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Abstract Preischemic hyperglycemia exacerbates brain
damage caused by cerebral ischemia. In the present
experiment, we studied the effects of preischemic hyper-
glycemia on protein markers that are related to mitochon-
drial fission and fusion, mitochondrial biogenesis, and
autophagy in mice subjected to 30-min transient focal
ischemia. The fission proteins dynamin-related protein 1
(Drpl) and fission 1 (Fisl), fusion proteins optic
atrophy 1 (Opal) and mitofusin 2 (Mfn2), mitochondrial
biogenesis regulators nuclear respiratory factor 1 (NRF1) and
peroxisome proliferator-activated receptor gamma coactivator
I-alpha (PGC-1«), and autophagy marker beclin 1 and
microtubule-associated protein light chain 3 (LC3) were ana-
lyzed in control, 30 min middle cerebral artery occlusion
(MCAOQ) plus 6-, 24-, and 72 h of reperfusion in normo- and
hyperglycemic conditions. Cerebral ischemia increased the
levels of Drp1 and decreased Fis1 after reperfusion. Preische-
mic hyperglycemia further augmented the increase of Drpl
and induced elevation in Fisl. Ischemia inhibited the levels of
Opal and Mfn2 and hyperglycemia further decreased the level
of Opal. Further, NRF1 increased after reperfusion in both
normo- and hyperglycemic animals. However, such increase
was caused by reperfusion rather than glucose level. Finally,
ischemia increased beclin 1 level at 6 and 24 h of reperfusion
and hyperglycemia further increased the beclin 1 level and
caused LC3-II increase as well. Hyperglycemia enhances the
ischemia-induced mitochondrial dynamic imbalance towards
fission that may favor mitochondrial fragmentation and
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subsequent damage. Hyperglycemia elevated autophagy
markers may represent an adapting reaction to the severe
damage incurred in hyperglycemic animals or a third pathway
of cell death.

Keywords Autophagy - Cerebral ischemia - Hyperglycemia -
Mitochondrial dynamics

Abbreviations

CCA Common carotid artery

Drpl Dynamin-related protein 1

Mfn2 Mitofusin 2

ICA Internal carotid artery

LC3 Microtubule-associated protein light chain 3

MCA Middle cerebral artery

MCAO  Middle cerebral artery occlusion

NRF1 Nuclear respiratory factor 1

Opal Optic atrophy 1

PGC-1x  Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha

Tfam Transcription factor A

Introduction

It is well established that preischemic hyperglycemia enhan-
ces ischemic brain damage in human as well as in animal
models of both global and focal in nature [1-7]. Both
experimental and clinical studies have shown that besides
higher susceptibility to stroke occurrence, severity of brain
damage and likelihood of death from stroke are increased in
persons with hyperglycemic conditions regardless of diabe-
tes as compared to euglycemic counterpart [8—13]. The
molecular mechanisms underlying this important, clinically
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relevant phenomenon are not fully understood. However,
studies have shown that hyperglycemia increases free radi-
cal production, activates intrinsic cell death pathway, and
causes mitochondrial swelling in early reperfusion stage
[14-19].

Mitochondria are highly dynamic organelles that constant-
ly undergo fission and fusion. Mitofusins 1, 2 (Mfnl, Mfn2)
and optic atrophy 1 (Opal) control fusion, while dynamin-
related protein 1 (Drpl) and Fisl mediate mitochondrial fis-
sion process [20]. The imbalance in mitochondrial dynamics
compromises the energy production and is linked to several
diseases [20]. For example, mutation in Opal leads to visual
failure and optic atrophy, followed by ataxia, deafness, and a
sensory—motor neuropathy [21], whereas functional loss of
Mfin2 gene leads to Charcot-Marie—Tooth disease, a periph-
eral neuropathy of motor and sensory neurons [22]. Recent
reports have suggested that fusion (reticular structure) is
important to maintain mitochondrial calcium buffering, prop-
agate intra-mitochondrial Ca®" waves, and preserve mitochon-
drial DNA [23]. The disruption of mitochondrial reticularity
due to overexpression of Drpl or Fisl leads to mitochondrial
fragmentation, suppression of electron transfer chain activities
and mitochondrial metabolism, cell growth retardation, cyto-
chrome c¢ release, and activation of apoptotic cell death
[24-28]. Mitochondrial fission can activate autophagy, which
is responsible for decreasing mitochondrial number and acti-
vation of apoptosis, whereas Fisl knockdown or overexpres-
sion of a dominant negative isoform of Drpl (DRP1%**4) not
only decreased mitochondrial autophagy but also reduced
respiration [27, 29].

