
Introduction

This review compiles all the research (up to 2016) on mitochondrial behavior and regulation 
in the context of metabolism.

Conclusions

Mitochondria undergo fission (splitting apart) and fusion (combining together).

Fusion tends to increase with greater need for Oxidative Phosphorylation proteins (to burn 
fat molecules). 

Fission is inhibited in most low energy states (there are exceptions, although review is not 
clear). 

Mitochondria will migrate to areas within the cell that have low energy levels. 
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Mitochondria play a critical role in metabolism, 
from oxidative phosphorylation, TCA cycle 
(Krebs), Beta-oxidation (all of these are part of, 
mostly, fat metabolism), as well as other functions 
like handling calcium levels and iron-heme 
synthesis for chemical reactions for the cell. 
Therefore, dysfunctions in mitochondria are 
thought to be involved in many disease states. 

To maintain their health, mitochondria will behave 
a number of different ways, like fusion (fusing two 
mitochondria into one), fission (separating one 
mitochondrion into two), and move to different 
areas of the cell. 

1.

Mitochondrial fusion is mediated by three proteins on 
the membranes of the mitochondrion (MFN1, MFN2, 
and OPA). First, the outer membrane of mitochondria 
link with each other through MFN proteins; then, once 
the outside membrane is fused, the inner membranes 
fuse through OPA protein interaction. Severe genetic 
defects in fusion can lead to significant mitochondrial 
fragmentation (mitochondria breaking up into smaller 
mitochondria). Certain cells are more sensitive to 
mutations in fusion proteins - some can experience loss 
of one MFN protein and not experience any side 
effects, but others experience significant loss of energy 
state, leading to death. 

2.
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Energetic states of the cells can influence 
morphology (shape) of the mitochondrion, like 
increased reliance on OXPHOS (oxidative 
phosphorylation) can lead to increased mitochondrial 
fusion into elongated mitochondria. In situations 
where cells are forced to rely on fats for energy, 
mitochondria elongate (galactose media). This is 
also true in conjunction with increased ATP (cellular 
energy) production. 

It is possible that increased OXPHOS activity leads 
to elongation of mitochondria. However, studies 
investigating by simply adding OXPHOS substrate 
saw an increase in inner mitochondrial fusion, but 
not outer mitochondrial fusion activity as evidenced 
by more OPA activity (possibly priming for fusion, but 
not undergoing fusion?).

OPA proteases may be sensitive to energy state 
within the mitochondrion, leading to activation of 
OPA and act as a sensor for mitochondrial fusion. 

In muscle, oxidative muscle cells have more 
mitochondrial fusion occurring. 

Also, defects in OXPHOS lead to reduced 
mitochondrial fusion. This may also be protective in 
that mitochondria that  cannot create sufficient 
energy may be isolated from the mitochondrial 
population by inhibiting their fusion, thereby targeting 
them for mitophagy (autophagy/destruction of 
mitochondria).

It is also possible that fusion is sensitive to GTP 
levels as opposed to ATP levels, since ATP can be 
converted to GTP in the mitochondrion, which would 
feed the GTPases (MFN, OPA). 

3.
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Mitochondrial fission is made possible through 
Dynamin Related Protein 1 (DRP1), which is 
recruited to the surface of the mitochondrion 
by a collection of proteins (MFF protein, 
MiD49 protein, MiD51 protein, Fis1 protein). 
Once DRP1 interacts with these proteins, it 
creates a collar around the mitochondrion and 
begins constriction of the mitochondrion. 
Mitochondrial fission is implicated in 
mitochondrial transport, autophagy of 
mitochondria (mitophagy), and apoptosis (cell 
death). Loss of DRP1 in humans leads to 
child death, epilepsy, and neuromuscular 
dysfunction. 

Drp1 is controlled by phosphorylation 
(phosphate added to DRP1) and it can be 
phosphorylated at multiple sites on the 
protein - with some activating DRP1 and 
some inhibiting it. It can also be nitrosylated 
(nitric oxide molecule is added), SUMOylated 
(ubiquitin molecules are added to DRP1), and 
acetylated (acetyl group added to DRP1). 

