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The role of the mitochondrial calcium uniporter in cerebral
ischemia/reperfusion injury in rats involves regulation
of mitochondrial energy metabolism
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Abstract. The mitochondrial calcium uniporter (MCU) main-
tains intracellular Ca®* homeostasis by transporting Ca** from
the cell cytosol into the mitochondrial matrix and is important
for shaping Ca** signals and the activation of programmed cell
death. Inhibition of MCU by ruthenium red (RR) or Ru360 has
previously been reported to protect against neuronal death. The
aim of the present study was to analyze the mechanisms under-
lying the effects of MCU activity in a rat model of cerebral
ischemia/reperfusion (I/R) injury. Adult male Wistar rats were
divided into 4 groups; sham, I/R, I/R + RR and I/R + spermine
(Sper) and were subjected to reversible middle cerebral artery
occlusion for 2 h followed by 24 h of reperfusion. A bolus
injection of RR administered 30 min prior to ischemia was
found to significantly decrease the total infarct volume and
reduce neuronal damage and cell apoptosis compared with
ischemia/reperfusion values. However, treatment with Sper,
an activator of the MCU, increased the injury induced by
I/R. Analysis of energy metabolism revealed that I/R induced
progressive inhibition of complexes I-IV of the electron transport
chain, decreased ATP production, dissipated the mitochondrial
membrane potential and increased the generation of reactive
oxygen species. Treatment with RR ameliorated the condition,
while spermine had the opposite effect. In conclusion, blocking
MCU was demonstrated to exert protective effects against I/R
injury and this process may be mediated by the prevention of
energy failure.
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Introduction

Ischemic stroke is a worldwide public health issue. Ischemic
stroke causes brain dysfunction and is one of the most frequent
causes of mortality. The most effective strategy for treating the
injury and limiting infarct size is the early restoration of coro-
nary blood flow to the ischemic myocardium. However, this
treatment is often associated with functional and structural
damage during reperfusion (1), which leads to cerebral edema,
brain hemorrhage and even neuronal death. Among the animal
models, middle cerebral artery occlusion (MCAO) followed
by reperfusion is most frequently used as the animal model
of focal cerebral ischemia and resembles human ischemic
stroke (2). The molecular mechanism of ischemic brain injury
is not completely understood. Mitochondria have been demon-
strated to be involved in the regulation of the apoptosis process
and are important for ischemic cell death. Mitochondria are
the source of energy for sustaining life and in addition to their
role as energy-producing organelles, they participate in the
majority of physiological processes, including the cell cycle,
the production of reactive oxygen species (ROS), apoptosis
and ion balance (3,4). Significant progress has been made in
previous years to understand the mechanisms of mitochon-
drial biology.

Mitochondrial channels, whose activities are linked to a
large number of mitochondrial functions and pathologies,
have received significant attention (5). Over 50 years ago,
using a variety of techniques under experimental conditions,
the mitochondrial calcium uniporter (MCU) was identified
to be responsible for the uptake of Ca** by mitochondria,
driven by the large electrical potential difference between the
cytosol and the mitochondrial matrix. Previous studies have
demonstrated that under pathological conditions, including
ischemia/reperfusion (I/R) injury, mitochondria accumu-
late significant amounts of Ca*" from the cytosol via MCU.
Increases in mitochondrial Ca®* concentration ([Ca?*],,) induce
the opening of the mitochondrial permeability transition pore
(MPTP) leading to inhibition of ATP synthesis, increased
ROS production, cytochrome c release and cell death by apop-
tosis (6,7). Ruthenium red (RR) and Ru360 block the MCU to
reduce the Ca?" influx and, therefore, exert a beneficial effect
during I/R injury by preventing Ca** accumulation (8).
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Oxidative phosphorylation, involving the electron
transport chain (ETC) and ATP synthase, provides the vast
majority of cellular energy and drives all cellular processes.
The ETC is composed of NADH dehydrogenase (complex I),
succinate dehydrogenase (complex II), cytochrome ¢ reduc-
tase (complex III) and cytochrome ¢ oxidase (complex IV).
Previous studies have revealed that under pathological condi-
tions, including I/R injury, the ETC causes cell damage and
even triggers death processes due to depressed ATP production
and the generation of ROS (9). ROS are produced via the ETC,
however, these chemically reactive molecules also damage
electron transport complexes (10), leading to further respira-
tory dysfunction and increases in ROS production, which
results in a positive feedback cycle during I/R. Appropriate
treatment strategies may be administered to break this cycle
and protect mitochondrial structure and function.

