
Mitochondrial Dynamics and Transport in Alzheimer’s Disease

Padraig J. Flannerya and Eugenia Trushinaa,b,*

aDepartment of Neurology, Mayo Clinic, Rochester, MN, 55905, USA

bDepartment of Molecular Pharmacology and Experimental Therapeutics, Mayo Clinic, Rochester, 
MN, 55905, USA

Abstract

Mitochondrial dysfunction is now recognized as a contributing factor to the early pathology of 

multiple human conditions including neurodegenerative diseases. Mitochondria are signaling 

organelles with a multitude of functions ranging from energy production to a regulation of cellular 

metabolism, energy homeostasis, stress response, and cell fate. The success of these complex 

processes critically depends on the fidelity of mitochondrial dynamics that include the ability of 

mitochondria to change shape and location in the cell, which is essential for the maintenance of 

proper function and quality control, particularly in polarized cells such as neurons. This review 

highlights several aspects of alterations in mitochondrial dynamics in Alzheimer’s disease, which 

may contribute to the etiology of this debilitating condition. We also discuss therapeutic strategies 

to improve mitochondrial dynamics and function that may provide an alternative approach to 

failed amyloid-directed interventions.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized by 

a progressive decline in cognitive function where age is the greatest risk factor (1). 

Hallmarks of the disease include the accumulation of amyloid-β (Aβ) peptides and 

aggregation of hyperphosphorylated Tau protein (pTau), which contribute to increased 

synaptic dysfunction and neuroinflammation before the onset of clinical symptoms and 

neuronal loss (2). However, consistent failure of clinical trials focused on strategies to 

reduce Aβ formation or increase its clearance questions its role in AD etiology (3). 
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Alternative mechanisms are well documented in early AD and include impaired glucose 

metabolism, mitochondrial dysfunction and altered energy homoeostasis (4). Decreased 

glucose utilization detected using fluorodeoxyglucose positron emission tomography (FDG-

PET) imaging in patients with mild cognitive impairment (MCI), a prodromal stage of AD, 

suggests that abnormal energy homeostasis in the brain might be the underlying disease 

mechanism. The brain is the most energy-consuming organ in the body. Energy required to 

support axonal growth and synaptic activity is generated primarily in mitochondria in the 

form of adenosine triphosphate (ATP). Mitochondria can produce approximately 30 

molecules of ATP per one molecule of glucose in a chain of enzymatic reactions known as 

oxidative phosphorylation (OXPHOS) where approximately 2 ATP molecules are generated 

in the cytoplasm during glycolysis (5) (Fig. 1A). Therefore, reduced glucose availability 

could devastate cells with high energy demands such as neurons. Recent clinical and basic 

science data demonstrate that molecular mechanisms of AD and diabetes significantly 

overlap where altered insulin growth factor (IGF) signaling results in the activation of a 

cascade of pathological events leading to insulin resistance, inflammation, activation of 

glycogen synthase kinase 3β (GSK3β), increased production of Aβ and pTau, mitochondrial 

dysfunction and oxidative damage (6). Once initiated, the pathological chain of events 

exacerbates with time, creating a vicious cycle where the role of mitochondria becomes 

increasingly important based on the abilities to either mitigate or contribute to disease 

progression (7, 8).

Mitochondria are unique organelles that are the only ones apart from the nucleus that have 

their own DNA (mtDNA). They also are very dynamic. Within their life cycle, new 

mitochondria are produced by a process known as biogenesis, and old organelles are 

removed by an autophagic process known as mitophagy. Mitochondria respond to 

environmental changes and energy demands of the cell by fusing together to form an 

interconnected reticulum, and by dividing to either increase mitochondrial number or to 

segregate portions of the organelle for degradation via mitophagy (9–11). Neurons have a 

unique cellular architecture with multiple specialized compartments including the cell body, 

dendrites, synaptic terminals and axons that can reach a meter in length. To support neuronal 

activities, mitochondria must be delivered from the cell body where biogenesis occurs, to 

synaptic sites and to distal parts of axons via anterograde transport (12). Mitochondrial 

autophagic degradation takes place in the cell body requiring damaged organelles to return 

via retrograde trafficking (12). These transport mechanisms are tightly interconnected with 

mitochondrial shape and size that are regulated by fission and fusion, which together 

constitute mitochondrial dynamics. Consequently, it is no wonder that disturbances in the 

fidelity of these mechanisms can potentiate neuronal dysfunction. In the past two decades, 

perturbation of these dynamic mitochondrial systems has emerged as a central 

pathophysiological phenomenon in a broad range of human diseases including AD (13–15). 

In this review, we will discuss current progress in the understanding of the mechanisms of 

altered mitochondrial dynamics that is essential to the development of effective therapeutic 

strategies (16).
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Mitochondrial fission and fusion in AD

Mitochondria have two membranes with distinct functions, the outer mitochondrial 

membrane (OMM) and the inner one (IMM) (Fig. 1B). The IMM forms multiple folds 

referred to as cristae that harbor components of OXPHOS. The OMM functions as a 

gateway to facilitate transport of proteins and other materials into the mitochondrion. Both 

membranes work in concert. In case of mitochondria, the saying “structure is function” is 

exceptionally true. Mitochondrial size and shape are very important for proper function. 

