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Review 

Pathogenic mitochondrial dysfunction and metabolic abnormalities 

Walter H. Moos a,*, Douglas V. Faller b,c, Ioannis P. Glavas d, David N. Harpp e, Natalia Kamperi f, 
Iphigenia Kanara g, Krishna Kodukula h, Anastasios N. Mavrakis i, Julie Pernokas j, 
Mark Pernokas j, Carl A. Pinkert k, Whitney R. Powers l,m, Kosta Steliou c,n, 
Constantin Tamvakopoulos f, Demetrios G. Vavvas o,p, Robert J. Zamboni e, 
Konstantina Sampani q,r,* 

a Department of Pharmaceutical Chemistry, School of Pharmacy, University of California San Francisco, San Francisco, CA, USA 
b Department of Medicine, Boston University School of Medicine, Boston, MA, USA 
c Cancer Research Center, Boston University School of Medicine, Boston, MA, USA 
d Department of Ophthalmology, New York University School of Medicine, New York, NY, USA 
e Department of Chemistry, McGill University, Montreal, QC, Canada 
f Center for Clinical, Experimental Surgery and Translational Research Pharmacology-Pharmacotechnology, Biomedical Research Foundation, Academy of Athens, 
Athens, Greece 
g Embassy of Greece in London, London, United Kingdom 
h ShangPharma Innovation, South San Francisco, CA, USA 
i Department of Medicine, Tufts University School of Medicine, St. Elizabeth’s Medical Center, Boston, MA, USA 
j Advanced Dental Associates of New England, Woburn, MA, USA 
k Department of Pathobiology, College of Veterinary Medicine, Auburn University, Auburn, AL, USA 
l Department of Health Sciences, Boston University, Boston, MA, USA 
m Department of Anatomy, Boston University School of Medicine, Boston, MA, USA 
n PhenoMatriX, Inc., Natick, MA, USA 
o Department of Ophthalmology, Harvard Medical School, Boston, MA, USA 
p Retina Service, Angiogenesis Laboratory, Massachusetts Eye and Ear Infirmary, Boston, MA, USA 
q Beetham Eye Institute, Joslin Diabetes Center, Boston, MA, USA 
r Department of Medicine, Harvard Medical School, Boston, MA, USA   

A R T I C L E  I N F O   

Keywords: 
Mitochondrial diseases 
Disorders 
Dysfunction 
Metabolic abnormalities 
Diseases 
Homeostasis 
Pathogenesis 
Reprogramming 
Biochemical pathways 
Physiological networks 
Pathogenesis and pathogenic drivers 
Therapeutics 

A B S T R A C T   

Herein we trace links between biochemical pathways, pathogenesis, and metabolic diseases to set the stage for 
new therapeutic advances. Cellular and acellular microorganisms including bacteria and viruses are primary 
pathogenic drivers that cause disease. Missing from this statement are subcellular compartments, importantly 
mitochondria, which can be pathogenic by themselves, also serving as key metabolic disease intermediaries. The 
breakdown of food molecules provides chemical energy to power cellular processes, with mitochondria as 
powerhouses and ATP as the principal energy carrying molecule. Most animal cell ATP is produced by mito
chondrial synthase; its central role in metabolism has been known for >80 years. Metabolic disorders involving 
many organ systems are prevalent in all age groups. Progressive pathogenic mitochondrial dysfunction is a 
hallmark of genetic mitochondrial diseases, the most common phenotypic expression of inherited metabolic 
disorders. Confluent genetic, metabolic, and mitochondrial axes surface in diabetes, heart failure, neurodegen
erative disease, and even in the ongoing coronavirus pandemic.   
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1. Introduction 

In mythology, Tyche (Τύχη) is the Greek goddess of a combination of 
chance, (good) luck, fate, fortune, providence, and success [1]. Some 
people are born with the genes and behaviors that provide them with 
good health throughout life. Clearly Tyche must be looking out for them. 
But others, indeed many human beings, ultimately fall ill beyond the 
ability of medicine to save them from pain, suffering and ultimately 
death. 

Let food be thy medicine and medicine be thy food. Although there is no 
evidence in the surviving works of Hippocrates [2] that he ever 
communicated this paradigm verbally or in writing [3], the popular 
colloquial saying, nonetheless, gets widely attributed to him [3–7]. 

Thus, we will in this overview attempt to outline a common theme — 
of mitochondria and metabolism and of health and medicine — that 
could aid in the development of new therapies for a wide range of major 
diseases. In the meantime, for those of us who need or take medicines 
now, or will later in life, there may be no better path than to stay in 
Tyche’s good graces and to follow the advice attributed to Hippocrates, 
because many diseases lack the efficacious therapeutics that are desired 
now or will be required in due course. 

2. Mitochondrial dysfunction and metabolic disorders 

Mitochondrial dysfunction is at the heart of age-related metabolic 
disorders [8,9]. Through a myriad of metabolic processes that drive and 
support cellular function and work, living systems depend on their 
ability to transfer, store and utilize energy derived directly from the sun 
(photosynthesis) or indirectly from a proxy in the food chain [10,11]. 
ATP is the principal energy-carrying molecule found in the cells of all 
living things. It is essential for sustaining life and each day approxi
mately 65 kg of ATP is produced and recycled in the adult human body 
[12,13]. The human heart, the most metabolically active organ in the 
body, has the highest content of mitochondria of any tissue, 25–30% of 
cell volume in mammals [12,13]. It is a voracious consumer of ATP — 
using more than 6 kg per day pumping blood [14,15]. To produce this 
quantity of ATP, the adult healthy heart relies predominantly on mito
chondrial fatty acid oxidation and to a much lesser extent on utilizing 
glucose, lactate, branched chain amino acids and ketone bodies 
[12,16,17]. Heart failure (HF) is a leading cause of death in the devel
oped world [18–21] and there is a general consensus that energy 
deprivation caused by mitochondrial dysfunction in the heart is a key 

contributing factor [12,18,22–25]. Current treatments for heart failure, 
such as angiotensin-converting enzyme inhibitors (ACEi), angiotensin 
receptor blockers (ARBs), beta-blockers, hydralazine, ivabrabine, 
mineralocorticoid receptor antagonists (aldosterone antagonists), solu
ble guanylyl cyclase inhibitors and nitrates, do not address mitochon
drial dysfunction, effectively lowering energy demand but also lowering 
energy supply. Future therapies will ideally restore mitochondrial 
function, thereby preserving cardiac function and increasing energy 
supply [12]. See Fig. 1 and Table 1 [26,27]. However, there is much 
more to this story than just heart disease. Major diseases are listed in 
Fig. 2. 

3. Pathogenic mitochondrial Dysfunction, mitochondrial 
diseases and inherited metabolic disorders 

Progressive pathogenic mitochondrial dysfunction is a signature 
feature of the genetic mitochondrial diseases. Mitochondrial diseases 
represent the most common phenotypic expression of the inherited 
metabolic disorders [9,28–36]. In metabolic disorders, circulating hor
mones such as fibroblast growth factors (FGFs) 19, 21 and 23 that 
normalize critical metabolic processes [37–43] are susceptible to being 
dysregulated. FGF21 [38,40,44] (also called mitokine [9,45]) is secreted 
mainly by the liver and is highly expressed in the heart, brown adipose 
tissue [46,47] and exocrine pancreas where it acts directly on acinar 
cells in an autocrine/paracrine manner to stimulate digestive enzyme 
secretion [48]. It triggers and coordinates the response to metabolic, 
oxidative, nutritional, hormonal and environmental challenges, 

Fig. 1. The many components of mitochondrial function and dysfunction. DAMPS, disease-associated molecular patterns; ROS, reactive oxygen species.  

Table 1 
Heart and skeletal muscle abnormalities in the context of mitochondrial physi
ology that needs to be normalized or rebalanced to treat heart failure.  

Heart and skeletal muscle 
abnormalities in heart failure 

Mitochondrial physiology requiring 
normalization or rebalancing 

Dynamics Biogenesis, fission, fusion, mitocytosis, 
mitophagy 

Function ATP synthesis, cardiolipin, complex activity, 
membrane potential, respiration, permeability 
transition pore 

Structure Matrix, membrane disruption, number, size, 
cristae density 

ROS production Levels of reactive species, expression of 
detoxifying systems  
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reinforcing its vital role in restoring metabolic homeostasis [49–52]. The 
biological activity of FGF21 is empowered when conjoined with β-Klo
tho [40,53–55] and FGF receptor 1c (FGFR1c) [40,48,51–53,56] to 
regulate carbohydrate and lipid metabolism [38,40,57]. FGF21 modu
lates mitochondrial function [40,52,58–60] and is upregulated in 
mitochondrial myopathies and abnormal metabolic conditions 
[50,59,61]. It acts as a stress-response hormone in humans [53,57,60]. 
The stress serum response concentration level is promoted as a specific 
biomarker for a wide range of mitochondrial disorders 
[29,30,38,49,51,60,62,63], particularly those presenting with muscle- 
manifesting defects of mitochondrial translation and/or mitochondrial 
transfer-RNA mutations and primary and secondary mitochondrial DNA 
deletions, which also tend to be the most familiar causes of mitochon
drial disease [64]. See Fig. 3 for a sampling of health challenges from 
young to old that are increasingly associated with the axis of mito
chondrial dysfunction and metabolic disorders. 

