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Abstract Sarcopenia is a universal characteristic of the
aging process and is often accompanied by increases in
whole-body adiposity. These changes in body composi-
tion have important clinical implications, given that loss
of muscle and gain of fat mass are both significantly and
independently associated with declining physical per-
formance as well as an increased risk for disability,
hospitalizations, and mortality in older individuals. This
increased fat mass is not exclusively stored in adipose
depots but may become deposited in non-adipose tis-
sues, such as skeletal muscle, when the oxidative capac-
ity of the adipose tissue itself is exceeded. The
redistributed adipose tissue is thought to exert detrimen-
tal local effects on the muscle environment given the
close proximity. Thus, sarcopenia observed with aging
may be better defined in the context of loss of muscle
quality rather than loss of muscle quantity per se. In this
perspective, we briefly review the age-related
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physiological changes in cellularity, secretory profiles,
and inflammatory status of adipose tissue which drive
lipotoxicity (spillover) of skeletal muscle and then pro-
vide evidence of how this may affect specific fiber type
contractility. We focus on biological contributors (cellu-
lar machinery) to contractility for which there is some
evidence of vulnerability to lipid stress distinguishing
between fiber types.
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Introduction

The age-related loss of muscle mass and function, referred
to as sarcopenia, is a universal characteristic of the aging
process (Buford et al. 2010; Fisher 2004; McKiernan et al.
2009; Morley et al. 2001; Roubenoff and Castaneda 2001)
and is often accompanied by increases in whole-body
adiposity (Visser et al. 1998). These changes in body
composition have important clinical implications, given
that loss of muscle and gain of fat mass are both signifi-
cantly and independently associated with declining phys-
ical performance as well as an increased risk for disability,
hospitalizations, and mortality in older individuals
(Goodpaster et al. 2001; Newman et al. 2003).

This increased fat mass is not exclusively stored in
adipose depots but may (B H Goodpaster et al. 2001,
2006; Newman 2015; Newman et al. 2003) become
deposited in non-adipose tissues, such as skeletal
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muscle, when the oxidative capacity of the adipose
tissue itself'is exceeded. The redistributed adipose tissue
is thought to exert detrimental local effects on the mus-
cle environment given the close proximity. Importantly,
inter- and intramuscular adipose tissue are not inert, but
rather represent a dynamic system that plays a pivotal
role in maintaining homeostatic equilibrium and modu-
lating systemic metabolism and inflammation in skeletal
muscle (Sepe et al. 2011; Zoico et al. 2010). Thus,
sarcopenia observed with aging may be better defined
in the context of loss of muscle quality rather than loss
of muscle quantity per se.

In support of this concept, a recent review by Correa-
de-Araujo et al. (2017) advocates for the need to devel-
op standardized measurements and identify cellular
mechanisms of muscle quality loss in the context of
what they refer to as skeletal muscle function deficit
(SMFD) as opposed to sarcopenia. This review was the
result of a workshop sponsored by NIA at the Interna-
tional Conference on Frailty and Sarcopenia Research in
Philadelphia, Pennsylvania, in 2016. This group identi-
fied physiological domains, including force production,
as indicators of muscle quality and reflected on the
ongoing research concerning the local and systemic
effects of myosteatosis/lipotoxicity, and emerging
methods to quantify changes in muscle tissue composi-
tion and function. Indeed, as reviewed above, recent
evidence suggests that myosteatosis, the accumulation
of lipid around and within myocytes, may play a role in
the development SMFD. A central role for myosteotatic
induction of skeletal muscle wasting and loss of quality
is recognized for many disease conditions (e.g., cardio-
myopathies, cancer cachexia, diabetes, obesity, Du-
chenne’s muscular dystrophy).