Our previous studies have revealed that ROS production
is reduced by inhibiting MCU (11). Thus, the current study
was based on the hypothesis that electron transport complexes
and cerebral infarction area are affected by the activity of the
MCU in ischemic/reperfused rats. ATP levels, ROS produc-
tion, changes in mitochondrial membrane potential (A%,,) and
HE and TUNEL staining results were analyzed to to deter-
mine the mechanisms underlying the effects of MCU activity
in a rat model of cerebral I/R injury.

Materials and methods

Chemicals and reagents. RR, spermine and rhodamine 123
were purchased from Sigma-Aldrich (St Louis, MO, USA).
The ATP assay kit was purchased from Beyotime Institute of
Biotechnology (Jiangsu, China). Mitochondria isolation and
assay kits for mitochondrial complex studies were purchased
from Genmed Scientifics Inc. (Shanghai, China). The Bradford
protein assay kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Animals. Male Wistar rats weighing 250-300 g (supplied by
the experimental animal center of Qingdao Drug Inspection
Institute, Qingdao, China) were randomly divided into
4 groups of 12 animals: I (sham), without coronary artery
ligation, underwent identical surgical procedures as the I/R
group; II (I/R), received saline solution (0.9%) 30 min prior
to MCAQO, i.e., ischemia was induced for 2 h followed by 24 h
of reperfusion; III (I/R + RR), received a bolus injection of
RR dissolved in saline solution 30 min prior to MCAO; IV
(I/R + Sper), received a bolus injection of spermine dissolved
in saline solution 30 min prior to MCAO.

MCAO model. MCAQO rats were generated as described previ-
ously (12). Briefly, rats were anesthetized with 10% chloral
hydrate (350 mg/kg, i.p.). The right common carotid artery
(CCA), internal carotid artery (ICA) and external carotid
artery (ECA) were exposed via a midline incision on the neck.
Next, the CCA and ECA were ligated (near the bifurcation)
with 4-0 surgical sutures and the ICA was clipped with an
artery clip. After a small incision was made in the CCA, a
nylon filament with a diameter of 0.285 mm was introduced
into the ICA (18-20 mm from the external-internal carotid
artery bifurcation) through the CCA. The nylon filament was
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maintained in position for 2 h and was then carefully removed
to restore the blood flow. During surgery, body temperature
was maintained at 36.5-37.5°C using a heating pad.

Neurological deficit scoring evaluation. Neurological deficits
were evaluated following 2 h ischemia and 24 h reperfusion
according a scale system described previously (13): 0, normal,
no neurological deficit signs; 1, failure to extend contralateral
forepaw on lifting of the animal by the tail; 2, circling to the
contralateral side, but normal posture at rest; 3, falling to the
contralateral side at rest; 4, no spontaneous locomotor activity.
The model was confirmed at scores 2-4.

Measurement of infarct volumes. To analyze the infarct
volumes, TTC (2,3,5-triphenyltetrazolium chloride) staining
was used. Rats were sacrificed 24 h following reperfusion,
brains were removed rapidly and frozen at -20°C for 5 min.
The brains were sectioned into 2-mm thick coronal slices
using a brain-sectioning block and stained with standard 1%
TTC for 15 min at 37°C. Images of sections were captured and
analyzed using the Image-Pro Plus 5.1 analysis system (Media
Cybernetics, Rockville, MD, USA). Infarct volume (%HLV)
was calculated using the following equation: %HLV = {[total
infarct volume - (right hemisphere volume - left hemisphere
volume)]/left hemisphere volume} x 100.

