al. 2010). ROS production is dramatically increased
during cerebral ischaemia/reperfusion (I/R), overwhelming
endogenous antioxidant systems and leading to oxidative
stress (Love 1999; Alexandrova et al. 2004; Allen and
Bayraktutan 2009; Niatsetskaya et al. 2012). ROS cause tissue
damage by inducing lipid peroxidation or protein nitrosylation
of the cell membrane and initiating an inflammatory cascade
involving cytokine release and inducible NOS (iNOS) activa-
tion (Allan and Rothwell 2001; Lo et al. 2003; Mehta et al.
2007). Inflammation and oxidative stress are consideredmajor
factors in the pathophysiology of I/R injury (Doyle et al. 2008;
Broughton et al. 2009; de Vries et al. 2013). Hence, the use of
agents that scavenge free radicals and suppress both inflam-
mation and neural cell apoptosis might be one promising way
to prevent or treat I/R-induced brain damage (Slemmer et al.
2008; Broughton et al. 2009; Wang et al. 2013).

Although much effort has been expended to identify agents
capable of treating I/R brain injury, neuroprotective drugs that
are fully effective against I/R-induced brain damage are not yet
available because the overall pathophysiological process of
brain ischaemia is complex and multifactorial. We are interest-
ed in the development of novel efficacious compounds able to
control neuronal injury related to oxidative stress and inflam-
mation. During the course of our studies, we recently reported
the in vitro anti-inflammatory effects of 3-(naphthalen-2-
yl(propoxy)methyl)azetidine hydrochloride (KHG26792), a
novel azetidine derivative, on ATP- or hypoxia-induced inflam-
mation in microglia (Kim et al. 2015a; Kim et al. in press).
Previous reports have revealed a variety of azetidine-based
scaffolds for the development of central nervous system
(CNS)-focused lead-like libraries (Lowe et al. 2012). The ben-
eficial functions of azetidine derivatives include memory-
restorative effects on dysfunctions related to Alzheimer’s dis-
ease dementia and the attenuation of inflammation with reduc-
tions in TNF-α and NF-κB (Dalla et al. 2009; Gómez-Garre
et al. 2009; Mnich et al. 2010). Recently, other studies reported

biological activities of azetidine derivatives against α4β2 neu-
ronal nicotinic receptors and serotonin, norepinephrine, and
dopamine transporters (Han et al. 2014; Yun et al. 2014).

Nonetheless, the mechanism of action and in vivo function
of KHG26792 remain largely unclear. In our present study, we
characterized the potential mechanism and beneficial effects
of KHG26792 on I/R brain injury. To do this, we investigated
whether KHG26792 can exert a neuroprotective effect
on middle cerebral artery occlusion (MCAO)-induced
ischaemia in mouse brains by attenuating I/R-induced
changes in inflammatory mediators, oxidative damage, and
various signal pathways.

Methods

Materials

PBS and DMSOwere obtained from Sigma-Aldrich (St. Louis,
MO). Anti-caspase-3, anti-Bax, anti-iNOS, anti-hypoxia-
upregulated protein 1 (HYOU1), anti-PTEN-induced putative
kinase 1 (PINK1), anti-uncoupling protein 2 (UCP2), anti-Akt,
anti-p-Akt, anti-MMP-3, and anti-full-length receptor for ad-
vanced glycation end-products (fl-RAGE), and anti-β-actin
were purchased from Cell Signaling Technology (Beverly,
MA). 3-(naphthalen-2-yl(propoxy)methyl)azetidine hydrochlo-
ride (KHG26792) was synthesized and purified as described
previously (Han et al. 2012). All other reagents were of the
highest purity among commercially available products.

Animals

Male C57BL/6 mice (Harlan Sprague Dawley, Indianapolis,
IN) were individually housed in plastic cages in a pathogen-
free facility and maintained under a standard 12/12-h light/
dark cycle with food and water ad libitum. This study was
reviewed and approved by the Institutional Animal Care and
Use Committee of the Asian Institute for Life Sciences, Asian
Medical Center, which abides by the Institute of Laboratory
Animal Resources guidelines.

Induction of Cerebral I/R Injury and the Experimental
Design

For the present study, mouse cerebral I/R injury was induced via
2 h of MCAO followed by 24 h of reperfusion according to the
previously published methods (Zea Longa et al. 1989; Belayev
et al. 1996; Liu et al. 2013; Ruan et al. 2013; Ahmed et al. 2014)
with a slight modification. Briefly, mice were anaesthetizedwith
3.5% chloral hydrate in 0.9% NaCl and placed in dorsal recum-
bency. Through a midline incision of the neck, the external and
internal carotid arteries were exposed. A nylon monofilament
(15mm in length and 0.15mm in diameter) coated with poly-L-

448 J Neuroimmune Pharmacol (2017) 12:447–461



lysine was inserted into the external carotid artery and advanced
to the internal carotid artery until a slight resistance was felt. On
achieving occlusion, the filament was held in place with a liga-
ture and the external incision was temporarily sutured. After 2 h
of ischaemia, the mice were anaesthetised, the suture was
opened, and the monofilament was withdrawn to induce a cycle
of I/R injury. The wound area was treated with bupivacaine
(0.5% v/v in PBS) and the animals were allowed to recover in
heated isolation cages with appropriate chow/water provided ad
libitum for 24 h. Then, the mice were decapitated and the brains
were removed under visual inspection and placed on a piece of
gauze moistened with ice-cold 0.9% saline. Since the most af-
fected region is the midbrain in the MCAO model (Justin et al.
2014), brains were further dissected into the hippocampus to
analyse the drug effect. Crude brain extracts were prepared
using Dounce pestle fragmentation and sonication in HEPES
buffer containing a mixture of protease inhibitors (1 μg mL−1

leupeptin, 1 μM dithiothreitol, 2 mM sodium orthovanadate,
and 1 μMphenylmethylsulfonylfluoride), followed by centrifu-
gation at 21,600×g for 10 min at 4 °C. The crude extracts were
stored at −80 °C until use. The protein concentrations of the
crude extracts were determined by the BCA Protein Assay
(Pierce, Rockford, IL).

