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Elevated nitric oxide production mediates -amyloid-induced mitochondria failure.
U. KEIL, A. BONERT, C.A. MARQUES, J.B. STROSZNAJDER, F. MÜLLER-SPAHN,
W.E. MÜLLER, A. ECKERT. Pol. J. Pharmacol., 2004, 56, 631–634.

Mitochondrial dysfunction has been identified in a large proportion of neurodegen-
erative disorders including Alzheimer’s disease (AD). In addition, the involvement of ni-
tric oxide (NO) has been implicated in the pathogenesis of AD. Thus, we investigated the
effects of the Swedish double mutation (K670M/N671L) in the �-amyloid precursor pro-
tein (APPsw) on NO levels and mitochondrial function in PC12 cells. Interestingly,
APPsw PC12 cells showed increased NO levels, decreased cytochrome C oxidase activ-
ity and reduced ATP levels compared to wild-type APP bearing cells and empty vector
transfected cells. On the basis of our data, we propose a hypothetical sequence of events
linking amyloid �-peptide and NO production with mitochondria failure.
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Abbreviations: AD – Alzheimer’s disease, NO –
nitric oxide, NOS – NO synthase, APP – amyloid

precursor protein, A� – amyloid -peptide

Alzheimer’s disease (AD) is a neurodegenera-
tive disorder which is characterized by the presence
of amyloid plaques, intracellular neurofibrillary
tangles, synaptic failure and neuronal cell death.
Increasing evidence suggests that mitochondrial
dysfunction plays an important role in the patho-
genesis of AD [5, 10]. Activity changes in mito-
chondrial enzymes including pyruvate dehydroge-
nase and �-ketoglutarate dehydrogenase have been
described in the brains of AD patients [4]. In addi-
tion, patients with AD showed impaired cyto-
chrome C oxidase activity in the CNS and even in
other tissues including platelets [1, 3]. Moreover,
excessive generation of nitric oxide (NO) has been
implicated in the pathogenesis of AD [9]. Thus, we
investigated effects of the Swedish double mutation
(K670M/N671L) in the amyloid precursor protein
(APP) gene, which results in the 6–8 fold increased
amyloid �-peptide (A�) levels compared to wild-
type APP (APPwt) bearing cells, on mitochondrial
function and NO production in PC12 cells. The
PC12 cell model represents a very valuable ap-
proach to investigate AD-specific cell death path-
ways by studying A� levels within the high pico-
molar range. This cell model attempts to mimic
physiological conditions in man that are also likely
to occur in sporadic AD patients [6].

Our data demonstrate that APPsw PC12 cells
have significantly enhanced NO levels (increase
about 8%) compared to human APPwt bearing
cells (increase about 4%) and empty vector trans-
fected cells (vct) (Fig. 1a). Consistently, we ob-
served a rise in nitrosated tyrosines in APPsw cells
[5] demonstrating the physiological relevance of
increased NO levels. In order to study NO synthase
(NOS) activity, we used L-NAME, an unselective
NOS inhibitor. Interestingly, L-NAME was able to
reduce the NO levels in APPsw PC12 cells to the
levels of control cells, showing an enhanced activ-
ity of NOS in APPsw PC12 cells (data not shown).
To elucidate which isoform is responsible for the
enhanced NO levels in APPsw PC12 cells, we used
selective NOS inhibitors for the nNOS (N-propyl-
-L-arginine) and iNOS (1400 W) isoform. We could
show that both isoforms are involved in the A�-in-
duced NO increase (Fig. 1b, c). Importantly, the
decrease in NO levels after exposure to the nNOS

inhibitor was more pronounced in APPsw PC12
cells (9.4%) compared to APPwt cells (3.7%). Af-
ter treatment with the iNOS inhibitor the reduction
of NO levels was about 13.7% in APPsw PC12
cells compared to 4.6% in APPwt cells. Thus, ac-
tivities of both, nNOS and iNOS, were markedly
enhanced in APPsw cells compared to APPwt cells.
However, we cannot rule out the additional in-
volvement of the eNOS isoform in A�-induced NO
increase, but this experiment could not be per-
formed due to the lack of commercially available
selective eNOS inhibitors.

In order to further study NO regulation in
APPsw cells, PC12 cells were stimulated with sper-
mine NONOate, a NO donor. Again, a markedly
enhanced increase in NO levels could be detected
in APPsw PC12 cells compared to vct and APPwt
cells after exposure to 100 �M spermine NONOate
(Fig. 2a,b). At higher concentrations (200 �M sper-
mine NONOate), also APPwt PC12 cells exhibited
significantly increased NO levels compared to vct
cells. Possibly, the binding capacity of mitochon-
drial thiols in APPsw and APPwt PC12 cells is A�

dose-dependently depleted. Thus, APPsw PC12
cells show the highest NO levels after stimulation
with spermine NONOate.