HE staining. Following reperfusion (24 h), rats were anes-
thetized and perfused with 200 ml 0.9% sodium chloride,
followed by 100 ml 4% paraformaldehyde (PFA) in 0.1 M phos-
phate-buffered saline (PBS, pH 7.4) through the left ventricle.
Brains were removed and fixed in 4% PFA overnight. Sections
(3-mm thick) cut coronally from optic chiasma to occipital pole
were embedded in paraffin and cut into several segments (4-ym
thick). Coronal sections were stained with hematoxylin-eosin.
Sections were also used for TUNEL staining.

TUNEL staining. An in situ cell death detection kit (Roche
Diagnostics GmbH, Mannheim, Germany) was used to detect
apoptotic cell death. According to the manufacturer's instruc-
tions with minor modifications, paraffin embedded sections
were deparaffinized and rehydrated by graded ethanol,
followed by treatment with proteinase K for 15 min and 3%
H,0, for 10 min at room temperature. Following three 10 min
washes in PBS, sections were incubated with terminal deoxy-
nucleotidyl transferase at 37°C for 2 h. Sections were washed
in PBS three times for 10 min each and further incubated with
anti-digoxigenin conjugate for 30 min at 37°C. Following
washing, 3,3'-diaminobenzidine was used to visualize apop-
totic cells. Images were captured at a magnification of x400
using the Nikon ECLIPSE TE300 fluorescence microscope
(Nikon Instruments, Inc., Melville, NY, USA).

Isolation of mitochondria.Brain mitochondria were isolated by
differential centrifugation, using the Functional Mitochondria
Isolation kit (Genmed Scientifics, Inc., Wilmington, DE,
USA). All procedures were performed on ice to maintain the
temperature at 4°C. Rats were anesthetized, decapitated and
the perifocal penumbra zone of the brain was immediately
removed. Tissue was immediately placed in ice-cold PBS
to remove impurities, then processed into fine pieces. The
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Figure 1. Effect of mitochondrial calcium uniporter activity on neurological
deficits. Neurological deficit scores were significantly increased in the I/R
and I/R + Sper groups compared with the sham group, but no significant
differences were observed between the two groups. Neurological deficit
scores were significantly reduced in the I/R + RR group compared with the
I/R group. "P<0.01, vs. sham; “P<0.01, vs. I/R; “P<0.01, vs. I/R + Sper. Each
group, n=12. I/R, ischemia/reperfusion; RR, ruthenium red; Sper, spermine.

tissue was homogenized in isolation medium using a glass
homogenizer. The homogenate was centrifuged at 1,000 x g
for 10 min. The supernatant was retained and centrifuged at
10,000 x g for 10 min. The resulting pellet was resuspended
and rinsed by centrifuging at 10,000 x g for 5 min. The final
mitochondrial pellet was resuspended in reaction buffer and
stored at -80°C. Protein concentration was determined with
the Bradford protein assay using BSA as a standard (14).

Measurement of mitochondrial complex activity.
Mitochondrial freeze-thaw cycles were repeated 3 times
to enable enzyme release. The activities of mitochondrial
complexes [-IV were measured using an assay kit according to
the manufacturer's instructions and a microplate reader (Tecan
Group Ltd., Méannedorf, Switzerland).

Measurements of intracellular ATP levels. ATP levels were
determined using the ATP detection kit (Beyotime Institute of
Biotechnology) following the luciferin-luciferase method (15).
Briefly, tissue was homogenized with a glass homogenizer in
a lysis buffer from the ATP detection kit, followed by centri-
fuging at 12,000 x g for 5 min at 4°C. The supernatant was
retained for the ATP test. Supernatant or standard buffer (both
100 pl) were mixed with 100 ul ATP detection working dilution
on a black plate and luminescence was measured immediately.
Standard curves were generated, to which the ATP level was
referred and the protein concentration of each treatment group
was determined using the Bradford protein assay.