The relationship between mitochondrial dynamics and
autophagy during cerebral ischemia is less clear, although
fragmented or dysfunctional mitochondria are linked to
neuronal cell damage [27-30]. Preischemic hyperglycemia/
diabetes significantly worsens brain damage by inducing
mitochondrial damage in early reperfusion stage [14, 15,
17]. The influences of hyperglycemia on mitochondrial
fission and fusion, mitochondrial biogenesis, and autophagy
after transient focal cerebral ischemia have not been
reported. The aim of the present study was to explore
whether preischemic hyperglycemia alters protein markers
that are associated with mitochondrial fission and fusion,
mitochondrial biogenesis, and autophagy in mice subjected
to a 30-min transient middle cerebral artery occlusion
(MCAO). The results showed that ischemia in normoglyce-
mic animals increased fission and reduced fusion markers.
Hyperglycemia further amplified the imbalance. In addition,
hyperglycemia enhanced autophagy markers but did not
alter mitochondrial biogenesis markers compared with nor-
moglycemic animals. Thus, hyperglycemia-enhanced ische-
mic brain damage may be associated with increased
imbalance of mitochondrial fission and fusion and activa-
tion of autophagy.

Materials and Methods
Experimental Animals and Groups

Male C57BL/6J mice weighing 24-26 g were used for the
experiments. The animals were fasted overnight with free
access to water. Mice were anesthetized with inhalation of
3.0 % isoflurane and maintained on 1.5 % isoflurane in
N,0/0O, (70/30) through a facial mask during the operation.
Forty animals were divided into normoglycemic and hyper-
glycemic groups (n=20 each group), each consisting of four
subgroups: a sham-operated control (#=6) and 30-min
MCAO plus 6- (n=6), 24- (n=4), and 72- (n=4) h of
reperfusion.

Hyperglycemia was induced by intraperitoneal injection
of 25 % glucose solution (0.3 ml) 30 min prior to induction
of cerebral ischemia. Normoglycemic animals were injected
with the same amount of 0.9 % saline. The blood glucose
level was measured prior to the induction of cerebral ische-
mia by a glucometer. The glucose levels in hyperglycemic
mice were between 14-20 mM, while the glucose levels
were 5-6 mM in normoglycemic animals. The selection
blood glucose levels between 14 and 20 mM was based on
our previous study showing glucose threshold function in
damage exacerbation [1, 2]. Non-fasted animal is not desir-
able for the study because of the large variation of blood
glucose levels ranging from 5 to 12 mM based on our
experience. All animal procedures were approved by the
Institutional Animal Care and Use Committee at North
Carolina Central University.

Ischemic Model

Cerebral ischemia was induced by intraluminal filament
technique as we have described previously [3] by occluding
middle cerebral artery (MCA). Briefly, a surgical midline
incision was made to expose the right common, internal, and
external carotid arteries. The right external carotid artery
and the occipital arteries were ligated. The right common
carotid artery (CCA) was ligated, and the right internal
carotid artery (ICA) was temporarily closed by a lose suture.
A small incision was then made in the CCA, and a filament,
which had a distal cylinder of silicon rubber with a diameter
of 0.214+0.02 mm, was inserted into the ICA through the
CCA. The filament was advanced to the anterior carotid
artery, bypassing and occluding the origin of MCA. After
30 min of occlusion, the filament was withdrawn to allow
blood reperfusion. Control animals were subjected to the
same surgical procedure as the MCAO mice except the
occlusion of MCAO. The pathologic outcome of 30-min
MCAO has been previously defined after 1-4 h of reperfu-
sion and 7 days of recovery [3, 5]. The core and head
temperatures during surgery were regularly maintained at