FGF21 aligns with β-Klotho and its FGFR co-receptor to help foster 
the removal of damaged cellular mitochondria through mitophagy 
[59,65]. Mitophagy is an organelle selective form of autophagy [66–71] 
cells utilize to remove all or parts of damaged mitochondria [66,71–73]. 
This represents a cell-survival process that is especially important in 
non-regenerative tissues and the CNS, which includes the retina, optic 
nerve, brain, brainstem and spinal cord [74]. Cellular mitochondrial 
turnover is modulated by mitocytosis [75,76], mitophagy [9,71,77–79], 

biogenesis [72,80], mitochondrial dynamics [72,75,80–83], cellular 
nutrient levels and a variety of stress response mechanisms 
[71,75,80,82,84–88]. Mitochondria cannot be synthesized de novo [88]. 
Dysfunctional mitochondria are transported into lysosomes where they 
are degraded, allowing for the mitochondrial population to be rejuve
nated by undergoing continuous fusion and fission events with adaptive 
morphology according to cellular need [9,66,69,72,78,89–91]. In fact, 
an imbalance between mitochondrial fusion and fission can often be 
indicative of disease. A shift toward fission is usually associated with 
deleterious processes while a shift toward fusion reflects compensatory 
mechanisms [92,93]. 

There is overwhelming evidence that mitochondrial dysfunction 
plays a leading role in the progression of metabolic diseases 
[24,30,36,94–103]. Hopefully, new therapies for some of these condi
tions are on the horizon. 

4. Metabolic homeostasis and mitochondrial function in the CNS 

The control of metabolic homeostasis is fundamental for normal 
physiology as well as during stress-induced and disease-related episodes 
[104]. Gestational diabetes mellitus resulting in insulin resistance in
creases the risk for maternal hyperglycemia and neonatal hypoglycemia, 
which can instigate seizures and brain damage if glucose levels are 
inadequate [105]. During pregnancy, the highly metabolic placenta 

Pathogenic mitochondrial
dysfunction

---------------------------------------
Metabolic abnormalities

---------------------------------------
Major disease indications

Diabetes and 
other metabolic

diseases

Heart failure

Hypertension

Inflammatory
conditions

Liver diseases

Neuro-
degenerative

diseases

Neuromuscular 
diseases

Obesity

Fig. 2. Major disease indications associated with metabolic abnormalities.  
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relies on efficient mitochondrial function to produce the requisite en
ergy for supporting a developing fetus through the transport of nutri
ents, gases and wastes [105]. With the exception of adipose tissues, the 
brain is the organ with the highest lipid content in the human body 
[106], consumes more oxygen than any other organ and is critically 
dependent on intact and well-functioning mitochondria to provide a 
continuous supply of ATP [107]. Astrocytes are metabolically active 
cells that deliver necessary neuronal support in the CNS [108], including 
via an inherent ability to donate their mitochondria to deficient neurons 
[106,107,109–112]. Consequently, astrocytic mitochondrial dysfunc
tion can lead to insufficient energy production, calcium and potassium 
dysregulation, inflammatory response induction, blood-brain barrier 
impairment and glutamate dysregulation causing irreparable damage to 
the surrounding brain and neural tissues [110,111]. The retina, the 
innermost light-sensitive layer of tissue of the eye, is a highly active 
metabolic neural and vascular tissue with tightly-packed photoreceptors 
[113] that have the greatest density of mitochondria of all CNS neurons 
[86,114–119]. Not surprisingly, metabolic disorders such as diabetes — 
a disease marked by impaired glucose metabolism — will frequently 
manifest symptoms of retinal degeneration [114,117,119,120–125] 
with destructive effects most noticeable in the macula, a small, cone-rich 
area of the retina responsible for high acuity, central and color vision 
[125–127]. 

The presence of diabetic retinopathy — the most common micro
vascular complication of diabetes and the leading cause of visual 
impairment and blindness in the working-age population in the United 
States [128,129] — is characterized by disruption of neurovascular 
coupling due to alterations in both neural and vascular structures, which 
accumulate with increased disease severity and visual dysfunction. In 
healthy eyes, neuronal and Müller cell signals elicit vascular responses 
mediated by contractile pericytes and responsive endothelial cells in 
order to maintain appropriate perfusion. Hyperglycemia, inflammation 
and hypoxia in diabetes are key factors for endoplasmic reticulum- 
mitochondria miscommunication and mitophagy dysregulation and 
play a major role in the impairment of neurovascular coupling 
[130–132]. See Fig. 4 for a schematic view of the eye. 

5. Mitochondrial dysfunction in metabolic pathogenesis of 
COVID-19 

Deterioration of mitochondrial function is a pathogenic driver in age- 
related metabolic abnormalities characteristic of diseases that range 
from heart failure to diabetes, cancer and neurodegenerative disorders 
among a long list of other health challenges [9,133–136]. Compromised 
metabolic pathways involved with energy and nutrient metabolism such 
as glucose, fatty acid and nucleic acid are also increasingly being 

Encephalopathy
Blindness
Deafness
Cardiomyopathy
Diabetes
Hormonal deficiencies
Liver failure
Renal disease
Myopathy, Neuropathy

Neurodegeneration
Ophthalmic diseases
Otologic deficits
Heart failure
Cancer
Diabetes
Obesity
Myasthenia

Fig. 3. Common manifestations of inherited mitochondrial diseases and mitochondrial dysfunction in children and adults.  

Fig. 4. Photoreceptors in retina: Schematic view of eye, retina at back (fundus), with cones, rods and intrinsically photosensitive retinal ganglion cells (ipRGCs) 
expressing melanopsin, a photopigment. (This file is licensed under the Creative Commons Attribution 4.0 International license. Page URL: https://commons. 
wikimedia.org/wiki/File:Overview_of_the_retina_photoreceptors_(a).png. Attribution: Christine Blume, Corrado Garbazza & Manuel Spitschan.) 
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associated with the severity and lethality of COVID-19 [45,137–142]. 
The ongoing COVID-19 pandemic is directing attention to the central 
role mitochondria play in the innate immune response to viral infection 
[9,45,140,143–155]. Results from metabolomic studies suggest that 
dysregulated oxidative phosphorylation (OXPHOS) and/or suppression 
of mitophagic pathways leading to cellular accumulation of damaged 
and dysfunctional mitochondria facilitate immune evasion by the severe 
acute respiratory SARS-CoV-2 coronavirus — the novel 2019 virus 
responsible for COVID-19 [45,146,151,152]. Immunity and infection 
engage mitochondria in numerous ways, influencing mitochondrial cell 
death pathways, mitochondrial dynamics and mitochondrial meta
bolism. The effects of selected bacteria and viruses on mitochondria are 
outlined in Table 2 [156]. 

Thankfully, knowledge gained from years of basic research in vac
cine technologies converged to help produce effective vaccines 
[157–165] that were quickly deployed to mitigate the unbridled 
expansion of the pandemic in conjunction with an unprecedented 
cooperative global effort to prevent the spread of SARS-CoV-2 infection 
[166,167]. However, in spite of an extraordinary ongoing effort to 
screen for biologics, new small-molecule therapeutics and repurposed or 
repositioned approved drugs, an effective antiviral therapeutic specific 
to COVID-19 has yet to stand out [162,168–174]. Since all pathogens are 
obligated to acquire their nutritional needs from the host’s body 
[175–178], alternative and attractive mechanistic targets that are 
drawing attention are modified adaptations in SARS-CoV-2 lipid meta
bolism [148,151,175,179–186]. 

Preliminary results from a study examining a cohort of 551 patients 
hospitalized for COVID-19 in Italy suggest that the persistence of aber
rant glycometabolic control is associated with “long-COVID” in patients 
who recovered from COVID-19 disease [187]. Diabetes and hyperten
sion are among the most prominent risk factors for COVID-19 
[188–191]. As noted, symptoms of retinal degeneration are common 
in diabetic subjects and there is mounting evidence of retinal micro
angiopathy in some patients with confirmed COVID-19 infection [192]. 
Fortunately, a COVID Symptom Study of UK school-aged children tested 
for SARS-CoV-2 showed that it is only a minority of school-aged children 
who experienced longer illness duration and most of these children 
recovered with time [193]. 

