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Skeletal muscle mitochondrial network
dynamics in metabolic disorders and aging

Ciaran E. Fealy, "2 Lotte Grevendonk, ! Joris Hoeks

With global demographics trending towards an aging population, the numbers of
individuals with an age-associated loss of independence is increasing. A key con-
tributing factor is loss of skeletal muscle mitochondrial, metabolic, and contractile
function. Recent advances in imaging technologies have demonstrated the
importance of mitochondrial morphology and dynamics in the pathogenesis of
disease. In this review, we examine the evidence for altered mitochondrial dynamics
as a mechanism in age and obesity-associated loss of skeletal muscle function,
with a particular focus on the available human data. We highlight some of the
areas where more data are needed to identify the specific mechanisms connecting
mitochondrial morphology and skeletal muscle dysfunction.

Skeletal muscle in age and age-associated diseases

Increases in human longevity illustrate the remarkable advances achieved in biomedicine, nutrition,
and healthcare over the past century. Yet, as lifespan has increased, gains in healthspan — defined
as the period of life spent in good health, free from the chronic diseases and disabilities of aging [1] —
have stagnated [2]. With the proportion of elderly among the global population set to reach >20% in
the next decades [3], the imperative to find new solutions to the problem of age-associated loss of
independence has become increasingly relevant.

One of the main obstacles to improvements in healthspan is the contemporaneous rise in over-
weight and obesity in the global population. Although overweight and obesity have been associated
with an increase in premature death, the impact of these on mortality has declined such that recent
evidence suggests that elderly individuals with overweight or mild obesity now have a life expectancy
similar to normal-weight elderly [4]. However, this group is at increased risk of disability and spend
more years with limitations in physical function than normal-weight elderly [5,6].

Deterioration in skeletal muscle mass, metabolic fitness, and contractile vigor are fundamental to
the progression of both metabolic disease and age-associated loss of independence (Figure 1).
Increased adiposity and ectopic lipid deposition, whether in the presence of obesity or not, con-
tribute to skeletal muscle insulin resistance [7], are common features of aging [8-10], and are
strong predictors of both metabolic disease progression [11,12] and muscle strength and
mass [9,10]. Increasing adiposity blunts the effectiveness of insulin and amino acid stimulation
of muscle protein synthesis [13]. Muscle, the primary target tissue for insulin-stimulated glucose
disposal, is a key regulator of whole-body glucose homeostasis. Thus, reduced muscle mass is
also associated with reduced energy expenditure [14]. Age-related decline in both physical func-
tion and metabolic health can be mitigated, in large part, by increased physical activity levels and
exercise training. Thus, the underlying pathology is one of adaptation to chronic environmental
stimuli and allostatic loading rather than an obligatory consequence of aging [7,8]. Progressive
deterioration in mitochondrial capacity has been linked to age- and obesity-associated muscle
defects although there remains little consensus on a specific mechanistic pathway to explain
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Figure 1. Reciprocal relation between muscle mass and metabolic homeostasis. Both sedentary behavior and
excess energy intake during aging negatively influence body composition by increasing fat mass. Excess adiposity is
associated with increased ectopic lipid deposition leading to lipotoxicity and consequent mitochondrial dysfunction.
Mitochondrial dysfunction has been implicated in the onset of sarcopenia and insulin resistance. Sarcopenia and insulin
resistance are likely to interact, whereby loss of muscle mass results in reduced energy expenditure and reduced capacity
for glucose uptake while insulin resistance may induce anabolic resistance to insulin and amino acids and reduce insulin
inhibition of muscle protein breakdown. Collectively, these mechanisms further exacerbate adiposity in a positive feedback
loop resulting a progressive decline in metabolic and functional fitness in aged muscle.

this association. Recent developments in understanding the dynamic behavior of mitochondrial
networks and quality control pathways have opened new prospective avenues of mitochondrial
involvement in physical and metabolic decline. In this review we examine the evidence for the
presence of aberrant mitochondrial network dynamics in the pathogenesis of age-associated
skeletal muscle dysfunction with a focus, where available, on evidence from human research.