@ Springer



298

Transl. Stroke Res. (2012) 3:296-304

37+0.5 °C by a heating pad and a heating lamp. The degree
of functional deficit at 1 h post-reperfusion was scored using
a five-point Bederson’s scale [31]: scale 0, no deficit; 1,
mild forelimb weakness; 2, severe forelimb weakness, con-
sistently turns to side of deficit when lifted by tail; 3,
compulsory circling; 4, unconscious; and 5, dead. Four
animals with Bederson’s score less than 2 were excluded
from the study.

Western Analysis

Brains were extracted and frozen in liquid nitrogen. Ische-
mic ipsilateral hemispheric cortex, which corresponds to the
ischemic penumbra area in the model of 30-min MCAO,
was dissected in a chilled box and homogenized in pre-
cooled suspension buffer (15 mM Tris pH 7.4, 0.25 M
sucrose, 15 mM NaCl, 1.5 mM MgCl,, 0.25 mM Na3;VO,,
25 mM NaF, 2 mM NaPPi, 2.5 mM EDTA, 1 mM EGTA,
0.5 mM PMSF, | mM DTT, 5 pg/ml leupeptin, 12 pg/ml
pepstatin, and 2.5 pg/ml aprotinin). Cellular components
were fractionated by a series of centrifugation [32]. Frac-
tions of nucleus (P1), mitochondria (P2), and cytosol that
also contains microsomes (S2) from the cortex were used for
Western blot analyses. Protein concentration was deter-
mined by the Bradford method (Bio-Rad) and run in 4—
12 % NuPAGE gel (Invitrogen). Briefly, the same amount
of protein (20 pg) was applied to each lane in a gel. Fol-
lowing electrophoresis, proteins were transferred to a nitro-
cellulose membrane (Invitrogen). The membranes were
incubated with primary antibodies against Drpl at a dilution
of 1:500 (sc-32898, rabbit polyclonal, Santa Cruz Biotech-
nology, CA, USA), Fisl of 1:300 (JM-3491R-100, rabbit
polyclonal, MBL, MA USA), Opal of 1:250 (sc-30572,
goat polyclonal, Santa Cruz Biotechnology, CA, USA),
Mfn2 of 1:500 (sc-50331, rabbit polyclonal, Santa Cruz
Biotechnology, CA, USA), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1x) of
1:500 (2178, rabbit polyclonal, Cell signaling, MA, USA),
nuclear respiratory factor 1 (NRF1) of 1:500 (sc-23624, goat
polyclonal, Santa Cruz Biotechnology, CA, USA), COX IV
of 1:1,000 (ab14744, mouse monoclonal, Abcam Inc, MA,
USA), or (3-actin of 1:1,000 (A1978, mouse monoclonal,
Sigma) overnight at 4 °C. The membranes were incubated
with horseradish peroxidase-conjugated secondary antibod-
ies (IgG) against rabbit, goat, or mouse IgG in donkey for
1 h at room temperature. The blots were then developed
using the Supersignal West Dura Extended Duration Sub-
strate (Thermo Scientific). We were aware that using mouse
monoclonal antibodies against {3-actin and COX IV may
produce background staining due to secondary antibody
binding to endogenous mouse antibody. This was prevented
by using Mouse on Mouse (M.O.M.) blocking reagent
(Vector Laboratories), which was used to block endogenous
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mouse antibody in the tissue section. M.O.M. allows mouse
primary antibodies to be stained while avoiding interfering
background due to the detection reagents binding endoge-
nous mouse antibody. The f-actin or COX IV bands were
used as internal loading controls and the ratios of the target
proteins optical density to -actin or COX IV were calcu-
lated and presented as final results.

