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Abstract

The homeostasis of eukaryotic cells
relies on efficient mitochondrial
function. The control of mitochondrial
quality depends on the combination
of distinct but interdependent mecha-
nisms spanning biogenesis, regulation
of a dynamic network, and finely tuned
degradation through targeted autophagy.
There is continuous evolution on the
pathways orchestrating the mitochon-
drial response to stress signals and the
organelle adaptation to quality control
during acute and subtle dysfunctions.
Degradation of defective mitochondria via mitophagy in-
fluences tissue homeostasis, but it remains uncharted as to
how we can pharmacologically and metabolically control
this mechanism. Common efforts are therefore indispens-
able to conceive novel approaches to design pharmaceu-
tical and nutraceutical strategies for treating conditions
associated with defective mitochondria both in human and
veterinary medicine.
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In mammals, mitochondria play many important roles.
They produce the majority of cellular energy by coupling
with unique efficiency oxygen into molecules of adenosine
triphosphate (ATP). They can nonetheless act as major
consumers of this key source of intracellular energy when
respiratory balance in the surrounding environment does
not support its coupling, such as during an absence of
oxygen leading to ischemia.* Mitochondria also play a
prominent role in controlling programmed ways of cell
death by releasing death-triggering molecules from their
intermembrane space or by generating toxic-free species of
oxygen in consequence of the impaired respiration.? All of this
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requires constant and careful control
of their function. And the catabolic
process of targeted autophagy is
pivotal to this controlling function.
Autophagy is an intracellular degra-
dation system that delivers cytoplasmic
constituents to the lysosomes.*

Recent progress has demonstrated
that autophagy plays a wide variety of
physiological and pathophysiological
roles. Even though autophagy has long
been considered to be a nonselective
mechanism of degradation that
indiscriminately eliminates cellular
components, it is now clear that autophagy can instead be
highly selective against subcellular organelles® as mitophagy,
which does so against mitrochondria.® This organelle-
specific type of autophagy was first defined by Lemasters
and collaborators,” though as early as 1962, it was seen that
lysosomes in the liver contained mitochondrial fragments.®
In 1977, two independent research studies, one on meta-
morphosis in silkworms® and the other on the photoreceptor
cells of the ground squirrel during hibernation, concluded
that autophagy could be selective toward mitochondria
rather than other intracellular components and that once
mitochondria develop functional alterations, autophagy
would be activated to engulf them.

Since then pioneering studies have described the mech-
anisms through which the disposal of mitochondria via
autophagy takes place. These have detailed genes and
signaling pathways through which the selectivity of the process
is exerted and preserved. Currently, mitophagy mechanisms
are classified in two major types of processes: (i) Parkin-
dependent and (ii) Parkin-independent.

Parkin is an E3 ubiquitin ligase identified as one of the most
important players in recruiting autophagosomes to damaged
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mitochondria.” Parkin promotes the ubiquitin-proteasome
system of mitochondrial proteins degradation leading to
fulfillment of the pathway, removal of the defective organ-
elles, and quality control of the network. Loss-of-function
mutations in Parkin are known to cause heritable forms of
Parkinson’s disease, as well as other neurodegenerative
conditions such as Alzheimer’s disease, amyotrophic lateral
sclerosis and Huntington’s disease. On the other hand,
Parkin overexpression has been found in long-lived flies,
suggesting a link between aging processes and life span.

The Regulation of Mitophagy

The variety of recent studies on mitophagy mechanisms
during aging in invertebrate and rodent models highlighted
mitochondrial quality control as an attractive target in slowing
down aging processes by preventing and tackling related
diseases. It has therefore become of paramount importance
to regulate the process via pharmacological approaches.

We described a negative regulator of the Parkin-dependent
process of mitophagy: the mitochondrial 18-kDa transloca-
tor protein (TSPO).3 TSPO, which was first discovered as a
peripheral mitochondrial benzodiazepines receptor (PBR),
is situated on the outer mitochondrial membrane (OMM)
of mammalian cells where it lies in strict interaction with
the organelle’s channels. The core biochemical function
of TSPO resides in the translocation of cholesterol in the
mitochondria for metabolism and steroids synthesis. In
the brain, TSPO is expressed in low levels at physiological
conditions, but these markedly increase at sites of brain
injury and inflammation as well as during aging.” In fact,
TSPO is used as a biomarker/molecular sensor of active brain
disease in both experimental animals and human studies.
For over two decades TSPO ligands have been therefore used
to profile expression of the protein in the brain via means
of positive emission tomography (PET) to help diagnose
patients affected by brain conditions.