Skeletal muscle mitochondria are an important target to increase healthspan

One of the early consequences of chronic lipotoxicity (see Glossary) in both metabolic disease
and aging is a reduction in mitochondrial content and capacity [9]. However, the extent to which
reduced mitochondrial capacity contributes to impaired muscle function in obesity and aging is
debated. Classically, mitochondrial function has been viewed through the prism of mitochondrial
density and intrinsic bioenergetic capacity; however, fresh insights into the varied functions of
mitochondria necessitates an expansion of the concept. In the present view, mitochondrial func-
tion also includes the ability of mitochondria to move and physically interact with each other in
dynamic reticular networks. Mitochondrial network architecture, regulated by the processes of
fusion and fission (Figure 2), varies widely among cell types, and their morphology is intrinsically
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Glossary

Apoptosis: programmed cell death.
Autophagy (macroautophagy): the
process in which cellular contents are
degraded by lysosomes or vacuoles and
recycled.

Bariatric surgery: covers a variety
of weight loss surgeries, including
laparoscopic gastric banding
surgery and Roux-en-Y gastric
bypass (RYGB).

Cachexia: a complex metabolic
syndrome associated with underlying
ilness and characterized by loss of
muscle with or without loss of fat
mass.

Laparoscopic gastric banding
surgery: a surgical procedure that
involves the placement of an
adjustable belt around the upper
portion of the stomach using a
laparoscope. The belt limits the
expansion of the stomach conferring
increased satiety in the patient.
Lipotoxicity: the deleterious effects of
lipid accumulation in non-adipose
tissue.

Mitochondrial fission: the division of a
single mitochondrion into two or more
independent structures.

Mitochondrial fusion: the physical
merging of the outer and then the inner
mitochondrial membranes of two
originally distinct mitochondria.
Mitochondrial nanotunnels: thin
double-membrane protrusions that
connect the matrices of non-adjacent
mitochondria.

Mitophagy: the selective degradation
of mitochondria by autophagy.
Reactive oxygen species (ROS):
oxygen-containing radicals such as the
superoxide anion (O3, hydrogen
peroxide (H>O,), and the hydroxyl radical
(HOe) that can be generated by aerobic
metabolism. ROS may serve as cell
signaling molecules for normal biological
processes; however, excessive
production of ROS can result in damage
to multiple cellular organelles and
processes.

Roux-en-Y gastric bypass (RYGB): a
surgical procedure that involves the
creation of a small gastric pouch
connected to a roux limb, which
bypasses a large portion of the small
intestine. This results in the food
bypassing the majority of the stomach,
the duodenum, and the first 40-50 cm
of jejunum.