Mice were randomly divided into four groups (n = 6 per
group): (1) sham group, (2) sham group treated with
KHG26792, (3) I/R group, and (4) I/R group treated with
KHG26792. KHG26792 (3 mg/kg) dissolved in DMSO was
intraperitoneally injected 2 h beforeMCAO in groups 2 and 4.
The dose of KHG26792 was chosen based on our pilot study
as shown in supplementary Table 1. No significant differences
in biomarkers of liver damage were observed at this dosage
(data not shown). Equivalent amounts of DMSO were admin-
istered to the other groups. There were no differences in the
mortality rate between both sham and sham + KHG26792
groups with no deaths in each group. Two of eight rats in I/
R group and one of eight rats in I/R + KHG26792 group died,
respectively. Therefore, we selected 6 animals from each
group randomly based on the number of animals remained
in I/R group to be included in this study.

Evaluation of the Neurological Deficit, Infarction Volume
and Brain Oedema

Neurological deficits were scored on a five-point scale as de-
scribed elsewhere (Zea Longa et al. 1989) with a slight mod-
ification: 0, normal function; 1, contralateral forelimb flexion
when the animal is lifted by the tail; 2, torso turning to the
ipsilateral side when the animal is held by the tail with mod-
erate forelimb weakness; 3, spontaneous movement in all di-
rections; contralateral circling only if the animal is pulled by
the tail; 4, spontaneous contralateral circling; 5, death. A neu-
rologic examination of all animals of the four groups was
blindly performed by a single experimenter.

Infarct volume was determined by the methods as described
by others with a slight modification (Ruan et al. 2013). Briefly,
the brains were removed and frozen immediately. Then, brains
were cut into 2 mm thick slices using a rodent brain matrix
slicer. The brain slices were stained with 2% 2,3,5-triphenyltet-
razolium chloride at 37 °C for 20 min in dark and then fixed
with 10% formalin. The infarct volumes were analyzed and
normalized to the volume of the contralateral (non-occluded)
hemisphere using a computer image analysis system (Image J
1.46R, NIH, USA). Application of the volume algorithm and
statistical analysis was performed by two other investigators,
blinded to experimental conditions.

Measurement of brain water content as an indicator of brain
oedema was performed as described elsewhere (Ruan et al.
2013). Briefly, brains were blotted to remove residual absorbent
moisture and dissected through the interhemispheric fissure
into right and left hemispheres. The wet weight was determined
with a resolution of 0.1mg. The hemispheres was dried for 24 h
at 100 °C in a drying oven and the dry weight was measured.
Brain water content was calculated using the following formu-
la: (wet weight–dry weight)/wet weight) × 100, as previously
used as an index of brain oedema (Vakili et al. 2005).

TUNEL Staining

The hippocampus was removed and fixed in 30% sucrose in
10% formaldehyde-saline solution for 72 h. Micrometer
paraffin-embedded sections of the hippocampus were proc-
essed for a terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labelling (TUNEL) staining in the per-infarct
area in accordance with the manufacturer’s specifications with
a slight modification, as described elsewhere (Choi et al.
2015; Jo et al. 2016). The DeadEnd Fluorometric TUNEL
system (Promega, Madison, WI) was used for nick-end label-
ling with terminal deoxynucleotidyl transferase. TUNEL-
positive cells with green fluorescent staining were detected
by fluorescent microscopy. For cell counts, TUNEL-positive
cells were counted manually in three different fields of each of
three coverslips by three individuals blinded to the experi-
ment. Results are expressed as the percentage of positive
cells/total numbers of cells (65 cells per condition), with the
KHG26792-treated groups assigned a value of 100%.

Western Blotting

For western blot analysis, total proteins of brain tissues were
mixed with SDS-PAGE loading buffer, boiled for 5 min, and
analysed by 10% SDS-PAGE. Resolved proteins were trans-
ferred onto nitrocellulose membranes, detected by enhanced
chemiluminescence according to the manufacturer’s instruc-
tions (Amersham, Buckinghamshire, UK), and analysed using
a Molecular Imager ChemiDoc XRS system (Bio-Rad,
Hercules, CA) as described elsewhere (Eom et al. 2015).
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Densitometry was performed using ImageJ software
(NIH; Bethesda, MD). The following antibodies were
used for western blotting: anti-caspase-3, anti-Bax, anti-
iNOS, anti-HYOU1, anti-PINK, anti-UCP2, anti-Akt, anti-p-
Akt, anti-MMP3, anti-fl-RAGE. β-actin was used to confirm
equal protein loading.