Morphological changes are regulated and balanced by a set of proteins collectively referred 

to as fission and fusion proteins. Fusion proteins include dynamin GTPase regulators Optic 

Atrophy 1 (OPA1), Mitofusin 1 (MFN1), Mitofusin 2 (MFN2) and fission proteins that 

consist of dynamin-like GTPase regulator Dynamin related protein 1 (DRP1) and a number 

of receptor/adaptor proteins. OPA1 protein is localized to the mitochondrial intermembrane 

space (IMS) by its transmembrane domain where it acts to insulate mitochondrial cristae 

while MFN1 and MFN2 are anchored on the OMM. Here, the MFNs can facilitate fusion of 

opposing mitochondrial membranes in a homotypic or heterotypic manner (17). Both MFN1 

and MFN2 structurally and functionally complement OPA1 (18), and together these 

dynamins orchestrate a precise mechanical chain of events, which culminates in the 

coordinated fusion of the mitochondrial double membrane (19, 20). Furthermore, OPA1 is 

regulated by a set of proteases that can cleave it into eight different isoforms by alternative 

splicing of exons 4, 4b and 5b (21). Initially upon import into the mitochondrion, OPA1 is 

processed by matrix metalloproteases, which cleave a mitochondrial targeting sequence, 

followed by mitochondrial ATPase proteases associated with diverse functions (AAA+) to 

alter OPA1 splicing in response to changes in cellular metabolism and increased stress (22–

25). This splicing is responsible for creating both the long (l-OPA1) and short (s-OPA1) 

isoforms of OPA1. These proteases include ATPase Family Gene 3 Like Matrix AAA 

Peptidase Subunit 2 (AFG3L2), Paraplegin, Presenilin Associated Rhomboid Like (PARL), 

Yeast Mitochondrial AAA Metalloprotease Like 1 ATPase (YME1L) and Overlapping with 

the M-AAA Protease 1 Homolog (OMA1) (26).

Conversely, mitochondrial fission is coordinated by DRP1 and a complement of receptor 

proteins such as Mitochondrial Fission 1 protein (Fis1), Mitochondrial fission factor (Mff), 

endophilin-B1, mitochondrial protein 18 (MTP18), and mitochondrial dynamics proteins of 

49 and 51 kDa (MiD49 and MiD51, respectively) (27, 28). Once recruited to the OMM, 

DRP1 can oligomerize into a ring-like structure at positions marked by the endoplasmic 

reticulum (ER) and the actin cytoskeleton. This ring can then pinch the OMM to induce 

mitochondrial fission upon influx of ER calcium into mitochondria (29). This mechanism 

can be modulated by alternative post-translational modifications of DRP1 including 

phosphorylation, SUMOylation and O-GlcNAcylation (27). Counter-intuitively, OPA1 

performs a dual role in both mitochondrial fission and fusion. Under conditions of cellular 

stress, proteases YME1L and OMA1 cleave OPA1 to produce and accumulate s-OPA1. s-

OPA1 has been shown to induce fission of the IMM and facilitate mitochondrial 

fragmentation (30).

Mitochondrial shape ranges from small round structures to elongated tubular networks (Fig. 

2). Mitochondrial size appears to directly relate to their function, distribution, quality and 
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interaction with other cellular compartments and organelles. Very rapid shape shifting 

(within minutes) occurs in response to stress or metabolic changes in order to maintain 

cellular homoeostasis. For example, under conditions of glucose deprivation or serum 

starvation, there is an increase in mitochondrial fragmentation that has been proposed to 

provide mitochondria with increased surface area for accessibility of metabolic substrates to 

carrier proteins (32, 33). This could be beneficial in case of a high fat diet (HFD) enriched 

with saturated fatty acids where fragmentation was associated with increased mitochondrial 

intake of dietary fats (32, 34). Intriguingly, a different type of a HFD consisting of 

polyunsaturated fatty acids elicited a distinctive response where increased mitochondrial 

fusion correlated with augmented fatty acid utilization and reduced weight gain (32, 34). 

Similarly, mitochondrial fusion was found in cases of nitrogen source depletion (lack of 

glutamine or amino acids) that can be further exaggerated with a combination of nitrogen 

source and glucose deficiency in cases of more extreme starvation (32). Benefits of 

mitochondrial hyper-fusion include a protection against cellular apoptosis (35), increased 

complementation of mitochondrial components to maintain function, and even an increase in 

ATP production (36–40). Moreover, fission/fusion machinery is linked to mitochondrial 

singling via reactive oxygen (ROS) or nitrogen (RNS) species. Excessive ROS and RNS 

production is a well-defined characteristic of AD that may lead to several harmful effects 

including DNA, protein and lipid damage (41). However, under non-pathological, 

physiological levels (mitohormetic levels), ROS/RNS act as signaling molecules that can 

regulate several pathways associated with protective mitochondrial function and metabolism 

including mitochondrial dynamics and cristae remodeling (42). This occurs through either 

direct modification of fission/fusion proteins or by modifying reduction/oxidation sensors 

both internal and external to the mitochondrion, to alter downstream pathway signaling (43–

45). Taken together, these observations suggest the existence of dynamic cellular signaling 

pathways, which are highly sensitive to the diversity of intra- and extracellular changes 

including concentration of nutrients and metabolites that can fine-tune mitochondrial 

dynamics to provide the appropriate response to these metabolic cues.