Sarcopenia: the age-associated loss
of muscle mass and strength.
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Figure 2. Putative pathways in response to dysregulated mitochondrial dynamics in age-related decline in muscle function and metabolism. Examples of
identified putative pathways that may explain the contribution of alteration in mitochondrial morphology to the decline in metabolic and functional fitness in aged muscle.
Drp1 knockout animals represent a model of excessive fusion. Excessive fusion leads to the endoplasmic reticulum (ER)-stress-mediated downregulation of fibroblast
growth factor 21 (FGF21) (1). Lower levels of FGF21 result in reduced mitophagy and autophagy, which result in excessive levels of mitochondrial DNA (mtDNA)
mutations, leading to inefficient mitochondria, reduced bioenergetic efficiency, and eventually muscle weakness and a greater risk of lipotoxicity-induced insulin
resistance. ER stress also induces the expression of the atrogenic genes and Atrogin 1 (2) and muscle RING-finger protein-1 (MuRF1) (2), which, together with mtDNA
damage-induced reactive oxygen species (ROS)-mediated (4) muscle inflammation, enhances muscle atrophy, also resulting in reduced muscle mass and consequent
insulin resistance. Optic atrophy 1 (Opal) depletion represents a model for excessive fission and a fragmented network. The fragmented network results in activation of
the atrogenic forkhead box Os (FOXOs) (5), increased stress on the ER (6), increased ROS (7), nuclear factor kappa-light-chain-enhancer of activated B cells (NfkB)
activation (8), and increased expression of several proinflammatory genes (9). ER stress (6) leads to upregulation of MuRF1 expression and both the activation of FOXO
(5) and increased ER stress (6) upregulate the expression of MuRF1 and Atrogin 1, leading to muscle atrophy-mediated decline in muscle mass and consequent insulin
resistance. ROS (7) additionally mediate the upregulation of BCL2-interacting protein 3 (BNIP3) and Parkin, which both result in excessive mitophagy and muscle
atrophy. The ROS-mediated (7) activation of Parkin also leads to a decline in Mfn2 (10), which impairs muscle protein synthesis, resulting in muscle atrophy, reduced
muscle mass, and consequent insulin resistance. Also, a decline in Mfn2 (10) leads to a decline in mTOR and consequently a decline in autophagy, resulting in
defective mitochondria, increased mtDNA mutation, and muscle inflammation. In parallel, increased ROS production (7), NFkB activation (8), and increased expression
of proinflammatory genes (9) stimulate muscle tissue inflammation, together resulting in muscle weakness and insulin resistance. ATP-dependent zinc metalloprotease
YME1L (Yme1l) depletion stimulates the expression of Opal (short form) (S-Opa1), leading to aberrant mitochondrial cristae (11), which activates AMP-activated
protein kinase (AMPK) and FOXO (5), both stimulating the expression of MuRF1 and Atrogin 1 and leading to an atrogen-mediated reduction in muscle mass and
increased insulin resistance. Both excessive fusion and excessive fission can impair muscle function and metabolic health. Abbreviations: Drp1, dynamin-related
protein 1; Mfn2, mitofusin-2.
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(ROS) [25], and the regulation of cellular bioenergetic capacity and efficiency [26]. Mitochondrial
morphology also responds to the nutrient status of cells, with fragmentation observed in condi-
tions of high nutrient availability and fusion predominating to maintain higher bioenergetic
efficiency where nutrients are scarce [27]. The major proteins that regulate mitochondrial mor-
phology are described in Table 1. Given the ubiquity of cellular functions in which mitochondrial
dynamics participate, it is hardly surprising that dysregulation of mitochondrial network dynamics
has been implicated in an increasing number of disease states [23,28], including metabolic
disease [25,26] and age-associated functional decline [29].

Mitochondrial network morphology in metabolic disorders

There is a growing consensus that obesity and metabolic disease are associated with mitochon-
drial network fragmentation in skeletal muscle. Increased mitochondrial network fragmentation
was first demonstrated in the skeletal muscle of Zucker Diabetic Fatty rats [30]. Similarly, obese
mice that are deficient for leptin receptors and mice with high-fat diet (HFD)-induced obesity
were found to exhibit smaller and shorter mitochondria in skeletal muscle compared with lean

Table 1. Major fusion and fission proteins that regulate mitochondrial morphology

Protein

Fusion proteins

Location

Function

Mfn1 MFN1 Outer mitochondrial QOuter mitochondrial membrane [93]
membrane fusion
Mfn2 MFN2 Outer mitochondrial QOuter mitochondrial membrane
membrane fusion [94]
ER Facilitating mitochondrial calcium [95]
influx from ER [96]
ER-mitochondrial contact site [97]
tethering
Facilitates mitophagy as a Parkin
receptor
L-Opat OPA1 Inner mitochondrial Inner mitochondrial membrane fusion  [98]
(long form) membrane
S-Opat OPA1 Mitochondrial Cristal morphogenesis (together
(short form) intermembrane space with L-Opa1)
YME1L ATP-dependent zinc Inner mitochondrial Cleavage of L-Opat into S-Opat
metalloprotease YME1L membrane
Omat Zinc metallopeptidase Inner mitochondrial Cleavage of L-Opat during
membrane mitochondrial depolarization
Fission proteins
Drp1 Dynamin related protein 1 Outer mitochondrial Mitochondrial fission [99]
membrane
Fis 1 Mitochondrial fission 1 Outer mitochondrial Putative Drp1 receptor; may facilitate
membrane Drp1-mediated mitochondrial fission
Mff Mitochondrial fission factor ~ Outer mitochondrial Mitochondrial receptor for Drp1;
membrane facilitates Drp1-mediated
mitochondrial fission
MiD49 Mitochondrial dynamics Outer mitochondrial Mitochondrial receptor for Drp1;