Elisa

Levels of inflammatory mediators and cytokines in the crude
extracts of the brain tissues were measured using commercially
available ELISA kits for TNF-α, IL-1β, MMP-2, intercellular
adhesion molecule-1 (ICAM-1), monocyte chemoattractant
protein-1 (MCP-1) (R&D Systems, Minneapolis, MN), and
keratinocyte-derived chemokine (KC) (Invitrogen, Carlsbad,
CA). All tests were carried out in accordance with the manu-
facturers’ instructions and as described elsewhere (Doverhag
et al. 2010; Ju et al. 2015; Liu et al. 2014; Kim et al. 2016).

Measurement of MDA, HNE, ROS, and GSH Levels

The malondialdehyde (MDA) level was measured as an index
of lipid peroxidation using the thiobarbituric acid method as
previously described (Kim et al. 2009; Uddin et al. 2015).
Briefly, samples were treated as described above and
suspended in a reaction mixture containing 8.1% SDS
(100 μL), 20% acetic acid (pH 3.5, 750 μL), 0.8% thiobarbi-
turic acid (750 μL), and distilled water (300 μL). After being
boiled for 1 h at 95 °C, samples were centrifuged at 4000×g
for 10 min and the absorbance of the supernatant was mea-
sured at 532 nm. In addition, the 4-hydroxy-2-nonenal (HNE)
level was measured as an indicator of lipid peroxidation using
an HNE assay kit (Oxis-Research, Portland, OR) as described
elsewhere (Kim et al. 2015b). The sample was mixed
with N-methyl-2-phenylindole in acetonitrile and
methanesulfonic acid. After centrifugation, the absor-
bance of the supernatant was determined at 586 nm. The
HNE concentrations in the experimental samples were deter-
mined from the standard curve obtained with the HNE stan-
dards provided in the assay kit.

A microfluorescence assay using 2′,7′-dichlorofluorescin
diacetate (DCF-DA) was used to monitor the production of
ROS as described previously (Kim et al. 2015a; Uddin et al.
2015). ROS concentrations were assessed using the oxidant-
sensitive probe DCF-DA according to the manufac-
turer’s protocol. The fluorescence intensity of the DCF
product was measured by using a SpectraMax GEMINI
XS fluorescence spectrophotometer (Molecular Devices,
Sunnyvale, CA) at an excitation wavelength of 485 nm and
an emission wavelength of 538 nm. All experiments were
performed in the dark.

The GSH level was measured as described elsewhere with
minor modifications (Lombardi et al. 2002). Briefly, 100 μL of

5′,5′-dithio-bis(2-nitrobenzoic acid) (6 mM), 15 μL of protein-
free extracts, 875 μL of NADPH (0.3 mM), and 10 μL of GSH
reductase (10 U·mL−1) were mixed, and the absorbance change
was measured at 412 nm with a spectrophotometer.

Measurement of Catalase and SOD Activities

A catalase (CAT) activity assay was performed by determin-
ing the H2O2 decomposition rate at 240 nm, according to a
method described elsewhere (Aebi 1984). SOD activity was
measured by monitoring inhibition of the ferricytochrome c
reduction reaction by xanthine/xanthine oxidase (Kim et al.
2009). The reaction mixture contained 10 μM cytochrome c,
50 μM xanthine, and sufficient xanthine oxidase to produce a
cytochrome c reduction rate of 0.025 absorbance units per
minute at 550 nm. The assay was performed in 3 mL of
50 mM potassium phosphate buffer (pH 7.8), containing
0.1 mM EDTA in a cuvette at 25 °C.

Isolation of Mitochondria

Isolation of mitochondria was carried out according to the
procedure described by Clark and Nicklas (1970). Brain tis-
sues were gently homogenized in 10 mM HEPES (pH 7.5)
containing 0.25 M sucrose using a loose-fit Teflon pestle. The
homogenate was centrifuged at 2000×g for 3 min at 4 °C, and
the supernatant obtained was further centrifuged at 12000×g
for 8 min. The precipitate was resuspended in the isotonic
sucrose medium. Then, the suspension was centrifuged at
12000×g for 10 min, and the mitochondrial pellet was
resuspended in sucrose 0.25M and centrifuged at 12000×g for
10 min. Finally, the mitochondrial pellets were suspended in a
minimal amount of 10 mM HEPES (pH 7.5) containing
0.25 M sucrose and stored at −80 °C until the start of
the analysis. All of the above procedures were per-
formed at 4 °C.

Measurement of ATP, Na+, K+-ATPase, Cytochrome c
Oxidase, and Soluble RAGE (sRAGE)

ATP concentration was measured in accordance with the
guidelines of an ATP ELISA kit (Abcam, Cambridge, MA)
by measuring the absorbance at 570 nm. The ATP concentra-
tion of each sample was determined from a standard curve and
normalized to total protein content.

Na+, K+-ATPase was assayed using 50 mM Tris/HCl,
pH 7.4 containing 5 mM MgCl2, 80 mM NaCl, 20 mM
KCl, and 3 mM ATP. The reaction was initiated by adding
25 μL of 10% homogenate to the samples and incubating
them at 37 °C for 1 h. Released inorganic phosphate was
measured by the method of Chan et al. (1986). The absor-
bance intensity at 640 nm was detected against a control that
was carried out under the same conditions containing all of the

450 J Neuroimmune Pharmacol (2017) 12:447–461



reagents except the crude extracts. The standard curve was
plotted using potassium dihydrogen phosphate. The spe-
cific activity of the enzyme was expressed as nanomoles
of inorganic phosphorus released per minute per micro-
gram of protein.

Cytochrome c oxidase activity in the mitochondrial fractions
was assessed using an activity assay kit (BioChain Institute,
Hayward, CA). The activity of cytochrome c oxidase to oxidize
ferrocytochrome c to ferricytochrome c was measured using
spectrophotometry. The absorbance of ferricytochrome c was
measured as a loss of absorbance at 550 nm and normalized to
total protein content.