Measurement of mitochondrial membrane potential.
Flow cytometry was used to monitor AW, according to the
method described previously (16) with minor modifica-
tions. Rhodamine 123, a fluorescent cationic dye, uses a
transmembrane potential-dependent mechanism to enter
the mitochondria. The tissue was digested with pancreatic
enzymes and made into suspended cells, which were washed
with PBS. In the dark, cells were loaded with Rhodamine 123
(final concentration, 5 gmol/l) at 37°C for 30 min (17) and then
washed twice with PBS. Following incubation, fluorescence
was determined using flow cytometry (FC500 MPL; Beckman
Coulter, Miami, FL, USA) at an excitation wavelength of
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488 nm and emission wavelength of 530 nm. Data were
analyzed using the CXP 2.1 software package.

Measurement of intracellular ROS generation.
2'.7'-Dihydrodichlorofluorescein diacetate (DCFH-DA), a
membrane-permeable probe, was used to evaluate ROS gener-
ation (18). The non-fluorescent dye freely diffuses through the
cell membrane and is hydrolyzed to the nonfluorescent DCFH
by intracellular esterases. When DCFH is oxidized by ROS, it
yields the fluorescent product, DCF. A sample was incubated
with DCFH-DA (100 #M) in the dark at 37°C for 20 min and
DCF fluorescence intensity was measured using a fluorescence
spectrophotometer (Tecan Group Ltd.) at an excitation wave-
length of 488 nm and an emission wavelength of 525 nm.

Statistical analysis. SPSS 17.0 statistical software was used to
perform statistical analysis. P<0.05 was considered to indicate
a statistically significant difference. All data are expressed
as mean = SD. ANOVA was used to compare the difference
between groups.

Results

Role of the MCU in neurological deficits following I/R injury.
Following reperfusion (24 h), rats in the sham group exhib-
ited no neurological deficits. Neurological deficit scores were
observed to be significantly higher in the I/R and I/R + Sper
groups than in the sham group (P<0.01), however, no signifi-
cant differences were observed between the I/R and I/R + Sper
groups. By contrast, scores were significantly lower in the
I/R + RR group (P<0.01) than in the I/R group (Fig. 1).

Role of the MCU in cerebral infarct volume. Infarct volume
measurements revealed that rats from the I/R group exhibited a
larger infarct area than the rats from the sham group, in which
no infarction was observed. In the I/R group, irregular pale
areas supplied by the middle cerebral artery were observed in
sections. Treatment with RR (2.5 mg/kg) in the I/R + RR group
decreased the %HLV from that in the I/R group (26.00£1.71 vs.
35.43+0.74%, respectively; P<0.01). Spermine (5 mg/kg) in the
I/R + Sper group increased the %HLV (36.57+1.31%), however,
the change in infarct volume from that in brains that underwent
I/R only was not determined to be significant (Fig. 2).

Role of the MCU in neuronal damage and cell apoptosis
of brain tissue. HE staining was used to evaluate the histo-
pathological values at 24 h following reperfusion. No brain
infarction was found in the sham group and the cell outline
was clear, the structure was compact and the nucleolus was
clearly visible. Cells in the I/R and I/R + Sper groups were
arranged sparsely and revealed pyknotic nuclei. In addition,
cell outlines were undefined, structures were disordered and
deformation of cells was severe. In the I/R + RR group, there
were fewer necrotic cells, cell outlines were relatively clear
and cell structures were compact (Fig. 3A).