protein of 49 kDa

MiD51 Mitochondrial dynamics

protein of 51 kDa

membrane

Outer mitochondrial
membrane

1036  Trends in Molecular Medicine, November 2021, Vol. 27, No. 11
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mice [31]. In line with these findings, reduced propagation of mitochondrial matrix-targeted
photoactivatable GFP was observed in the skeletal muscle of mice fed a HFD compared with
chow-fed controls [32], indicating a reduction in the degree of mitochondrial networking.
Importantly, the presence of increased mitochondrial fragmentation in skeletal muscle has
also been observed in humans with obesity and type 2 diabetes (T2D) compared with a lean
reference group. This morphological phenotype was restored 1.5 years after bariatric surgery
[33]. Similarly, mitochondrial capacity in patients undergoing laparoscopic gastric banding
surgery was normalized 1 year post-surgery, which was independent of changes in mitochondrial
content [34]. Taken together, these studies suggest an interdependency of mitochondrial form and
function in obese patients. In young, healthy humans, induction of insulin resistance by lipid infusion
resulted in skeletal muscle mitochondrial fragmentation in association with activation of DRP1 by
phosphorylation at serine 616 (Drp1°°®'€) [35]. Strikingly, this effect was observed without a reduc-
tion in mitochondrial capacity or content, which suggests that functional defects may be secondary
to chronic lipotoxicity. Primary myotubes cultured from skeletal muscle biopsies obtained from
severely obese non-diabetic and T2D participants retained a more fragmented mitochondrial
network relative to young, lean, healthy individuals [36]. This change in the mitochondrial network
was associated with increased Drp15%'€. Moreover, the number of fragmented mitochondria in
cultured myotubes from the same population was reduced at 7 months after Roux-en-Y gastric
bypass (RYGB) [37] concomitant with reductions in Drp1%¢®'€. The retention of these mor-
phological characteristics in primary myotubes despite identical cell culture conditions suggests
the involvement of transcriptional programming and is therefore not solely an acute response to
a positive energy balance and lipotoxicity.

Regulation of skeletal muscle mitochondrial morphology in metabolic disorders
Mitochondrial fusion

Protein expression studies also provide insights into the role of mitochondrial dynamics in metabolic
disorders. Several lines of evidence support negative transcriptional regulation of mitochondrial
fusion as an underlying component of mitochondrial fragmentation in metabolic disease. Reduced
mitofusin-2 (MFN2) mRNA and protein expression is observed in skeletal muscle in obese rodents
relative to lean controls [30,32,38,39] and in humans [30,40,41]. Repression of MFN2 in a rat muscle
cell line decreased pyruvate and palmitate oxidation [30], increased the production of ROS, and
increased c-Jun N-terminal kinases (JNKs) and nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NFkB) signaling in association with reduced glucose uptake and insulin signaling
(Figure 2). Conversely, MFN2 gain of function reduced ROS production and restored insulin signaling
[42,43]. Similarly, in humans MFN2 mRNA correlated with glucose oxidation and increases in mRNA
levels following bariatric surgery were positively correlated with the percentage change in glucose
oxidation between fasted and insulin-stimulated conditions during a hyperinsulinemic—euglycemic
clamp procedure [40]. In healthy premenopausal women, MFN2 protein expression was associated
with ROS-emitting capacity in permeabilized skeletal muscle fibers [44]. Expression of the inner
mitochondrial membrane fusion protein optic atrophy-1 (OPA1), along with the mitochondrial fission
protein FIS1, was highest in athletes compared with individuals with T2D [45]. Enhanced mitochon-
drial networking was also apparent in the athletes [45], perhaps indicating that athletes exhibit
enhanced mitochondrial turnover through both mitochondrial fusion and fission, although with fusion
the predominant factor in the resting homeostatic state. Provision of a eucaloric diet along with
aerobic exercise training in older obese individuals induced a significant weight loss and resulted
in increased skeletal muscle OPA1 [46]. This further supports a profusion mitochondrial phenotype
in response to exercise and a negative energy balance. In addition, as in a rat model [47], RYGB
surgery in obese patients increased skeletal muscle MFN2 gene expression at 3 and 12 months
post-surgery in obese individuals [48]. However, in contrast to the above findings, several studies
reported that skeletal muscle mitochondrial fusion gene and/or protein expression were not altered
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in human obesity [49] or T2D [50]. Moreover, single-fiber analysis of skeletal muscle in morbid obe-
sity revealed that the amount of both MFN1/2 was higher in muscle fibers that displayed fragmented
networks [33]. An alternative explanation for these discrepancies may relate to the noncanonical
functions of MFN2 such as involvement in lipid droplet [51] and sarcoplasmic reticulum (SR)-
mitochondria contact sites [52]. In particular, dysregulated SR—-mitochondria interactions have
been implicated in metabolic disease in animals and humans [51,53,54]. Moreover, a recent study
[55] demonstrated that, in healthy individuals, fat oxidation was affected by both mitochondrial
size and SR—-mitochondria contact sites. It is therefore worth acknowledging that alterations in fusion
proteins may also influence metabolic disease independent of their effects on mitochondrial
morphology.