6. Altered mitochondrial function and cellular metabolic 
reprogramming in cancer 

In the vast majority of countries, cancer remains a leading cause of 
death among people younger than 70 years of age [194]. An undisputed 
hallmark of cancer [195–199] is the ability of tumor cells to alter their 
metabolism in order to support the increased energy needs required for 
exponential growth, rapid proliferation and other attributes typical of 
neoplastic cells [196,200–204]. It is almost one hundred years since 
Otto Heinrich Warburg published on the metabolic association of cancer 
cells [205,206], now known as the “Warburg effect” 
[202,203,207–210]. [18F]-Fluorodeoxyglucose taken up by cancer cells 
with enhanced metabolic and glycolytic rates in positron emission to
mography (PET) scans [211,212] is an indispensable diagnostic tool for 
determining metastasis in cancer therapy. Yet, in practice, leveraging 
the Warburg effect in cancer treatments that target glycolysis alone has 
limited therapeutic success [213–215]. 

Both glycolytic and mitochondrial metabolic pathways are elevated 
in most tumor cells to support anabolism. There are some tumor cells in 
which glucose uptake exceeds lactate release and ATP production shifts 
significantly toward aerobic glycolysis, particularly in those tumors 
bearing succinate dehydrogenase, fumarate hydratase and von Hippel- 
Lindau defects [207]. The tumor cell TCA cycle may shift toward 
acting as an anabolic hub that includes enhanced use of glutamine as a 
carbon source. Advances in studies of tumor cell metabolism suggest the 
field is increasingly adapting to a more nuanced understanding of the 
changes in tumor cell metabolism, which often can be heavily reliant on 
specific tumor-causing mutations [207]. 

Tumor metabolic adaptations often present specific vulnerabilities 
that can be exploited in cancer treatment. Examples of these vulnera
bilities include a reliance on pathways mitigated by FGF21 endocrine 
regulation of systemic homeostasis of lipid and energy metabolism in 
contrast to insulin as a direct regulator of glucose metabolism 
[37,216–218]. With or without the influence of FGF21, other de
pendencies include the high levels of glutamine needed for tumor 
growth, one to two orders of magnitude more than any other amino acid 
[215,219–222]. These and specific vulnerabilities, such as metabolic 
aberrations in cancer persister cells that arise from different cell lineages 
with distinct transcriptional and metabolic programs [223,224], among 
many others, offer actionable opportunities to be exploited in cancer 

Table 2 
Effect of infectious agents on mitochondrial function. DRP1, dynamin-related 
protein 1; GLUT1, glucose transporter 1; TCA, tricarboxylic acid; VacA, vacuo
lating cytotoxin; HIV, human immunodeficiency virus; SARS, severe acute res
piratory syndrome.  

Infectious 
agents 

Mitochondrial cell 
death pathways 

Mitochondrial 
dynamics leading to 
mitochondrial 
fragmentation 

Mitochondrial 
metabolism 

Brucella   Lactate production 
via aerobic 
glycolysis, 
suppressed TCA 
cycle 

Chlamydia Cell death blocked 
to increase 
intracellular 
proliferation of 
bacteria 

Induced 
mitochondrial 
fusion, required for 
intracellular 
proliferation 

Increased GLUT1 
levels, glucose 
uptake, glycolytic 
flux 

Dengue  DRP1 inhibition 
induces 
mitochondrial 
fragmentation  

Helicobacter Apoptosis VacA-induced 
mitochondrial 
fragmentation, 
cytochrome c release 
into cytosol, cell 
death  

Hepatitis C   Perturbed fatty 
acid oxidation 

Herpes   Induced TCA 
cycle, increased 
mitochondrial 
respiration 

HIV  DRP1 degradation, 
leading to 
mitochondrial 
fragmentation  

Influenza A Enhanced cell 
death 

Fragmentation 
caused by loss of 
mitochondrial 
membrane potential  

Legionella Cell death blocked 
to increase 
intracellular 
proliferation of 
bacteria 

DRP1-dependent 
mitochondrial 
fragmentation 

Enhanced aerobic 
glycolysis 

Listeria  DRP1-independent 
mitochondrial 
fragmentation  

Mycobacteria Apoptosis  Enhanced aerobic 
glycolysis 

SARS  DRP1 degradation, 
leading to 
mitochondrial 
fragmentation  

Shigella Apoptosis DRP1-dependent 
mitochondrial 
fragmentation  

Zika virus Cell death blocked    
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treatment [211,225–232], particularly in combination with the new and 
emerging immunotherapies [208,222,233–239]. It is known that pro
fuse changes in tissue metabolism, including the depletion of nutrients, 
increased oxygen consumption and the generation of reactive nitrogen 
and oxygen species will provoke an immune response [240] affecting 
immunometabolism [222,241–243]. 

Advanced renal cell carcinoma, for example, presents with an 
extensively altered metabolic profile [244–246] and in many ways be
haves like a metabolic disease [247,248]. In some cancers, such as he
reditary leiomyomatosis and renal cell carcinoma (HLRCC), 
mitochondrial dysfunction drives metabolic remodeling that favors 
anabolic pathways utilizing glutamine — endowing the tumor with 
bioenergetic and biosynthetic advantages for growth and metastasis 
[244]. Metabolism of the amino acid tryptophan through the kynur
enine pathway is upregulated to generate elevated levels of immuno
suppressants, which help the tumors to evade the natural immune 
system [245,247]. A serious drawback to the clinical utility of immune 
checkpoint inhibitors is often a high incidence of immune-related 
adverse events associated with treatment [249,250]. Nevertheless, im
munotherapies using checkpoint inhibitors [208,234,251–254] are 
rapidly becoming a mainstay treatment for many cancers [255,256]. 
Pembrolizumab (Keytruda; Merck, Sharp & Dohme) is a programmed 
cell death 1 (PD-1)–blocking antibody that inhibits the formation of 
immunosuppressants, clearing the way for the immune system to attack 
the cancer [257,258]. In combination with a tyrosine kinase inhibitor 
[251,254,259–261] pembrolizumab was approved by the US Food and 
Drug Administration (FDA) as a first-line treatment of patients with 
advanced renal cell carcinoma [262]. 

Nonetheless, optimal tumor attributes for a favorable response to 
immunotherapy are not fully understood [263–273]. Although meta
bolic reprogramming in metastatic renal cell carcinoma elicits a good 
response to checkpoint immunotherapy [251,274], in cancers such as 
urinary bladder cancer [256,272], metabolic reprogramming and/or 
mitochondrial dysfunction related to reduced OXPHOS [275] have been 
recently associated with a poor response to immune checkpoint inhibi
tion [276]. The potential role of the microbiome in checkpoint inhibitor 
response is most intriguing [245,277–280]. 

7. Mitochondrial dysfunction and metabolic pathogenesis of 
aging 

A recent analysis of aging as a disease target suggests that a slow
down in aging that increases life expectancy by only one year could be 
worth US$38 trillion to society and by 10 years it could be worth US 
$367 trillion [281]. The continuous accumulation of degenerative pro
cesses that damage and/or alter molecular pathways exacerbating sys
temic pathologies characterize the natural course of aging as a disease 
phenomenon [282–286]. Every year, more than 70% of disease-related 
deaths globally are from chronic, noncommunicable diseases — the 
deadliest being cardiometabolic syndrome [94,287]. The car
diometabolic diseases, which include atherosclerosis, hypertension, 
obesity, type 2 diabetes mellitus, metabolic syndrome, metabolic- 
cognitive syndrome and cerebrovascular dementia, are age-associated 
and have in common dysregulated mitochondrial function and atyp
ical levels of nutritional, immune, neurotrophic and metabotrophic 
support [23,287,288]. 

New insights derived from an elegantly executed study on the daily 
energy expenditure through the human life course suggest that meta
bolism may be a driver in aging biology [289,290]. In aging populations, 
dementia is becoming a primary contributor to disability and depen
dence in the elderly. An overwhelming body of evidence associates 
failing mitochondrial function [291–295] and disrupted microbiome- 
assisted metabolism [86,292,296–298] with the neuropathology of 
aging. The brain ages with increasingly dysregulated CNS lipid meta
bolism and a slow but progressive decline in its lipid content [299]. 
Numerous published studies based on animal models have demonstrated 

that pharmaceuticals which act to ameliorate mitochondrial metabolic 
pathways, like the antidiabetic drug metformin, may have a ger
oprotective effect in increasing lifespan [300–308]. Natural products 
derived from marine organisms are a promising source of novel anti
aging compounds [309] and breakthrough pharmaceutical research in 
developing synthetic analogues of FGF21 to treat obesity and/or com
pounds that increase the bioavailability of FGF21/β-Klotho indicate 
these compounds have great potential in delaying aging by mitigating 
adverse metabolic pathways in the aging process [217,310–313]. See 
Fig. 5 for selected molecules that have been reported to exhibit anti- 
aging or geroprotective effects [314]. 