In light of a significant clinical potential of TSPO, these
ligands have been prompted for their biological efficacy in
experimental models and human patients. Among these, one
potent cholesterol-like TSPO ligand has been described as
a neuroprotective compound.* Limitation of cell mitophagy
by TSPO leads to incremental redox stress in cells underlying
long-term damage that act therefore as a propathological
factor. The dependency of TSPO activity by cholesterol
pools has pointed the attention on mitophagy efficiency
and regulation via dietary regimen and quality of the food.
Thus it is general knowledge that activation of nonselective
(macroautophagy) and selective (mitophagy) are strictly
dependent on nutrient supply.

Interestingly, mitophagy could be induced under nutrient-
rich conditions that end up removing redundant or dysfunc-
tional mitochondria when general-bulk autophagy is not
even activated.” When autophagy is induced, mitochon-
drial degradation does not necessarily follow. Mitophagy

is the attempt to leave as much energy as possible, leaving
the mitochondria therein inhibited during starvation in
order to provide cells with as much energy as possible.
Confirmation of this arrived when mitochondrial elonga-
tion was ohserved during starvation-induced autophagy in
various cell models via inactivation of the dynamin-related
protein 1 (Drp1), which helps with the segregation of large
mitochondria into smaller ones to facilitate their removal
by autophagy.’® For the same reason we are inclined to
speculate that when cholesterol metabolism is increased,
such as following TSPO downregulation, the consequent
metabolic alterations lead to mitophagy inactivation to
retain the maximal organelle capacity to deal with traffick-
ing of the lipid.

Conclusions and Prospective
The acknowledged importance of the process in various
pathological conditions calls for timely investments to un-
veil the interplay between diet and mitochondrial quality.
This could in turn lead to the development of products to
cure or prevent conditions caused by deregulated mito-
chondrial function. In both human and animal medicine,
an increasing number of dietary supplements have become
available for the prevention and treatment of diseases.
Thankfully, compounds targeting authophagy“ to
counteract oxidative stress* have emerged over the past
decade. Of these, supplements of resveratrol and omega-3
fatty acids have become a paradigm example,? which further
stimulated attention toward novel approaches, based on the
utilization of naturally derived products>* to regulate both
general and targeted autophagy (mitophagy). Endeavors on
this account must nonetheless progress in order to achieve
tangible impact on both human and veterinary medicine.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements

The research activities led by Dr. Michelangelo Campanella
at the Mitochondrial Cell Biology and Pharmacology Research
Unit are supported by the following funders, which are gratefully
acknowledged: Biotechnology and Biological Sciences
Research Council (Grants BB/M010384/1 and BB/No07042/);
the Medical Research Council (Grant G1100809/2); Internal
Funds of the Royal Veterinary College; Bloomsbury Colleges
Consortium PhD Studentship Scheme; The Petplan Charitable
Trust; Umberto Veronesi Foundation; Marie Curie Actions;
and the LAM-Bighi Grant Initiative.

References
1. Campanella M, Parker N, Tan CH, et al. IF1: Setting
the Pace of the F1Fo-ATP Synthase. Trends Biochem Sci.

2009;34(7):343-350.

32 COMPANION ANIMAL NUTRITION SUMMIT | MAY 3-5,2018 | CHARLESTON, SOUTH CAROLINA



2. Faccenda D, Campanella M. Molecular Regulation of the
Mitochondrial F1Fo ATP Synthase: Physiological and Patho-
logical Significance of the Inhibitor Factor 1 (IF1). Int J Cell
Biol. 2012;2012:367934.

3. Matic I, Strobbe D, et al. Molecular Biology Digest of Cell
Mitophagy. Int Rev Cel Mol Bio. 2017;332:233-258.

4. Mizushima N, Noda T, Yoshimori T, et al. A Protein Con-
jugation System Essential for Autophagy. Nature. 1998;

395(6700):395-398.

5. Zhang, J. Autophagy and Mitophagy in Cellular Damage
Control. Redox Biol. 2013;1(1):19-23.

6. Campanella M, Klionsky DJ. Keeping the Engine Clean:
A Mitophagy Task for Cellular Physiology. Autophagy. 2013;
9(11):1647.