Mitochondrial fission

Besides reduced fusion, excessive mitochondrial fission has also been implicated in
skeletal muscle metabolic dysfunction. Similar to humans [35], in C2C12 cells and rodent
muscle, excess lipids resulted in mitochondrial fragmentation and reduced glucose uptake
[31]. This was attenuated by inhibition of DRP1 [31]. Conversely, exercise training in obese
humans results in a reduction in DRP1 activation, which was correlated with improvements
in insulin sensitivity and fat oxidation [56]. Along the same lines, expression of FIS1 was
elevated in the muscle of obese and T2D humans and reduced by diet and exercise
and RYGB. DRP1-mediated mitochondrial fragmentation has also been implicated in
ceramide-induced H,>O, production, impaired mitochondrial bioenergetics, and insulin re-
sistance in C2C12 myotubes [57]. Recent evidence from liver cells supports a role for
the DRP1 adaptor protein MFF in mediating ceramide-induced metabolic dysfunction
[58]. Ceramide species, particularly C16:0 ceramides, are a major lipotoxic lipid class and
are thought to be significant mediators of insulin resistance [59]. These data further support
a link between lipotoxicity and mitochondrial fragmentation in skeletal muscle metabolic
dysfunction observed in metabolic disorders.

Obviously, mitochondrial morphology is defined by a balance between the rates of fusion and
fission and it may be that mitochondrial morphology per se modulates substrate metabolism
and insulin sensitivity regardless of whether shifts in morphology are driven by alterations in either
fission or fusion. Development of biomarkers of mitochondrial morphology in bigger datasets
encompassing healthy and obese participants is therefore essential to advance our understanding
of the role of mitochondrial dynamics in metabolic disorders. In this context, focusing on the ratio
between fusion and fission protein expression rather than the individual proteins may prove to be
a useful strategy. Several attempts to this effect have been made, such as OPA1-FIS1 [46] and
MFN2-FIS1 [60]; however, further validation may be necessary. Nonetheless, imaging remains
the gold standard for the determination of mitochondrial morphology, and advances in imaging
techniques have been instrumental in enhancing our understanding of mitochondrial networks in
skeletal muscle. Mitochondria in skeletal muscle observed by electron microscopy appear in tightly
packed clusters with many mitochondria grouped together in subsarcolemmal regions and
appearing in doublets in the intermyofibrillar regions of the muscle. 3D imaging of rodent muscle,
and more recently human muscle, indicate that skeletal muscle relies on the formation of
nanotunnels between mitochondria for the efficient transmission of membrane potential and
transfer of mitochondrial DNA (mtDNA) and proteins [16]. Nanotunneling is reduced in obese
mice [32], but data in skeletal muscle of obese humans are lacking. Nonetheless, this discovery
represents an additional challenge in defining the relationship between mitochondrial dynamics
and mitochondrial morphology in human disease, as the finding of increased fragmentation,
despite increased mitochondrial nanotunneling, observed in humans with primary mtDNA
mutations illustrates [16].
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Table 2. Summary of literature linking mitochondrial morphology and dynamics in humans to age- and obesity- associated skeletal muscle dysfunction