Electron Microscopic Studies

Four animals were used for mitochondrial morphological
studies. Brains were perfusion-fixed with 2.5 % glutaralde-
hyde at 6 h of reperfusion collected in both normoglycemic
and hyperglycemic mice (n=2 per group). Coronal brain
sections (200-um thick) at the level of Bregma 0.74 mm
were postfixed with 4 % glutaraldehyde in 0.1 mol/l caco-
dylate buffer (pH 7.4). The sections were then soaked in 1 %
osmium tetroxide in 0.1 M cacodylated buffers for 2 h,
rinsed in distilled water, and stained with 1 % aqueous uranyl
acetate overnight. Tissue sections were dehydrated in ascend-
ing series of ethanol to 100 % followed by dry acetone and
embedded in epoxy resin. Ultrathin sections were counter-
stained with lead citrate before examination by LEO 912
EFTEM transmission electron microscope (Zeiss SMT).

Statistical Analysis

Significant differences were assessed using two-way
ANOVA followed by Bonferroni posttests. Data are repre-
sented as mean + SD. p<0.05 was considered as significant.

Results

Influence of Hyperglycemia on Levels of Mitochondrial
Fission Markers after Ischemia

Fission protein Drp1 level increased biphasically following
cerebral ischemia and reperfusion in cytosolic fractions. As
shown in Fig. la, the Drpl level significantly increased at
6 h (p<0.001), returned to control level at 24 h, and then
followed by a secondary increase again at 72 h of reperfu-
sion (»p<0.001) in normoglycemic animals. The Drpl base-
line level was higher in hyperglycemic animals compared to
normoglycemic control (»p<0.001). The Drpl level further
increased at 6 h of reperfusion to a significant higher level
than the hyperglycemic control (p<0.001) and the normo-
glycemic counterpart (p<<0.001). At 24 h of reperfusion, the
Drpl level returned to hyperglycemic control level but
remained higher than that of the normoglycemic counterpart
(»<0.001). The Drpl level declined to below control level
after 72 h of reperfusion (p<0.001) in hyperglycemic ani-
mals. Two-way ANOVA analysis revealed both glycemic
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Fig. 1 Representative Western blots and semiquantitative analysis of
fission proteins Drpl (a) and Fisl (b) at different time points of
ischemia and reperfusion in cortical area of normoglycemic and hy-
perglycemic animals (n=4 in each subgroup). Two-way ANOVA anal-
ysis revealed that both hyperglycemia status and reperfusion stage

level and reperfusion time had significant influence on the
Drpl content.

Another pro-fission protein Fisl (Fig. 1b) decreased in
the mitochondrial fraction after 6-72 h of reperfusion in
normoglycemic animals (p<0.001). In hyperglycemic ani-
mals, the protein level of Fisl significantly increased at 24 h
and then returned to control level at 72 h of reperfusion
when compared to either hyperglycemic control or normo-
glycemic counterparts (Fig. 1b). Two-way ANOVA analysis
revealed that both glycemia and reperfusion time signifi-
cantly affect the Fisl content.

Influence of Hyperglycemia on Mitochondrial Fusion
Markers After Ischemia

To study the influence of hyperglycemia on mitochondrial
fusion markers after cerebral ischemia and reperfusion, we
analyzed the level of Opal and Mfn2 in mitochondrial
fractions. The results showed that Opal level decreased in
the mitochondrial fraction of mice subjected to 24 and 72 h
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caused significant increases in the Drpl and Fisl. Data are expressed
as means £ SD. ***p<0.001 vs. respective sham-operated controls and
###p<0.001 vs. normoglycemic counterpart at an identical reperfusion
stage. NG normoglycemic, HG hyperglycemic

of reperfusion in normoglycemic animals (Fig. 2a). The
overall Opal level in hyperglycemic animals was lower than
that of the normoglycemic animals as revealed by two-way
ANOVA analysis (p<0.05). The protein level of Mfn2 in the
mitochondrial fraction decreased after cerebral ischemia and
reperfusion in normoglycemic animals (Fig. 2b). Hypergly-
cemia did not affect Mfn2 level although small-scale de-
crease was noted after 6 and 72 h of reperfusion. The overall
difference between normoglycemic and hyperglycemic
groups was not significant by two-way ANOVA analysis.

