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Abstract

Mitochondrial dysfunction, which is closely related to intracellular calcium overload and excessive free radicals, is
an important cause of Alzheimer’s disease (AD). However, molecular mechanisms of the mitochondrial Ca**
disregulation induced by oxidative stress in AD are still obscure. In an effort to gain a further understanding of this
problem, we investigated the effects of superoxide anion, a primary free radical, on the expression of uncoupling
proteins (UCPs) and the mitochondrial free Ca" levels in the neuroblastoma SH-SY5Y cell line (neo) and stably
expressed wild-type human APP(APP) and APP-Swedish mutation (APPsw) SH-SY5Y cells. It was found that UCP2
and UCP4 protein levels were upregulated in neo but downregulated in APP and APPsw cells by the superoxide
anion. Our results show that the superoxide anion can regulate protein levels of UCP2 and UCP4 in SH-SY5Y cells,
and the mitochondrial free Ca" shifted their levels, tightly coupled with the protein levels of UCPs. When UCP2
and UCP4 were knocked down by siRNA, the result was reversed. These data suggest that the superoxide anion can
regulate the mitochondrial free Ca®" by regulating the expression of UCPs. These observations also indicate that

UCPs can be potential targets in pathotherapy prevention of AD. Antioxid. Redox Signal. 11, 1805-1818.

Introduction

UNCOUPLING PROTEINS (UCPs) belong to the superfamily
of mitochondrial ion-carrier proteins and are embedded
in the inner mitochondrial membrane (29). UCP1, which is
preferentially expressed in brown adipose tissue, accounts for
heat production by inducing an H" leak that uncouples oxi-
dative phosphorylation (29, 44). However, except for UCP1,
the precise physiologic functions of UCPs have not yet been
established. Interestingly, quite far from their original names,
UCP2, UCP3 (52), and UCP4 (12), which have been identi-
fied in many tissues, were recently found to be involved in
mitochondrial Ca*" homeostasis. Strong evidence indicates
that UCPs (UCP2, UCP4, and BMCP1/UCP5) have a pro-
found influence on neuronal function. By regulating mito-
chondrial biogenesis, calcium flux, free radical production,
and local temperature, neuronal UCPs can directly regulate
neurotransmission, synaptic plasticity, and neurodegenera-

tive processes (2, 25). Although the physiological role of UCPs
is uncertain, their activation by superoxide free radicals sug-
gests that UCPs are central to the mitochondrial response to
reactive oxygen species (ROS) (21, 30, 38).

Not only are mitochondria the main organelle in which
superoxide free radicals are generated, but mitochondria are
also important Ca>" pools (10, 24). Mitochondrial Ca®" uptake
is a crucial regulator of the oxidative phosphorylation rate, the
modulation of spatiotemporal cytosolic Ca®" signals, and
apoptosis (24). Although the phenomenon of mitochondrial
Ca*" sequestration, its characteristics, and physiological con-
sequences have been convincingly reported (11, 19, 27), the
actual proteins involved in this process are still ambiguous.

Both increased oxidative stress and disordered mitochon-
drial Ca®" in neurons have been tightly correlated with the
incidence of Alzheimer’s disease (AD) (9, 13, 14, 33, 37, 48, 49).
It is reasonable to speculate that UCPs might play an inter-
mediate role in the pathology of AD, through superoxide free
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radicals and mitochondrial Ca*". The present work was
designed to try to answer the following questions: How do
superoxide free radicals affect the expression of UCPs? Do
the levels of UCPs directly relate to mitochondrial Ca®*
homeostasis? Is the physiologic role of UCPs as mitochondrial
Ca* transporters? Also, it should be determined whether the
p-amyloid precursor protein (APP) takes a part in this alter-
ation of neuronal mitochondrial Ca®* homeostasis.

Materials and Methods
Cell culture and treatment

Stably transfected human neuroblastoma SH-SY5Y cell
strains expressing wild-type human APP (APP), APP-Swedish
mutation (APPsw), or vector (neo) only were established in
our laboratory (58). These cell strains were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% heat-inactivated fetal calf serum, 100IU/ml peni-
cillin, and 100 pg/ml streptomycin at 37°C in a humidified, 5%
CO; incubator. G418 (200 ug/ml) was added into the medium
to maintain the genotypically stable cell strains.