A recent analysis of epidemiological data on SARS-CoV-2 infections 
in Italy illustrates that COVID-19 has many of the characteristics of an 
age-related disease [315]. Indeed, in a very large OpenSAFELY study 
searching the records of more than 17 million patients in England that 
were linked to 10,926 COVID-19-related deaths, advanced age and pre- 
existing age-related diseases, such as hypertension, diabetes, cancer, 
heart failure and chronic obstructive pulmonary disease, were found to 
be more prevalent among hospitalized COVID-19 patients [316]. 
Although current research is understandably focused on developing 
antiviral therapeutics, there is a suggestion that a broader effort tar
geting the aging process itself can be a viable orthogonal strategy against 
COVID-19 and other deadly respiratory diseases [315]. 

8. Concluding remarks 

In this review we have tried to weave a thread through the metabolic 
commonalities of a wide range of diseases, acquired or inherited, with 
the common theme being the key roles that mitochondria play in all of 
them. We have learned a great deal about how mitochondria and 
metabolism interweave their strengths and weaknesses in this story of 
the successes and failures of medicines to date. Unfortunately, thera
peutic efficacy has remained elusive in far too many patients to declare 
victory. While we hope that readers will find new paths forward, we do 
still have healthy habits that may yield substantial benefit to people 
around the world. Returning to the theme at the start of this paper — if 
“food be thy medicine” — then in the absence of a silver bullet against 
Alzheimer’s disease, cancer, diabetes, diabetic retinopathy, inherited 
mitochondrial diseases and sadly even more largely untreatable ail
ments, then perhaps food represented by the Mediterranean Diet [317] 
and regimens that alter the microbiome [318–320] are the active 
pharmaceutical ingredients (APIs) of potentially significant interest. 

Authorship Contribution Statement 

Authorship has been based on the principles of the International 
Committee of Medical Journal Editors: substantial contributions to the 
conception or design of the work or the acquisition, analysis or inter
pretation of data for the work; drafting the work or revising it critically 
for important intellectual content; final approval of the version to be 
published; and agreement to be accountable for all aspects of the work in 
ensuring that questions related to the accuracy or integrity of any part of 
the work are appropriately investigated and resolved. 

Declaration of Competing Interest 

Walter H. Moos, in addition to academic and nonprofit roles, is a 
managing director of Pandect Bioventures, is compensated by Shang
Pharma Innovation as chairman emeritus, receives royalty and equity 
sharing benefits from SRI International, has stock or other financial in
terests in Azkarra Therapeutics, Chinook Therapeutics, Circle Pharma, 
Rigel Pharmaceuticals, Valitor and Walden Biosciences, and serves on 
the boards of directors and/or scientific advisory boards of Aprinoia 
Therapeutics, Circle Pharma, Global Blood Therapeutics, Rigel Phar
maceuticals and Valitor. Douglas V. Faller, in addition to academic and 
nonprofit roles, is employed by Viracta Therapeutics, Phoenicia 

W.H. Moos et al.                                                                                                                                                                                                                                



Biochemical Pharmacology 193 (2021) 114809

7

Biosciences and Takeda Pharmaceuticals and serves as a consultant to 
Briacell Therapeutics. Kosta Steliou, in addition to academic and 
nonprofit roles, is the founder and chief scientific officer of PhenoMa
triX. Krishna Kodukula consults with and/or serves as an executive or on 
the boards of various biotechnology and pharmaceutical companies 
from time to time, where he may receive compensation and/or stock 
options, and he is eligible to receive compensation from Pandect Bio
ventures and ShangPharma Innovation, venture capital and healthcare 
venture incubator organizations. 

Acknowledgments 

We gratefully acknowledge generous financial support from the 
MitoCure Foundation. 

References 

[1] P. Grimal, A dictionary of classical mythology, Blackwell, London, England, 
1986. 

[2] R.L. Fox, The Invention of Medicine: From Homer to Hippocrates, Basic Books, La 
Vergne, TN, 2020. 

[3] S.L. Prescott, History of medicine: Origin of the term microbiome and why it 
matters, Hum Microbiome J. 4 (2017) 24–25. 

[4] F.A. Jaffer, R. Blankstein, Getting down with diet and exercise for coronary artery 
disease treatment: Insights from the DISCO-CT study, JACC Cardiovasc Imaging. 
14 (6) (2021) 1203–1205. 

[5] D. Johnson, S. Thurairajasingam, V. Letchumanan, K.-G. Chan, L.-H. Lee, 
Exploring the role and potential of probiotics in the field of mental health: Major 
depressive disorder, Nutrients. 13 (5) (2021) 1728. 

[6] J. Thorley, First, do no harm, Lancet Diabetes Endocrinol. 9 (7) (2021) 417. 
[7] A. Vaziri, M. Dus, Brain on food: The neuroepigenetics of nutrition, Neurochem 

Int. 149 (105099) (2021), 105099. 
[8] V. Natarajan, R. Chawla, T. Mah, R. Vivekanandan, S.Y. Tan, P.Y. Sato, et al., 

Mitochondrial dysfunction in age-related metabolic disorders, Proteomics. 20 
(5–6) (2020), e1800404. 

[9] Rossmann MP, Dubois SM, Agarwal S, Zon LI. Mitochondrial function in 
development and disease. Dis Model Mech [Internet]. 2021;14(6). Available 
from: https://doi.org/10.1242/dmm.048912. 

[10] K.R. Olson, Are reactive sulfur species the new reactive oxygen species? Antioxid 
Redox Signal. 33 (16) (2020) 1125–1142. 

[11] V. Schirrmacher, Mitochondria at work: New insights into regulation and 
dysregulation of cellular energy supply and metabolism, Biomedicines. 8 (11) 
(2020) 526. 

[12] D.A. Brown, J.B. Perry, M.E. Allen, H.N. Sabbah, B.L. Stauffer, S.R. Shaikh, et al., 
Mitochondrial function as a therapeutic target in heart failure: Expert consensus 
document, Nat Rev Cardiol. 14 (4) (2017) 238–250. 

[13] M.S. Khan, J. Butler, Targeting mitochondrial function in heart failure: Makes 
sense but will it work? JACC Basic Transl Sci. 4 (2) (2019) 158–160. 

[14] G. Bisaccia, F. Ricci, S. Gallina, A. Di Baldassarre, B. Ghinassi, Mitochondrial 
dysfunction and heart disease: Critical appraisal of an overlooked association, Int 
J Mol Sci. 22 (2) (2021) 614. 

[15] S. Neubauer, The failing heart–an engine out of fuel, N Engl J Med. 356 (11) 
(2007) 1140–1151. 

[16] J. Abbasi, Ketone body supplementation-A potential new approach for heart 
disease, JAMA. 326 (1) (2021) 17. 

[17] P.R.T. Bowman, G.L. Smith, G.W. Gould, Run for your life: can exercise be used to 
effectively target GLUT4 in diabetic cardiac disease? PeerJ. 9 (e11485) (2021), 
e11485. 

[18] A. Del Campo, G. Perez, P.F. Castro, V. Parra, H.E. Verdejo, Mitochondrial 
function, dynamics and quality control in the pathophysiology of HFpEF, Biochim 
Biophys Acta Mol Basis Dis. 1867 (10) (2021), 166208. 

[19] M. Fernandez-Caggiano, P. Eaton, Heart failure-emerging roles for the 
mitochondrial pyruvate carrier, Cell Death Differ. 28 (4) (2021) 1149–1158. 

[20] N. Siri-Angkul, B. Dadfar, R. Jaleel, J. Naushad, J. Parambathazhath, A.A. Doye, 
et al., Calcium and heart failure: How did we get here and where are we going? 
Int J Mol Sci. 22 (14) (2021) 7392. 

[21] P. Umapathi, O.O. Mesubi, P.S. Banerjee, N. Abrol, Q. Wang, E.D. Luczak, et al., 
Excessive O-GlcNAcylation causes heart failure and sudden death, Circulation. 
143 (17) (2021) 1687–1703. 

[22] E. Ignatieva, N. Smolina, A. Kostareva, R. Dmitrieva, Skeletal muscle 
mitochondria dysfunction in genetic neuromuscular disorders with cardiac 
phenotype, Int J Mol Sci. 22 (14) (2021) 7349. 

[23] C. Izzo, P. Vitillo, P. Di Pietro, V. Visco, A. Strianese, N. Virtuoso, et al., The role 
of oxidative stress in cardiovascular aging and cardiovascular diseases, Life 
(Basel). 11 (1) (2021) 60. 

[24] A.S. Manolis, A.A. Manolis, T.A. Manolis, N.E. Apostolaki, E.J. Apostolopoulos, 
H. Melita, et al., Mitochondrial dysfunction in cardiovascular disease: Current 
status of translational research/clinical and therapeutic implications, Med Res 
Rev. 41 (1) (2021) 275–313. 

[25] Y. Xu, Y. Yu, B. Yang, J. Hui, C. Zhang, H. Fang, et al., Extracellular mitochondrial 
components and effects on cardiovascular disease, DNA Cell Biol. 40 (9) (2021) 
1131–1143. 

[26] M.P. Murphy, R.C. Hartley, Mitochondria as a therapeutic target for common 
pathologies, Nat Rev Drug Discov. 17 (12) (2018) 865–886. 