Mitochondrial Fission/Fusion Index

To better differentiate the imbalance between mitochondrial
fission and fusion mechanisms, we summed up the levels of
mitochondrial fission and fusion markers, calculated the
ratio of fission and fusion, and presented data as mitochon-
drial fission/fusion index. As shown in Fig. 3, cerebral
ischemia affects mitochondrial dynamics. Therefore, mito-
chondrial fission/fusion index gradually increased and
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Fig. 3 Mitochondrial fission/fusion index following cerebral ischemia
and reperfusion in normoglymic and hyperglycemic animals. Index
represents the ratio of fission (Drpl and Fisl) and fusion (Opal and
Mitn2) proteins. Data are expressed as means + SD. *p<0.05, vs.
respective sham-operated controls and #p<0.05 vs. normoglycemic
counterpart at an identical reperfusion stage. NG normoglycemic, HG
hyperglycemic

reached to significant level at 72 h of reperfusion in normo-
glycemic animals. Interestingly, hyperglycemia-induced in-
crease in mitochondrial fission proteins further disturbed
mitochondrial dynamics. Thus, mitochondrial fission/fusion
index was higher in hyperglycemic as compared to normo-
glycemic animals. In addition, hyperglycemia disturbed mi-
tochondrial dynamics faster as compared to normoglycemia
following cerebral ischemia and reperfusion. Therefore, mi-
tochondrial fission/fusion index reached the highest level at
early (6) hours of reperfusion in hyperglycemic conditions
as compared to normoglycemic conditions where mitochon-
drial index reached to the highest level at late (72) hours of
reperfusion.

Ultrastructural Alterations of Mitochondria

To further demarcate the effect of hyperglycemia on mito-
chondria, we performed electron microscopy to analyze the
ultrastructural changes in mitochondrial morphology. Mito-
chondrial morphology was normal in normoglycemic group
up to 6 h of recovery (Fig. 4). In contrast, the mitochondrial
morphological alterations were prominent in hyperglycemic
mice after 6 h of recovery. Therefore, mitochondria showed
marked swelling and loss of cristae beside the variation of
size in hyperglycemic animals as compared to normoglyce-
mic one after 6 h of reperfusion.

Influence of Hyperglycemia on Mitochondrial Biogenesis
Regulators Following Cerebral Ischemia and Reperfusion

As observed above, hyperglycemia increases mitochondrial
fission proteins after ischemia and reperfusion. Since mito-
chondrial fission could lead to either mitochondrial frag-
mentation and apoptosis or mitochondrial biogenesis, we
measured the protein levels of two key mitochondrial bio-
genesis regulators, NRF1 and PGC-1«, in the nuclear
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Fig. 4 Representative electron micrographs of neuron form cortical
area of the brains in normoglycemic and hyperglycemic animals after
6 h of reperfusion. Arrow indicates varying mitochondrial size whereas
arrowhead shows mitochondrial swelling and disarrayed cristae. NG
normoglycemic, HG hyperglycemic, 6 4 6 h reperfusion

fraction (Fig. 5). Two-way ANOVA analysis revealed that
the NRF1 significant difference was caused by reperfusion
time but not glycemic levels. Ischemia induced NRF1 in-
crease at reperfusion of 72 h in normoglycemic animals and
of 6-24 h in hyperglycemic animals (»<0.05). The protein
level of PGC-1a was neither affected by glycemic levels nor
by reperfusion time according to two-way ANOVA analysis

(Fig. 5).

Influence of Hyperglycemia on Autophagy Markers
Following Cerebral Ischemia and Reperfusion

Mitochondrial fission has been shown to activate autophagy.
Therefore, we examined the possible changes in the levels
of beclin 1 and LC3 following focal cerebral ischemia and
reperfusion under normoglycemic and hyperglycemic con-
ditions. Western analysis of beclin 1 in cytosolic/microsome
fraction (Fig. 6a) revealed that beclin 1 level moderately
increased at 6 h (p<0.05), peaked at 24 h (p<0.001), and
then reduced to below normal levels at 72 h (p<0.01) in
normoglycemic animals. In hyperglycemic animals, beclin 1
level was significantly higher at baseline than normoglyce-
mic animals (p<0.05). Following ischemia and reperfusion,
beclin 1 level remained high and increased significantly
at 72 h as compared to hyperglycemic control (p<0.01)
and to normoglycemic counterpart at 72 h (p<0.001).
Two-way ANOVA analysis revealed that both glycemia
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Fig. 5 Representative Western blots and semiquantitative analysis of
NRF1 and PGC-1« in cortical area of normoglycemic and hypergly-
cemic animals at different time points of ischemia and reperfusion
(n=4 in each subgroup). Data are expressed as means = SD. *p<0.05
vs. respective sham-operated controls and #p<0.05 vs. normoglycemic
counterpart at an identical reperfusion stage. NG normoglycemic and
HG hyperglycemic