Before the collection and detection of mitochondrial free
Ca?* and UCPs levels, the cells were stimulated with super-
oxide anion, incubated with either 50mM xanthine plus
xanthine oxidase (0.01U per 3.5ml) for 3h or with 50 mM
xanthine plus heat-inactive xanthine oxidase (0.01U per
3.5ml, heated at 100°C) for 3h as a control (21). The produc-
tion of superoxide anion in mitochondria with this method
was detected with a newly developed superoxide anion—
specific indicator protein, mito-cpYFP (57). To exclude any
possible interference of H,O,, 20U/ml of catalase (Sigma-
Aldrich, USA) and 2.5 uM deferoxamine mesylate (Novartis
Pharma, Switzerland), which is an iron (III) chelator, were
added into the medium (23).

Western blotting

The cells were lysed on ice in lysis buffer (20 mM Tris-HCl,
pH 7.4, 25mM EDTA, 1% Triton X-100, 1% sodium deox-
ycholate, 0.1% SDS, 100mM NaCl, 10mM NaF, 1mM
Na;VO,, 1mM Pefabloc SC, 10mg/ml aprotinin, 10 mg/ml
leupeptin, and 10 mg/ml pepstatin A). Protein concentrations
were determined by using a Bicinchoninic Acid (BCA) kit
(Pierce, Rockford, IL). Total cell lysates were subjected to
electrophoresis at an equal protein content per well on a 12%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) gel, followed by wet transfer of separated pro-
teins to a BioTrace NT Pure Nitrocellulose Blotting Membrane
(Pall Corporation, East Hills, NY). Membranes were blocked
for 1.5h in 4% skim milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) and subsequently incubated overnight at
4°C with primary antibodies (sc-6525 for hUCP2, sc-17582 for
hUCP4, sc-1984 for PPAR-y, and sc-47778 for f-actin; Santa
Cruz, Santa Cruz, CA). The membranes were washed 3 times
for 15min each with TBS-T and incubated with horseradish
peroxidase (HRP) conjugate secondary antibodies (sc-2768
and sc-2005; Santa Cruz) for 1h at room temperature. The
membranes were then washed 3 times with TBS-T for 15 min
each and once with TBS for 5 min. The immunoreactive bands
were visualized with enhanced chemiluminescence (ECL;
Pierce, Rockford, IL). The intensity of immunoreactive bands
was quantified by using an NIH Image tool.
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Plasmids and DNA transfections

The ratiometric-pericam-mt in pcDNA 3 was a gift from
Dr. Atsushi Miyawaki (Riken, Japan) (39). By following the
manufacturer’s guidelines, cells of ~60% confluency were
transiently transfected with 0.3 ug of purified plasmid DNA
by using SoFast (Sunma Biotechnology, Shenzhen, China).
The mito-cpYFP in the pShuttle-CMV plasmid was generous
provided by Prof. Heping Cheng (Peking University, China).
Its transfection was carried out with Lipofectamine 2000 (In-
vitrogen, USA) by following the manufacturer’s guidelines.

Measurement of mitochondrial membrane potential

Mitotracker Red is a noncytotoxic mitochondrion-specific
dye thataccumulates in mitochondria ina membrane potential-
dependent manner. Mitochondrial membrane potential was
determined in cultured cells by using the cell-permeable
probe MitoTracker Red CMXRos (Molecular Probes, USA), as
previously described (1).

Laser scanning confocal imaging of mitochondrial
free Ca®" concentrations in single cells

To monitor the mitochondrial free Ca®* concentration
([Ca® mito), the cells were transfected with the mitochondria-
targeted ratiometric-pericam (pericam-mt) and measured by
using a FLUOVIEW FV500 confocal laser scanning biologic
microscope (Olympus, Japan) for single-cell measurement.
The pericam-mt was excited at 405nm, and emission was
collected at 535nm. Thus, [Ca®* ], Was expressed by the
relative fluorescence intensity of the pericam-mt (34, 39).