7. Lemasters JJ. Selective Mitochondrial Autophagy, or Mito-
phagy, as a Targeted Defense Against Oxidative Stress,
Mitochondrial Dysfunction, and Aging. Rejuv Res. 2005;8:3-5.

8. Ashford TP, Porter KR. Cytoplasmic Components in Hepatic
Cell Lysosomes. J Cell Biol. 1962;12:198-202.

9. Beaulaton J, Lockshin KR. Ultrastructural Study of the
Normal Degeneration of the Intersegmental Muscles of An-
theraea Polyphemus and Manduca Sexta (Insecta, Lepidop-
tera) with Particular Reference to Cellular Autophagy.

J Morphol. 1977;154:39-57.

10. Reme CE, Young RW. The Effects of Hibernation on Cone
Visual Cells in the Ground Squirrel. Invest Ophthalmol Vis Sci.
1977;16:815-840.

11. Youle RJ, Narendra DP. Mechanisms of Mitophagy. Nat Rev
Mol Cell Biol. 2011;12:9-14.

12. Rana A, Rera M, Walker DW. Parkin Overexpression
During Aging Reduces Proteotoxicity, Alters Mitochondrial
Dynamics, and Extends Lifespan. Proc Natl Acad Sci USA.
2013:110(21):8638-8643.

13. Gatliff ], East D, Crosby J, et al. TSPO Interacts with VDAC1
and Triggers a ROS-Mediated Inhibition of Mitochondrial
Quality Control. Autophagy. 2014;10(12):2279-2296.

14. Gatliff ], Campanella M. TSPO: Kaleidoscopic 18-kDa
Amid Biochemical Pharmacology, Control and Targeting of
Mitochondria. Biochem J. 2016;473:107-121.

15. Gatliff ], East D, Singh A, et al. A Role for TSPO in Mito-
chondrial Ca2+ Homeostasis and Redox Stress Signalling.
Cell Death Dis. doi:10.1038/cddis.2017.186.

16. Kim T, Pae AN. Translocator Protein (TSPO) Ligands for
the Diagnosis or Treatment of Neurodegenerative Diseases:
A Patent Review. Expert Opin Ther Pat. 2016;6:1-14.

17. Raben N, Wong A, Ralston E, Myerowitz R. Autophagy
and Mitochondria in Pompe Disease: Nothing Is So New as
What Has Long Been Forgotten. Am J Med Genet C. 2012;
160C(1):13-21.

18. Gomes LC, Di Benedetto G, Scorrano L. During Autophagy
Mitochondria Elongate Are Spared from Degradation and
Sustain Cell Viability. Nat Cell Biol. 2011;13:589-598.

19. Petrovski G, Gurusamy N, Das DK. Resveratrol in
Cardiovascular Health and Disease. Ann NY Acad Sci.
2011;1215:22-33. d0i:10.1111/j.1749-6632.2010.05843.X.

20. Koskela A, Reinisalo M, Hyttinen JM, et al. Pinosylvin-
Mediated Protection Against Oxidative Stress in Human
Retinal Pigment Epithelial Cells. Mol Vis. 2014;20:760-769.

21. Reinisalo M, Karlund A, Koskela A, et al. Polyphenol
Stilbenes: Molecular Mechanisms of Defence Against
Oxidative Stress and Aging-Related Diseases. Oxid Med
Cell Longev. 2015. doi:10.1155/2015/340520.

22. Koskela A, Reinisalo M, Petrovski G, et al. Nutraceutical
with Resveratrol and Omega-3 Fatty Acids Induces Autopha-
gy in ARPE-19 Cells. Nutrients. 2016;8(5):284. doi:10.3390/
nu8050284.

23. Ryu D, Mouchiroud L, Andreux PA, et al. Urolithin A
Induces Mitophagy and Prolongs Lifespan in C. elegans
and Increases Muscle Function in Rodents. Nat Med.
2016;22:879-888. doi:10.1038/nm.4132.

24. Georgakopoulos ND, Wells G, Campanella M. The Phar-
macological Regulation of Cellular Mitophagy. Nat Chem
Biol. 2017;13(2):136-146.

COMPANION ANIMAL NUTRITION SUMMIT | MAY 3-5,2018 | CHARLESTON, SOUTH CAROLINA 33