The TUNEL assay was used to determine cell apoptosis.
TUNEL-positive cells with apoptotic bodies and dark staining
were considered to be apoptotic cells (Fig. 3A). Apoptotic cells
were almost unobservable in the sham group (6.50+0.85%). The
numbers of TUNEL-positive cells in the I/R and I/R + Sper
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Figure 2. Effect of mitochondrial calcium uniporter activity on cerebral infarct volume. %HLV was significantly increased in the I/R and I/R + Sper groups
compared with that in the sham group, but no significant difference was found between the two groups. %HLV was significantly lower in the I/R + RR group
than in the I/R group. "P<0.01, vs. sham; “P<0.01, vs. I/R; “P<0.01, vs. I/R + Sper. Each group, n=3. %HLY, infarct volume; I/R, ischemia/reperfusion; RR,

ruthenium red; Sper, spermine.
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Figure 3. Effect of mitochondrial calcium uniporter activity on neuronal damage and cell apoptosis. (A) HE and TUNEL staining for neurons in sham, I/R,
I/R + RR and I/R + Sper groups were assessed at 24 h following reperfusion. (B) The proportion of TUNEL-positive cells increased markedly in the I/R group
compared with that in the sham group. RR treatment significantly reduced the number of TUNEL-positive cells compared with that in the I/R group. Following
treatment with spermine, the number of TUNEL-positive cells increased significantly. "P<0.01, vs. sham; *P<0.01, vs. I/R; “P<0.01, vs. I/R + Sper. Each group,

n=3. I/R, ischemia/reperfusion; RR, ruthenium red; Sper, spermine.

groups were higher than those in the sham rats (P<0.01) and
were slightly higher in the I/R + Sper group than in the I/R
group. The number of TUNEL-positive cells was significantly
lower in the I/R + RR group (63.63+1.60%) than in the I/R
group, indicating that RR treatment significantly ameliorated
cell survival and inhibited apoptosis (Fig. 3B).

Effect of MCU on mitochondrial complex activities. To
evaluate the effect of MCU activity on mitochondrial energy
metabolism, the enzyme activities of complexes [-IV were
measured in mitochondria isolated from brains. Activities of
complexes I, IT, III and IV were demonstrated to be decreased
by ~40, 43, 59 and 51%, respectively, in animals suffering
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Figure 4. Effect of mitochondrial calcium uniporter activity on the activities
of ETC complexes following I/R. Activities of ETC complexes decreased sig-
nificantly in the I/R and I/R + Sper groups compared with those in the sham
group. The activities of complexes I-IV in the I/R + RR group increased
significantly. "P<0.01, vs. sham; “P<0.01, vs. I/R; *P<0.05, vs. I/R; “P<0.01,
vs. I/R + Sper. Each group, n=3. I/R, ischemia/reperfusion; RR, ruthenium
red; Sper, spermine; ETC, electron transport chain.
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Figure 5. Effect of mitochondrial calcium uniporter activity on intracellular
ATP generation. ATP levels in the I/R and I/R + Sper groups decreased com-
pared with those in the sham group and differences between the two groups
were observed. Following treatment with RR, ATP levels increased signifi-
cantly compared with those in the I/R group. "P<0.01, vs. sham; “P<0.01, vs.
I/R; "P<0.01, vs. I/R + Sper. Each group, n=3. I/R, ischemia/reperfusion; RR,
ruthenium red; Sper, spermine.

from I/R and increased by ~15, 12, 26 and 27%, respectively,
following RR treatment. The activities of the ETC complexes
were lower in the I/R group than in the sham group (P<0.01).
The results indicate that I/R led to inhibition of mitochon-
drial complexes. RR treatment significantly ameliorated the
activities of complexes I, III and IV (P<0.01) and complex II
(P<0.05), while complex I, I, IIT and IV activities decreased
in the I/R + Sper group (Fig. 4).

Effect of MCU on ATP levels. Fig. 5 demonstrates that ATP
levels in I/R rats decreased following 24 h reperfusion. ATP
levels in the RR-treated group were ~51% higher than in the I/R
group (P<0.01), whereas, following treatment with spermine,
ATP levels were lower than in the I/R group (P<0.01; Fig. 5).