Total levels of soluble RAGE (sRAGE) were quantified
using a commercially available ELISA kit (R&D Systems)
according to the manufacturer’s instructions. Plasma samples
were obtained from trunk blood. Blood samples were rapidly
centrifuged for 10 min at 500×g and stored at −80 °C until the
analysis was performed.

Data Analyses

Statistical data are expressed as the mean ± SD. Individual
differences between the groups were analysed using one-
way ANOVA. Student’s t-test was used to analyse differences
between two groups, and a threshold of P < 0.01 was used to
define statistical significance.

Results

Effects of KHG26792 on Neurological Assessment,
Infarction Volume andWater Content in I/R Brain Injury

To investigate the neuroprotective effects of KHG26792, the
neurological deficit scores and infarct volume after cerebral I/
R were measured. The neurological deficit scores and infarct
volume of the different groups after 24-h reperfusion are
shown in Fig. 1. The neurological deficit score and infarct
volume in the I/R + KHG26792 group was significantly lower
than that of the I/R group (Fig. 1a, b), suggesting that
KHG26792 improved the I/R-induced neurological defi-
cit in mouse brains. However, we can’t exclude the
possibility that the neurological score changes may be
due to hemorrhage at least in part. Further studies such
as laser-Doppler measurement might be necessary to
support for exclusion of data based on the in cerebral
blood flow following MCAO as described by Morris et al.
(2016). Brain water content as an indicator of brain oe-
dema was also measured. After 24 h of reperfusion, the
brain water content in the I/R group was markedly
higher than that of the sham group (Fig. 1c). However,
KHG26792 treatment significantly reduced the water content
in the I/R + KHG26792 group.

Anti-Apoptotic Properties of KHG26792 in I/R Brain
Injury

Next, we examined the anti-apoptotic properties of KHG26792.
The protein levels of caspase-3 and Bax asmeasured bywestern
blot are shown in Fig. 2a. The protein levels ofβ-actin remained
relatively constant in the four groups. The protein levels of
caspase-3 and Bax were not significantly different between the
sham-operated and KHG26792-treated sham groups. On the
other hand, significant increases in caspase-3 and Bax protein

Fig. 1 Effects of KHG26792 on neurological deficit scores and water
content in I/R brain injury. Neurological deficit scores a, infarction volume
b and brain water content c were measured in mouse brains. Data are
presented as means ± SD. The asterisk indicates a significant difference
between the I/R group and the I/R group pretreated with KHG26792
(P < 0.01)
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levels were detected in the I/R group exposed to 2-h MCAO
followed by 24-h reperfusion (Fig. 2b, c). However, caspase-3
and Bax protein levels were significantly reduced in the I/R +
KHG26792 group (Fig. 2b, c). Our results are consistent with
those of previous studies, in which agents that protect neuronal
cells from caspase-3 activation ameliorated ischaemic brain in-
jury (Doverhag et al. 2010; Hou et al. 2014).

Apoptosis was also evaluated using a TUNEL assay.
Consistent with the caspase-3 and Bax data, the number of
TUNEL-positive cells significantly increased in the I/R group,
whereas TUNEL staining was almost absent in the sham and
KHG26792-treated sham groups (Fig. 2d). Compared with
the I/R group, only weak TUNEL labelling was detected in
the I/R + KHG26792 group (Fig. 2d). These results suggest
that apoptosis after ischaemia was significantly inhibited by
KHG26792 treatment.

Effects of KHG26792 on the Levels of Inflammatory
Cytokines and ICAM-1 in I/R Brain Injury

We have previously reported the anti-inflammatory and anti-
oxidative effects of KHG26792 on ATP- or hypoxia-induced
inflammation in BV-2 cells (Kim et al. 2015a; Kim et al. in
press). Here, we investigated the effects of KHG26792 on
ischaemia-induced changes in the levels of the proinflamma-
tory cytokines TNF-α, IL-1β, and MCP-1 in mouse brains.
As expected, ischaemia significantly increased the levels of
TNF-α, IL-1β, and MCP-1 by 3.2-fold, 4.4-fold, and 25.1-
fold, respectively, compared with the sham group (Fig. 3a, b
and c). Remarkably, KHG26792 treatment markedly attenu-
ated proinflammatory cytokine levels compared with the I/R
group (Fig. 3a, b and c).

As shown in Fig. 3d, e and f, we further determined the
levels of macrophage inflammatory protein-2 (MIP-2), mu-
rine homologue KC, and ICAM-1. MIP-2, KC, and ICAM-1
levels were increased 2.1-fold, 3.4-fold, and 4.1-fold in I/R,
respectively. In contrast, KHG26792 treatment significantly
reduced the levels of these inflammatory markers, as indicated
by a comparison of the I/R + KHG26792 and I/R groups. No
significant changes in the levels of these markers were ob-
served between the sham and sham + KHG26792 groups.
Together, these data suggest that the protective effects of
KHG26792 are partlymediated by regulation of inflammatory
cytokine release in I/R brain injury.

Effects of KHG26792 on MDA, HNE, ROS, and GSH
Levels and SOD and CATActivity in I/R Brain Injury

To examine the inhibitory effects of KHG26792 on ischaemia-
induced lipid peroxidation, we measured the levels of the lipid
peroxidation markers MDA and HNE. As shown in Fig. 4a, b,
the levels of MDA and HNE in the I/R group were 2.2-fold and
3.4-fold higher, respectively, than those of the sham group.

