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Lipotoxicity-related sarcopenia: a review
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ABSTRACT

A body of literature supports the postulation that a persistent lipid metabolic imbalance causes lipotoxicity, "an
abnormal fat storage in the peripheral organs". Hence, lipotoxicity could somewhat explain the process of sarcope-
nia, an aging-related, gradual, and involuntary decline in skeletal muscle strength and mass associated with several
health complications. This review focuses on the recent mechanisms underlying lipotoxicity-related sarcopenia. A vi-
cious cycle occurs between sarcopenia and ectopic fat storage via a complex interplay of mitochondrial dysfunction,
pro-inflammatory cytokine production, oxidative stress, collagen deposition, extracellular matrix remodeling, and
life habits. The repercussions of lipotoxicity exacerbation of sarcopenia can include increased disability, morbidity,
and mortality. This suggests that appropriate lipotoxicity management should be considered the primary target for
the prevention and/or treatment of chronic musculoskeletal and other aging-related disorders. Further advanced
research is needed to understand the molecular details of lipotoxicity and its consequences for sarcopenia and sarco-
penia-related comorbidities.
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INTRODUCTION

Several experimental and clinical studies have shown an as-
sociation between advanced age and an inevitable gradual de-
crease in skeletal muscle strength and mass, known as sarcopenia
[1]. Sarcopenia usually begins in the fifth decade of life and has
been linked to an increased incidence of falls and fractures [2],
as well as a loss of functionality and independence [3], which
leads to increased morbidity and/or mortality [4]. Sarcopenia is
histologically characterized by a reduction in the cross-bridging
components between muscle fibers, smaller and/or fewer mito-
chondria in muscle cells, atrophy of type II myofibers, and tissue
necrosis [1]. Published evidence has also shown that adipose tissue
infiltration of the skeletal muscle predicts a loss of muscle power
in the elderly; even in those who maintain a healthy weight [4].

Adipose tissue is an immune endocrine organ that also
serves an energy storage function [5]. Triglycerides are hydro-
lyzed intracellularly by lipases into free fatty acids and glycerol for
transportation to extra-adipose tissues, where they are oxidized
by mitochondria. If the hydrolysis process exceeds the capacity
to esterify intracellular free fatty acids, the resulting net release of
free fatty acids can have many adverse effects, such as cytotoxic-
ity, ectopic storage, and susceptibility to lipotoxicity insult [6, 7].
In aging humans, despite an increase in the total percentage of

visceral fat, the capacity of white adipose tissue (lipid storage) to
buffer plasma non-esterified fatty acids (the end products of fast-
ing lipolysis) diminishes due to impaired adipogenesis [2]. Obe-
sity causes a further formation of excessive triglyceride deposits,
known as steatosis or ectopic fat deposits, in several tissues, such
as muscle, heart, pancreas, and liver [8, 9].

The metabolic profile of skeletal muscle fibers is either more
glycolytic (essentially using glucose) in rapid-firing type II fibers
or more oxidative (essentially using lipids) in slow-firing type I
fibers [10, 11]. While fatty acid oxidation is relatively high in
the skeletal muscle, lipid overload could also occur, eventually
triggering muscle cell death through insulin resistance and other
mechanisms.

MECHANISMS UNDERLYING THE DEVELOPMENT
OF LIPOTOXICITY-RELATED SARCOPENIA

Lipotoxicity is a systemic disorder associated with meta-
bolic and senescence diseases, such as obesity and sarcopenia.
The pathogenesis of lipotoxicity-related sarcopenia takes place
through a cascade of intermingled mechanisms. Lipotoxicity
leads to ectopic storage of lipids in the skeletal muscles (myoste-
atosis) and enhances the release of adipokines, cytokines, and
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chemokines, eventually leading to chronic sterile inflammation
of muscles and impaired function of their mitochondria. The
end result is a reduced capacity to consume fatty acids, followed
by oxidative stress, insulin resistance, calcium store depletion,
protein degradation, and extracellular matrix changes (Figure 1).

Myosteatosis

In lean individuals, triacylglycerol (TAG) normally rep-
resents 0.5% of the skeletal muscle volume, but this percentage
can increase to 3.5% in obesity [12]. The increase in body fat
mass 1s assoclated with ectopic fat deposits that occur preferen-
tially in muscles. This i3 termed myosteatosis [9] and appears
to act synergistically with sarcopenia, as shown in Figure 1.
Myosteatosis should be regarded as a physiologically accelerated
degenerative process arising due to concomitant lipotoxic stress
[3, 13]. It materializes as intramyocellular lipids that accumulate
due to an increased inflow of fatty acids that exceeds the oxi-
dative capacity of skeletal muscles [14] and the intramyocellu-
lar adipocytes of the extramuscular adipose tissue as a result of
stimulation of adipogenic metabolism. Some research has shown
that aged persons with high muscle fat infiltration in the mid-
thigh have a high incidence of mobility impairment during a
2.5-year follow-up period [15]. Similarly, fat accumulation in the
middle-aged can develop into fibrosis, further impairing muscle
movement and function [16].

Chronic sterile low-grade inflammation

Adipose tissue secretes many different factors, includ-
ing pro-inflammatory cytokines, extracellular matrix proteins,
pro-thrombotic factors, and chemokines [17]. Macrophages also
release pro-inflammatory cytokines that activate a large number
of stress-signaling cascades. These cascades upregulate CD11c

surface expression in adipose-resident macrophages and stimu-
late them to assume a pro-inflammatory secretory profile [18].
The released chemical factors exacerbate and trigger other
stress-signaling cascades, causing the release of free fatty acids
and, ultimately, lipotoxicity [19].