We extend this approach by providing a new layer of
analyses that isolates fiber type quality vulnerability to
lipotoxicity and the impact on contractility. Skeletal muscle
groups are comprised of fibers with a generally specific or
mixed metabolic profile: either more glycolytic (type II)
using glucose, or more oxidative (type I) using lipids as a
substrate (Janssen and Ross 2005; Zhang et al. 2006).
These fiber types are also defined by their contractile
properties such that type I fibers fire more slowly and work
to maintain posture, whereas type Il fibers fire more quick-
ly and work to control more explosive movements. Fur-
thermore, with aging, type II fibers are selectively lost
whereas type I fibers are preserved (Zhang et al. 2000).
Therefore, lipotoxicity may explain, in a novel way, why
type II fibers are more vulnerable to aging.
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Thus, our central hypothesis states there is a primary
role for lipotoxicity in the differential age-related loss and
dysfunction/quality of type II fibers (Fig. 1). The conse-
quences of age-related lipid over-accumulation are not
homogenous across different fiber types; rather type II
fibers are more vulnerable to this lipid stress. This con-
cept is supported by data from high-fat feeding studies
demonstrating that type I fibers have more “cellular ma-
chinery” to deal with the FA “spillover” than type II
fibers, and muscle fiber types show differences in insulin
sensitivity (Albers et al. 2015; Eshima et al. 2017; Shaw
et al. 2008). For example, a fiber-type specific effect of
high-fat feeding on intramyocellular lipid, triacylglycerol
(TAG), and fatty acid (FA) content/intermediates accu-
mulation is reported with high-fat feeding but only in type
II fibers only, whereas type I fibers have greater adaptive
response or resiliency (Janovska et al. 2010; Shortreed
et al. 2009). We hypothesize there may be similar conse-
quences during aging.

Several hallmarks of biological aging are implicated
in lipotoxicity and impaired skeletal muscle contractili-
ty, and type II muscle fibers may be particularly vulner-
able with advancing age (Table 1). These biological
aging processes include reduced regenerative capacity
and stem cell exhaustion, cellular senescence, pro-
inflammatory intercellular signaling, insulin resistance
and dysregulated nutrient sensing, mitochondrial dys-
function and reactive ROS/NOS production, and loss of
single fiber proteostasis (Lopez-Otin et al. 2013). Im-
portantly, these processes do not occur independently,
but involve interactions between multiple tissues, sub-
cellular organelles, and coordinated signaling events
across both adipose and skeletal muscle. In this regard,
lipotoxicity may be a driver for both direct and indirect
effects at the single fiber level. However, to date, the
effects of lipid stress on single fiber type contractility
concomitant with the single fiber protein profile are
unexplored in the context of aging.

In this perspective, we first briefly review the age-
related physiological changes in cellularity, secretory
profiles, and inflammatory status of adipose tissue
which drive lipotoxicity (spillover) of skeletal muscle
and then provide evidence of how this may affect spe-
cific fiber type contractility. It is not possible to discuss
in detail every component in this brief perspective;
however, here, we focus on biological contributors (cel-
lular machinery) to contractility for which there is some
evidence of vulnerability to lipid stress distinguishing
between fiber types.
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Fig. 1 Several hypothesized mechanisms have emerged that may
synergistically drive lipotoxicity in aging and its functional con-
sequences on muscle and sarcopenia, including dedifferentiation
of adipocyte-like progenitor cells, cellular senescence, and pro-

Table 1 Several hallmarks of biological aging are implicated in
lipotoxicity and impaired skeletal muscle contractility, and type II
muscle fibers may be particularly vulnerable with advancing age.
These biological aging processes include reduced regenerative
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Cellular and physiological drivers of lipotoxicity
(spillover)

Several hypothesized mechanisms have emerged that
may synergistically drive lipotoxicity in aging and its
functional consequences on muscle and sarcopenia, in-
cluding dedifferentiation of adipocyte-like progenitor
cells, cellular senescence, and pro-inflammatory secre-
tory factors and are addressed below.

Adipose-like progenitor cells

Adipose tissue is an energy storage, endocrine, and
immune organ (Sepe et al. 2011). A primary function
is to store energy as neutral triglycerides. Lipases can
then hydrolyze these intracellular triglycerides into
glycerol and free fatty acids for transport to other
tissues such as skeletal muscle to be oxidized in mito-
chondria. If the hydrolysis of triglycerides exceeds
intracellular free fatty acid esterification, there is a
net release of free fatty acids, which can lead to ec-
topic triglyceride storage and susceptibility to lipid
stress. These fatty acids can exert cytotoxic effects
that are the hallmark of lipotoxicity (Tchkonia et al.
2006). Adipose-like progenitor cells, or
preadipocytes, express differentiation-dependent pro-
teins that bind fatty acids and convert them into neu-
tral triglycerides, thereby alleviating this lipotoxicity
(Sepe et al. 2011). However, this process takes a toll
even on the preadipocytes, and they must undergo
rapid and lifelong turnover to help defend against
lipotoxicity. Preadipocytes are estimated to account
for up to 15-50% of cells in adipose tissue, but with
aging, this renewing reservoir of progenitor cells be-
comes deplete at the same time that adipocytes be-
come increasingly vulnerable to fatty acid’s lipotoxic
effects (Guo et al. 2007). This lipotoxicity leads to
cellular stress responses, and pro-inflammatory cyto-
kine signaling. In turn, these processes result in de-
pletion of the preadipocyte progenitor pool, and
switch to a macrophage-like pro-inflammatory state
(Cinti et al. 2005; Weisberg et al. 2003). Lipotoxicity
can also contribute to dysdifferentiation of mesenchy-
mal progenitors into partial differentiated adipocyte-
like mesenchymal default cells (MAD cells), with
consequences on preadipocytes and the progenitor
pool of muscle, bone, and cartilage (Palmer and
Kirkland 2016). Collectively, these processes lead to
a feedback loop that furthers adipose redistribution,
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progenitor dysdifferentiation, inflammation, and
lipotoxicity leading to cellular dysfunction and death
in neighboring cells, including skeletal muscle fibers.