However, significant reductions in MDA and HNE levels were
observed in the I/R + KHG26792 group compared with the I/R
group (Fig. 4a, b). In addition, we also measured the effects of
KHG26792 on the levels of ROS, an indicator of oxidative
stress. ROS levels were approximately 3.2-fold higher in the
I/R group than in the sham group, indicating that ROS gener-
ation was accelerated (Fig. 4c). However, KHG26792 admin-
istration significantly reduced the ischaemia-induced increase
in ROS levels (Fig. 4c), suggesting a potential antioxidant role
of KHG26792.

GSH, a central component in the antioxidant defence of
cells, acts both by detoxifying ROS directly and by serving
as a substrate for various peroxidases (Conrad and Sato 2012;
Ma et al. 2012). GSH content was lower in animals in the I/R
group, whereas KHG26792 treatment significantly attenuated
I/R-induced depletion of GSH (Fig. 4d). In addition to GSH,
antioxidant enzymes such as SOD and CAT play important
roles in cellular defence against lipid peroxidation and ROS
production (Kunwar et al. 2009). Accordingly, we also inves-
tigated the effects of KHG26792 on the activities of these
enzymes. There was a significant decrease in SOD (Fig. 4e)
and CAT (Fig. 4f) activities in the I/R group. In contrast, the
mice in the I/R + KHG26792 group exhibited significantly
higher levels of SOD and CAT than those in the I/R group.
Because significant decreases in MDA, HNE, and ROS levels
with concomitant increases in SOD and CATactivities and the
GSH level were seen in the I/R + KHG26792 group compared
with the I/R group (Fig. 4), we suggest that KHG26792 pro-
tects the brain against I/R injury at least partly through regu-
lation of the oxidation–reduction system, specifically by in-
creasing antioxidant capacity.

Effects of KHG26792 on the Total Brain ATP Level,
Mitochondrial ATP Level, Na+, K+-ATPase Activity,
and Cytochrome c Oxidase Activity in I/R Brain Injury

The ATP content of brain mitochondria was quantified to ex-
amine the effects of KHG26792 on brain energy metabolism
in cerebral I/R mice. MCAO reduced the brain ATP level
compared with the sham group, whereas KHG26792 treat-
ment significantly attenuated the ATP level compared with
the I/R group (Fig. 5a). Because mitochondria can become
dysfunctional and adversely affect ATP bioavailability after
an I/R insult, ATP production in isolated mitochondria was
also determined. As shown in Fig. 5b, cerebral I/R dramati-
cally reduced the mitochondrial ATP level in the I/R group
compared with the sham control group. However, KHG26792
administration significantly increased the mitochondrial ATP
level compared with the I/R group (Fig. 5b), suggesting that
KHG26792 protects against I/R-induced tissue energy dys-
function. In addition, we further examined the ability of
KHG26792 to improve mitochondrial dysfunction following
I/R using analysis of mitochondrial cytochrome c oxidase
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activity. Consistent with the changes in ATP levels, our results
showed that I/R reduced mitochondrial cytochrome c oxidase
activity, indicating the dysfunction of the mitochondrial elec-
tron transfer chain under I/R (Fig. 5c). Once again,
KHG26792 treatment significantly recovered cytochrome c
oxidase activity in the I/R + KHG26792 group compared with
the I/R group (Fig. 5c).

Next, we determined the impact of KHG26792 on the Na+,
K+-ATPase level in ischaemic and KHG26792 treatment
groups because changes in Na+, K+-ATPase can affect the
neuronal injury apoptosis cascade by destroying K+ homeo-
stasis (Wang et al. 2003). I/R induction reduced the Na+, K+-
ATPase level compared with the sham group (Fig. 5d). In
contrast, KHG26792 treatment significantly increased the
Na+, K+-ATPase level in the I/R + KHG26792 group com-
pared with the I/R group.

Effects of KHG26792 on the Protein Levels of iNOS,
HYOU1, PINK, and UCP2 in I/R Brain Injury

Western blotting analysis showed that I/R markedly increased
the protein levels of iNOS, HYOU1, PINK, and UCP2
(Fig. 6a), in line with previous reports (Chen et al. 2006; Liu
et al. 2013; Ruan et al. 2013; Chen et al. 2015). In contrast,
KHG26792 treatment effectively attenuated the levels of
iNOS and HYOU1 protein compared with the I/R group with-
out KHG26792 (Fig. 6a, b, c and d). Taken together, iNOS
and HYOU1 downregulation (Fig. 6b, c) was accompanied by

decreased oxidative stress (Fig. 4). However, KHG26792
treatment did not show any significant effects on the I/R-
induced protein levels of PINK and UCP2 (Fig. 6d, e).
These results suggest that the suppression of iNOS and
HYOU1 signalling, but not PINK and UCP2 signalling, may
be involved in the protective effect of KHG26792 on I/R-
induced injury in mouse brain, although the precise mecha-
nism of KHG26792 activity under ischaemic conditions re-
mains unclear. There were no significant differences in the
levels of any of the proteins tested between the sham and sham
+ KHG26792 groups.