[27] H.N. Sabbah, Targeting the mitochondria in heart failure: A translational 
perspective, JACC Basic Transl Sci. 5 (1) (2020) 88–106. 

[28] M.U. Kuk, Y.H. Lee, J.W. Kim, S.Y. Hwang, J.T. Park, S.C. Park, Potential 
treatment of lysosomal storage disease through modulation of the mitochondrial- 
lysosomal axis, Cells. 10 (2) (2021) 420. 

[29] V. Montano, F. Gruosso, C. Simoncini, G. Siciliano, M. Mancuso, Clinical features 
of mtDNA-related syndromes in adulthood, Arch Biochem Biophys. 697 (108689) 
(2021), 108689. 

[30] Y.S. Ng, L.A. Bindoff, G.S. Gorman, T. Klopstock, C. Kornblum, M. Mancuso, et al., 
Mitochondrial disease in adults: recent advances and future promise, Lancet 
Neurol. 20 (7) (2021) 573–584. 

[31] R.D.S. Pitceathly, N. Keshavan, J. Rahman, S. Rahman, Moving towards clinical 
trials for mitochondrial diseases, J Inherit Metab Dis. 44 (1) (2021) 22–41. 

[32] O.M. Russell, G.S. Gorman, R.N. Lightowlers, D.M. Turnbull, Mitochondrial 
diseases: Hope for the future, Cell. 181 (1) (2020) 168–188. 

[33] A. Singh, D. Faccenda, M. Campanella, Pharmacological advances in 
mitochondrial therapy, EBioMedicine 65 (103244) (2021), 103244. 

[34] A. Suomalainen, B.J. Battersby, Mitochondrial diseases: the contribution of 
organelle stress responses to pathology, Nat Rev Mol Cell Biol. 19 (2) (2018) 
77–92. 

[35] K. Thompson, J.J. Collier, R.I.C. Glasgow, F.M. Robertson, A. Pyle, E.L. Blakely, et 
al., Recent advances in understanding the molecular genetic basis of 
mitochondrial disease, J Inherit Metab Dis. 43 (1) (2020) 36–50. 

Fig. 5. A diverse chemical array of potential geroprotective agents that target everything from mitochondrial dysfunction to nutrient sensing, cellular senescence, 
DNA damage, epigenetic pathways, intercellular signaling, proteostasis, stem cells, telomeres, and more. 

W.H. Moos et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0006-2952(21)00425-1/h0005
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0005
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0010
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0010
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0015
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0015
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0025
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0025
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0025
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0030
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0035
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0035
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0040
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0040
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0040
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0050
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0050
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0055
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0055
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0055
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0065
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0065
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0070
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0070
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0070
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0075
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0075
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0080
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0080
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0085
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0085
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0085
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0090
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0090
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0090
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0095
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0095
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0105
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0105
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0105
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0110
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0110
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0110
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0115
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0115
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0115
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0120
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0120
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0120
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0120
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0125
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0125
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0125
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0130
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0130
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0135
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0135
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0140
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0140
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0140
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0145
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0145
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0145
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0150
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0150
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0150
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0155
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0155
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0160
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0160
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0165
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0165
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0170
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0170
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0170
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0175
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0175
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0175


Biochemical Pharmacology 193 (2021) 114809

8

[36] R.J. Tinker, A.Z. Lim, R.J. Stefanetti, R. McFarland, Current and emerging clinical 
treatment in mitochondrial disease, Mol Diagn Ther. 25 (2) (2021) 181–206. 

[37] T. Chen, H. Liu, Z. Liu, K. Li, R. Qin, Y. Wang, et al., FGF19 and FGFR4 promotes 
the progression of gallbladder carcinoma in an autocrine pathway dependent on 
GPBAR1-cAMP-EGR1 axis, Oncogene. 40 (30) (2021) 4941–4953. 

[38] K.H. Flippo, M.J. Potthoff, Metabolic messengers: FGF21, Nat Metab. 3 (3) (2021) 
309–317. 

[39] A. Guo, K. Li, Q. Xiao, Fibroblast growth factor 19 alleviates palmitic acid- 
induced mitochondrial dysfunction and oxidative stress via the AMPK/PGC-1α 
pathway in skeletal muscle, Biochem Biophys Res Commun. 526 (4) (2020) 
1069–1076. 

[40] Y. Liu, J. Deng, Y. Liu, W. Li, X. Nie, FGF, mechanism of action, role in 
Parkinson’s disease, and therapeutics, Front Pharmacol. 12 (2021), 675725. 

[41] W.H. Moos, D.V. Faller, I.P. Glavas, D.N. Harpp, I. Kanara, A.N. Mavrakis, et al., 
Klotho pathways, myelination disorders, neurodegenerative diseases, and 
epigenetic drugs, Biores Open Access. 9 (1) (2020) 94–105. 

[42] L.D. Quarles, Fibroblast growth factor 23 and α-Klotho co-dependent and 
independent functions, Curr Opin Nephrol Hypertens. 28 (1) (2019) 16–25. 

[43] Y. Suzuki, E. Kuzina, S.J. An, F. Tome, J. Mohanty, W. Li, et al., FGF23 contains 
two distinct high-affinity binding sites enabling bivalent interactions with 
α-Klotho, Proc Natl Acad Sci U S A. 117 (50) (2020) 31800–31807. 

[44] G. Jia, A.R. Aroor, C. Jia, J.R. Sowers, Endothelial cell senescence in aging-related 
vascular dysfunction, Biochim Biophys Acta Mol Basis Dis. 1865 (7) (2019) 
1802–1809. 

[45] S. Ajaz, M.J. McPhail, K.K. Singh, S. Mujib, F.M. Trovato, S. Napoli, et al., 
Mitochondrial metabolic manipulation by SARS-CoV-2 in peripheral blood 
mononuclear cells of patients with COVID-19, Am J Physiol Cell Physiol. 320 (1) 
(2021) C57–C65. 

[46] Naqvi SMAS, Farhan A, Hua Y. Therapeutic potential of FGF21 in atrial 
fibrillation through regulating atrial metabolic remodeling. GJM.020101 
[Internet]. Naturescholars.com. [cited 2021 Sep 28]. Available from: http:// 
naturescholars.com/gjm.020101. 

[47] M.-F. Yueh, F. He, C. Chen, C. Vu, A. Tripathi, R. Knight, et al., Triclosan leads to 
dysregulation of the metabolic regulator FGF21 exacerbating high fat diet- 
induced nonalcoholic fatty liver disease, Proc Natl Acad Sci U S A. 117 (49) 
(2020) 31259–31266. 

[48] G. Hernandez, T. Luo, T.A. Javed, L. Wen, M.A. Kalwat, K. Vale, et al., 
Pancreatitis is an FGF21-deficient state that is corrected by replacement therapy, 
Sci Transl Med. 12 (525) (2020), eaay5186. 

[49] S. Klaus, M. Ost, Mitochondrial uncoupling and longevity – A role for mitokines? 
Exp Gerontol. 130 (110796) (2020), 110796. 

[50] Ú. Martínez-Garza, D. Torres-Oteros, A. Yarritu-Gallego, P.F. Marrero, D. Haro, 
J. Relat, Fibroblast Growth Factor 21 and the adaptive response to nutritional 
challenges, Int J Mol Sci. 20 (19) (2019) 4692. 

[51] C. Tezze, V. Romanello, M. Sandri, FGF21 as modulator of metabolism in health 
and disease, Front Physiol. 10 (2019) 419. 

[52] F. Zhang, L. Yu, X. Lin, P. Cheng, L. He, X. Li, et al., Minireview: Roles of 
fibroblast growth factors 19 and 21 in metabolic regulation and chronic diseases, 
Mol Endocrinol. 29 (10) (2015) 1400–1413. 

[53] M. Abu-Odeh, Y. Zhang, S.M. Reilly, N. Ebadat, O. Keinan, J.M. Valentine, et al., 
FGF21 promotes thermogenic gene expression as an autocrine factor in 
adipocytes, Cell Rep. 35 (13) (2021), 109331. 

[54] M. Kuro-O, The Klotho proteins in health and disease, Nat Rev Nephrol. 15 (1) 
(2019) 27–44. 

[55] D. Zou, W. Wu, Y. He, S. Ma, J. Gao, The role of klotho in chronic kidney disease, 
BMC Nephrol. 19 (1) (2018) 285. 

[56] X. Li, The FGF metabolic axis, Front Med. 13 (5) (2019) 511–530. 
[57] X. Zhang, L. Yang, X. Xu, F. Tang, P. Yi, B. Qiu, et al., A review of fibroblast 

growth factor 21 in diabetic cardiomyopathy, Heart Fail Rev. 24 (6) (2019) 
1005–1017. 

[58] K. Kang, P. Xu, M. Wang, J. Chunyu, X. Sun, G. Ren, et al., FGF21 attenuates 
neurodegeneration through modulating neuroinflammation and oxidant-stress, 
Biomed Pharmacother. 129 (110439) (2020), 110439. 