Cellular senescence

Cell stressors and molecular damage can initiate a de-
oxyribonucleic acid (DNA) damage response activating
p53 and/or pl6INK4a signaling cascades resulting in
cellular senescence (Campisi and d Adda di Fagagna
2007; Kirkland 1992). Cellular senescence is a
nonproliferative cell state that can entail a senescence-
associated secretory phenotype (SASP) comprising cy-
tokines, chemokines, pro-fibrotic factors, matrix
metalloproteases (MMPs), factors causing stem/
progenitor cell dysfunction, and growth factors that
impose detrimental effects on the local and systemic
environment (Zhu et al. 2014). Because senescent cells
do not readily undergo apoptosis they can accumulate in
tissues with age, with most notable burden of senescent
cells in adipose tissues of aged mice, and animal models
of obesity, metabolic dysfunction, diabetes, and age-
related disease (Roos et al. 2016; Schafer et al. 2016;
Tchkonia et al. 2010). For example, up to 30-fold greater
senescent cell accumulation is observed in visceral ad-
ipose tissue from obese compared with non-obese
adults, possibly owing to a combination of replicative,
cytokine-induced, and metabolic stresses coupled with
reduced apoptosis. Elevated cell senescence is accom-
panied by detrimental effects on life- and healthspan in
animal models and human aging. In rodents, senescent
cells within adipose directly contribute to age-dependent
tissue alterations, characterized by decreased adipogen-
esis, adipocyte atrophy, and downregulation of key tran-
scriptional regulators that can lead to multi-system phys-
iologic decline and effects on physical function related
to sarcopenia and frailty (LeBrasseur et al. 2015;
Schafer et al. 2016; Zhu et al. 2015).

The physiologic relevance of cellular senescence is
most convincingly demonstrated in vivo by (A)
transplanting senescent cells or (B) targeted clearance
of senescent cells through genetic manipulation or
senolytic drugs. Xu et al. (2018) transplanted
nonsenescent control or senescent preadipocytes (in-
duced by radiation- or doxorubicin) into 6-month-old
mice. Despite the limited number of cells transplanted in
just 1 month post-intraperitoneal transplant, the previ-
ously healthy young mice had lower physical function
as measured by slower walking speed, briefer hanging
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endurance, and weaker grip strength compared with
controls. This functional loss can be prevented or alle-
viated by senescent cell clearance (genetic manipulation
or “senolytic” drug combinations (Xu et al. 2018). In
transgenic INK-ATTAC mice, activating a suicide pro-
tein that induces apoptosis in INK4a + senescent adipo-
cyte progenitors alleviates multiple aging phenotypes
including lipodystrophy and adipose tissue dysfunction,
and it preserves muscle fiber diameter and prolongs time
and distance achieved on a treadmill run to exhaustion
(Baker et al. 2011; Palmer et al. 2019; Xu et al. 2015).
Intriguingly, a single oral dose with the senescence-
targeting drug combination in old mice reduced adipose
pl6INK4a expression and SASP within 5 days com-
pared to vehicle-treated animals; in mice with mobility
impaired by radiation exposure, a single senolytic
course improved treadmill endurance within 4 days
and this improvement persisted for over 7 months
(Zhu et al. 2015). In a mouse model of pulmonary
fibrosis, senescent cell clearance of ~30% reduces rel-
ative expression p16INK4a and SASP factors, improves
lung compliance, and extends distance run to exhaustion
(Schafer et al. 2017). Importantly, these findings extend
to human aging, and a recent pilot study in patients with
the age-related disease idiopathic pulmonary fibrosis
found that 3 weeks of intermittent DQ administration
was associated with clinically meaningful, statistically
significant improvements in physical function: 6-min
walk distance, 4-m gait speed, and 5-repeated chair-
stand (Justice et al. 2019).