Effects of KHG26792 on the Protein Expression of P-Akt
and MMP-3 in I/R Brain Injury

As shown in Fig. 7a, the western blotting results revealed no
significant changes in the protein level of Akt among the
groups (Fig. 7a, b). However, compared with the sham group,
I/R dramatically decreased the protein levels of p-Akt, but
increased those of MMP-3 in the I/R group (Fig. 7a, b and
c). Interesting, KHG26792 treatment almost completely re-
stored the levels of both p-Akt and MMP-3 in the I/R +
KHG26792 group, so that they were not significantly different
from their corresponding values in the sham group (Fig. 7a, b
and c). Therefore, these results strongly support the possible
involvement of Akt and MMP-3 signalling, as well as iNOS
and HYOU1 signalling, in the neuroprotective effects of
KHG26792 on brain I/R injury.

Fig. 2 Anti-apoptotic properties
of KHG26792 in I/R brain injury.
a Western blot results showing
changes in caspase-3 and Bax
expression in the I/R group when
the animals were pretreated with
KHG26792. (b and c) Bar graphs
showing the quantified levels of
caspase-3/β-actin and
Bax/β-actin calculated using
densitometry and expressed as the
percentage of the I/R group. d
Treatment with KHG26792
significantly reduced the number
of TUNEL-positive cells. Data
are presented as means ± SD. The
asterisk indicates a significant
difference between the I/R group
and the I/R group treated with
KHG26792 (P < 0.01)
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Effects of KHG26792 on Fl-RAGE Protein Expression
and sRAGE Activity in I/R Brain Injury

The western blot results showed that the protein levels of fl-
RAGE after I/R were almost identical among the groups
(Fig. 8a, b). Actually, fl-RAGE proteins were hardly detected
in any of the groups. Interestingly, after 24 h of reperfusion,
significant decreases in sRAGE plasma levels were found in
the I/R group compared with the sham group, and treatment
with KHG26792 significantly restored the decreased sRAGE
circulating levels caused by I/R (Fig. 8c).

Discussion

Our current study is the first to investigate the anti-oxidative
properties of KHG26792 in an ischaemia animal model. Our

results showed that KHG26792 significantly reduced neuro-
logical deficits and brain oedema in mouse brains ex-
posed to 2 h of MCAO followed by 24 h of reperfu-
sion. Many studies have reported that hypoxia–ischae-
mia-induced apoptosis in the brain promotes cell death
through caspase-3 and Bax activation (Doverhag et al. 2010;
Yao et al. 2012; Hou et al. 2014). In the present study, we
showed that caspase-3 and Bax protein levels were signifi-
cantly higher in the I/R group, in agreement with the
TUNEL assay results, suggesting apoptotic processes after I/
R injury (Fig. 2). Interestingly, KHG26792 significantly de-
creased caspase-3 and Bax expression in mouse brains. These
results indicate that KHG26792 promotes cell survival by
inhibiting I/R-induced expression of caspase-3 and Bax, sug-
gesting that it might act as an effective regulator of the apo-
ptotic process. Our results further support previous studies in
which agents that protect neuronal cells from caspase-3

Fig. 3 Effects of KHG26792 on
TNF-α a, IL-1β b, MCP-1 c,
MIP-2 d, KC e, and ICAM-1
f levels in I/R brain injury. Data
are presented as the means ± SD
and expressed as the percentage
of the I/R group. The asterisk
indicates a significant difference
between the I/R group and
the I/R group pretreated with
KHG26792 (P < 0.01)
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activation ameliorated ischaemic brain injury (Doverhag et al.
2010; Hou et al. 2014).

Furthermore, our current analysis indicated increased
levels of the inflammatory mediators TNF-α, IL-1β, MIP-2,
KC, ICAM-1, and MCP-1 in the I/R group (Fig. 3), indicating
the role of inflammatory events in ischaemia and further
confirming the successful induction of cerebral ischaemia in
mouse brains, as previously reported (Ramanathan et al. 2012;
Orsu et al. 2013). Our results are therefore consistent with
those of previous studies in which I/R increased the release
of proinflammatory cytokines and inflammatory mediators in
the brain (Shen et al. 2008; Justin et al. 2014). Oxidative stress
and inflammation are the main factors for cell destruction and
apoptosis in I/R-induced brain injury (Wilms et al. 2005;
Doyle et al. 2008; Broughton et al. 2009). In addition, impor-
tant roles for oxidative stress in neuroinflammation regulation

after stroke during hypoxic processes have been reported
(Nakanishi and Wu 2009; Guo et al. 2014). Therefore, agents
that can scavenge free radical generation and reduce inflam-
mation are expected to have neuroprotective effects. ROS
levels are increased in the brains of experimental animal
models of agent-induced hypoxia (Nakanishi and Wu 2009;
Rathnasamy et al. 2011; Guo et al. 2014; Hou et al. 2014;
Guan et al. 2015). Many studies also reported that ROS func-
tions as a main factor in the pathophysiology of ischaemic
stroke and cerebral injury by promoting oxidative damage of
membrane lipids and proteins (Love 1999; White et al. 2000).
In this study, we measured the effects of KHG26792 on the
oxidative stress caused by I/R to examine the protective role of
KHG26792 during I/R brain injury. Consistent with previous
reports (Li et al. 2014; Guan et al. 2015), we found that MDA,
HNE, and ROS levels in the I/R group were higher than those

Fig. 4 Effects of KHG26792 on
MDA a, HNE b, ROS c, GSH d,
SOD activity e, and CATactivity f
in I/R brain injury. Data are
presented as means ± SD and
expressed as the percentage of the
I/R group (a–c) or the percentage
of the control (d–f). The asterisk
indicates a significant difference
between the I/R group and the I/R
group pretreated with KHG26792
(P < 0.01)
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in the sham group (Fig. 4a, b and c). However, KHG26792
significantly reduced the oxidative stress observed in the I/R
group, suggesting a potential antioxidant role of KHG26792.