[59] V. Romanello, The interplay between mitochondrial morphology and 
myomitokines in aging sarcopenia, Int J Mol Sci. 22 (1) (2021) 91. 

[60] Tan JX, Finkel T. Mitochondria as intracellular signaling platforms in health and 
disease. J Cell Biol [Internet]. 2020;219(5). Available from: https://doi.org/ 
10.1083/jcb.202002179. 

[61] S. Forsström, C.B. Jackson, C.J. Carroll, M. Kuronen, E. Pirinen, S. Pradhan, et al., 
Fibroblast growth factor 21 drives dynamics of local and systemic stress responses 
in mitochondrial myopathy with mtDNA deletions, Cell Metab. 30 (6) (2019) 
1040–1054.e7. 

[62] C. Qu, J. Keijer, M.J.W. Adjobo-Hermans, M. van de Wal, T. Schirris, C. van 
Karnebeek, et al., The ketogenic diet as a therapeutic intervention strategy in 
mitochondrial disease, Int J Biochem Cell Biol. 138 (106050) (2021), 106050. 

[63] L.M. Scholle, D. Lehmann, P.R. Joshi, S. Zierz, Normal FGF-21-serum levels in 
patients with carnitine palmitoyltransferase II (CPT II) deficiency, Int J Mol Sci. 
20 (6) (2019) 1400. 

[64] J.M. Lehtonen, S. Forsström, E. Bottani, C. Viscomi, O.R. Baris, H. Isoniemi, et al., 
FGF21 is a biomarker for mitochondrial translation and mtDNA maintenance 
disorders, Neurology. 87 (22) (2016) 2290–2299. 

[65] L.J. Oost, M. Kustermann, A. Armani, B. Blaauw, V. Romanello, Fibroblast growth 
factor 21 controls mitophagy and muscle mass, J Cachexia Sarcopenia Muscle. 10 
(3) (2019) 630–642. 

[66] L. Doblado, C. Lueck, C. Rey, A.K. Samhan-Arias, I. Prieto, A. Stacchiotti, et al., 
Mitophagy in human diseases, Int J Mol Sci. 22 (8) (2021) 3903. 

[67] N. Mizushima, B. Levine, Autophagy in human diseases, N Engl J Med. 383 (16) 
(2020) 1564–1576. 

[68] C.G. Towers, A. Thorburn, Therapeutic targeting of autophagy, EBioMedicine. 14 
(2016) 15–23. 

[69] C.G. Towers, D.K. Wodetzki, J. Thorburn, K.R. Smith, M.C. Caino, A. Thorburn, 
Mitochondrial-derived vesicles compensate for loss of LC3-mediated mitophagy, 
Dev Cell. 56 (14) (2021) 2029–2042.e5. 

[70] Y. Yang, D.J. Klionsky, Autophagy and disease: unanswered questions, Cell Death 
Differ. 27 (3) (2020) 858–871. 

[71] R.J. Youle, Mitochondria-Striking a balance between host and endosymbiont, 
Science. 365 (6454) (2019), eaaw9855. 

[72] J.A. Pradeepkiran, P.H. Reddy, Defective mitophagy in Alzheimer’s disease, 
Ageing Res Rev. 64 (101191) (2020), 101191. 

[73] J.H. Schofield, Z.T. Schafer, Mitochondrial reactive oxygen species and 
mitophagy: A complex and nuanced relationship, Antioxid Redox Signal. 34 (7) 
(2021) 517–530. 

[74] A.R. Sas, K.S. Carbajal, A.D. Jerome, R. Menon, C. Yoon, A.L. Kalinski, et al., 
A new neutrophil subset promotes CNS neuron survival and axon regeneration, 
Nat Immunol. 21 (12) (2020) 1496–1505. 

[75] H. Jiao, D. Jiang, X. Hu, W. Du, L. Ji, Y. Yang, et al., Mitocytosis, a migrasome- 
mediated mitochondrial quality-control process, Cell. 184 (11) (2021) 
2896–2910.e13. 

[76] C. Mehra, L. Pernas, Move it to lose it: Mitocytosis expels damaged mitochondria, 
Dev Cell. 56 (14) (2021) 2014–2015. 

[77] L. Liu, X. Liao, H. Wu, Y. Li, Y. Zhu, Q. Chen, Mitophagy and its contribution to 
metabolic and aging-associated disorders, Antioxid Redox Signal. 32 (12) (2020) 
906–927. 

[78] L. Poillet-Perez, E. White, MDVs to the rescue: How autophagy-deficient cancer 
cells adapt to defective mitophagy, Dev Cell. 56 (14) (2021) 2010–2012. 

[79] I. Scott, B.R. Webster, C.K. Chan, J.U. Okonkwo, K. Han, M.N. Sack, GCN5-like 
protein 1 (GCN5L1) controls mitochondrial content through coordinated 
regulation of mitochondrial biogenesis and mitophagy, J Biol Chem. 289 (5) 
(2014) 2864–2872. 

[80] F. Zhang, L. Zhang, Y. Qi, H. Xu, Mitochondrial cAMP signaling, Cell Mol Life Sci. 
73 (24) (2016) 4577–4590. 

[81] D.C. Chan, Mitochondrial dynamics and its involvement in disease, Annu Rev 
Pathol. 15 (1) (2020) 235–259. 

[82] M. Golpich, E. Amini, Z. Mohamed, R. Azman Ali, N. Mohamed Ibrahim, 
A. Ahmadiani, Mitochondrial Dysfunction and Biogenesis in Neurodegenerative 
diseases: Pathogenesis and Treatment, CNS Neurosci Ther. 23 (1) (2017) 5–22. 

[83] S.A. Samant, H.J. Zhang, Z. Hong, V.B. Pillai, N.R. Sundaresan, D. Wolfgeher, et 
al., SIRT3 deacetylates and activates OPA1 to regulate mitochondrial dynamics 
during stress, Mol Cell Biol. 34 (5) (2014) 807–819. 

[84] M. Costa-Mattioli, P. Walter, The integrated stress response: From mechanism to 
disease, Science. 368 (6489) (2020), eaat5314. 

[85] W.H. Moos, D.V. Faller, D.N. Harpp, I. Kanara, J. Pernokas, W.R. Powers, et al., 
Microbiota and neurological disorders: A gut feeling, Biores Open Access. 5 (1) 
(2016) 137–145. 

[86] W.H. Moos, D.V. Faller, I.P. Glavas, D.N. Harpp, M.H. Irwin, I. Kanara, et al., 
Epigenetic treatment of neurodegenerative ophthalmic disorders: An eye toward 
the future, Biores Open Access. 6 (1) (2017) 169–181. 

[87] E. Murphy, H. Ardehali, R.S. Balaban, F. DiLisa, G.W. Dorn 2nd, R.N. Kitsis, et al., 
Mitochondrial function, biology, and role in disease: a scientific statement from 
the American Heart Association, Circ Res. 118 (12) (2016) 1960–1991. 

[88] H. Zhu, S. Toan, D. Mui, H. Zhou, Mitochondrial quality surveillance as a 
therapeutic target in myocardial infarction, Acta Physiol (Oxf). 231 (3) (2021), 
e13590. 

[89] A. Hamacher-Brady, CMLS forum reviews: mitochondrial damage control, Cell 
Mol Life Sci. 78 (8) (2021) 3763–3765. 

[90] I.M.G.M. Hemel, B.P.H. Engelen, N. Luber, M. Gerards, A hitchhiker’s guide to 
mitochondrial quantification, Mitochondrion. 59 (2021) 216–224. 

[91] Ravanelli S, den Brave F, Hoppe T. Mitochondrial quality control governed by 
ubiquitin. Front Cell Dev Biol [Internet]. 2020;8. Available from: https://doi.org/ 
10.3389/fcell.2020.00270. 

[92] M. Federico, S. De la Fuente, J. Palomeque, S.-S. Sheu, The role of mitochondria 
in metabolic disease: a special emphasis on heart dysfunction, J Physiol. 599 (14) 
(2021) 3477–3493. 

[93] A. Picca, R. Calvani, H.J. Coelho-Junior, E. Marzetti, Cell death and 
inflammation: The role of mitochondria in health and disease, Cells. 10 (3) (2021) 
537. 

[94] Amin AM. The metabolic signatures of cardiometabolic diseases: Does the shared 
metabotype offer new therapeutic targets? Lifestyle Medicine [Internet]. 2021;2 
(1). Available from: https://doi.org/10.1002/lim2.25. 

[95] G. Amore, M. Romagnoli, M. Carbonelli, P. Barboni, V. Carelli, C. La Morgia, 
Therapeutic options in hereditary optic neuropathies, Drugs. 81 (1) (2021) 
57–86. 

[96] V.F. Avram, A.M. Bîna, A. Sima, O.M. Aburel, A. Sturza, O. Burlacu, et al., 
Improvement of platelet respiration by cell-permeable succinate in diabetic 
patients treated with statins, Life (Basel). 11 (4) (2021) 288. 