Participants

Morbid obesity with
and without T2D vs
lean controls

Young healthy

Cultured myotubes

from severely obese
and T2D patients vs
young, lean healthy

Cultured myotubes
from severely obese
and T2D patients

Obese and T2D vs
lean controls

Severely obese
females

Elderly with heart
failure vs healthy
age-matched
controls

Healthy
premenopausal
women

Lean healthy, obese,
T2D, athletes

Older obese
individuals

Morbidly obese
women

Obese vs age-
matched lean

T2D patients vs
weight-matched
controls

Older obese
individuals

Young active, young
sedentary, middle-
aged sedentary, and
older sedentary

Treatment/intervention

RYGB

Lipid infusion

RYGB

Bariatric surgery

Hyperinsulinemic—
euglycemic clamp

12 weeks diet and
exercise

RYGB

12 weeks exercise

Mitochondrial
morphology

Fusion gene/protein
expression

1 Fragmentationin 1 Mfn1/2 in obese

obese groups

| Fragmentation in
some obese and
T2D patients

1 Fragmentation No change

1 Fragmentation in
Obesity and T2D

| Fragmentation
following surgery

| Mfn2 in obese and T2D

| Mfn2 mRNA following

weight loss

| Mfn2 in patients with

heart failure

No change

1 Fragmentation in
T2D relative to
athletes

and lowest in T2D

1 OPAT1 following
intervention

| Mfn2 mRNA following

weight-loss surgery

No difference

No difference

1OPA1 mRNA after
exercise training

1 OPA1 and Mfn2 in
young active

OPAT1 highest in athletes

Fission gene/protein
expression

1 Drp1 in obese and
T2D

| Fis

T Dl'p1 ser616

1 Drp1%°®1® in obesity
and T2D

1 Drp1%%®*® following
surgery

No change

Fis1 highest in athletes
and lowest in T2D

No difference

Drp1 mRNA (DNM1L)
was lower in the T2D
group

l Drp1 ser616

1 Fis1 and Drp1 in young
active

1 Drp1 in middle aged
sedentary

Trends in Molecular Medicine, November 2021, Vol. 27, No. 11

Functional outcome

Reduced insulin
sensitivity in obese and
T2D

1 Insulin sensitivity after
RYGB

Reduced insulin
sensitivity

No change in
mitochondrial capacity
Reduced mitochondrial
membrane potential

| Mfn2 mRNA correlated
with improved insulin
sensitivity

Mfn2 was positively
associated with exercise
performance

Association between Mfn2
expression and ROS

Association between
increased MFN2 and
glucose uptake following
surgery

Association between
changes in Drp1ser616
and improvements in
insulin sensitivity and fat
oxidation

Negative relationship
between Fusion and
fission proteins with BMI

Refs

(33]

(39]

(36]

(871

(30]

[40]

[41]

[44]

(49]

(46

(48]

[49]

(50]

(56]

[10]

(continued on next page)
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Participants Treatment/intervention ~ Mitochondrial Fusion gene/protein Fission gene/protein Functional outcome Refs
morphology expression expression
Young sedentary, | OPA1 with age, no No difference [77]
high-functioning effect of activity
elderly, low-
functioning elderly
Young men vs old 12 weeks exercise No difference between No difference between [78]
men groups at baseline; groups at baseline; Fis1
Mfn1/2 increased increased following
following exercise training  exercise training in both
in both groups groups
Young sedentary, | Mfn 1/2 and OPAT1 in | Drp1 in sedentary [79]
sedentary seniors sedentary seniors seniors compared with
(sarcopenic), senior compared with young young sedentary and
sportsmen sedentary and senior senior sportsmen
sportsmen
Elderly patients with | Mfn 2 in sarcopenic No change [80]
hip fracture divided elderly
into sarcopenic and
non-sarcopenic
groups
Older adults 10 days bed rest No change with bedrest No change with bedrest [89]

followed by 8 weeks
resistance training

or resistance training or resistance training

Aberrant mitochondrial network morphology is a hallmark of skeletal muscle
myopathy

Mitochondrial morphology has long been associated with myopathy [61]. Indeed, abnormalities in
muscle mitochondrial structure became a diagnostic factor for inherited skeletal muscle myopa-
thies [62] in the latter third of the 20th century. While it is beyond the scope of this review to pro-
vide a comprehensive overview of inherited and developed myopathies with a mitochondrial
defect, it is nonetheless instructive to highlight some instances that illustrate a clear link be-
tween aberrant mitochondrial morphology and skeletal muscle myopathy. In humans, muta-
tions in the MFN2 gene result in Charcot-Marie-Tooth type 2A, a neuropathic disorder
characterized by progressive muscle atrophy [63]. Autosomal-dominant optic atrophy
(ADOA) mutations in the OPAT gene result in muscle wasting associated with reductions in
ATP-generating capacity and increased mtDNA mutations in skeletal muscle [64]. More re-
cently a novel myopathy caused by a homozygous nonsense mutation in the MIEF2 gene
encoding mitochondrial dynamics protein of 49 kDa (MID49) was associated with increased
fusion, mitochondrial elongation, and aberrant cristal structure [65]. In cancer cachexia and
chemotherapy-induced cachexia, DRP1, OPAT, and MFN2 gene expression were dramati-
cally suppressed [66,67].