Measurement of mitochondrial free Ca®*
concentrations by using a fluorescence microscope

To confirm the confocal results in a larger number of cells
and to exclude any possible artifacts caused by the interaction
between superoxide anion and the pericam-mt, the cells were
loaded with rhod-2 acetoxymethyl ester (rhod-2AM) in
DMEM without fetal calf serum, at a concentration of 5 uM
for 30 min at room temperature. This was followed by three
phosphate-buffered solution washes, and a 30-min incubation
in DMEM at 37°C. Then the cells were illuminated at 540 nm,
and fluorescence emission was collected at 605nm (47, 51).
Fluorescence was monitored on an OLYMPUS IX-71 fluores-
cence microscope equipped with an iXon-DV-897 EMCCD
camera.

siRNA transfection

siRNAs were designed by online tools, the siDRM of the
University of Minnesota and the BLOCK-iT RNAi Designer of
Invitrogen, and chemicals were synthesized by GenePharma.
The sequences against UCP2 were 5-GGCCUGUAUGAUU
CUGUCA-3 (sense) and 5-UGACAGAAUCAUACAGGCC-
3’ (antisense), which were previously proved to be effective
(52). The first pair of sequences against UCP4 was 5'-
GCGAUUUCGUGGUGUACAU-3 (sense) and 5'-AUGUA-
CACCACGAAAUCGC-3 (antisense). This 19-nucleotide
sequence corresponds to position 504-522 of UCP4 (GenBank
accession no. AF110532). The second pair of sequences against
UCP4 was 5-GGUAUUGAAUACACCACUU-3' (sense) and
5-AAGUGGUGUAUUCAAUACC-3' (antisense). This 19-
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nucleotide sequence corresponds to position 654-672 of
UCP4. The sequences against APP were 5-GCUGAUAAGA
AGGCAGUUA-3' (sense) and 5-UAACUGCCUUCUUAU
CAGC-3' (antisense), which were also previously proved to
be effective (22). An siRNA that does not target rat, mouse, or
human genes was used as a negative control; the sequences
are 5-UUCUCCGAACGUGUCACGUTT-3' and 5-ACGUG
ACACGUUCGGAGAATT-3, respectively; these were pro-
vided by the manufacturer.

In brief, 1x10° cells/35-mm dish were plated and cultured
under normal conditions described earlier until the cells
reached ~80% confluency. The siRNAs were then transfected
by using SoFast (Sunma Biotechnology) and by following the
manufacturer’s instructions. After 24h, the cells were split
into one six-well plate for treatment. Whole-cell extracts were
obtained and subjected to Western blotting, as described
earlier, to examine the expression of UCP2 and UCP4 protein.
Additionally, some cells were trypsinized and assessed for
[Ca®t mito by using a fluorospectrophotometer.
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Statistics

Error bars represent the standard error of the mean (SEM).
Asterisks indicate a significant difference from control, as
determined with one-way ANOVA (p < 0.05).

Results

Differences in UCPs regulation
among the cell strains by superoxide anion

We found that UCP2 and UCP4 protein levels were upre-
gulated in SH-SY5Y (neo), which expresses only wild-type
human APP, but downregulated by superoxide anion in SH-
SY5Y (APP) and SH-SY5Y (APPsw) cell strains, which express
excessive APP or APPsw, respectively. As previous shown,
SH-SY5Y (APP) and SH-SY5Y (APPsw) cells produce more
AP (58).

To investigate the effect of superoxide anion on the ex-
pression of UCP2 and UCP4, we examined the levels of these
proteins after superoxide anion exposure and analyzed them
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FIG. 1. Protein expressions of UCPs in the
transgenic SH-SY5Y cells treated with su-
peroxide anion and analyzed with Western
blotting. (A) The UCP2 protein levels in
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with Western blotting (Fig. 1). It was found that 3 h of treat-
ment with superoxide anion, which was generated by xan-
thine plus xanthine oxidase (21), markedly changed the UCP2
and UCP4 protein levels in the SH-SY5Y cells. However, the
results among the three cell strains differed markedly. The
protein levels of UCP2 and UCP4 were both upregulated in
SH-SY5Y (neo) but downregulated in SH-SY5Y (APP) and
SH-SY5Y (APPsw) cell strains. The effectiveness of the su-
peroxide anion production by xanthine plus xanthine oxidase
is shown in supplemental Fig. 1 (see www liebertonline

WU ET AL.