Given the essential role of mitochondrial dynamics, any alterations in the fidelity of fission/

fusion machinery could have devastating effect on mitochondrial function, energy and redox 

homeostasis. Indeed, altered mitochondrial dynamics are well documented in AD patients 

and model organisms with a bias towards increased mitochondrial fragmentation (46). This 

increased fission becomes even more pronounced with a pathological increase in levels of 

Aβ and pTau, and their interaction with mitochondrial fission regulators in disease 

progression (47–50). Investigations using various cell lines that overexpress mutant human 

amyloid precursor protein (APP) revealed increased mitochondrial fragmentation and 

perinuclear localization indicating a collapse of the mitochondrial network, which could be 

due to elevated levels of total DRP1 and/or changes in DRP1 post -translational 

modifications such as an increase in S-nitrosylation and a decrease in pS636, a known 

phosphorylation signal for inhibiting DRP1 mitochondrial translocation (51). Imbalanced 

dynamics may also occur with disturbances of fusion regulators, although this is not always 

the case (52–54). Interestingly, the analysis of fission/fusion dynamics conducted in AD 

patient primary fibroblasts demonstrated that similar to other cell models, the mitochondrial 

network had lost its integrity (55, 56). However, in contrast to neuronal models, these 
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peripheral cells had reduced levels of DRP1 where mitochondria length was not different 

from control cells under basal conditions. Only when the mitochondrial OXPHOS in these 

cells was challenged with the ionophore uncoupler carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (CCCP) and the rate of mitochondrial morphological 

recovery was monitored, was an underlying bias towards mitochondrial fission revealed 

(56). These discrepancies could be explained by several factors including the cell and tissue 

origin, where bioenergetics may include a dependence on OXPHOS vs. glycolysis. In 

addition, in some in vitro experiments, concentrations of Aβ used to mimic the acute stress 

response were outside of the physiological range, raising caution in the data interpretation in 

respect to in vivo disease mechanisms. Nevertheless, in postmortem AD human brain tissue, 

increased expression of DRP1 and FIS1 and decreased expression of MFN1, MFN2, OPA1 

and TOM40 (a channel-forming subunit of a translocase of the mitochondrial outer 

membrane that is essential for protein transport into mitochondria) were identified in frontal 

cortex at early (Braak stages I and II), definite (Braak stages III and IV) and severe (Braak 

stages V and VI) stages of AD leading to mitochondrial fragmentation (57). However, the 

examination of mitochondrial morphology using brain tissue from multiple mouse models of 

AD produced inconsistent results, where in some cases, mitochondrial fragmentation 

associated with the elevated levels of DRP1 and FIS1 and reduced levels of OPA1, MFN1 

and MFN2 was confirmed but in the others, elongated mitochondria associated with 

inhibited activity of DRP1 were found (31, 40, 57).

To further investigate mitochondrial morphology in respect to AD development, we 

analyzed hippocampal and cortical brain tissue from AD patients and four mouse models of 

AD using three dimensional electron microscopy (3D EM) (31). This study revealed the 

presence of a novel phenotype that we termed mitochondria-on-a-string (MOAS, Fig. 2B) 

(31). MOAS represent a very long mitochondrion where bulbous parts of the organelle are 

connected with a double membrane approximately 40 – 60 nm in diameter and ~5 μm in 

length (aka nanotunnels). These structures were found in the brain of AD patients, mice with 

tauopathy, aging wild type mice and non-human primates. They were also found in the brain 

of young wild type mice a few minutes after the induction of acute hypoxia (31, 58, 59). 

This extremely prevalent and dynamic formation of MOAS was attributed to calcium flux 

and bioenergetic stress, where fission arrest may promote the residual functioning of 

mitochondria under stress conditions making them resistant to mitophagy (31, 60–62). The 

presence of MOAS vs. fragmented mitochondria identified in AD emphasizes the 

complexity of mitochondrial dynamics and the need for further research using advanced 

techniques and models to better understand the role of mitochondrial fission and fusion at 

different stages of the disease.

Surprisingly, little work is done to demonstrate the direct connection between altered 

mitochondrial dynamics and bioenergetics in AD (15, 52, 63). Mitochondrial fission and 

fusion are proposed to be involved in the maintenance and assembly of mitochondrial ETC 

complexes suggesting that any alterations in mitochondrial dynamics could affect energy 

production (64). Most of the studies linked altered mitochondrial dynamics to morphological 

alterations and cellular distribution. Fusion-deficient mitochondria are larger in diameter, 

which could preclude their entrance into dendrites and axons with narrow diameter affecting 

synaptic function. An excessive fission might impact energy production by affecting cristae 
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integrity and the assembly of the OXPHOS complexes (65). However, the definitive 

demonstration of the effect of altered fission/fusion machinery on the integrity and function 

of the enzymes of the OXPHOS and TCA cycle remains to be done.

Mitochondrial axonal transport and autophagy in AD

Mitochondria are transported within neurons from (anterograde transport) and to (retrograde 

transport) the cell body via the mechanism known as axonal transport (Fig. 3) (66). 

