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Abstract 

Mitochondrial dysfunction is a hallmark of amyloid- (A)-induced neuronal injury in the 

pathogenesis of Alzheimer's disease. Neurotoxic A peptide, thought to be a key mediator 

of Alzheimer's disease, may be imported into human brain mitochondria where it inhibits 

key enzymes of respiratory metabolism. Nitric oxide (NO) produced in response to A 

induces S-nitrosylation of the mitochondrial division protein, dynamin-related protein 1 

(Drp-1), which leads to excessive mitochondrial fission, synaptic loss, and neuronal 

damage.  Furthermore, brains of patients with Alzheimer’s disease contain high amounts of 

S-nitrosylated Drp-1. A-dependent mitochondrial fragmentation likely enhances the 

decline in bioenergetic capacity of damaged mitochondria and therefore contributes to 

neuronal injury and pathogenesis of Alzheimer's disease. 

 

Mitochondria are amazingly dynamic organelles. In many eukaryotic cell types, they 

continuously move around, fuse with one another, and then split apart again (1, 2). This 

dynamic behavior serves a multitude of different cellular functions: Active movement 

distributes mitochondria within cells, partitions the organelles during cell division, and 

positions them at sites of high energy demand in differentiated cells (3). In particular, the 

intricate balance of fusion and fission is a major determinant of cell life and death. Fusion 

mixes organellar contents and unifies the mitochondrial compartment, thereby allowing the 

efficient exchange of metabolites and mitochondrial DNA, and thus ensuring efficient 

production of ATP in metabolic active cells (4). Fission, on the other hand, creates 

numerous small morphologically and functionally distinct organelles. Fragmentation of the 
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intracellular mitochondrial network by the mitochondrial fission machinery is an integral 

step of the intrinsic pathway of apoptosis, and enhanced fission is sufficient to induce cell 

death (5). In addition, an imbalance between mitochondrial fusion and fission contributes to 

neurodegenerative diseases (6). The vulnerability of neurons to mitochondrial defects likely 

reflects their high energy demands and their strict spatial and functional requirements for 

mitochondria in different cell regions, such as soma, synaptic regions, and dendritic 

extensions (7). A study now reveals a direct link between excessive mitochondrial fission 

activity and neuronal damage in Alzheimer's disease (8). 

 

Mitochondrial function and energy metabolism are impaired early in the course of 

Alzheimer's disease. Respiratory chain activity is severely compromised in mitochondria 

isolated from autopsied brain samples from Alzheimer's disease patients (9), and patients' 

biopsy specimens exhibit several mitochondrial abnormalities, including increased amounts 

and partial mislocalization of both mitochondrial DNA and cytochrome c oxidase (10). The 

amyloid hypothesis provides a widely accepted explanation for the pathogenesis of the 

disease (11, 12). This hypothesis states that accumulation of the toxic amyloid- (A) 

peptide in the brain is the primary factor driving pathogenesis. A peptides are produced by 

proteolytic processing of amyloid precursor protein (APP) by the -secretase complex, 

which includes presenilin 1 and 2 (PS1 and PS2), in the plasma membrane of neurons. 

Missense mutations in genes encoding APP, PS1, or PS2 increase the production of a toxic 

A variant that has an increased propensity for aggregation. Accumulation of extracellular 

A plaques then contributes to progressive neuronal injury, ultimately leading to 

widespread neuronal dysfunction and cell death and causing dementia (11, 12). What might 

the role of mitochondria be in this scenario? As neurons in human brains accumulate toxic 

A intracellularly prior to the deposition of extracellular plaques, A may also exert 

cytotoxic effects from inside the cell (13). Indeed, there are several lines of evidence 

pointing to mitochondria as potential targets of A toxicity. A is imported into 

mitochondria and localizes to the inner membrane cristae (14), where it can inhibit key 

enzymes of respiratory metabolism (15-17). A-binding alcohol dehydrogenase (ABAD) is 
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another mitochondrial target for A toxicity; its direct interaction with A promotes 

mitochondrial dysfunction and cell death in the brains of Alzheimer's disease patients (18). 

Thus, A-induced mitochondrial damage appears to contribute to Alzheimer's disease 

progression (19). 

 

The paper by Cho et al. (8) adds another twist to the connection between mitochondria and 

Alzheimer's. Previous work has shown that treatment of neurons with nitric oxide (NO) 

triggers mitochondrial fragmentation (20). NO normally acts as a signaling molecule (21), 

but when produced in excess, is highly neurotoxic, induces mitochondrial damage, and 

contributes to the pathogenesis of neurodegenerative diseases (20). Intriguingly, 

mitochondrial fragmentation similar to that observed upon NO treatment is seen in neurons 

exposed to A (20, 22). In both cases, excessive mitochondrial fission depends on Drp-1, a 

dynamin-related guanosine triphosphatase (GTPase) that is a core component of the 

mitochondrial division machinery (20, 22). These observations point to a common 

mechanism for A and NO-induced mitochondrial fragmentation and prompted Cho et al. 

to investigate whether these processes are functionally linked in Alzheimer's disease (8).  