Effect of MCU on mitochondrial membrane potential. The
mitochondrial membrane potential has been widely used to
study mitochondrial health. Rhodamine 123, a mitochon-
drion-selective fluorescent dye which is rapidly sequestered by
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Figure 6. Effect of mitochondrial calcium uniporter activity on AW,.
(A) FCM analysis of mitochondrial membrane potential of neurons in
each group. (B) Comparison of X-mean in the 4 groups. ‘P<0.01, vs. sham;
*P<0.01, vs. I/R; *P<0.05, vs. I/R; “P<0.01, vs. I/R + Sper. Each group, n=3.
AW, change in mitochondrial membrane potential; I/R, ischemia/reperfu-
sion; RR, ruthenium red; Sper, spermine.

mitochondria, was used as a marker of membrane disruption.
The X-mean was found to be significantly lower in I/R cells
(5.67+0.32; P<0.01) than in those of the sham group (Fig. 6B),
with the wave moving left (Fig. 6A), indicative of a signifi-
cant loss of membrane potential. RR treatment increased
the X-mean significantly (8.76+0.45; P<0.01), with the wave
moving right compared with the I/R group. However, the wave
did not reach normal levels (sham group). RR treatment attenu-
ated the dissipation of mitochondrial membrane potential
caused by reperfusion injury. In the presence of spermine to
induce MCU opening, the X-mean increase was higher than in
the I/R group (4.80+0.30; P<0.05), indicating mitochondrial
depolarization (Fig. 6).

Effect of MCU activity on intracellular ROS generation. To
observe whether ROS generation is affected by MCU activa-
tion, ROS generation was monitored by detection of DCFH-DA
fluorescence. In the sham group, low levels of DCFH-DA
fluorescence were observed. There was a marked increase of
fluorescence in the I/R group, indicative of an increase in ROS
production. Following treatment with RR, ROS generation
was observed to decrease significantly (P<0.01). By contrast,
as revealed in Fig. 7, fluorescence in the I/R + Sper group
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Figure 7. Effect of mitochondrial calcium uniporter activity on ROS gen-
eration. RR treatment significantly decreased mitochondrial ROS generation
induced by ischemia/reperfusion (I/R). ROS generation in the I/R + Sper
group was higher than that in the I/R group. "P<0.01, vs. sham; “P<0.01, vs.
I/R; *P<0.05, vs. I/R; “P<0.01, vs. I/R + Sper. Each group, n=3. RR, ruthe-
nium red; ROS, reactive oxygen species.

increased markedly and was higher than that in the I/R group
(P<0.05). In the present study, MCU activity was demonstrated
to regulate intracellular ROS generation.

Discussion

Ischemic stroke is one of the leading causes of mortality and
disability in the world. However, at present, only a limited
number of therapeutic strategies have been found to target
ischemic brain injury and it remains a major public health
issue. MCAO followed by reperfusion has been widely used to
study ischemia mechanisms and potential interventions. In the
present study, MCU inhibition was found to have anti-apop-
totic and neuroprotective effects during cerebral I/R injury in
rats. The results revealed that treatment with RR, which blocks
MCU, significantly ameliorated neurological deficit scores
and led to a significant reduction in cerebral infarction during
MCAO. HE staining revealed that RR significantly reduced
neuronal injury. In addition, RR was observed to exhibit
neuroprotective effects against ischemia-induced apoptosis
of neuronal cells. RR also demonstrated protective effects
against reperfusion injury in the heart (19,20). By contrast,
treatment with spermine, an activator of the uniporter, led to
converse results. MCU was demonstrated to have a regulatory
effect in focal cerebral I/R injury, consistent with previous
studies (21-23). In addition, the mechanism by which MCU
regulates cerebral I/R injury was hypothesized to be associ-
ated with improved mitochondrial energy metabolism due to
MCU inhibition.