and reperfusion time were significant determinants of beclin
1 protein level. Another autophagy marker LC3 was also
detected in the cytosolic/microsome fraction using Western
blotting. LC3 is synthesized as pro-LC3 and then cleaved by
Atg4 protease to LC3-1. Upon activation of autophagy, LC3-
I is conjugated with phosphatidylethanolamine to form

LC3-II, which become structural component of autophago-
somes. Therefore, protein level of LC3-1II is often used as a
measure of autophagy [33]. As shown in Fig. 6b, LC3-II
levels were not changed after ischemia and reperfusion in
normoglycemic animals. Comparing to normoglycemic ani-
mals, hyperglycemia induced a significant surge in LC3-II
level after 6 h of recovery (p<0.001) and then declined to
baseline level thereafter.

Discussion

Present study demonstrates the involvement of hyperglyce-
mia in modulating mitochondrial dynamics and autophagy
following cerebral ischemia and reperfusion by analyzing
the protein levels of fission (Drpl and Fisl), fusion (Opal
and Mfn2), mitochondrial biogenesis (NRF1 and PGC-1x),
and autophagy (beclin 1 and LC3). The results demonstrated
that ischemia and reperfusion increased fission protein
Drpl, and preischemic hyperglycemia further augmented
the alteration. The increase in Drpl levels was higher in
hyperglycemic animals at 6 h of reperfusion than normogly-
cemic counterpart, suggesting early stimulation of fission
process by hyperglycemia. Interestingly, Drpl was signifi-
cantly higher even at the control level in hyperglycemic than
in normoglycemic animals. Our findings are consistent with
recent studies showing that high glucose increased mito-
chondrial fission in dorsal root ganglia neurons [34], coro-
nary endothelial cells [35], and cardiac ventricular myocytes
[36, 37]. In contrast to Drpl, another fission protein Fisl
decreased after ischemic and reperfusion. It is not clear why
the two fission proteins behaved differently after ischemia
and reperfusion. However, what is interesting to us is that
hyperglycemia resulted in a significant increase of Fis1 after
24 h of reperfusion.

Our results showed that cerebral ischemia suppressed
mitochondrial fusion proteins Opal at 24 and 72 h and
Mifn2 at 6-72 h of recovery in normoglycemic animals.
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Suppression or mutation in Opal leads to mitochondrial
dysfunction, fragmentation, cristae remodeling, and cyto-
chrome ¢ release [38]. Compared with normoglycemic
animals, hyperglycemia further lowered the Opal but not
the Mfn2 levels based on two-way ANOVA analysis.
The overall fission—fusion results thus suggest that hy-
perglycemia may tilt the ischemia-induced mitochondrial
dynamic imbalance towards fission. The tilting of mito-
chondrial dynamics balance may decrease mitochondrial
reticularity and enhance mitochondrial fragmentation and
neuronal cell death following cerebral ischemia [39].
These results were further supported by mitochondrial
fission/fusion index data, which revealed disturbance in
mitochondrial dynamics following cerebral ischemia. Mi-
tochondrial fission/fusion index was higher at each time
points and dynamics was disturbed much faster (6 h) by
hyperglycemia as compared to normoglycemia (72 h)
following reperfusion. Moreover, mitochondrial ultra-
structural analysis revealed that mitochondrial morpholo-
gy was normal in normoglycemic group up to 6 h of
reperfusion whereas prominent mitochondrial morpholog-
ical alterations were noticed in the form of swelling and
loss of cristae in hyperglycemic animals as compared to
normoglycemic ones. We have previously demonstrated
that hyperglycemia exacerbates ischemic brain damage
[1-4, 14-17]. The visible damage appear in the cortex
after 2 h of reperfusion in 30-min ischemia in hypergly-
cemic animals, whereas no damage were noticed up to
4 h reperfusion in normoglycemic animals, suggesting
that the progression of damage is much faster in hyper-
glycemic conditions [3]. The present study do not
differentiate whether the increased disturbance in mito-
chondrial dynamics and morphology in hyperglycemic
conditions is responsible for exaggeration of ischemic
damage or is the result of increased damage. However,
an in vitro study revealed that high glucose-induced
mitochondrial fission was responsible for mitochondrial
membrane hyperpolarization and increased ROS produc-
tion [36]. Likewise, hyperglycemia activates Drpl-
dependant mitochondrial fission and creates numbers of
small damaged mitochondria, which are responsible for
injuring dorsal root ganglia neurons [40], whereas effi-
cient knockdown of Drpl in neurons decreased glucose-
mediated neuronal injury [40].