 

A possible mechanism of NO-dependent modulation of mitochondrial fission activity was 

suggested by the observation that Drp-1 homologs involved in endocytosis become 

covalently modified by S-nitrosylation upon exposure to NO (23, 24). Cho et al. tested 

whether Drp-1 was also a direct target for S-nitrosylation. They treated neurons with an 

exogenously added NO donor and transfected cells with a neuronal NO synthase construct. 

In both cases, Drp-1 was covalently modified by S-nitrosylation in the presence of elevated 

NO concentrations. Strikingly, treatment of neurons with A induced S-nitrosylation of 

Drp-1 in a similar manner, concomitant with mitochondrial fragmentation. If this reaction is 

relevant to the pathogenesis of Alzheimer’s disease, it would be expected that brains of 

Alzheimer's patients would contain higher amounts of S-nitrosylated Drp-1 compared to 

non-afflicted patients, which was exactly what the authors found. Thus, formation of S-

nitrosylated Drp-1 is a characteristic feature of Alzheimer's disease progression. 
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Next, the authors identified a critical cysteine residue (Cys644) in the GTPase effector 

domain of Drp-1, which affects GTPase activity, higher order assembly, and mitochondrial 

division activity (25). Nitrosylation of Drp-1 at this residue increased dimer formation and 

GTPase activity. In contrast, NO did not induce S-nitrosylation, dimerization, or increased 

GTPase activity of Drp-1 when the Cys644 residue was mutated to Ala (C644A). Moreover, 

NO-induced mitochondrial fragmentation in neurons was abrogated by the expression of 

the C644A Drp-1 variant defective for S-nitrosylation (8). Thus, S-nitrosylation in response 

to NO or Aaugmented Drp-1 activity. But is this relevant in the disease state? To answer 

this question, the authors examined the effect of Drp-1 nitrosylation on neurotoxicity and 

found that expression of the C644A Drp-1 mutant protected neurons from NO-induced 

death. Furthermore, exposure of cortical neurons to A decreased the number of synaptic 

spines (8), which is a characteristic feature of A-mediated neurotoxicity (26). Again, 

expression of the Drp-1 mutant had a protective effect, suggesting that S-nitrosylation of 

Drp-1 is a critical step in A-dependent neuronal damage (8).  

 

In summary, these data support a model that links the accumulation of A, nitrosative 

stress, mitochondrial fragmentation, and neuronal damage (8). The formation of A might 

increase nitrosative stress in neurons, which then leads to enhanced S-nitrosylation of Drp-

1. This in turn augments Drp-1 activity, resulting in fragmentation of mitochondria. It is 

possible that mitochondrial fragmentation triggers synaptic damage, because dysregulation 

of the mitochondrial fusion and fission equilibrium induces loss of synapses and dendritic 

spines (27). Moreover, relatively similar amounts of S-nitrosylated Drp-1 were detected in 

A-treated neurons in culture and in human Alzheimer's disease brains, suggesting that this 

pathway might be pathophysiologically relevant (8).  

 

Mitochondria clearly play a role in Alzheimer's disease, and it is likely that several negative 

effects exerted by A on mitochondria potentiate each other (Fig. 1). Direct inhibition of 

mitochondrial enzymes and respiratory complexes may lead to loss of respiratory capacity 

(15-18). If bioenergetic failure is combined with fragmentation of mitochondria due to 
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excessive fission (8, 20, 22), the energy supply of neurons will rapidly decline below a 

critical threshold, leading to neuronal damage. Repair processes and complementation of 

gene products present in individual mitochondria that are damaged in different molecular 

complexes will be hampered by fragmentation of the organellar network, resulting in a 

decline in total bioenergetic capacity. Furthermore, fragmented mitochondria will be less 

efficiently transported and distributed within neurons, leading to further depletion of the 

energy supply in large areas of the cell. Thus, mitochondrial defects combine to induce 

cumulative neuronal injury and dysfunction. The work by Cho et al. adds Drp-1 to the list 

of potential drug targets for therapeutic treatment of Alzheimer's disease. A screen for 

chemical inhibitors of mitochondrial division in yeast has identified a compound that 

attenuates Drp-1-dependent mitochondrial division in mammalian cells (28). It will be 

exciting to see whether further research on mitochondrial dynamics can aid in the 

development of additional therapeutic strategies for Alzheimer's disease. 