Mitochondrial morphology in aging muscle

Sarcopenia is the age-associated loss of muscle mass and strength. In aging, muscle mass
begins to decline as early as age 40 years at a rate of up to 1% per year, while strength declines
even more rapidly [68]. In aged muscle, reports from rodent studies suggest that aged mitochondria
are smaller in size, while others suggest an increase in mitochondrial networking. Moreover, aged
skeletal muscle displays impaired mitochondrial energetics [69] and increased mitochondria-
mediated apoptosis [70]. However, 2D imaging of human skeletal muscle has identified the
presence of giant mitochondria in aged muscle indicating that there may be multiple
mechanisms at play in the regulation of mitochondrial morphology in aged skeletal muscle.
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Interestingly, giant mitochondria in cultured myoblasts display both reduced levels of OPA1
and impaired capacity for fusion and autophagy [71]. In addition, muscle of aged mice also
displayed abnormal mitochondrial structure and crista formation (Figure 2) [72,73]. These mor-
phological alterations are associated with reduced muscle cross-sectional area and reduced
grip strength concomitant with reduced levels of OPA1 and DRP1 protein expression [73].
Consistent with this finding, grip strength is reduced in mice with a muscle-specific OPA knock-
out [74]. The discrepancies in mitochondrial morphologies reported in studies of aging may re-
late to nonlinear changes in fission and fusion over the lifespan [75]. These morphological
alterations correlated with changes in muscle function evidenced at the different stages of life
of mice. Taken together, these data illustrate a potential causal relationship between mitochon-
drial morphology and age-associated diseases of muscle weakness.

Mitochondrial dynamics and age-associated sarcopenia

Several studies have indicated similar mitofusin gene [76] and protein [10,77,78] expression
in skeletal muscle biopsies of young versus old volunteers. In addition, skeletal muscle OPA1
expression was unchanged [10] or decreased [77,79] in elderly skeletal muscle; however, the
degree to which these elderly participants were sarcopenic is not apparent. In a recent study
[80], MFN2 protein expression was lower in elderly patients with sarcopenia than in non-
sarcopenic elderly. This suggests that clearer characterization of sarcopenia status, or long-
term prospective studies in the elderly, may be needed to determine the degree to which altered
mitochondrial fusion is related to age-associated physical decline in humans. Despite this, data
from preclinical studies provide robust support for a link between altered mitochondrial fusion
and age-related decline in muscle health. A reduction in both MFN1 and MFN2 has been demon-
strated in aged mice, while global Mfn2 knockout in mice resulted in mitochondrial dysfunction,
increased oxidative stress, a reduction in ambulatory activity, and reduced muscle cross-
sectional area. Notably, Mfn2 knockout in mice resulted in muscle atrophy by downregulation
of protein synthesis via the mTOR pathway and an accumulation of autophagosomes (Figure 2)
[81]. This is indicative of a reduction in autophagy, the cellular mechanism that maintains tissue
quality by the removal of damaged cellular components. Reduced autophagy is a common fea-
ture of muscle atrophy [82,83] and aging [84] and has been linked to reduced MFN2 in muscle
cells [85]. MFN2 repression was also associated with the accumulation of defective mitochondria
despite increased mitophagy signaling via ROS-dependent upregulation of BNIP3 and Parkin
(Figure 2) [81]. Interestingly, Parkin-mediated ubiquitination and degradation of MFN2 also
induces muscle-disuse atrophy through excessive mitochondrial fragmentation and mitophagy
(Figure 2). This can be rescued by increasing mitochondrial mass through overexpression
of the mitochondrial biogenesis activator peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC-1q) [86].