Mitochondrial motility in neurons is essential for providing ATP to the sites of synapses, to 

promote axonal growth, for calcium buffering, and for ensuring mitochondrial repair and 

degradation (67). Mitochondrial trafficking in neurons can be facilitated along microtubule 

tracks or actin filaments based on the cellular compartment. The structure and polarity of 

microtubules within axons and dendrites are different, with approximately 90% of 

microtubules oriented with their positive end away from the cell body in axons. In dendrites, 

microtubules have mixed orientation and density at the proximal end to the cell body with 

polarity and organization becoming more reminiscent of axons at the distal sites (68). To 

facilitate axonal transport, adaptor proteins such as syntabulin, mitochondrial Rho small 

GTPase (MIRO) and Milton are associated with motor proteins of the kinesin-1 and 

kinesin-3 family to transport mitochondria towards the (+) end of microtubules in the 

anterograde direction (69). The protein complexes consisting of dynein and dynactin 

proteins direct mitochondria to the (−) end of microtubules facilitating retrograde transport 

(67, 69). Thus, the kinesin motors typically transport mitochondria in the anterograde 

direction in axons while both kinesin and dynein can perform bidirectional movement of 

mitochondria in dendrites (Fig. 3). It is also possible for mitochondria to move along actin 

filaments in dendritic spines, growth cones and synaptic boutons for short-range 

redistribution using myosin motors (70–72). The integrity of microtubules is essential for 

mitochondrial motility in neurons where hyperphosphorylation of microtubule binding 

protein Tau (pTau) observed in AD and tauopathies, negatively impact mitochondrial 

transport. Moreover, proteins such as MFN2 that play essential roles in mitochondrial fission 

and fusion, have been shown to participate in mitochondrial transport interacting with 

murine MIRO proteins where mutations or deletions in MFN2 lead to a longer pausing and 

slowing of axonal transport in both directions (73). Furthermore, emerging evidence 

suggests that there is a tightly orchestrated interconnection between environmental changes 

and mitochondrial biogenesis, fission, fusion, transport and degradation where details of 

molecular mechanisms are not well understood and require further investigation (66, 73). 

Indeed, the essential connection between mitochondrial transport and synaptic activity has 

been established when a loss of function of syntabulin, an adaptor protein that mediates 

presynaptic mitochondrial motility, resulted in reduced synaptic plasticity (74, 75). Cellular 

signaling cues such as Ca2+, ROS, oxygen level, nutrients and ATP act to regulate these 

motor/adaptor proteins and determine mitochondrial movement and position. Both MIRO 

and Milton can be modified to encourage mitochondrial stalling by Ca2+ binding to MIRO 

near synaptic termini (76) and O-GlcNAc transferase (OGT) adding a GlcNAc sugar to 

serine and threonine residues of Milton (77). Oxygen deprivation has been found to recruit 

hypoxia upregulated mitochondrial movement regulator (HUMMR) to the kinesin/MIRO/

Milton complex to promote anterograde transport (78). Furthermore, mitochondrial motility 
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is also regulated by levels of ATP and ADP with greater velocity in regions with higher ATP 

levels while in the areas with low ATP, such as synaptic terminals, mitochondria dock (79). 

This signaling crosstalk aids in the partitioning and compartmentalization of mitochondria 

within different neuronal compartments (67). Although MIRO and Milton have been 

identified as mammalian adaptors responsible for the transport of mitochondria by kinesin, 

additional motor and adaptor proteins participate in, the mechanisms of axonal trafficking 

ensuring proper mitochondrial distribution in the cell (80–82).

In AD, an impairment of mitochondrial axonal transport precedes the accumulation of toxic 

protein aggregates and is linked to disturbed axonal integrity and synaptic function (40, 46, 

83, 84). While the precise molecular mechanisms underlying mitochondrial transport 

inhibition in AD remain to be elucidated, a disturbance in mitochondrial motility is tightly 

linked with unbalanced fission/ fusion regulators, increased levels of both Aβ and pTau, and 

oxidative stress (46, 84). One of the first investigations in this area was conducted by 

Reddy’s group in primary neurons from the Tg2576 mice expressing mutant human APP 

protein (46). In this study, the authors found significantly decreased anterograde 

mitochondrial movement, increased mitochondrial fission and decreased fusion, abnormal 

mitochondrial and synaptic proteins, and defective mitochondrial function in primary 

neurons from Tg2576 mice compared to wild-type neurons (46). Furthermore, application of 

mitochondria-targeted antioxidant peptide SS31 (6’-dimethyltyrosine-Lys-Phe-NH2, will be 

discussed below) restored mitochondrial transport and synaptic viability, and decreased the 

percentage of defective mitochondria (46). We later reported similar findings in neurons 

from mice expressing another familial AD mutation in PS1 gene and in neurons form double 

transgenic APP/PS1 mice (40). In multiple studies, treatment of primary neuronal cultures 

with Aβ-derived diffusible ligands has been shown to reduce mitochondrial motility and 

distribution in axons (85–89). Detrimental effect of Aβ on mitochondrial motility was 

further confirmed in experiments using Drosophila and murine animal models of AD where 

the accumulation of oligomeric Aβ resulted in a depletion of synaptic mitochondria (84). 