Recent reports suggest that neurons may increase the
number of mitochondria through activation of mitochondrial
biogenesis pathway involving NRF1, PGC-1«x, and Tfam
[41] during hypoxic/ischemic injury [42, 43]. To study this
possibility, we measured protein levels of two key nuclear
regulators for mitochondrial biogenesis, NRF1 and PGC-
l«. The results showed that cerebral ischemia increased the
levels of NRF1 but not PGC-1x. Hyperglycemia did not
exert additional influence on NRF1 or PGC-1« according to
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the two-way ANOVA analysis. NRF1 increased in normo-
glycemic animals at 72 h of reperfusion, whereas similar
moderate increase was observed after 6 and 24 h of reperfu-
sion in hyperglycemic animals. It is possible that the ob-
served increase of NRF1 after reperfusion in both normo-
and hyperglycemic animals stimulates mitochondrial bio-
genesis. However, this effect is induced by reperfusion
rather than hyperglycemia based on the statistical analysis.

Autophagy (aka macroautophagy) is a process by which
cellular proteins and organelles are degraded [44, 45]. Avail-
able evidence suggests that imbalance in mitochondrial
dynamics may trigger autophagy [27]. The fact that hyper-
glycemia increases fission and decreases fusion regulators in
our findings aroused us to further investigate whether
autophagy is activated by cerebral ischemia under hypergly-
cemic condition. The results showed that ischemia increased
beclin 1 after 6 and 24 h of reperfusion, and preischemic
hyperglycemia further elevated the levels at control and
maintained it at high level following reperfusion of 6 h
and peaked at 72 h. LC3-II levels did not increase after
ischemia and reperfusion in normoglycemic animals. In
contrast, it increased at 6 h of reperfusion in hyperglycemic
animals. Taken together, these results suggest that ischemia
may activate autophagy process and hyperglycemia may
further enhance the process. Our data are consistent with
previous observations that hyperglycemia induces mito-
chondrial fragmentation and mitochondrial dysfunction
[17,34-37, 40] and that cerebral ischemia activates autoph-
agy in ischemic brain [46, 47]. It is not known, whether
enhanced autophagy is protective or destructive. While
physiological autophagy ensures removal of abnormal ag-
gregated proteins and degenerated subcellular organelles,
massive autophagy may represent an alternative pathway
of cell death [48].

In summary, cerebral ischemia alters mitochondrial
dynamics by increasing fission and suppressing fusion reg-
ulators. Hyperglycemia, a known detrimental factor to
ischemic brain injury, further exacerbates the imbalance
between mitochondrial fission and fusion, which favors
mitochondrial fragmentation and subsequent mitochondrial
damage. Correspondingly, autophagy is activated by
cerebral ischemia and further enhanced by preischemic hy-
perglycemia. The increased autophagy observed in hyper-
glycemic animals after ischemia may represent an adapting
reaction to the severe damage induced by hyperglycemia or
a third pathway to death, in addition to apoptosis and
necrosis.
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