DRP1 is phosphorylated at amino acid serine 
616 and 637. The enzyme protein kinase A 
phosphorylates DRP1 at 637, inhibiting DRP1 
(from fission). This enzyme is active when 
taking forskolin, exercising, or any excitation 
of the cells. DRP1 is also reduced in activity 
when mTOR is inhibited through nitrogen 
starvation, because reduced energy or 
nitrogen levels increase Cyclic AMP, 
activating PKA. Even with increased 
autophagy with starvation, DRP1 is inhibited, 
leading to elongated mitochondria to promote 
ATP production and spare its degradation. 

On the other hand, inhibiting the Oxidative 
Phosphorylation proteins, which aid in the 
production of ATP (cell energy), leads to 
increased fission. Calcineurin will 
dephosphorylate DRP1, allowing it to be more 
active. If calcium is unregulated (which is 
normally controlled by the mitochondria), 
calcineurin is activated, thereby leading to 
rapid fission and fragmentation of 
mitochondria. 

Mice with a calcineurin deficiency have a 
resistance to obesity, because they have 
higher oxidative phosphorylation capability 
with longer mitochondria; however, they are 
less able to perform exercise. 

In brown fat, thermogenesis uses fission 
through DRP1 to occur. With cold exposure, 
brown fat cells increase their fat oxidation to 
fulfill the demands of the uncoupled 
mitochondria. The fission is believed to 
decrease OXPHOS efficiency, thereby 
requiring more fat and greater heat 
production. 

DRP1 phosphorylation at S616 (activating 
DRP1) is also possible through ERK protein, 
which is the tail end of the Ras-MAPK 
signaling cascade. Interestingly, inhibiting 
DRP1 reduces the oncogenic behavior of the 
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production. 

DRP1 phosphorylation at S616 (activating 
DRP1) is also possible through ERK protein, 
which is the tail end of the Ras-MAPK 
signaling cascade. Interestingly, inhibiting 
DRP1 reduces the oncogenic behavior of the 
cells that have high Ras activity. 

AMPK phosphorylates MFF (the DRP1 
receptor on mitochondria) leading to greater 
DRP1 recruitment. This would link energy 
deficiency to mitochondrial 
fission/fragmentation. 

Also, MiD51 seems to have a pocket where 
ADP (a low energy molecule) can bind - and 
with ADP binding, the receptor is active to 
receive DRP1. 

4
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Mitochondria move to locations where high ATP levels 
are necessary, like the flagella ("tails" of sperm) or the 
axon terminals of neurons. Mitochondria travel across 
the microtubule network in cells, connected to kinesin 
proteins and dynein proteins. 

AMPK activation in low energy or low oxygen activating 
HIF leads to mitochondrial movement to areas of low 
energy. On the other hand, excess glucose immobilizes 
mitochondria by glycosylation of the receptors of 
Kinesin and dynein proteins. 
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Mitochondrial content is dictated by the balance 
between the creation of new mitochondria and 
the destruction of mitochondria. The 
removal/destruction of mitochondria is known 
as the autophagy of mitochondria, or 
mitophagy. It selectively eliminates aged, non-
functional mitochondria. 

Mitophagy is controlled by PINK, an enzyme, 
that localizes to mitochondria and is normally 
degraded within the mitochondrial matrix when 
it is imported into the matrix due to the 
membrane potential. This membrane potential 
destabilizes the enzyme and it is degraded. 
However, if the membrane potential is not as 
strong, PINK is not imported into the matrix and 
remains on the mitochondrial membrane to 
enact its degradation signaling by 
phosphorylating proteins on the outer 
membrane of the mitochondrion, which recruits 
Parkin (a ubiquitinase) to add ubiquitin to the 
mitochondrion, targeting it for destruction. 

This whole process only occurs on unhealthy 
mitochondria, thereby reducing the unhealthy 
population, but not the healthy mitochondrial 
population. 

Mitophagy can be activated by the activation of 
ULK by AMPK, which phosphorylates 
mitochondrial proteins to target them for 
degradation through autophagy. 
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