Additional investigations of the relationship between different Aβ species and mitochondrial 

transport conducted in our laboratory indicated that toxic Aβ peptides with a higher 

propensity to aggregate have a larger impact on mitochondrial motility where extracellular 

fibrils were having the greatest impact possibly facilitating trafficking abnormalities via 

interacting with the neuronal plasma membrane (89). Interestingly, trafficking inhibition in 

these experiments did not affect mitochondrial ATP production and bioenergetics parameters 

indicating a differential onset of mitochondrial dysfunction in disease progression where 

alterations in mitochondrial motility may precede the loss of mitochondrial ability to 

generate energy. Apart from Aβ, overexpression and/or hyperphosphorylation of Tau has 

also been shown to disrupt both the distribution and localization of mitochondria in cellular 

and murine models of AD (90). Investigation into the molecular mechanism of transport 

inhibition has identified several key proteins, including Aβ and pTau, which participate in a 

feedback loop of enhanced biochemical instability. Glycogen synthase kinase 3 (GSK3), a 

serine/threonine protein kinase that mediates the addition of phosphate molecules onto 

serine and threonine amino acid residues, has been shown to mediate the impairment of 

mitochondrial transport in AD through phosphorylation and deactivation of mitochondrial 

transport motor proteins and through increased phosphorylation of Tau at AT8 sites (Ser199, 
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Ser202, Thr205) (91). These Tau modifications not only promoted the development of 

filamentous pTau aggregates but also lead to increased microtubule instability that 

contributes to the inhibition of transport. Moreover, expression of mutant Tau (K369I) has 

also been reported to trap the kinesin motor protein Jip1 in the soma causing the impairment 

of axonal transport (92). Interestingly, the RNAi-mediated knockdown of MIRO has been 

shown to lead to an increase in pTau (Ser262) (93) demonstrating the interconnection 

between mitochondrial transport and the development of toxic protein aggregates in AD. 

These trafficking dysfunctions coupled with the pTau and Aβ-mediated downregulation of 

OXPHOS complex activity can reduce synaptic function and promote cognitive decline (94, 

95).

To maintain functional mitochondria, cells utilize autophagy where damaged organelles are 

removed via lysosomal degradation (Fig. 4). For mitochondria-specific autophagic removal 

known as mitophagy, the collapsed mitochondrial membrane or the release of mitochondria-

associated lipids serve as a signal to promote targeting mitochondria into autophagosomes 

(96). These autophagosomes then fuse with lysosomes for bulk degradation and component 

recycling, which primarily occur in the cell body although local autophagic processes in 

axons have also been identified (97). The triggers for autophagy vary including 

dysfunctional mitochondria, starvation and exercise. However, the most common reason 

includes the nutrient imbalance. A key sensor of energy homeostasis, AMP-activated protein 

kinase (AMPK), can activate or increase levels of mitophagy through a direct 

phosphorylation of unc-51 like activating kinase 1 (ULK1) under energetic stress (98). The 

most well described mitochondrial quality control mechanism includes the PINK1/PARKIN 

pathway although other mitophagy pathways have also been described (96). Loss of 

mitochondrial membrane potential typically stabilizes the protein PINK1 on the OMM, 

which then phosphorylates OMM proteins including MIRO, MFNs and ubiquitin (96). This 

leads to the translocation of the E3 ligase PARKIN that further ubiquitinates OMM proteins 

resulting in the recruitment of autophagic machinery. In neurons, the transport of 

dysfunctional mitochondria inside autophagic vacuoles (AV) from distal to sematodendritic 

regions is required for the majority of mitophagic degradation (99). To achieve this, 

autophagosomes fuse with late endosomes (LE) and form amphisomes together with dynein-

snapin motors for transport of AVs back to the soma (100). However in AD, defective 

retrograde transport can contribute to disease pathogenesis with accumulation of 

amphisomes at axonal terminals due to Aβ mediated interruption of dynein-snapin coupling 

(101). Thus, the interconnection between multiple mechanisms of mitochondrial dysfunction 

in AD is complex where one (e.g., the impairment of axonal transport) could affect the other 

(e.g., mitophagy). Defective anterograde transport ensures that ‘young’ mitochondria from 

the soma are unable to fuse and share their components with other mitochondria in distal 

regions to promote their repair. Impaired retrograde transport affects the ability to remove 

dysfunctional mitochondria that may arise as a consequence of reduced integrity. Altogether, 

impairments in mitochondrial and neuronal transport mechanisms coupled with increased 

accumulation of AVs and reduced ability of lysosomes to fuse with autophagosomes 

promote the dysfunction of mitochondrial quality control in AD (102–104).
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Therapeutic strategies to improve mitochondrial dynamics and function

Given the extent of mitochondria involvement in the development of AD, it is not surprising 

that they have become increasingly recognized as a therapeutic target. For in depth 

discussion of current state of therapeutic development in AD field we refer the reader to 

excellent reviews published recently (105–108). Below, we will summarize therapeutic 

strategies specifically related to mitochondria.

Approaches to improve mitochondria function are divided into two groups - 

pharmacological and non-pharmacological interventions. Among the latter, diet and exercise 

appear to directly improve multiple parameters of mitochondrial dynamics and function 

collectively referred to as mitochondrial fitness. A beneficial effect of caloric restriction and 

exercise on slowing the aging process and improvement of mitochondrial function has been 

shown in multiple model organisms and clinical trials. Extensive studies conducted in 

mutator mice harboring a defect in the proofreading-exonuclease activity of mitochondrial 

polymerase gamma (PolG) that results in the accumulation of mitochondrial DNA (mtDNA) 

mutations and premature aging demonstrated that the endurance exercise induced systemic 

mitochondrial biogenesis, prevented mtDNA depletion and mutations, increased 

mitochondrial oxidative capacity and respiratory chain assembly, restored mitochondrial 

morphology, and blunted pathological levels of apoptosis in multiple tissues of mtDNA 

mutator mice (109). Importantly, exercise not only improved mitochondrial function in 