Interestingly, the functional consequences of senes-
cent cell burden on muscle function are thought to be
indirect. There is no conclusive evidence demonstrating
age-related senescent cell accumulation in skeletal mus-
cle fibers, likely because skeletal muscle fibers are fully
differentiated post-mitotic cells. For example, up to 15%
of dermal fibroblasts express senescence biomarkers
telomere dysfunction induced foci (TIF) and 30% dou-
ble strand DNA breaks (53BP1 foci) in very old ba-
boons (2630 years), whereas fewer than 3% of skeletal
muscle myonuclei show DNA double strand breaks or
other biomarkers of senescence (Jeyapalan et al. 2007).
However, cell types that do senescence and express
biomarkers of senescence, such as adipocytes and im-
mune cells, can infiltrate skeletal muscle tissue and this
senescent cell burden may exert detrimental effects on
muscle fibers via paracrine signaling. For example, in
subfascial/inter-muscular thigh adipose harvested from
older humans, senescence measured by proportion of

tumor suppressor protein pl6™ <4 expressing cells is
associated with poorer mobility and physical function
(Justice et al. 2018). Additionally, secreted factors such
as fibroblast growth factors can induce senescence in
mesenchymal stem cells isolated from human skeletal
muscle in vitro (Sato et al. 2016). Collectively, this
underscores the indirect contribution of senescent cell
burden and senescence-associated secretory phenotype
on skeletal muscle dysfunction.

Pro-inflammatory secretory factors

Adipose tissue expresses and secretes many different
autocrine, paracrine, and endocrine factors, which include
pro-inflammatory cytokines, chemokines, pro-
thrombotic factors, and extracellular matrix proteins
(Palmer and Kirkland 2016; Stout et al. 2017). Several
reports indicate that preadipocytes, even independent of
cell senescence, can develop expression and secretory
phenotypes reminiscent of activated macrophages
(Chung et al. 2006; Harkins et al. 2004). Moreover,
macrophages within adipose tissue release pro-
inflammatory factors such as TNF-oc and MCP-1 that
promote the activation of a variety of stress signaling
cascades and NFkB activation (Hotamisligil et al. 1993;
Schiitze et al. 1995), resulting in adipose-resident macro-
phages with a pro-inflammatory secretory profile and
upregulated CD11c surface expression (Trim et al.
2018). As a result, these secretory products exacerbate
the pro-inflammatory microenvironment, potentiate
stress signaling cascades, promote a positive feedback
loop resulting in further free fatty acid release and
lipotoxicity, and may contribute to unfavorable adipose-
skeletal muscle cross-talk (Lafontan and Langin 2009;
Suganami et al. 2007; Trim et al. 2018)). This process is
exacerbated by aging, likely due to cellular stress re-
sponses brought about by lipotoxicity, hypoxia, and/or
replicative arrest. The accumulation of senescent cells in
adipose tissue with age and obesity add considerably to
the pro-inflammatory milieu, including elevated expres-
sion of cytokines including II-6, II-1, TNF-x, PAI-1,
and MCP-1 (Lafontan and Langin 2009; Suganami et al.
2007; Trim et al. 2018). Collectively, these adipose tis-
sues secretory factors—from preadipocytes, macro-
phages, or senescent cells—contribute to altered tissue
architecture, foster local inflammation, lead to macro-
phage and lymphocyte infiltration, and enter the circula-
tion leading to a pro-inflammatory systemic state. The
combinatory effects of reduced capacity to store lipotoxic
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fatty acids, adipose, and skeletal muscle tissue damage by
fatty acids, and inflammation creates a vicious feedback
cycle leading to further cytokine release and pro-
inflammatory signaling that has a profound effect on
muscle fibers, motor function, and may contribute sub-
stantially to sarcopenia.