.com/ars). We obtained similar results of UCP2 and UCP4 in
the cells after knockdown of APP with siRNA and superoxide
exposure (Fig. 2C and D).

Association of mitochondrial free Ca?* with UCPs

Our data show that the alteration of the mitochondrial free
Ca*" level was closely associated with the levels of UCP2 and
UCP4 proteins in APP and APPsw cells before and after su-
peroxide anion exposure.
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FIG. 2. (A) Mitochondrial free Ca®* levels after APP knockdown and superoxide exposure. The upper panels show the
typical live-cell images of the SH-SY5Y cells stained with rhod-2 AM under the fluorescence microscope (x200); each panel
represents three independent experiments (siRNA control omitted for concision), and the lower panels show the statistical
results of the mitochondrial free Ca®* levels as presented in the upper panels. The mitochondrial free Ca®" levels in the SH-
SY5Y (APP) cells and the SH-SY5Y (APPsw) cells were significantly decreased after siRNA targeting APP for 24 h. Moreover,
when the APP knockdown cells were exposed to 50 mM xanthine plus xanthine oxidase (0.01U per 3.5ml) for 3h, the
mitochondrial free Ca®* levels all decreased significantly. The results are presented as mean + SEM, 1 = 30. *p < 0.05 compared
with the control; #p < 0.05 compared with the siRNA-APP. (B) Protein expressions of APP after APP knockdown in SH-SY5Y
cells and the Western blotting analysis. The upper panels show the typical Western blotting results of APP before and after
siRNA for 24 h. Lanes 1-6: neo siRNA control, neo siRNA, APP siRNA control, APP siRNA, APPsw siRNA control, and APPsw
siRNA. (C, D) Protein expression of UCP2 and UCP4 in the SHSY5Y cells treated with siRNA against APP and superoxide. The
upper panels show the typical Western blotting results of UCP2 and UCP4 after siRNA for 24 h and superoxide exposure for 3 h.
Lanes 1-6: neo siRNA, neo siRNA + XO, APP siRNA, APP siRNA + XO, APPsw siRNA, and APPsw siRNA + XO. (C) Western
blotting of UCP2. (D) Western blotting of UCP4. Whole-cell lysate containing 20 ug of total protein was loaded in each well.
Each panel represents three independent experiments. The lower panels are the statistical results of the Western blotting
represented by the upper panels. The relative band intensity was standardized with the corresponding f-actin band intensity.
*p <0.05 compared with control; #p <0.05 compared with neo control. The results are presented as mean+SEM, n=3
[101x75 mm (300x300 DPI)].
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Confocal microscopy of pericam-mt revealed that mito-
chondrial free Ca®* levels shift, and these shifts in level are
tightly coupled with the protein levels of UCP2 and UCP4 in
the APP and APPsw overexpressed SH-SY5Y cells (Fig. 3).
The pericam-mt fluorescence intensity is lower in SH-SY5Y
(neo) cells than the values in SH-SY5Y (APP) and SH-SY5Y
(APPsw) cells without superoxide exposure. Interestingly, the
value of SH-SY5Y (APPsw) cells is the largest. However, the
pericam-mt fluorescence intensity is the largest in SH-SY5Y
(neo) cells after superoxide exposure among the cell strains.
The values are obviously decreased in SH-SY5Y (APP) and
SH-SY5Y (APPsw) cells after superoxide exposure. These re-
sults are consistent with the changes of UCP2 and UCP4
proteins among the SH-SY5Y cell strains.

Another selective fluorescent indicator for mitochondrial
Ca?*, rhod-2 AM, was also used to detect the mitochondrial
free Ca®" alteration. Similarly, the mitochondrial free Ca%*
alteration was heavily dependent on the protein levels of
UCP2 and UCP4 (Fig. 4). Mitochondrial free Ca”" levels ex-
pressed by the color fluorescence intensity scale of rhod-2 can
be seen in supplemental Fig. 2 (see www.liebertonline
.com/ars). The mitochondrial free Ca®" decreased signifi-
cantly (APP, —66.82%; p < 0.001; APPsw, —63.44%; p < 0.001)
and increased in SH-SY5Y (neo) cells (30.26%; p < 0.05) after
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the cells were exposed to superoxide (Fig. 4A). To exclude
possible false effects of our superoxide generation system,
xanthine and inactivated xanthine oxidase were used; no
significant difference was found between the control group
and the treated group.