peripheral organs but also completely blocked brain atrophy in these mice. Mutator mice 

display multiple pathologies that overlap with the observed in advanced aging and AD 

including deficits in the neurotransmitters acetylcholine, glutamate, aspartate and dopamine; 

a depletion in levels of nicotinamide adenine dinucleotide (NAD); increased poly(adenosine 

diphosphate-ribose) polymerase 1 (PARP1) activity in mouse cortex; deficits in carnitine 

metabolites and an upregulated antioxidant response; metabolic dysfunction and oxidative 

stress in the brain tissue; impaired rotarod performance and locomotor activity; and 

decreased protein levels of mitochondrial complexes I and IV subunits; decreased COX 

activity; and deficits in oxidative phosphorylation (110–113). While there are no reports 

indicating that mutator mice develop profound AD-like phenotype (possibly due to the 

relatively short life spanof these mice), crossing a mutator mouse with a mouse model of 

familial AD accelerated the disease phenotype supporting the hypothesis that mitochondrial 

dysfunction contributes to the pathogenesis of AD (114). These data highlight the relevance 

of the observations generated in mutator mice to the development and treatment of age-

related neurodegenerative diseases.

In humans, beneficial effect of physical exercise is now well accepted as a strategy not only 

to promote health but also to manage patients with neurodegenerative disorders including 

AD (115). Beneficial effect of multifaceted interventions (diet, exercise, cognitive training 

and vascular monitoring) in at-risk elderly people was tested in multiple clinical trials 

(FINGER, MAPT and PreDIVA). The results of the trial conducted in the Finish Geriatric 

Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) showed that a 

multidomain lifestyle intervention can benefit cognition in elderly people with an elevated 

risk of dementia (116). This approach is now implemented world-wide through global 

initiatives with the ultimate goal to harmonize studies on dementia prevention, generate 
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high-quality scientific evidence and promote its implementation (117). Additional studies 

confirmed multiple benefits of exercise in AD patients including improved brain blood flow, 

increased hippocampal volume, improved neurogenesis and cognitive function, decreased 

neuropsychiatric symptoms, and a slower disease progression (118). Moreover, exercise has 

been shown to have fewer side effects compared to pharmacological interventions. Grounded 

on a population-based perspective, the Alzheimer’s Association has identified regular 

physical exercise as one of the strategies to reduce the risk of cognitive decline and the 

development of dementia (119). However, the exact mechanism of the protective effect of 

exercise on the brain remains incompletely understood. The proposed pathways mainly 

converge on mitochondria where improved biogenesis and turnover ensure reduced 

production of ROS and improved bioenergetics (115). It is also important to note that 

various rigor and exercise strategies (aerobic vs. strength training) may differentially impact 

health outcomes in individuals based on age, sex and the disease stage granting further 

development of public health recommendations (120).

Similar to exercise, beneficial effect of caloric restriction on lifespan and healthspan is well 

documented in model organisms and humans (121). In healthy adults, 24 months of 

continuous 15 – 25% reduction in calorie intake resulted in improved quality of life and a 

significant decrease in levels of oxidative stress markers (122). Additional benefits of caloric 

restriction in healthy humans include reduced inflammation, decreased levels of circulating 

tumor necrosis factor-α and cardiometabolic risk factors, improved insulin signaling and 

immune defense against infections (123). Major mechanisms of caloric restriction include 

activation of autophagy/mitophagy via AMPK-dependent inhibition of mechanistic target of 

rapamycin (mTOR) pathway and activation of sirtuins that are essential modulators of 

cellular stress resistance, aging and cell death. In respect to mitochondria, caloric restriction 

has been shown to increase mitochondrial biogenesis and turnover leading to a lesser 

accumulation of dysfunctional organelles, improved mitochondrial dynamics, morphology 

and function, and decreased mitochondrial permeability improving calcium retention 

capacity ultimately leading to a protection against excitotoxicity, a major mechanism 

involved in neurodegeneration (124). Despite mounting evidence in support of caloric 

restriction to promote health in AD patients, implementation of this strategy in elderly 

population has proven difficult. Based on the understanding of key mechanisms, multiple 

caloric restriction mimetics have been recently developed or re-purposed and tested in 

clinical trials (123).

In addition to caloric restriction, ketogenic diet has been shown beneficial in slowing down 

the development of cognitive dysfunction in patients with MCI and AD. The ketogenic diet 

was developed at the Mayo Clinic in 1920 by Dr. Wilder as a strategy to treat epilepsy (125). 

This diet consists of high fat content, low levels of carbohydrates, and normal protein 

content, and mimics fasting where energy production in mitochondria is switched to the 

ketone body utilization (126). The neuroprotective effect of ketogenic diet in AD is 

attributed to the ability of ketone bodies to provide more efficient source of energy fuel for 

mitochondria under conditions where glucose uptake is altered. In addition, ketone bodies 

have been shown to improve mitochondrial respiration, decrease ROS production, improve 

antioxidant defense, and inhibit mitochondrial permeability transition ultimately protecting 

neuronal function (127). Indeed, multiple clinical trials conducted in MCI and AD patients 
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suggest that this intervention has positive effect on cognitive function (128–131). However, 

the long-term implementation of ketogenic diet to patients is difficult and could be 

associated with adverse side effects (126).