[97] M.J. Falk, The pursuit of precision mitochondrial medicine: Harnessing 
preclinical cellular and animal models to optimize mitochondrial disease 
therapeutic discovery, J Inherit Metab Dis. 44 (2) (2021) 312–324. 

[98] M.H. Ji, A. Kreymerman, K. Belle, B.K. Ghiam, S.P. Muscat, V.B. Mahajan, et al., 
The present and future of mitochondrial-based therapeutics for eye disease, 
Transl Vis Sci Technol. 10 (8) (2021) 4. 

W.H. Moos et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0006-2952(21)00425-1/h0180
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0180
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0185
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0185
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0185
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0190
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0190
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0195
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0195
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0195
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0195
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0200
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0200
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0205
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0205
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0205
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0210
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0210
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0215
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0215
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0215
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0220
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0220
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0220
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0225
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0225
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0225
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0225
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0235
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0235
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0235
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0235
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0240
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0240
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0240
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0245
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0245
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0250
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0250
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0250
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0255
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0255
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0260
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0260
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0260
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0265
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0265
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0265
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0270
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0270
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0275
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0275
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0280
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0285
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0285
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0285
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0290
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0290
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0290
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0295
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0295
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0305
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0305
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0305
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0305
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0310
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0310
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0310
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0315
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0315
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0315
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0320
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0320
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0320
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0325
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0325
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0325
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0330
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0330
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0335
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0335
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0340
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0340
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0345
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0345
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0345
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0350
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0350
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0355
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0355
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0360
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0360
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0365
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0365
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0365
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0370
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0370
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0370
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0375
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0375
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0375
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0380
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0380
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0385
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0385
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0385
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0390
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0390
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0395
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0395
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0395
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0395
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0400
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0400
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0405
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0405
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0410
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0410
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0410
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0415
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0415
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0415
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0420
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0420
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0425
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0425
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0425
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0430
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0430
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0430
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0435
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0435
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0435
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0440
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0440
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0440
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0445
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0445
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0450
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0450
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0460
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0460
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0460
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0465
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0465
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0465
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0475
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0475
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0475
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0480
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0480
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0480
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0485
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0485
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0485
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0490
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0490
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0490


Biochemical Pharmacology 193 (2021) 114809

9

[99] V. Kumar, X. Xin, J. Ma, C. Tan, N. Osna, R.I. Mahato, Therapeutic targets, novel 
drugs, and delivery systems for diabetes associated NAFLD and liver fibrosis, Adv 
Drug Deliv Rev. 176 (113888) (2021), 113888. 

[100] M.T.W. Lee, W. Mahy, M.D. Rackham, The medicinal chemistry of mitochondrial 
dysfunction: a critical overview of efforts to modulate mitochondrial health, RSC 
Med Chem. 12 (8) (2021) 1281–1311. 

[101] Murphy AJ, Febbraio MA. Immune-based therapies in cardiovascular and 
metabolic diseases: past, present and future. Nat Rev Immunol [Internet]. 2021; 
Available from: https://doi.org/10.1038/s41577-021-00580-5. 

[102] J.M. Son, C. Lee, Aging: All roads lead to mitochondria, Semin Cell Dev Biol. 116 
(2021) 160–168. 

[103] Voss K, Hong HS, Bader JE, Sugiura A, Lyssiotis CA, Rathmell JC. A guide to 
interrogating immunometabolism. Nat Rev Immunol [Internet]. 2021; Available 
from: https://doi.org/10.1038/s41577-021-00529-8. 

[104] J.R. Tribble, A. Otmani, S. Sun, S.A. Ellis, G. Cimaglia, R. Vohra, et al., 
Nicotinamide provides neuroprotection in glaucoma by protecting against 
mitochondrial and metabolic dysfunction, Redox Biol. 43 (101988) (2021), 
101988. 

[105] J.F. Hebert, L. Myatt, Placental mitochondrial dysfunction with metabolic 
diseases: Therapeutic approaches, Biochim Biophys Acta Mol Basis Dis. 1867 (1) 
(2021), 165967. 

[106] P. Schönfeld, G. Reiser, How the brain fights fatty acids’ toxicity, Neurochem Int. 
148 (105050) (2021), 105050. 

[107] Y. Mi, G. Qi, R.D. Brinton, F. Yin, Mitochondria-targeted therapeutics for 
Alzheimer’s disease: The good, the bad, the potential, Antioxid Redox Signal. 34 
(8) (2021) 611–630. 

[108] G. Bonvento, J.P. Bolaños, Astrocyte-neuron metabolic cooperation shapes brain 
activity, Cell Metab. 33 (8) (2021) 1546–1564. 

[109] J.R. Brestoff, C.B. Wilen, J.R. Moley, Y. Li, W. Zou, N.P. Malvin, et al., 
Intercellular mitochondria transfer to macrophages regulates white adipose tissue 
homeostasis and is impaired in obesity, Cell Metab. 33 (2) (2021) 270–282.e8. 

[110] J.L. Gollihue, C.M. Norris, Astrocyte mitochondria: Central players and potential 
therapeutic targets for neurodegenerative diseases and injury, Ageing Res Rev. 59 
(101039) (2020), 101039. 

[111] J. Jia, H. Jin, D. Nan, W. Yu, Y. Huang, New insights into targeting mitochondria 
in ischemic injury, Apoptosis. 26 (3–4) (2021) 163–183. 

[112] van der Vlist M, Raoof R, Willemen HLDM, Prado J, Versteeg S, Gil CM, et al. 
Macrophages transfer mitochondria to sensory neurons to resolve inflammatory 
pain [Internet]. bioRxiv 2020. Available from: https://doi.org/10.1101/ 
2020.02.12.940445. 

[113] Nag TC. Pathogenic mechanisms contributing to the vulnerability of aging human 
photoreceptor cells. Eye [Internet]. 2021; Available from: https://doi.org/ 
10.1038/s41433-021-01602-1. 

[114] S. Carrella, F. Massa, A. Indrieri, The role of MicroRNAs in mitochondria- 
mediated eye diseases, Front Cell Dev Biol. 9 (2021), 653522. 

[115] R.J. Casson, G. Chidlow, J.G. Crowston, P.A. Williams, J.P.M. Wood, Retinal 
energy metabolism in health and glaucoma, Prog Retin Eye Res. 81 (100881) 
(2021), 100881. 

[116] Z. Fu, T.S. Kern, A. Hellström, L.E.H. Smith, Fatty acid oxidation and 
photoreceptor metabolic needs, J Lipid Res. 62 (2021), 100035. 

[117] D.T. Hass, C.J. Barnstable, Uncoupling proteins in the mitochondrial defense 
against oxidative stress, Prog Retin Eye Res. 83 (100941) (2021), 100941. 

[118] H. Liu, V. Prokosch, Energy metabolism in the inner retina in health and 
glaucoma, Int J Mol Sci. 22 (7) (2021) 3689. 

[119] K.D. Rolev, X.-S. Shu, Y. Ying, Targeted pharmacotherapy against 
neurodegeneration and neuroinflammation in early diabetic retinopathy, 
Neuropharmacology. 187 (108498) (2021), 108498. 

[120] M.S. Devi, I. Mahalaxmi, J. Kaavya, V. Chinnkulandhai, V. Balachandar, Does 
epigenetics have a role in age related macular degeneration and diabetic 
retinopathy? Genes Dis. 8 (3) (2020) 279–286. 

[121] W. Fickweiler, E.A. Wolfson, S.M. Paniagua, M.G. Yu, A. Adam, V. Bahnam, et al., 
Association of cognitive function and retinal neural and vascular structure in type 
1 diabetes, J Clin Endocrinol Metab. 106 (4) (2021) 1139–1149. 

[122] M.S. Gorbatyuk, C.R. Starr, O.S. Gorbatyuk, Endoplasmic reticulum stress: New 
insights into the pathogenesis and treatment of retinal degenerative diseases, Prog 
Retin Eye Res. 79 (100860) (2020), 100860. 

[123] E. Kisilevsky, P. Freund, E. Margolin, Mitochondrial disorders and the eye, Surv 
Ophthalmol. 65 (3) (2020) 294–311. 

[124] B. Mead, S. Tomarev, Extracellular vesicle therapy for retinal diseases, Prog Retin 
Eye Res. 79 (100849) (2020), 100849. 

[125] D. Tonade, T.S. Kern, Photoreceptor cells and RPE contribute to the development 
of diabetic retinopathy, Prog Retin Eye Res. 83 (100919) (2021), 100919. 

[126] R.S. Apte, Age-related macular degeneration, N Engl J Med. 385 (6) (2021) 
539–547. 

[127] K. Kaarniranta, H. Uusitalo, J. Blasiak, S. Felszeghy, R. Kannan, A. Kauppinen, et 
al., Mechanisms of mitochondrial dysfunction and their impact on age-related 
macular degeneration, Prog Retin Eye Res. 79 (100858) (2021), 100858. 