When UCP2 siRNA was introduced into the cell strains, the
mitochondrial free Ca*" levels, which were expressed by the
fluorescence intensity of rhod-2, were decreased by 42.41%
(neo; p < 0.001), 54.27% (APP; p < 0.001), and 63.30% (APPsw;
p < 0.001), respectively (Fig. 4B). When UCP 4 siRNA was in-
troduced into the cell strains, the mitochondrial free Ca>* levels
were decreased by 72.73% (neo; p <0.001), 75.99% (APP;
p <0.001), and 77.69% (APPsw; p <0.001), respectively (Fig.
4C). In addition, when UCP2 and UCP4 siRNAs were simul-
taneously introduced into the cell strains, larger decreases were
observed (neo, —83.02%; p < 0.001; APP, —81.39%; p < 0.001;
APPsw, —84.48%; p <0.001) (Fig. 4D). Moreover, when the
cells were treated with negative control siRNA followed with
superoxide exposure, the mitochondrial free Ca®" was de-
creased in the superoxide-treated group (Fig. 4E). In contrast,
when the cells were treated with siRNA targeting UCP2 (Fig.
4F) or UCP4 (Fig. 4G) followed with superoxide exposure, we
observed no significant difference between the control group
and the superoxide-treated group.
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FIG. 3.

(A) Live-cell confocal images of the SH-SY5Y cells transiently transfected with the pericam-mt. (a—f) The fluo-

rescence images (green) of the pericam-mt in the cell strains before and after incubating the cells with 50 mM xanthine plus
xanthine oxidase (0.01 U per 3.5ml) for 3h. (g-1) Fluorescence images (red) of MitoTracker Red CMXRos in the cell strains,
which were incubated with 25 nM MitoTracker Red CMXRos for 40 min in growth medium before observation. (m-r) Merged
fluorescence images (yellow) of the pericam-mt and MitoTracker Red CMXRos. (B) Statistical result of the pericam-mt as
presented in (A). *p < 0.05 compared with neo; #p < 0.05 compared with neo XO. The results are presented as mean + SEM,
n=10. FI, fluorescence intensity. (C) Statistical result of the mitochondrial membrane potential (represented by MitoTracker
Red CMXRos as presented in (A). *p < 0.05 compared with neo; #p < 0.05 compared with neo XO. The results are presented as
mean £ SEM, n =16 [150x91 mm (300x300 DPI)]. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article at www liebertonline.com/ars).
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Figure 5 shows the UCP2 and UCP4 siRNA efficiency.
These results confirm the findings of confocal microscopy by
transiently transfecting the pericam-mt.

APP knockdown reversed the differences
of the mitochondrial free Ca®t levels
among the transgenic SH-SY5Y cell strains

As shown in Fig. 2A, the mitochondrial free Ca®* levels
were significantly downregulated by APP knockdown in
SH-SY5Y (APP) cells and SH-SY5Y (APPsw) cells; this differs
from that found in the UCPs siRNA experiment (Fig. 4F and
G). The Western blot confirmed the APP knockdown effect
(Fig. 2B).

Mitochondrial membrane potentials were changed
after superoxide exposure in the SH-SY5Y cell strains

Mitochondrial membrane potential is an important indi-
cator for cell death, the aging process, and mitochondrial
function. To measure mitochondrial membrane potential, we
stained the cells with MitoTracker Red CMXRos, a potential-
dependent fluorescent probe specific for mitochondria. The

relative changes in fluorescence intensity were —67.17% and
—65.01% in SH-SY5Y (neo) cells and SH-SY5Y (APP) cells,
compared with the untreated cells (Fig. 3C). However, no
significant change occurred in SH-SY5Y (APPsw) cells with or
without superoxide exposure. The reduction of mitochondrial
membrane potential induced by superoxide anion is one kind
of protective mechanism, by which the decreasing mito-
chondrial membrane potential can reduce superoxide anion
generation to avoid extra mitochondrial damage and
dysfunction due to the excessive superoxide in cells (2, 6, 8,
20). However, this protective feedback seems to be disrupted
in SH-SY5Y (APPsw) cells because of the expression of APP-
Swedish mutation.