SOD, CAT, and GSH play important roles in protecting the
CNS against oxidative stress and inflammation (Kim et al.
2013; Zhang et al. 2015). Our present data indicated that
SOD and CAT activities and GSH levels were reduced in the
I/R group, with KHG26792 administration significantly re-
covering SOD and CAT activities as well as the GSH level
compared with the I/R group (Fig. 4). Accordingly, these re-
sults showed an anti-oxidative effect of KHG26792 on both
enzymatic and non-enzymatic antioxidant systems. Taken to-
gether, the results shown in Fig. 4 suggest that the antioxidant
action of KHG26792 underlies its neuroprotective capacity in
I/R brains. Therefore, KHG26792 may be a valuable and nov-
el agent for studying the relationship between oxidation and
disease pathophysiology.

iNOS plays a key role in inflammation, and cytokine signal
transduction can be involved in the regulation of the iNOS gene
(Cardenas et al. 2000; Shahani and Sawa 2011; Yao et al.
2013). In I/R brain injury, an elevated iNOS level increases
the production of peroxynitrite in the presence of superoxide
radicals, which is accompanied by depleted GSH levels
(Iadecola et al. 1995; Samdani et al. 1997; Moro et al. 2004;
Tang et al. 2012; Liu et al. 2013). This may explain the de-
creased GSH levels observed in the present study (Fig. 4d). On
the other hand, KHG26792 treatment significantly attenuated
the reduction in ROS generation by increasing antioxidants
levels (Fig. 4) and downregulating iNOS (Fig. 6). Recently,

we reported that KHG26792 exhibits anti-inflammatory and
antioxidant activities as a consequence of iNOS downregula-
tion in BV-2 cells (Kim et al. 2015a; Kim et al. in press), which
is consistent with the anti-oxidative and anti-inflammatory
properties of KHG26792 observed in the present study after
iNOS downregulation (Fig. 6).

Interestingly, we found that the protein expression of
HYOU1, an oxygen-regulated protein, was increased in I/R
brain injury, with KHG26792 attenuating the I/R-induced in-
crease (Fig. 6b). HYOU1 is induced by hypoxia/ischaemia
(Sato et al. 2001; Ruan et al. 2013). Accordingly, we suggest
that the reduction in HYOU1 by KHG26792 may at least
partly contribute to the neuroprotective effect of KHG26792,
although the mechanism regulating the relationship between
HYOU1 and KHG26792 is currently unclear.

Mitochondria are mainly responsible for the production of
cellular energy in the form of ATP. During reperfusion, exces-
sive ROS produced by mitochondria can damage electron
transport complexes, suppressing mitochondrial energy metab-
olism and increasing apoptosis (Krajewski et al. 1999;
Blomgren et al. 2003; Niatsetskaya et al. 2012). Moreover,
ROS induced byMCAO destroys the functional energy metab-
olism of mitochondria and reduces ATP levels, facilitating neu-
ronal cell apoptosis after cerebral ischaemia (Wang et al. 2013;
Sun et al. 2014; Justin et al. 2014). Figure 5 shows that total
brain ATP levels as well as brain mitochondria ATP levels were
lower in the I/R group than in the sham group. We found that
KHG26792 can rescue I/R-induced ATP generation in the I/R
mouse brain. Therefore, KHG26792 improved ATP levels to

Fig. 5 Effects of KHG26792 on
the total brain ATP level a,
mitochondrial ATP level b,
cytochrome c oxidase activity c,
and Na+, K+-ATPase activity d in
I/R brain injury. Data are
presented as means ± SD and
expressed as the percentage of the
control. The asterisk indicates a
significant difference between the
I/R group and the I/R group
pretreated with KHG26792
(P < 0.01)
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protect the brain against I/R brain injury by increasing antiox-
idant enzyme activities and suppressing ROS generation
(Fig. 4).

We further evaluated whether the neuroprotective properties
of KHG26792 involve a recovery of cytochrome c oxidase
activity, part of the electron transfer chain complex, because
caspase-3 activation requires cytochrome c release after mito-
chondrial dysfunction (Li et al. 1997). We found that cyto-
chrome c oxidase activity was significantly reduced in the I/
R group, supporting the evidence indicating electron respirato-
ry chain disruption after I/R brain injury (Fig. 5). Because the
reducedATP level impairs the ion pumps in the neuronalmem-
brane, the effect of KHG26792 was also reflected in the Na+,
K+-ATPase activity. Na+, K+-ATPase plays an important role
in the active transport of ions across the cell membrane. This
transport system consumes approximately half of the ATP con-
tent of the brain to maintain the electrochemical gradient

(Kaplan 2002). Consistent with previous results, about a 50%
reduction in Na+, K+-ATPase activity was observed after I/R
brain injury (Fig. 5d). This change in Na+, K+-ATPase may
mainly activate neuronal apoptosis by changing the K+ homeo-
stasis (Wang et al. 2003). A functional Na+, K+-ATPase con-
sists of a catalytic α subunit and a regulatory β subunit, mul-
tiple α isoforms are found in mammals, and the regulative
functions are also reflected in the expressive relationship
among α isoforms in the CNS (Sweadner 1989; Isaksen and
Lykke-Hartmann 2016). Therefore, further studies for the pre-
cise mechanisms of the effect of KHG26792 on the expressive
relationship among Na+, K+-ATPase α isoforms in ischemia
remain to be elucidated.