Opat depletion leads to reduced grip strength and muscle atrophy in rodents via elevated
production of ROS [87], enhanced expression of proinflammatory genes [87], activation of the
atrogenic forkhead box Os (FOXOs) class of transcription factors [88], and increased muscle
inflammation characterized by NFkB activation (Figure 2). Moreover, depletion of the OPA1
cleavage factor ATP-dependent zinc metalloprotease YME1L (YMET1L) in myotubes results in
accumulation of the OPA1 short form and the activation of AMP-activated protein kinase
(AMPK) and FOXOS3, thereby leading to increased muscle RING-finger protein-1 (MuRF1)
(Figure 2) [88]. Reduced OPA1 has also been implicated in skeletal muscle atrophy via both en-
doplasmic reticulum (ER)-stress-mediated translational inhibition and upregulation of atrogenic
genes such as MuRF1, Atrogin 1, and fibroblast growth factor 21 (FGF21) in rodent models
(Figure 2) [79]. Collectively, these data illustrate how downregulation of profusion proteins in
skeletal muscle can activate catabolic systems and ultimately cause muscle mass loss. However,
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Mitochondria are multifaceted organelles
that participate in a variety of cellular
functions far beyond simple energy
provision. The ability of mitochondria
to adapt to environmental stimuli
and support metabolism and cellular
homeostasis is governed by shifts in
mitochondrial morphology; however,
increasing evidence suggests that
aberrant mitochondrial morphology
is present in numerous pathological
conditions, including metabolic disease
and age-associated skeletal muscle
dysfunction. In addition, animal studies
suggest that dysregulation of mitochon-
drial morphology may be mechanistically
linked to pathogenesis. Currently, there
are no pharmaceutical agents available
to target these pathways; however, diet
and exercise and bariatric surgery in
humans and animals have been effective
at normalizing mitochondrial morphol-
ogy and dynamics in association with
improved body composition and meta-
bolic outcomes.
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whether these findings translate to age-associated declines in muscle protein synthesis and
sarcopenia in human aging remains an open question.

The evidence supporting increased mitochondrial fission in skeletal muscle sarcopenia in
humans is limited, with studies showing similar protein expression of DRP1 and FIS1 in
young and old sedentary adults [10,77] and following 10 days of bed rest in older adults [89].
Nonetheless, there is evidence for both knockout and overexpression of Drp1 resulting in
muscle atrophy, albeit through the activation of separate atrogenic pathways (Figure 2) [90].
Intriguingly, muscle-specific Opal and Drp7 DKO mice had a less severe phenotype than
OpaT knockout mice, despite persistent mitochondrial dysfunction. This effect was primarily
through blunted atrogenic transcriptional activity and reduced FGF21, although at the cost of
translational inhibition via increased ER stress and reduced autophagy and mitophagy
(Figure 2) [90]. By contrast, data from mouse cardiomyocytes [91] and Caenorhabditis elegans
suggest that co-deletion of fission and fusion protein expression results in decreases in lifespan
and metabolic health. Nonetheless, these data highlight the need to maintain the appropriate
balance between fission and fusion for the preservation of skeletal muscle mass and function.
Interestingly, muscle cells incubated with palmitate lose skeletal muscle integrity via modulation
of mitochondrial fission gene expression, proinflammatory cytokines, and atrogenes, yet this
effect was attenuated by co-incubation with oleate [92]. This suggests that the fatty acid-
mediated mitochondrial redox state is a significant factor in the regulation of myotube atrophy.
This finding is consistent with the effects of lipids on skeletal muscle mitochondrial fragmenta-
tion in insulin resistance in cells and animals [31] and humans [35] and therefore highlights the
potential interconnectedness between muscle mitochondrial dynamics in both skeletal muscle
metabolic function and quality.

Concluding remarks

There is growing evidence for impaired mitochondrial network dynamics in the etiology of skeletal
muscle health in metabolic disorders and aging (Table 2). However, what this review highlights
is that there remains a scarcity of detailed mechanistic studies, particularly in human models.
Such studies will be essential to understand the role of altered mitochondrial networks in the
pathogenesis of muscle dysfunction and for the development of new therapeutics to target
mitochondrial dynamics in human disease. Nonetheless, new technologies that have emerged
including advances in imaging technology with increasing application to human tissue have
shed new light on the organization of mitochondrial networks in muscle; these approaches
open the possibility for deeper insights into the role of skeletal muscle mitochondrial dynamics
in metabolic disorders and aging (see Outstanding questions).
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