 

Fig. 1. A model for A-induced impairment of mitochondrial function in Alzheimer's 

disease. Proteolytic processing of amyloid precursor protein (APP) leads to the release of 

toxic A peptides, some of which end up in the cytosol of neurons. Some A is taken up by 

mitochondria where it inhibits key respiratory enzymes. A also increases nitrosative 

stress, which enhances the modification of a critical cysteine residue in the mitochondrial 

division protein, dynamin-related protein 1 (Drp-1), with nitric oxide (NO). S-nitrosylation 

augments Drp-1 fission activity and leads to fragmentation of mitochondria in neurons, 

impairing exchange of metabolites, and complementation and repair processes between 

damaged mitochondria. This leads to the formation of numerous morphologically and 

functionally distinct mitochondria, which exhibit decreased respiratory capacity (indicated 

by the gray color) due to the accumulation of irreversible A-induced damage. Together 

with collateral mitochondrial transport and distribution defects, A-induced mitochondrial 

damage may cause a decline in the overall respiratory capacity of neurons, ultimately 

resulting in synaptic damage and neuronal injury. 

 

 



Science Signaling Preview 

Science Signaling / www.sciencesignaling.org / 7 April 2009 / Page 6 / 10.1126/scisignal.269pe29 

References and Notes 
1. J. Bereiter-Hahn. Behavior of mitochondria in the living cell. Int. Rev. Cytol. 122, 1-63 

(1990). 
2. M. P. Yaffe. The machinery of mitochondrial inheritance and behavior. Science 283, 1493-

1497 (1999). 
3. R. L. Frederick, J. M. Shaw. Moving mitochondria: establishing distribution of an essential 

organelle. Traffic 8, 1668-1675 (2007). 
4. B. Westermann. Merging mitochondria matters. Cellular role and molecular machinery of 

mitochondrial fusion. EMBO Rep. 3, 527-531 (2002). 
5. R. J. Youle, M. Karbowski. Mitochondrial fission in apoptosis. Nat. Rev. Mol. Cell Biol. 6, 

657-663 (2005). 
6. A. B. Knott, G. Perkins, R. Schwarzenbacher, E. Bossy-Wetzel. Mitochondrial 

fragmentation in neurodegeneration. Nat. Rev. Neurosci. 9, 505-518 (2008). 
7. H. Chen, D. C. Chan. Critical dependence of neurons on mitochondrial dynamics. Curr. 

Opin. Cell Biol. 18, 453-459 (2006). 
8. D.-H. Cho, T. Nakamura, J. Fang, P. Cieplak, A. Godzik, Z. Gu, S. A. Lipton. S-nitrosylation 

of Drp1 mediates A-related mitochondrial fission and neuronal injury. Science, 324, 102-
105 (2009). 

9. W. D. Parker, Jr., J. Parks, C. M. Filley, B. K. Kleinschmidt-DeMasters. Electron transport 
chain defects in Alzheimer's disease brain. Neurology 44, 1090-1096 (1994). 

10. K. Hirai, G. Aliev, A. Nunomura, H. Fujioka, R. L. Russell, C. S. Atwood, A. B. Johnson, Y. 
Kress, H. V. Vinters, M. Tabaton, S. Shimohama, A. D. Cash, S. L. Siedlak, P. L. Harris, P. 
K. Jones, R. B. Petersen, G. Perry, M. A. Smith. Mitochondrial abnormalities in Alzheimer's 
disease. J. Neurosci. 21, 3017-3023 (2001). 

11. J. Hardy, D. J. Selkoe. The amyloid hypothesis of Alzheimer's disease: progress and 
problems on the road to therapeutics. Science 297, 353-356 (2002). 

12. B. A. Yankner, T. Lu. Amyloid -protein toxicity and the pathogenesis of Alzheimer disease. 
J. Biol. Chem. 284, 4755-4759 (2009). 

13. G. K. Gouras, J. Tsai, J. Naslund, B. Vincent, M. Edgar, F. Checler, J. P. Greenfield, V. 
Haroutunian, J. D. Buxbaum, H. Xu, P. Greengard, N. R. Relkin. Intraneuronal A42 
accumulation in human brain. Am. J. Pathol. 156, 15-20 (2000). 

14. C. A. Hansson Petersen, N. Alikhani, H. Behbahani, B. Wiehager, P. F. Pavlov, I. Alafuzoff, 
V. Leinonen, A. Ito, B. Winblad, E. Glaser, M. Ankarcrona. The amyloid -peptide is 
imported into mitochondria via the TOM import machinery and localized to mitochondrial 
cristae. Proc. Natl. Acad. Sci. USA 105, 13145-13150 (2008). 

15. C. S. Casley, L. Canevari, J. M. Land, J. B. Clark, M. A. Sharpe. -amyloid inhibits 
integrated mitochondrial respiration and key enzyme activities. J. Neurochem. 80, 91-100 
(2002). 