Mitochondria play a crucial role in the production of energy
and are the site of the majority of ATP generation. Decreases
in cellular ATP levels, impaired mitochondrial oxidative
respiration and large influxes of Ca** that result in cellular
excitotoxicity and apoptosis (24) are present during I/R. The
inhibition of key mitochondrial respiratory complexes has
been observed to be the cause of ischemia-induced mitochon-
drial dysfunction (25). Cells are almost entirely dependent on
mitochondrially generated ATP for their energy and, therefore,
a defect at any level of the mitochondrial oxidative phosphory-
lation machinery has profound effects on brain function. As
a key event in I/R injury, mitochondrial Ca®* overload does
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not always result in MPTP opening and cytochrome c release
to detrimentally affect mitochondrial function. Overload
is known to lead to inhibition of mitochondrial respiratory
complexes, with subsequent enhancement of ROS generation,
which then results in the inhibition of respiratory complexes
and mitochondrial dysfunction.

The MCU, which has been investigated for ~40 years, is a
highly selective ion channel located in the mitochondrial inner
membrane. It is responsible for the uptake of Ca?* in mitochon-
dria driven by the large electrical potential difference between
the cytosol and mitochondrial matrix (26). Ca** transport
activity is inhibited by RR and its associated compound,
RuR360 and is also modulated by aliphatic polyamines,
including spermine and aminoglycosides. Although MCU has
recieved considerable attention for decades, this gated channel
has not been cloned or isolated and its molecular identity
remains controversial. Uncoupling protein (UCP) 2 and UCP3
were previously reported to be the essential components of the
uniporter machinery (27), however, the results remain contro-
versial and further studies are required to definitively elucidate
the molecular identity of the channels. In a previous study, a
54 kDa protein known as mitochondrial calcium uptake 1
was identified, whose silencing regulates mitochondrial Ca**
uptake (28). As a single-pass transmembrane protein, it is
unlikely to function as a Ca®* channel. Instead, it is likely to
act as a fundamental subunit of the complex for the uptake
machinery. In 2011, MCU was identified by analyzing 14 genes
in detail and concluded that the protein Ccdcl09A may be
a component of MCU (29,30). A subsequent study by these
authors hypothesized that MCU is an inner mitochondrial
membrane protein with the C-terminus facing the intermem-
brane space (29,30).

Mitochondrial Ca*'is key to the regulation of mito-
chondrial functions, ranging from mediating signaling
pathways between the cytosol and the mitochondrial matrix
to modulating mitochondrial energy metabolism. However,
the molecular mechanisms underlying mitochondrial Ca?*
transport remain unclear (31). Within the mitochondrial
matrix, enhanced Ca** levels improve electron transport and
increase NADH and ATP production (32). Therefore, mito-
chondrial ATP output is altered to meet cellular ATP demands
and, under specific conditions, reduce ROS formation (33).
However, under pathological conditions, including I/R, Ca**
accumulation in mitochondria has been proposed to be
significant in cellular injury (34). ROS increase the cytosolic
Ca?* concentration, affecting the sarcoplasmic reticulum and
sarcolemmal membranes during I/R (35), and then increases
[Ca®],, (20). The overload in mitochondrial Ca**, together with
cyclophilin D, induce MPTP opening (36), which releases
cytochrome ¢, Smac/DIABLO and apoptosis-inducing factors
involved in apoptotic death signaling (37). In addition, mito-
chondrial Ca** overload triggers the generation of factors,
including ROS and free fatty acids (38), and also promotes
MPTP opening. There are several mechanisms that are
hypothesized to be involved in Ca**-induced ROS production.
Mitochondrial complexes are known to be damaged when
animals are subjected to I/R, causing an excessive release of
ROS. Under physiological conditions, Ca** may be a partial
inhibitor of the ETC, leading to ROS production. Respiratory
chain enzymes, NADH dehydrogenase (complex I) and
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cytochrome ¢ oxidase (complex IV), participate in energy
metabolism and the generation of ROS and are vulnerable
to ROS attack. Intracellular ATP production is reported to
be the prime target of free radicals in hypoxia/ischemia (39).
NADH dehydrogenase and cytochrome c oxidase activities
were observed to decrease following I/R, which may be the
direct or indirect result of ROS damage in the penumbra zone.
Treatment with RR has been reported to protect against the
loss of complex I activity in isolated cardiomyocytes subjected
to hypoxia/reoxygenation (40), therefore, it has been hypoth-
esized that mitochondrial Ca®* uptake during reoxygenation is
involved in the mechanism. A number of previous studies have
reported that inhibition of complex I, in combination with Ca?*
overload, leads to enhanced ROS generation in in vitro and
in vivo systems (41,42). Under physiological conditions, Ca**
also dissociates cytochrome ¢ from the mitochondrial inner
membrane by triggering MPTP opening and cytochrome ¢
blocks the respiratory chain at complex III effectively, causing
an increase in ROS production (43,44). The spectra of cyto-
chromes a/a3 is reported to be altered by Ca?* in isolated
complex IV (45). Furthermore, Ca** stimulation of the tricar-
boxylic acid (TCA) cycle increases the metabolic rate, which
results in increased respiratory chain electron leakage. Ca?*
stimulation of nitric oxide synthase (NOS), which generates
NO, inhibits the respiratory chain at complex IV (46) and
subsequently enhances ROS generation from the Q cycle. NO
demonstrates a marked contribution to changes in mitochon-
drial energy metabolism during the I/R transition. In addition,
NO and Ca**are known to inhibit complex I together and may
also increase ROS generation by this complex (47.48).