Next, we examined the effects of KHG26792 on PINK1 and
UCP2 in I/R brain injury because previous studies reported that
PINK1 is a mitochondrial serine/threonine-protein kinase that
protects against mitochondrial dysfunction (Plun-Favreau et al.

Fig. 6 Effects of KHG26792 on
the protein levels of iNOS,
HYOU1, PINK, and UCP2 in
I/R brain injury. a Equal amounts
of crude extracts were
immunoblotted using primary
antibodies against each protein.
(b–e) Bar graphs showing the
quantified protein levels
calculated using densitometry and
the ratio of the protein intensity to
β-actin intensity was expressed as
the percentage of the I/R group.
Data are presented as
means ± SD. The asterisk
indicates a significant difference
between the I/R group and the
I/R group pretreated with
KHG26792 (P < 0.01)
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2007; Pridgeon et al. 2007). UCP2 is another inner mitochon-
drial membrane protein that is implicated in reduced production
of ROS (Arsenijevic et al. 2000). Moreover, increased UCP2
expression was observed in global ischaemia-induced injury
(Chen et al. 2006). However, KHG26792 showed no effects
on either PINK1 or UCP2 (Fig. 6d, e).

To further investigate the mechanism bywhich KHG26792
protects against I/R brain injury, we determined the effects of
KHG26792 on the levels of p-Akt and MMP-3 protein. Akt
regulates the survival response to oxidative stress-induced

neuronal apoptosis and its phosphorylation is necessary for
its neuroprotective activity by suppressing apoptosis in the
CNS (Zhao et al. 2005; Manning and Cantley 2007; Zhang
et al. 2007). MMP-3, a key endopeptidase involved in inflam-
matory reactions, is also increased after cerebral ischaemia in
rats, mice, nonhuman primates, and humans, resulting in the
proteolytic breakdown of the blood–brain barrier (Pfefferkorn
and Rosenberg 2003; Cheng et al. 2011). Our present results
support the notion that inhibition of p-Akt and MMP-3 could
be important factors exacerbating brain damage after I/R inju-
ry. On the other hand, KHG26792 treatment efficiently in-
creased p-Akt and reduced MMP-3 (Fig. 7). Therefore, it is
possible that the effects of KHG26792 on reduced ROS

Fig. 7 Effects of KHG26792 on the protein expression of p-Akt and
MMP-3 in I/R brain injury. a Western blot results showing changes in p-
Akt and MMP-3 expression in the I/R group when the animals were
pretreated with KHG26792 (a). (b, c) Bar graphs showing the quantified
levels of p-Akt/Akt and MMP-3/β-actin calculated using densitom-
etry and expressed as the percentage of the control group (b) or the I/R
group (c). Data are presented as means ± SD. The asterisk indicates a
significant difference between the I/R group and the I/R group treated
with KHG26792 (P < 0.01)

Fig. 8 Effects of KHG26792 on the protein expression of fl-RAGE and
the activity of sRAGE in I/R brain injury. aWestern blot results showing
changes in fl-RAGE expression in the I/R group when the animals were
pretreated with KHG26792. b Bar graphs showing the quantified levels
of fl-RAGE/β-actin calculated using densitometry and expressed as the
percentage of the control group. cKHG26792 significantly attenuated the
inhibition of sRAGE in I/R brain injury. Data are presented as means ±
SD. The asterisk indicates a significant difference between the I/R group
and the I/R group treated with KHG26792 (P < 0.01)
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generation and iNOS down-regulation may be closely associ-
ated with amelioration of MMP-3 and the Akt pathway.
Because we only used cerebral homogenates in the present
study, further studies including knockdown experiments
would help to validate our findings.

Many studies have shown that RAGE, as well as promoting
ROS production, functions as a damage-sensing molecule and
is increased in pathological conditions such as cerebral ischae-
mia (Muhammad et al. 2008; Hassid et al. 2009; Kalea et al.
2009). Proteolysis of the full-length membrane-bound RAGE
by MMPs generates soluble forms of RAGE (sRAGE), sug-
gesting the potential use of sRAGE as a blood biomarker of
stroke severity (Zhang et al. 2008; Greco et al. 2012, 2014). In
addition, exogenous sRAGE treatment has been used to antag-
onize I/R brain injury (Tang et al. 2013). In the present study,
we showed that sRAGE levels were reduced after MCAO
followed by reperfusion, in line with previous findings indicat-
ing decreased sRAGE levels after either transient or permanent
MCAO (Greco et al. 2012, 2014). In contrast, there were no
significant changes in the protein expression of fl-RAGE in any
of the animal groups (Fig. 8). More interestingly, KHG26792
treatment clearly attenuated the I/R-induced reduction in
sRAGE, further indicating the mechanism for the neuroprotec-
tive effects of KHG26792 in I/R brain injury.

In conclusion, our present report is the first to show that
KHG26792 can protect the mouse brain against ischaemic in-
jury by inhibiting apoptotic damage, modulating inflammation,
scavenging free radicals, ameliorating oxidative stress, and im-
proving the energy metabolism of the brain. These beneficial
effects are the possible pharmacological basis of the protective
activity of KHG26792, althoughwe cannot completely exclude
other possible mechanisms by which KHG26792 might atten-
uate I/R-induced brain injury. Further supporting data are need-
ed to clarify how KHG26792 protects against cerebral ischae-
mia and to understand the neuroprotective effects of this novel
compound.
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