Mitochondrial free Ca®" levels were independent
of the mitochondrial membrane potentials

By simultaneous detection of the fluorescence intensities
of the pericam-mt and MitoTracker Red CMXRos with a
confocal microscope, we found no linear correlation between
the mitochondrial free Ca*" levels and the mitochondrial
membrane potentials in our cell models (Fig. 3B and C).
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Deficiency of mitochondrial free Ca?* levels
in the response to histamine after superoxide exposure
in SH-SY5Y (APP) and SH-SY5Y (APPsw) cells

To determine functional effects of altered UCPs levels on
mitochondrial Ca®* carrier function in the cells, we monitored
changes in the fluorescence intensity of rhod-2 after histamine
administration to the cell strains. Histamine is an agonist
of cytosolic Ca?", which induces cytosolic Ca?" elevation
through inducing endoplasmic reticulum Ca®" release. In the
control group, the mitochondrial free Ca®* concentration is
lower in SH-SY5Y (neo) cells than in SH-SY5Y (APP) and SH-
SY5Y (APPsw) cells before histamine administration. After
histamine administration, the mitochondrial free Ca*>* con-
centration significantly increased in SH-SY5Y (neo) cells but
decreased in SH-SY5Y (APP) and SH-SY5Y (APPsw) cells (Fig.
6A). In the treated group, with 50 mM xanthine plus xanthine
oxidase (0.01 U per 3.5 ml) for 3 h, the mitochondrial free Ca®"
concentrations were equally low in the cells before histamine
administration. SH-SY5Y (neo) cells showed more of an in-
crease in the mitochondrial free Ca*" concentration than in
SH-SY5Y (APP) and SH-SY5Y (APPsw) cells after histamine

administration (Fig. 6B). Obviously, the ability of the mito-
chondrial free Ca”" level responding to histamine after su-
peroxide exposure in SH-SY5Y (APP) and SH-SY5Y (APPsw)
cells is deficient.

PPAR-y plays a key role in the pathway of UCPs
regulation by superoxide

Western-blotting analysis of PPAR-y shows coherent
changes with UCP2 and UCP4 in the three cell strains (Fig. 7).
However, the situation seemed complicated after superoxide
exposure; we found that UCPs decreased, whereas PPAR-y
did not change significantly in SH-SY5Y (APP) cells after su-
peroxide exposure. Interestingly, after superoxide exposure,
the change of PPAR-y in SH-SY5Y (APP) cells is just a tran-
sition state between the changes of PPAR-y in SH-SY5Y (neo)
cells and SH-SY5Y (APPsw) cells.

Discussion

Accumulating evidence shows that UCPs play a major
role in mediating proton leak to cause mild uncoupling,
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FIG. 4. Continued. (E) The
mitochondrial free Ca®" levels
in the SHSY5Y cells after
treatment with negative con-
trol siRNA for 24 h and 50 mM
xanthine plus xanthine oxi-
dase (0.01 U per 3.5ml) for 3h.
*p <0.05 compared with con-
trol. (F) The mitochondrial
free Ca®" levels in the SH-
SY5Y cells after treatment
with siRNA targeting UCP2
for 24h and 50mM xanthine
plus xanthine oxidase (0.01U
per 3.5ml) for 3h. (G) The mi-
tochondrial free Ca" levels in
the SHSY-5Y cells after treat-
ment with siRNA targeting
UCP4 for 24h and 50mM
xanthine plus xanthine oxi-
dase (0.01 U per 3.5ml) for 3h.
The results are presented as
mean+SEM, n=30 [150x
194 mm (300x300DPI)].
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diminishing the production of mitochondrial superoxide an-
ion, and protecting against oxidative damage or causing in-
creased thermogenesis (4, 5, 7, 11, 20, 28, 40). Several recent
reports suggested that UCPs are involved in mitochondrial
Ca®" homeostasis as Ca®" carriers (12, 52). With the RO-
BETTA full-chain protein structure prediction server
(http: //robetta.bakerlab.org), the protein structure of UCPs
was predicted to form a channel-like structure, and the pro-
tonated A-R-E-E domain of UCPs in the second intermem-
brane loop was suggested to be the domain that is crucial for
the Ca®" conductance of UCPs (52). Our results support a
mitochondrial Ca*"-carrier role for UCPs.