Specific fiber type lipotoxicity: impact
on contractility (cellular machinery)

Single fiber proteostasis

Many of the effects of lipid stress on type II fiber
function may be mediated by the composition of the
fiber’s protein profile. Lipotoxicity may induce isoform
transitions of the calcium cycling proteins (e.g.,
ryanodine receptor, dihydropyridine receptor,
parvalbumin, SERCA, phospholamban) which impact
single fiber contractility (fiber excitation, contraction,
and relaxation), calcium signaling, and calcium homeo-
stasis (Ciapaite et al. 2015; de Wilde et al. 2008; Eshima
et al. 2017; Kaneko et al. 2011). In support of this, lipid
excess resulted in phospholipid compositional changes
linked to decreased activity of SERCA, suggesting al-
terations in the functional integrity of the sarcoplasmic
reticulum (Funai et al. 2016). The structure of the sar-
comeres may be compromised through changes in the
expression of key skeletal muscle protein isoforms, such
as myosin heavy chain, troponin, «-actinin, and desmin.
Indeed, high-fat feeding induces not only a shift from
type Il/glycolytic toward type Il/type I/oxidative fibers,
but also a shift in Troponin T isoform expression from
fast to slow (Ciapaite et al. 2015; Schilder et al. 2011).
The transitions in protein isoforms within the sarcomere
may contribute to impaired fiber contractility (calcium
sensitivity/cooperativity, force and power production,
contraction speed).

Cytoskeletal proteins are major determinants of sar-
comeric architecture and are involved in force transmis-
sion along the muscle fiber (e.g., desmin, o-actinin).
The potential for lipotoxic-enhanced fibrosis through
extracellular matrix remodeling and collagen deposition
impacts the structural integrity of the sarcomere, fiber,
and neuromuscular junction resulting in enhanced stiff-
ness (Bollinger 2017; Poudyal et al. 2013; Stearns-
Reider et al. 2017), which increases injury susceptibility
in type II fibers in addition to impaired force production.
As a consequence of lipotoxicity, fiber inactivation,
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excitation-contraction uncoupling, altered calcium ho-
meostasis, and impaired sarcomeric/fiber integrity
would be observed in type II fibers. These actions
contribute to type II fiber dysfunction and atrophy ob-
served with aging.

Single fiber intercellular signaling (ROS
and inflammation)

Lipid stress triggers increased ROS/NOS production
(Silvestri et al. 2018). High levels of ROS accompanied
by a decline in the antioxidant defense system alter the
cellular redox balance and induce further oxidative stress.
ROS accumulation can lead to many challenges: lipid
perioxidation and disruption of the cellular membrane;
ER stress, resulting in protein mis-folding and unfolding,
and a decrease in protein synthesis, ultimately rendering
muscle fibers incapable of clearing misfolded proteins;
and activation of Caspase-3 and fiber apoptosis (Weiss
etal. 2013). For instance, studies suggest a pivotal role for
ER stress in palmitate-induced lipotoxicity leading to
ROS production, protein palmitoylation, alteration in
sphingolipid metabolism, depletion of ER Ca**, and re-
duction of PPARx expression.

Additionally, studies demonstrate that type II fibers
possess unique properties that potentiate mitochondrial
ROS production. For example, mitochondrial free radical
leak (H,O, produced/O, consumed) is two- to threefold
higher in type IIB fibers during basal respiration support-
ed by complex I or complex II substrates (Anderson and
Neufer 2006; Pinho et al. 2017). In addition, there are
striking differences in the topology and/or dismutation of
superoxide in type IIB. In fact, type I fibers can rapidly
dismutate O, * relative to type IIB. Because this ROS
potentiation in type II fibers is coupled with decreased
ability to combat lipid stress in comparison to type I
fibers, cellular homeostasis is disrupted predisposing the
proteins and other cellular components to damage and
dysfunction. In fact, compromised cellular redox homeo-
stasis is suggested for impairments in NMJ integrity and
function (Sakellariou et al. 2017) (Ahn et al. 2019) and
likely contributes in the observed accelerated alterations
in the NMJs of type II fibers with aging (Prakash and
Sieck 1998).

Inflammation (an indirect consequence of
lipotoxicity) also evokes a shift in cellular homeostasis,
which further stresses the cellular environment. The
results are redox imbalance, protein damage, and collat-
eral effects of dysregulated homeostasis, which are
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likely important factors in the etiology of type II im-
paired activation at the neuromuscular junction,
excitation-contraction uncoupling, and impaired cross-
bridge cycling within the myofiber.