[128] M.J. Fowler, Microvascular and Macrovascular Complications of Diabetes, Clin 
Diabetes. 26 (2) (2008) 77–82. 

[129] Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global 
and regional diabetes prevalence estimates for 2019 and projections for 2030 and 
2045: Results from the International Diabetes Federation Diabetes Atlas, 9th 
edition. Diabetes Res Clin Pract. 2019;157(107843):107843. 

[130] E.A. Newman, Functional hyperemia and mechanisms of neurovascular coupling 
in the retinal vasculature, J Cereb Blood Flow Metab. 33 (11) (2013) 1685–1695. 

[131] Sas KM, Kayampilly P, Byun J, Nair V, Hinder LM, Hur J, et al. Tissue-specific 
metabolic reprogramming drives nutrient flux in diabetic complications. JCI 
Insight [Internet]. 2016;1(15). Available from: https://doi.org/10.1172/jci. 
insight.86976. 

[132] S.X. Zhang, J.H. Ma, M. Bhatta, S.J. Fliesler, J.J. Wang, The unfolded protein 
response in retinal vascular diseases: implications and therapeutic potential 
beyond protein folding, Prog Retin Eye Res. 45 (2015) 111–131. 
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[211] P. Jacquet, A. Stéphanou, Metabolic reprogramming, questioning, and 
implications for cancer, Biology (Basel). 10 (2) (2021) 129. 

[212] J. Lau, E. Rousseau, D. Kwon, K.-S. Lin, F. Bénard, X. Chen, Insight into the 
development of PET radiopharmaceuticals for oncology, Cancers (Basel). 12 (5) 
(2020) 1312. 

[213] Cai M, He J, Xiong J, Tay LWR, Wang Z, Rog C, et al. Phospholipase D1-regulated 
autophagy supplies free fatty acids to counter nutrient stress in cancer cells. Cell 
Death Dis. 2016;7(11):e2448–e2448. 

[214] L. Guo, Mitochondria and the permeability transition pore in cancer metabolic 
reprogramming, Biochem Pharmacol. 188 (114537) (2021), 114537. 

[215] J.J. Lemasters, Metabolic implications of non-electrogenic ATP/ADP exchange in 
cancer cells: A mechanistic basis for the Warburg effect, Biochim Biophys Acta 
Bioenerg. 1862 (7) (2021), 148410. 

[216] X. Hu, F. Guo, Amino acid sensing in metabolic homeostasis and health, Endocr 
Rev. 42 (1) (2021) 56–76. 

[217] Q. Hui, Z. Jin, X. Li, C. Liu, X. Wang, FGF family: From drug development to 
clinical application, Int J Mol Sci. 19 (7) (2018) 1875. 

[218] W. Lu, X. Li, Y. Luo, FGF21 in obesity and cancer: New insights, Cancer Lett. 499 
(2021) 5–13. 

[219] N.M. Anderson, X. Qin, J.M. Finan, A. Lam, J. Athoe, R. Missiaen, et al., Metabolic 
enzyme DLST promotes tumor aggression and reveals a vulnerability to OXPHOS 
inhibition in high-risk neuroblastoma, Cancer Res. 81 (17) (2021) 4417–4430. 

[220] M.A. Keibler, T.M. Wasylenko, J.K. Kelleher, O. Iliopoulos, M.G. Vander Heiden, 
G. Stephanopoulos, Metabolic requirements for cancer cell proliferation, Cancer 
Metab. 4 (1) (2016) 16. 

[221] Keibler MA, Dong W, Korthauer KD, Hosios AM, Moon SJ, Sullivan LB, et al. 
Differential substrate use in EGF- and oncogenic KRAS-stimulated human 
mammary epithelial cells. FEBS J [Internet]. 2021;(febs.15858). Available from: 
https://doi.org/10.1111/febs.15858. 

[222] K. Vasan, M. Werner, N.S. Chandel, Mitochondrial metabolism as a target for 
cancer therapy, Cell Metab. 32 (3) (2020) 341–352. 

W.H. Moos et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0006-2952(21)00425-1/h0805
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0805
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0810
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0810
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0810
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0815
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0815
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0815
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0820
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0820
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0825
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0825
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0825
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0830
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0830
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0835
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0835
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0835
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0840
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0840
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0840
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0845
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0845
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0845
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0850
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0850
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0860
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0860
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0860
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0865
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0865
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0865
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0865
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0870
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0870
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0870
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0870
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0875
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0875
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0880
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0880
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0895
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0895
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0895
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0900
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0900
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0900
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0905
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0905
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0905
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0910
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0910
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0915
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0915
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0915
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0920
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0920
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0925
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0925
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0930
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0930
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0930
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0935
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0935
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0935
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0940
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0940
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0940
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0940
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0945
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0945
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0945
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0955
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0955
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0955
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0960
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0960
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0965
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0965
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0965
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0970
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0970
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0975
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0975
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0975
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0980
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0980
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0985
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0985
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0990
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0990
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0995
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0995
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0995
http://refhub.elsevier.com/S0006-2952(21)00425-1/h0995
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1000
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1000
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1000
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1000
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1005
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1005
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1005
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1015
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1015
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1015
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1020
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1025
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1025
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1030
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1030
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1035
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1035
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1045
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1045
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1050
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1050
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1055
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1055
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1060
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1070
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1070
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1075
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1075
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1075
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1080
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1080
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1085
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1085
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1090
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1090
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1095
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1095
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1095
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1100
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1110
http://refhub.elsevier.com/S0006-2952(21)00425-1/h1110


Biochemical Pharmacology 193 (2021) 114809

11

[223] K. Gomez, R. Rabadan, A persistent look at how tumours evade therapy, Nature. 
596 (7873) (2021) 491–493. 

[224] Y. Oren, M. Tsabar, M.S. Cuoco, L. Amir-Zilberstein, H.F. Cabanos, J.-C. Hütter, et 
al., Cycling cancer persister cells arise from lineages with distinct programs, 
Nature. 596 (7873) (2021) 576–582. 

[225] Chen X, Zeh HJ, Kang R, Kroemer G, Tang D. Cell death in pancreatic cancer: from 
pathogenesis to therapy. Nat Rev Gastroenterol Hepatol [Internet]. 2021; 
Available from: https://doi.org/10.1038/s41575-021-00486-6. 

[226] Z. Guo, H. Cheng, Z. Li, S. Shao, P. Sarkar, S. Wang, et al., Single-cell profiling of 
fatty acid uptake using surface-immobilized dendrimers, J Am Chem Soc. 143 
(29) (2021) 11191–11198. 

[227] J.D. Pearson, K. Huang, M. Pacal, S.R. McCurdy, S. Lu, A. Aubry, et al., Binary 
pan-cancer classes with distinct vulnerabilities defined by pro- or anti-cancer 
YAP/TEAD activity, Cancer Cell. 39 (8) (2021) 1115–1134.e12. 

[228] V.C. Shanbhag, N. Gudekar, K. Jasmer, C. Papageorgiou, K. Singh, M.J. Petris, 
Copper metabolism as a unique vulnerability in cancer, Biochim Biophys Acta 
Mol Cell Res. 1868 (2) (2021), 118893. 

[229] M. Tarrado-Castellarnau, P. de Atauri, M. Cascante, Oncogenic regulation of 
tumor metabolic reprogramming, Oncotarget. 7 (38) (2016) 62726–62753. 

[230] D.K.H. Thng, T.B. Toh, E.K.-H. Chow, Capitalizing on synthetic lethality of MYC 
to treat cancer in the digital age, Trends Pharmacol Sci. 42 (3) (2021) 166–182. 

[231] Whitfield JR, Soucek L. The long journey to bring a Myc inhibitor to the clinic. J 
Cell Biol [Internet]. 2021;220(8). Available from: https://doi.org/10.1083/ 
jcb.202103090. 

[232] Zhao H, Li Y. Cancer metabolism and intervention therapy. Mol Biomed 
[Internet]. 2021;2(1). Available from: https://doi.org/10.1186/s43556-020- 
00012-1. 

[233] P. Dey, A.C. Kimmelman, R.A. DePinho, Metabolic codependencies in the tumor 
microenvironment, Cancer Discov. 11 (5) (2021) 1067–1081. 

[234] N.C. Flerin, F. Cappellesso, S. Pretto, M. Mazzone, Metabolic traits ruling the 
specificity of the immune response in different cancer types, Curr Opin 
Biotechnol. 68 (2021) 124–143. 

[235] D.C. Hinshaw, A. Hanna, T. Lama-Sherpa, B. Metge, S.C. Kammerud, G. 
A. Benavides, et al., Hedgehog signaling regulates metabolism and polarization of 
mammary tumor-associated macrophages, Cancer Res. (2021), canres.1723.2020. 

[236] R.D. Leone, J.D. Powell, Metabolism of immune cells in cancer, Nat Rev Cancer. 
20 (9) (2020) 516–531. 
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