In this study, ROS production was observed to be increased
in animals who had undergone I/R, but was attenuated by the
MCU inhibitor, RR, which permeates slowly into the cell and
specifically inhibits mitochondrial Ca** uptake. This observa-
tion is consistent with a previous study which reported that
RR decreased ROS production, induced by Ca®* overload (47).
Ru360, a specific MCU inhibitor, was previously identified
to be important in the modulation of ROS under conditions
involving excessive mitochondrial Ca** overload (49). In
the present study, activation of the uniporter with spermine
(5 mg/kg) caused the levels of ROS production to increase,
whereas RR caused them to decrease, indicating that MCU
activities are important for the regulation of ROS production
during brain I/R injury. In addition, analysis of the respiratory
chain demonstrated an improvement in I/R-related mitochon-
drial respiratory complex I, II, III and IV dysfunction with
RR treatment, with the opposite results following spermine
treatment. However, the underlying mechanisms remain to
be elucidated. MCU has been previously hypothesized to
affect mitochondrial respiratory complexes via regulation of
mitochondrial Ca** and/or ROS. In addition, RR protection of
mitochondrial respiratory complexes I-IV may increase ATP
production, which is extremely important for the preservation
of ATP-dependent cellular processes in I/R. These hypotheses
are consistent with results of the present study. A¥,, is known
to be a pivotal factor for the determination of cellular survival
during I/R. It has previously been reported that AW, hyperpo-
larization is associated with the generation of ROS which, at
specific levels, may trigger mitochondrial membrane depolar-
ization (50). A previous study reported that AW, decrease was
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an initiator and was also a consequence of MPTP opening (51).
As as an inhibitor of MCU, Ru360 may normalize mitochon-
drial membrane depolarization by preventing the opening of
the MPTP during I/R (22). The results of the present study
revealed changes in AW, , specifically, membrane depolariza-
tion during I/R, normalization by RR and accelerated collapse
following spermine treatment, that are indicative of the regula-
tory functions of MCU on AW, during I/R.

In conclusion, the results of the present study indicate that
MCU activities are important in I/R by regulating mitochon-
drial energy metabolism. Blocking the uniporter with RR
increases the functional recovery of brains subjected to I/R
and the mechanism may be associated with improved energy
metabolism. These results are likely to contribute to the under-
standing of MCU in I/R, however, additional studies must be
performed to further elucidate the mechanism. In addition, the
identification of novel effective drugs targeting the MCU for
use in reperfusion therapy is likely to be of significant interest.
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