Collectively, the impact of the potentially deleterious
effects of lipotoxicity on cellular ROS and inflammation
stasis drives age-related type II fiber deterioration and
further pathogenesis.

Single fiber regenerative capacity

Single fiber repair is through a series of complex, tightly
controlled multistep processes involving degeneration,
regeneration, and remodeling, ultimately restoring fiber
structure and function. In single skeletal fibers, the
satellite cells contribute significantly to this regenerative
capacity through replenishing the satellite cell pool size,
activation, proliferation and/or differentiation, and cel-
lular programming. The investigations focused on aging
and muscle satellite cells used numerous in vitro and
in vivo models (D’Souza et al. 2015; Snijders et al.
2015). The preponderance of evidence indicates there
is a decline in satellite cell content (satellite cell content
expressed relative to the total number of myonuclei and
per square millimeter of muscle fiber area) and this
decline is associated with or precedes atrophy (Brack
et al. 2007; Verdijk et al. 2007). Important to this per-
spective on lipotoxicity, the age-associated reduction in
satellite cell content and atrophy is greater in type II
fibers than in type I fibers (Verdijk et al. 2007). The
underlying mechanisms for the fiber-type specific loss
in satellite cell content are unknown; however, a stressed
environment (e.g., pathological) limits a satellite cell’s
ability to be activated, proliferate, and differentiate into
a muscle fiber (D’Souza et al. 2015; Meng et al. 2015;
Verdijk et al. 2014). Hence, type II fiber regenerative
capacity is likely compromised in the presence of lipid
overspill which leads to dysregulated homeostasis/
oxidative stress and pro-inflammatory cytokine signal-
ing. Taken together, lipid stress within the type II fiber
drives fiber atrophy by compromising the regenerative
capacity of the satellite cells and other key factors asso-
ciated with the multistep processes.

Single fiber cellular growth and death
Dysregulation and/or perpetuation of intracellular pro-

tein turnover/autophagy may also contribute to differen-
tial age-related type I fiber atrophy, either by increasing

proteolysis or initiating apoptosis or impairing synthe-
sis. The cellular pathways responsible for protein main-
tenance consist of a well-orchestrated network that is
responsive to stress (e.g., MAPKs, AMPK, HDAC). In
fact, there is evidence that high-fat feeding influences
skeletal muscle maintenance pathways via ERK1/2, p38
and CREB (Frier et al. 2012; Palacios et al. 2009; Putti
et al. 2015). Potential contributing factors to a reduction
in protein synthesis in type II fibers may be elevated
lipid metabolites contributing to elevated TNF-oc IL-1b,
IL-6 levels, which activate transcription of MuRF-1 and
MAFBx/atrogin-1, the key muscle atrophy pathway,
through IGF/Akt-1 (Akhmedov and Berdeaux 2013;
Brown et al. 2015). In this context, decreases in IGF-1
result in the inhibition of the muscle growth signaling
pathway through IGF-1, P13K, Akt, and mTOR, effec-
tively blunting protein synthesis (Brown et al. 2015).
Thus, excess lipid stress in type II fibers leads to
inflammation-mediated upregulation of atrophic path-
ways and a downregulation of growth pathways.

Single fiber insulin resistance and nutrient sensing

It is well-established that intramyocellular lipid accumu-
lation is closely linked to insulin resistance in skeletal
muscle through multiple mechanisms (Putti et al. 2015).
Given that type II fibers have excess accumulation of
lipids due to a lack of oxidative machinery, it also
follows that metabolite intermediates such as diacyl-
glycerol and ceramides are more abundant as well.
These metabolites have varying consequences for cellu-
lar energy metabolism, resulting in the development of
insulin resistance and impaired ATP production. In fact,
these intermediates may serve as second messengers
impairing signaling through PI3K and IRS-1 via activa-
tion of novel PKCs impairing muscle glucose uptake
(Kitessa and Abeywardena 2016). On the other hand,
ceramides and other sphingolipids feed into TNF-o and
caspace-mediated apoptotic pathways (Bandet et al.
2019). In addition, other alterations in lipid metabolism
are noted in the context of insulin resistance. For exam-
ple, fatty acid oxidation and lipid storage as well as in
the activity of lipid droplet coat proteins may activate
signal transduction pathways which induce insulin re-
sistance (Bosma 2016). Insulin sensitivity is also com-
promised through NF-kB activation by inflammation
(Samuel and Shulman 2012; Silvestri et al. 2018). Inter-
estingly, in humans, cytokine expression is fiber type
specific such that pro-inflammatory cytokines TNF-cc
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and IL18 are exclusively expressed in type II fibers,
whereas expression of IL6 is largely observed in type
1 fibers (Plomgaard et al. 2005).