A promising group of compounds have produced a beneficial effect by directly targeting 

mitochondria. Counter intuitively, these compounds partially inhibit complexes of the 

OXPHOS machinery, inducing a mild stress response reminiscent to mechanisms involved 

in caloric restriction and exercise. In particular, we found that modulation of mitochondrial 

complex I activity with small molecules attenuates the development of cognitive symptoms 

in multiple mouse models of familial AD when treatment was administered chronically at 

early stages of AD development (132). Beneficial mechanisms included activation of 

AMPK, subsequent deactivation of GSK3β, reduction of Aβ and pTau levels, restoration of 

axonal trafficking, enhanced levels of BDNF and synaptic proteins, augmented 

bioenergetics, increased ability of neurons to sustain oxidative stress, and restored cognitive 

function and behavior. Furthermore, broad application of partial complex I inhibitor 

metformin, an FDA – approved drug to treat Type II Diabetes Mellitus (T2DM), supports the 

feasibility of such approach in humans. Metformin is a natural product derived from the 

plant Galega officinalis and has a strong safety record of being used in herbal medicine since 

medieval times (133). The molecular targets and the mode of action of metformin are 

incompletely understood. However, it inhibits energy transduction by selectively suppressing 

efficient coupling of redox and proton transfer domains of complex I, where subsequent 

AMPK activation appears to be largely associated with a major long-term, clinically relevant 

effect on enhancing hepatic insulin sensitivity (133–135). Biological, clinical and 

epidemiological data suggest that T2DM increases risk of mild cognitive impairment, 

vascular dementia and AD. Clinical trials have found that application of antidiabetic drugs 

including metformin protected against cognitive decline in MCI and AD patients improving 

executive functioning, learning, memory and attention (136–138). These antidiabetic drugs 

positively affect mitochondrial and synaptic function, reduce neuroinflammation, and 

improve brain metabolism (139). Interestingly, recent systematic review reported that 

metformin reduced mortality and diseases of aging (cardiovascular disease and cancer) in 

patients who did not have diabetes demonstrating that effect of metformin on healthspan is 

independent of its antidiabetic properties (140). Thus, complex I inhibitors including 

metformin appear to mimic mechanisms involved in caloric restriction and exercise and 

could slow the aging process, improve memory, and reduce oxidative stress (141–146). 

Resveratrol is another compound that implements its beneficial effects on health and 

longevity via reducing the activity of the OXPHOS complexes I, III and V (147–149). 

Resveratrol activates sirtuins, a family of NAD+-dependent deacetylases that are central to 

the body’s response to diet and exercise. Resveratrol also stimulates key signaling pathways 

including the antioxidant defenses, reduction of inflammation via inhibiting NF-κB, AMPK 

activation leading to improved mitochondrial function and biogenesis through SIRT1 (sirtuin 

1)/AMPK/PGC1α pathway and expression of vitagenes, which prevent the deleterious 

effects triggered by oxidative stress (150–152). Vitagenes are involved in preserving cellular 

homeostasis during stressful conditions and include, among others, heat shock proteins 

(Hsp) Hsp32, Hsp70, antioxidant genes such as thioredoxin, and a family of sirtuin proteins 

(153). Results of studies conducted in in vitro and in vivo models of AD provided evidence 
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that resveratrol normalizes cholinergic neurotransmission, brain-derived neurotrophic factor 

expression, reduces oxidative stress, promotes β-amyloid peptides clearance and anti-

amyloidogenic cleavage of APP, and reduces neuronal apoptosis (154). However, the 

utilization of resveratrol in humans has been challenging where limited bioavailability, 

pronounced side effects, and inconsistent results were reported in clinical trials (155).

Among other innovative pharmacological strategies designed to improve mitochondrial 

function are antioxidant therapies that mitigate local ROS production in mitochondria 

compared to the reduction of global levels of ROS. These compounds include coenzyme 

Q10, idebenone, creatine, MitoQ, MitoVitE, MitoTEMPOL, latrepirdine, methyleneblue, 

triterpenoids, a series of Szeto-Schiller (SS) peptides, curcumin, Ginkgo biloba, and 

omega-3 polyunsaturated fatty acids (107). These mitochondria-targeted compounds have 

been extensively evaluated in multiple laboratories using various in vivo and in vitro models 

of AD. Multiple benefits of these compounds include improved bioenergetics, reduced 

oxidative stress, improved mitochondrial dynamics and trafficking. For example, a peptide, 

6’-dimethyltyrosine-Lys-Phe-NH2 (SS31) binds to cardiolipin, a lipid that is localized 

specifically to the mitochondrial membranes, and promotes the efficiency of mitochondrial 

OXPHOS machinery. SS31 has been shown efficacious in protecting against Aβ-induced 

oxidative stress, synaptic loss, mitochondrial dysfunction, and abnormal calcium 

homeostasis in vitro and in vivo (156, 157). Some of these compounds have demonstrated 

promising results in clinical trials (158, 159). However, in many cases the precise 

mechanism of pharmacological intervention remains uncertain. For example, application of 

quinazolinone, a mitochondria division inhibitor 1 (Mdivi-1), originally described as a 

selective inhibitor of mitochondrial fission protein Drp1, induced neuroprotection in in vitro 
and in vivo models of AD, Parkinson’s disease (PD), traumatic brain injury and other 

diseases via enhancing mitochondrial fusion, increasing mitochondrial biogenesis and levels 

of synaptic proteins (160–163). More recently, Mdivi-1 was shown to act as a reversible 