Previous studies put an emphasis on the effects of UCPs in
decreasing mitochondrial superoxide. Our results show that
the superoxide anion increased UCP2 and UCP4 protein
levels in SH-SY5Y (neo) cells, but decreased UCP2 and UCP4
protein levels in SH-SY5Y (APP) and SH-SY5Y (APPsw) cells,
which represent cells overexpressing APP and cells with an
AD causing mutated APP in our models, respectively. Su-
peroxide was added to the cells to imitate the oxidative-stress

environment in an AD brain. Notably, the susceptibilities of
the cells with different APP forms in response to superoxide
anion were entirely different. In SH-SY5Y (neo) cells,
which express endogenous APP, the mitochondrial Ca®*
concentration was significantly increased after superoxide
exposure.

In contrast, in SH-SY5Y (APP) and SH-SY5Y (APPsw) cells,
which express excessive APP or mutated APP, the mito-
chondrial Ca*" concentration was significantly decreased
after superoxide exposure. This result shows that APP or its
derivative (most probably, f-amyloid) could affect the sus-
ceptibility of the cell to oxidative stress. Consistent with our
finding, the protein levels of UCP2, UCP4, and UCP5 were
significantly reduced in AD brains (15). The changes in mi-
tochondrial free Ca®" level were tightly correlated with the
protein levels of UCP2 and UCP4 in SH-SY5Y (APP) and SH-
SY5Y (APPsw) cells. Our siRNA results further support that
UCP2 and UCP4 both play important roles in mitochondrial
Ca”" homeostasis. The mitochondrial function of Ca>" regu-
lation will be impaired by decreased levels of UCP2 and
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FIG. 6. Mitochondrial free Ca**
levels in the response to histamine
after superoxide exposure in the
SH-SY5Y cells. (A) Typical re-
sponses of the untreated cells. The
lines represent the time-lapse of
the mitochondrial free Ca®* levels in
the response to histamine in the SH-
SY5Y cells. Blue line, the SH-SY5Y
(neo) cells; purple line, the SH-SY5Y
(APP) cells; yellow line, the
SH-SY5Y (APPsw) cells. (B) Typical
responses of the cells preincubated
with 50 mM xanthine plus xanthine
oxidase (0.01U per 3.5ml) for 3h.
Blue line, the SH-SY5Y (neo) cells;
purple line, the SH-SY5Y (neo) cells
preincubated with XO; yellow line,
the SH-SY5Y (APP) cells pre-
incubated with XO; light blue line,
the SH-SY5Y (APPsw) cells pre-
incubated with XO. The cells were
counted before detection to make a
cell suspension of 1x10 6/ml, and
100 uM histamine was mixed into
the cell suspension at 2 min after the
beginning of detection. The mito-
chondrial free Ca®" levels are ex-

pressed by the fluorescence intensity of rhod-2. Each line represents three independent experiments [150x135mm
(300300 DPI)]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article at www liebertonline.com/ars).

UCP4, and this will subsequently lead to disturbances in results suggest UCP4 played a larger role in mitochondrial
Ca”" signaling, intracellular Ca*" overload, and apoptosis. Ca®" homeostasis than did UCP2.

Furthermore, UCP4 is a more possible potential target than Important in calcium storage, mitochondria have a large
is UCP2 in AD treatment, because UCP4 is specifically ex- capacity for calcium uptake. Except for UCPs, another factor
pressed in neuronal cells (43). Supporting for this view, our that can affect intramitochondrial Ca** concentration is the
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FIG. 7. Protein expression of
PPAR-y in the SH-SY5Y cells trea-
ted with superoxide. The upper pa-
nel shows the typical Western
blotting results of PPAR-y after su-
peroxide exposure for 3 h. Whole-cell
lysate containing 20 ug of total pro-
tein was loaded in each well. Lanes
1-6: neo, neo + XO, APP, APP + XO,
APPsw, and APPsw + XO. The low-
er panel is the statistical results of the
Western blotting represented by the
upper panel. The relative band in-
tensity was standardized with the
corresponding f-actin band inten-
sity. *p <0.05 compared with neo;
#p <0.05 compared with neo XO;
§p <0.05 compared with respective
control. The results are presented as
mean + SEM, n =3 [50x42mm (300x
300 DPI)].
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FIG. 8. Schematic representation of the proposed pathway of mitochondrial Ca®* regulated by superoxide through
UCPs. Superoxide affects PPAR-y activation through acting with PPAR-y ligands or PPAR-y directly. After ligand activation,
PPAR-y forms a heterodimer with retinoid X receptor (RXR) and binds to the promoter domain of target genes. Subsequent
expression of UCPs leads to an increase of mitochondrial free Ca*". Yellow, UCPs embedded in the mitochondrial inner
membrane [75x45 mm (300 x300 DPI)]. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article at www.liebertonline.com/ars).