AMPK is a primary regulator of cellular energy ho-
meostasis and is a positive regulator of glucose transport,
mitochondrial function, and fatty acid oxidation, and a
negative regulator of mTOR, ceramide/DAG production,
inflammation, mTOR/SIRT signaling and ER and oxida-
tive stress (Chavez et al. 2014; Rai and Demontis 2016).
AMPK subunit expression is fiber type specific such that
insulin-stimulated glucose uptake in the oxidative type I
fiber-dominant muscles is higher than in muscles with a
high degree of glycolytic type II fibers (Albers et al.
2015). In aged rats, insulin-induced glucose uptake is
higher in type Ila (oxidative/glycolytic) compared with
[Ix and IIb (glycolytic) fibers (Mackrell et al. 2012). In
human diabetes studies, a positive correlation exits be-
tween proportions of type I fibers and whole-body insulin
sensitivity (Stuart et al. 2013). Thus, differential AMPK
profiles in specific fiber types may contribute to insulin
sensitivity in skeletal muscle.

There are certainly many other ways in which lipid
stress may impact muscle metabolism and function, and
have been reviewed in detail by others (Akhmedov and
Berdeaux 2013; Janssen and Ross 2005; Kitessa and
Abeywardena 2016; Miljkovic and Zmuda 2010;
Palmer and Kirkland 2016; Samuel and Shulman
2012; Shoelson et al. 2006; Turpin et al. 2006; Zoico
et al. 2010). However, taken together, the examples we
describe provide evidence of how lipid stress leads to
disruption of insulin signaling, increased apoptosis and
inadequate nutrient sensing compensatory adaptations
mediated within type II fibers. In turn, this may result in
impaired myofiber contractility and reduced force pro-
duction observed with aging.

Conclusion

Aging is associated with increased adipose deposition in
non-adipose tissue, infiltrating tissues such as skeletal
muscle (spillover), leading to loss of quality, contractil-
ity, and overall physical function (cellular machinery).
This condition is referred to as lipotoxicity, or a delete-
rious accumulation of lipid in non-adipose tissues,
which leads to cellular dysfunction, apoptosis, and even-
tual loss of function. Herein, we reviewed several hy-
pothesized mechanisms that may synergistically drive
lipotoxicity in aging and its functional consequences on
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muscle and sarcopenia, including dedifferentiation of
adipocyte-like progenitor cells, cellular senescence,
and pro-inflammatory secretory factors. More or less,
each of these drivers impact skeletal muscle quality by
placing deleterious fatty acid or inflammatory effectors
in close proximity to or within the myocyte itself. There-
fore, the myocyte must handle the spillover in order to
maintain quality, contractility, and function.

Given that different skeletal muscle fiber types (I, II)
are differentially defined by preferred substrate use and
contractile properties, we have developed a novel hy-
pothesis which espouses a primary role for lipotoxicity
in the differential age-related loss and dysfunction of
type II fibers. High-fat feeding studies in rodent suggests
the rate at which the deleterious effects of lipid stress
occurs and progresses is faster in type II fibers. Herein,
we provide evidence to suggest how in healthy condi-
tions type II fibers are highly adaptive through tightly
coupled processes that regulate contractility including
single fiber single fiber proteostasis, intercellular signal-
ing (ROS and inflammation), regenerative capacity,
growth/apoptosis, insulin resistance/nutrient sensing
(cellular machinery). However, complications associat-
ed with lipid stress in type II fibers result in decoupling,
resulting in dysregulated homeostasis and impaired
contractility.

In summary, here, we provide a very cursory review
of the distinct biochemical/metabolic and contractile
properties of the type I and type II fibers that underlie
the differential responses to lipid stress. In depth inves-
tigations are needed to unravel the precise contribution
of these differences to muscle quality/contractility/
sarcopenia and declining physical function. Further-
more, there is an imperative to measure and quantify
lipid accumulation in muscle while simultaneously
assessing integrity of cellular machinery governing con-
tractility. Currently, there are very few methods for
accomplishing this goal. Future studies must employ
novel methodologies for providing these measurements
in the context of contractility in specific fiber types and
ultimately physical function in the context of aging.
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