NO is known to inhibit the mitochondrial respi-
ratory chain [2], especially cytochrome C oxidase
activity. Interestingly, cytochrome C oxidase activ-
ity of APPsw PC12 cells is significantly decreased
compared to APPwt and vct cells. Consistent with
this finding, APPsw PC12 cells showed signifi-
cantly reduced basal ATP levels in comparison to
APPwt and vct PC12 cells (data not shown). Thus,
energy metabolism of APPsw PC12 cells seems to
be impaired.Additionally, we could demonstrate
that APP was present in mitochondria of APPsw
PC12 cells. This presence might be directly in-
volved in the impairment of cytochrome C oxidase
activity and depletion of ATP levels in APPsw
PC12 cells. To exclude the possibility that the re-
duction of ATP levels is due to a reduced number of
mitochondria in APPsw PC12 cells, we investi-
gated the number of mitochondria with confocal
microscopy. The APPsw transfection increased the
amount of mitochondria, possibly due to an adapta-
tion process in response to the increase in NO lev-
els and reduction of ATP levels. This is in accor-
dance with other findings demonstrating a stimula-
tion of the mitochondrial biogenesis by NO [8] that
is probably mediated by peroxisome proliferator-
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Fig. 1. Intracellular NO levels and involvement of NOS iso-
forms. To measure the NO levels the fluorescence dye DAF-
2DA was used (10 �M for 30 min). The cells were washed twice
with Hanks’ balanced salt solution and the fluorescence was de-
termined with a fluorescence reader (Victor� mutilabel coun-
ter) at 490 nm/535 nm: a – increased intracellular NO levels in
APPsw PC12 cells (one-way ANOVA with Tukey’s post hoc
test, *** p < 0.01 vs. vct cells; * p < 0.01 vs. APPwt cells); b and
c – the neuronal (b) and inducible (c) NO synthases are involved
in A�-induced NO increase (one-way ANOVA with Tukey’s
post hoc test, ** p < 0.01, *** p < 0.001 vs. untreated APPsw
PC12 cells). NO levels were determined after 48 h incubation in
the absence or in the presence of the NO synthase inhibitor N�-
propyl-L-arginine 1 mM (b) and 1400 W 1 mM (c). Values are
the means ± SEM from 6–12 experiments
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Fig. 2. Effect of spermine NONOate on intracellular NO levels.
a – time course of intracellular elevation of NO after spermine
NONOate (100 �M) stimulation in vct, APPwt and APPsw
PC12 cells; b – stronger increase in NO levels in APPsw PC12
cells compared to APPwt and vct cells after stimulation with
spermine NONOate, 100 �M (one-way ANOVA with Tukey’s
post hoc test, ** p < 0.01 vs. APPwt cells, *** p < 0.01 vs. vct
cells). c – NO increase after spermine NONOate (200 �M)
stimulation is enhanced in both, APPwt and APPsw PC12 cells,
compared to vct cells (one-way ANOVA with Tukey’s post hoc
test, *** p < 0.01 vs. vct cells). Values are the means ± SEM
from 8 experiments



activated receptor �-coactivator 1-�, a master regu-
lator of mitochondrial biogenesis. Nevertheless, the
up-regulation of mitochondria was not sufficient to
compensate for the reduced ATP levels in APPsw
PC12 cells.

Mitochondrial membrane potential is also a ve-
ry important marker for the function of mitochon-
dria. A decrease in mitochondrial membrane poten-
tial has been related to cell death in different cell
types. Interestingly, APPsw bearing PC12 cells
show a hyperpolarized mitochondrial membrane
potential compared to vct and APPwt PC12 cells.
This might be a kind of defense response to main-
tain cellular function and viability. The chronic
inhibition of the respiratory chain by increased NO
levels might result in a collapse of the mitochondrial
membrane potential and a reversal of F�F�-ATPase.
The latter one hydrolyzes cytoplasmic ATP and so
extrudes protons. As a result, mitochondrial mem-
brane potential is maintained. Simultaneously, inhi-
bition of oxidative phosphorylation is known to in-
crease the rate of glycolysis [7]. The glycolytic
ATP may enter mitochondria through the adenine
nucleotide translocator and can be hydrolyzed by
F�F�-ATPase. This leads to hyperpolarization of
mitochondrial membrane potential seen in APPsw
PC12 cells. Consistently with these findings, we
observed no increased basal apoptosis in APPsw
PC12 cells [6]. However, when APPsw PC12 cells
were stressed with an AD-relevant secondary in-
sult, e.g. oxidative stress, the cells were not longer
able to compensate for mitochondrial dyshomeo-
stasis and mitochondrial membrane potential sig-
nificantly decreased. In addition, the ATP reduction
after oxidative stress was stronger in APPsw PC12
cells than in vct cells. Thus, the increased A� pro-
duction at physiological levels enhances the vul-
nerability against mitochondrial dysfunction after
oxidative stress in APPsw PC12 cells, a process
that might be also relevant in sporadic AD.

In summary, our data suggest that the increased
A� production in APP transfected cells might result
in the increased NO production perhaps by a direct
effect on NOS. The increased NO levels in APPsw
cells possibly lead to an inhibition of the respira-
tory chain, especially of cytochrome C oxidase ac-
tivity. The impaired function of the respiratory
chain might further lead to reduced ATP levels in
APPsw cells.

In humans, increased accumulation of A� and
associated mitochondrial toxicity might also be con-
tributing factors in the pathogenesis of AD syn-
dromes. At the beginning, damaging effects of low
concentrations of A� could be overcome by an
adaptive response. However, when age-related sec-
ondary stress occurs, pronounced mitochondrial im-
pairment might lead to the induction of apoptotic
cell death processes.
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