inner mitochondrial membrane potential (41, 50). A previous
viewpoint is that the ability of neuronal UCPs to regulate the
mitochondrial membrane potential underlies their ability to
regulate neuronal calcium homeostasis (2). However, our re-
sults on mitochondrial membrane potential obviously indi-
cate another pathway by which UCPs regulate neuronal
calcium homeostasis, independent of mitochondrial mem-
brane potential. The situation is interesting because the mi-
tochondrial Ca*" concentration was slightly increased after
superoxide exposure, whereas the mitochondrial membrane
potential was significantly decreased in SH-SY5Y (neo) cells.
In contrast, the mitochondrial Ca®>" concentration was sig-
nificantly decreased after superoxide exposure, whereas
the mitochondrial membrane potential was significantly in-
creased in SH-SY5Y (APPsw) cells (Fig. 3C). Only in SH-SY5Y
(APP) cells did the mitochondrial Ca*" concentration and the
mitochondrial membrane potential decrease coordinately. In
our cell models, these findings show that mitochondrial
membrane potential is not the main factor by which UCPs
regulate mitochondrial calcium homeostasis.

Moreover, quite a few articles support protective roles of
UCPs for neurons and other types of cells (16-18, 26, 31, 32, 35,
54, 59, 60). On the mechanisms of how UCPs can perform the
protective roles for cells, most explanations assume that UCPs
can attenuate oxidative stress. As considerable evidence
suggests a positive signaling role for superoxide anion, which
is the primary free radical of oxidative stress, we have reason

to think that it is not the right answer (36, 46, 55, 56). Although
further work should be carried out on animal models and
human subjects, the protective roles of UCPs and their mech-
anisms may be relevant to AD.

The PPAR-y levels in postmortem brain sections from AD
patients have been examined. They showed 40% reductions in
PPAR-y protein levels in AD patients compared with controls.
Moreover, PPAR-y has been found to disappear in senile
plaques. PPAR-y was indicated to be involved in the modu-
lation of the amyloid cascade, causing AD (42, 45); conversely,
PPAR-y was suggested to be a key regulator of UCPs (53).
Taken together, this linkage implies potential pathways be-
tween UCPs and the amyloid cascade. Our findings suggest
such a pathway by which UCPs are possibly involved in the
pathogenesis of AD. Here, based on previous studies and our
research, we propose a pathway of mitochondrial Ca®" reg-
ulated by superoxide through UCPs in a schematic repre-
sentation (Fig. 8). Under the condition of oxidative stress,
increased superoxide may affect PPAR-y activation through
acting with PPAR-y ligands or PPAR-y directly. After ligand
activation, PPAR-y forms a heterodimer with retinoid X re-
ceptor (RXR) and binds to the promoter domain of target
genes. Subsequent expression and translocation of UCPs
leads to an increase of mitochondrial free Ca®*. This pathway
may be disrupted at several points, and the disrupted point is
the expression of PPAR-y, which was weakened in our cell
models (Fig. 7). In line with this pathway, an article suggests
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that ghrelin can increase mitochondrial fatty acid beta oxi-
dation through UCP2 (3).

Given the remarkably strong effects of UCP2 and UCP4 on
the mitochondrial free Ca®" sequestration in the SH-SY5Y
cells demonstrated thus far, we may be cautiously optimistic
that pharmacologic modulation of UCPs will become a viable
therapeutic approach for AD and possibly for other neuro-
degenerative diseases as well.
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