16. P. J. Crouch, R. Blake, J. A. Duce, G. D. Ciccotosto, Q. X. Li, K. J. Barnham, C. C. Curtain, 
R. A. Cherny, R. Cappai, T. Dyrks, C. L. Masters, I. A. Trounce. Copper-dependent 
inhibition of human cytochrome c oxidase by a dimeric conformer of amyloid-1-42. J. 
Neurosci. 25, 672-679 (2005). 

17. M. Manczak, T. S. Anekonda, E. Henson, B. S. Park, J. Quinn, P. H. Reddy. Mitochondria 
are a direct site of A accumulation in Alzheimer's disease neurons: implications for free 
radical generation and oxidative damage in disease progression. Hum. Mol. Genet. 15, 
1437-1449 (2006). 

18. J. W. Lustbader, M. Cirilli, C. Lin, H. W. Xu, K. Takuma, N. Wang, C. Caspersen, X. Chen, 
S. Pollak, M. Chaney, F. Trinchese, S. Liu, F. Gunn-Moore, L. F. Lue, D. G. Walker, P. 
Kuppusamy, Z. L. Zewier, O. Arancio, D. Stern, S. S. Yan, H. Wu. ABAD directly links A to 
mitochondrial toxicity in Alzheimer's disease. Science 304, 448-452 (2004). 

19. P. H. Reddy, M. F. Beal. Amyloid beta, mitochondrial dysfunction and synaptic damage: 
implications for cognitive decline in aging and Alzheimer's disease. Trends Mol. Med. 14, 
45-53 (2008). 



Science Signaling Preview 

Science Signaling / www.sciencesignaling.org / 7 April 2009 / Page 7 / 10.1126/scisignal.269pe29 

20. M. J. Barsoum, H. Yuan, A. A. Gerencser, G. Liot, Y. Kushnareva, S. Graber, I. Kovacs, W. 
D. Lee, J. Waggoner, J. Cui, A. D. White, B. Bossy, J. C. Martinou, R. J. Youle, S. A. 
Lipton, M. H. Ellisman, G. A. Perkins, E. Bossy-Wetzel. Nitric oxide-induced mitochondrial 
fission is regulated by dynamin-related GTPases in neurons. EMBO J. 25, 3900-3911 
(2006). 

21. C. Holscher. Nitric oxide, the enigmatic neuronal messenger: its role in synaptic plasticity. 
Trends Neurosci. 20, 298-303 (1997). 

22. X. Wang, B. Su, S. L. Siedlak, P. I. Moreira, H. Fujioka, Y. Wang, G. Casadesus, X. Zhu. 
Amyloid- overproduction causes abnormal mitochondrial dynamics via differential 
modulation of mitochondrial fission/fusion proteins. Proc. Natl. Acad. Sci. USA 105, 19318-
19323 (2008). 

23. N. Kang-Decker, S. Cao, S. Chatterjee, J. Yao, L. J. Egan, D. Semela, D. Mukhopadhyay, 
V. Shah. Nitric oxide promotes endothelial cell survival signaling through S-nitrosylation and 
activation of dynamin-2. J. Cell Sci. 120, 492-501 (2007). 

24. G. Wang, N. H. Moniri, K. Ozawa, J. S. Stamler, Y. Daaka. Nitric oxide regulates 
endocytosis by S-nitrosylation of dynamin. Proc. Natl. Acad. Sci. USA 103, 1295-1300 
(2006). 

25. P. P. Zhu, A. Patterson, J. Stadler, D. P. Seeburg, M. Sheng, C. Blackstone. Intra- and 
intermolecular domain interactions of the C-terminal GTPase effector domain of the 
multimeric dynamin-like GTPase Drp1.J. Biol. Chem. 279, 35967-35974 (2004). 

26. G. M. Shankar, B. L. Bloodgood, M. Townsend, D. M. Walsh, D. J. Selkoe, B. L. Sabatini. 
Natural oligomers of the Alzheimer amyloid- protein induce reversible synapse loss by 
modulating an NMDA-type glutamate receptor-dependent signaling pathway. J. Neurosci. 
27, 2866-2875 (2007). 

27. Z. Li, K. Okamoto, Y. Hayashi, M. Sheng. The importance of dendritic mitochondria in the 
morphogenesis and plasticity of spines and synapses. Cell 119, 873-887 (2004). 

28. A. Cassidy-Stone, J. E. Chipuk, E. Ingerman, C. Song, C. Yoo, T. Kuwana, M. J. Kurth, J. 
T. Shaw, J. E. Hinshaw, D. R. Green, J. Nunnari. Chemical inhibition of the mitochondrial 
division dynamin reveals its role in Bax/Bak-dependent mitochondrial outer membrane 
permeabilization. Dev. Cell 14, 193-204 (2008). 

 
Citation: B. Westermann, Nitric oxide links mitochondrial fission to Alzheimer's disease. Sci. Signal. 
2, pe29 (2009).  
 