mitochondrial complex I inhibitor that reduces ROS production suggesting that positive 

changes in mitochondrial function and reduced fission may not be related to the proposed 

direct effect of Mdivi-1 on Drp1 GTPase activity (164). Nevertheless, recent extensive 

studies conducted in neuronal N2a cells support the notion that Mdivi-1 is a Drp1 inhibitor 

that reduces mitochondrial fragmentation (165). Furthermore, application of Mdivi-1 

appears to significantly improve energy production under conditions where complexes, I, II 

and IV of the ETC are impaired (165). It remains to be determined whether Mdivi-1 acts via 

multiple mechanisms including partial inhibition of complex I. Since Mdivi-1 has been 

considered for clinical trials, additional investigations into its molecular targets might be 

necessary to ensure safety and efficacy of the application in humans (163). Similarly, 

implementation of antioxidant therapies has met with mixed success. While common 

antioxidants, such as vitamins E and C, did not produce consistent results in clinical trials, 

novel approaches include the design of molecules that could specifically target mitochondria 

to reduce ROS generated by a dysfunctional organelles (166). Oral administration of MitoQ, 

a ubiquinone linked to a lipophilic triphenylphosphonium cation, produced encouraging 

results reducing oxidative stress in multiple animal models advancing MitoQ into clinical 

trials (167). However, future work is required to unequivocally demonstrate the feasibility of 

mitochondria-targeted antioxidants as a therapeutic strategy for AD. An additional approach 
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recently developed by Anavex was shown beneficial in clinical phase 2a trial for AD where 

ANAVEX 2–73, a sigma 1 receptor agonist, improved cognitive performance and functional 

measure in patients. A chaperone protein, sigma 1 is activated in response to acute and 

chronic cellular stressors and modulates multiple mechanisms involved in neurodegeneration 

such as glutamate and calcium activity, reaction to oxidative stress, and mitochondrial 

function (168). Most recent data suggest that application of ANAVEX 2–73 may mediate 

beneficial effect also via activation of autophagy (169). Similarly, activation of mitophagy 

has been shown as an essential mechanism of neuroprotection in multiple animal models of 

AD granting further development of mitophagy activators for clinical application (170)

In conclusion, multiple promising therapeutic strategies aiming to improve cellular 

energetics and mitochondrial dynamics and function are under the development for the 

prevention and treatment of neurodegenerative diseases. These strategies are exceptionally 

important as they also promote healthy aging. Since the greatest risk factor for most of 

neurodegenerative diseases is age, the development or implementation of health enhancing 

strategies could delay the onset of debilitating age-related conditions including AD.
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Highlights

• Mitochondrial dynamics, trafficking and turnover are essential for neuronal 

function

• Mitochondrial dynamics and function are affected early in Alzheimer’s 

Disease

• Therapeutic strategies to support mitochondrial dynamics could be beneficial 

for AD
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Figure 1: Generation of adenosine triphosphate (ATP) via glycolysis or oxidative 
phosphorylation (OXPHOS) pathways in neurons.
(A) Glucose uptake via Glut 3 receptors provides the substrate for a series of glycolytic 

reactions to generate two molecules of ATP in the cytoplasm. Conversion of glucose to 

pyruvate is necessary for production of ATP via OXPHOS in mitochondria that results in 

~30–36 ATP molecules per one molecule of glucose. (B) The OXPHOS machinery is 

located at the mitochondrial inner membrane and consists of five complexes where 

complexes I – IV are involved in electron transfer and proton export to maintain protein 

gradient that is utilized by complex V to generate ATP to support neuronal function and 

synaptic activity.
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Figure 2: Mitochondrial fission/fusion dynamics in neurons.
(A) Mitochondria in neurons vary in shape and size constantly undergoing fission and fusion 

in response to metabolic demands. Intermediate morphological phenotype, mitochondria-on-

a-string (MOAS), may represent a response to energetic stress that promotes mitochondrial 

stability and function. In AD, increased levels of MOAS and mitochondrial fragmentation 

were observed supporting high level of energetic stress. (B) Example of MOAS in a neuropil 

in brain tissue of a 3xTgAD female mouse 12 months of age. Micrograph was generated as 

part of the study described in (31). Scale bar, 0.5 μM.
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Figure 3: Mitochondrial transport in neurons.
Neurons have distinct cellular compartments comprised of the cell body, axons, dendrites, 

dendritic spines, axonal growth cones and synaptic boutons. Mitochondria are transported 

from the cell body to distal parts of neurons or to the sites of high energy demand along 

microtubule tracks using kinesin (anterograde direction) or dynein (retrograde direction) 

motor protein complexes. In AD, increased accumulation of Aβ and hyperphosphorylated 

Tau leads to abnormal trafficking in both directions compromising energy support for 

synaptic function.
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Figure 4: Mechanisms of mitochondrial quality control are interconnected with mechanisms of 
mitochondrial dynamics.
Dysfunctional mitochondria are transported in the retrograde direction from distal sites to 

the cell body for degradation and recycling by lysosomes via mechanism called mitophagy. 

The PINK1/ PARKIN proteins are involved in targeting mitochondria for mitophagy. 

Autophagosomes that are converted to amphisomes are transported by dynein-snapin motor 

complexes along microtubules to the cell body for lysosomal degradation. In AD, Aβ can 

interfere with the formation of these complexes leading to the accumulation of dysfunctional 

mitochondria and subsequent axonal swelling.
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