Crosstalk has recently been identified between inflamed
skeletal muscle and adipose tissue, generating an age-related and
harmful vicious cycle that may be the key conjoining mecha-
nism between lipotoxicity and sarcopenia [12, 20]. Sequences of
pro-inflammatory cytokine signaling and cellular stress responses
are triggered by lipotoxicity, thereby depleting the preadipocyte
progenitor pool. The muscles then switch to a pro-inflammatory
condition similar to that of macrophages [21].

These changes are exacerbated by aging, as skeletal muscle
fibers become damaged by fatty acids and inflammation while
also losing their capacity to store lipotoxic acids. The further re-
lease of pro-inflammatory cytokine signals and the vicious feed-
back loop has a profound impact on skeletal muscle fibers and
motor function and can play a significant role in sarcopenia [22].

Oxidative stress

Many studies have shown that feeding a high-fat diet in-
creases reactive oxygen species and causes nitric oxide imbal-
ances, thereby altering cellular antioxidant defense systems.
The result is cellular membrane disruption, decreased protein
synthesis due to endoplasmic reticulum stress, and activation of
muscle fiber apoptosis [23]. In elderly individuals, changes in the
intramyocellular ultrastructure have been correlated with tran-
scriptional alterations related to mitochondrial dysfunction and
lipid metabolism [24]. Increased levels of reactive oxygen species
in type I muscle fibers, and disturbances in cellular homeostasis
predispose muscles to impairments in the function and integrity
of neuromuscular junctions [25].

Mitochondrial dysfunction
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Figure 1. Integrated mechanisms caused by lipotoxicity in sarcopenia.
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Insulin resistance

In skeletal muscle, exercise and binding insulin with its ty-
rosine-kinase receptors exert several biological effects, including
protein synthesis and glucose metabolism (Figure 2). Auto-phos-
phorylation of the receptor leads to the recruitment of insulin
receptor substrate (IRS)-1, which guides downstream pathways
[26]. When the phosphatidylinositol 3-kinase (PI3K) is activat-
ed, it promotes phosphorylation of protein kinase B (PKB)/AKT
and allows the internalization of glucose by translocation of glu-
cose transporter (GLUT)-4. The phosphorylation of glycogen
synthase kinase 3 (GSK3) promotes glycogen synthesis. All of
these mechanisms aim to store and dispose of glucose. Addition-
ally, PKB/AKT stimulates the mammalian target of rapamycin
(mTOR), ribosomal S6 kinase 1 (S6K1), and 4E-binding protein
1 (4E-PB1), which are involved in the importance of tropism,
muscle mass anabolic metabolism and protein synthesis [26].

A more important signaling pathway is represented by the
AMP-activated kinase (AMPK), which promotes free fatty acids
and glucose metabolism as well as modulates long-term respons-
es in mitochondria by interacting with peroxisome proliferator
receptor-gamma activator la (PGC-1a) [27]. In the presence of
intracellular energy deficiency, AMPK inhibits protein synthesis
by suppressing mTOR signaling [28].

One direct effect of insulin on the muscle phenotype is the
suppression of protein catabolism [29]. Insulin resistance is a
senescence morbidity reciprocally associated with sarcopenia
[30]. Insulin resistance inhibits -oxidation, increases the supply
of free fatty acids, and alters triglyceride transport, resulting in
steatosis [31] and suppression of the growth hormone (GH)-insu-
lin-like growth factor 1 (IGF1) axis responsible for muscle protein
synthesis [32]. The hyperinsulinemia resulting from insulin re-
sistance directly accelerates muscle degradation and decelerates

protein synthesis [33], thereby leading to an increased produc-
tion of myostatin that reduces muscle mass [34].

Leptin resistance

Central (visceral) obesity is a well-known pathological condi-
tion where the adipose tissue represents an actively secreting or-
gan, contributing to the release of several pro-inflammatory cy-
tokines that enhance local and systemic inflammation (Figure 3).

Leptin, secreted by adipose tissue, acts as a pro-inflammato-
ry hormone, especially in subjects with sarcopenic obesity rather
than in those with either visceral obesity or sarcopenia alone [4].
Hyperleptinemia could be due to defective signaling at the hypo-
thalamic neurons and leptin resistance [35].

In healthy subjects, leptin stimulates AMPK in skeletal mus-
cles. Meanwhile, this pathway is suppressed in obese individuals,
which is attributed to the increased hypothalamic expression of
the obesity-related suppressors of cytokine signaling 3 (SOCS3).
In the experimental model, SOSC3 inhibits leptin activation of
AMPK, contributing to the impaired fatty acid metabolism in
skeletal muscle [36].

In an obesogenic mimicking environment, studies showed
that macrophages interfere with muscle function "by decreasing
phosphorylated PKB/AKT and nuclear factor (NF)-xf3 inhibit-
ing protein (Inhibiting xf-a [Ixp-a])" [37].

Extracellular matrix remodeling

The extracellular matrix (ECM) plays crucial roles in skel-
etal muscle development [38], biomechanics [39—41], regener-
ation [42, 43], motor endplate function [44, 45], and glucose
metabolism [46]. Consequently, the pathophysiologies of many
skeletal muscle diseases, such as different varieties of muscular
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Figure 2. Molecular pathways of diet and exercise which are compromised during aging. PGC-1a, peroxisome proliferator receptor gamma

activator 10; FFA, free fatty acids; PI3K, phosphatidylinositol 3-kinase; PKB/AKT, protein kinase B; GLUT, glucose transporter; mTOR, mam-
malian target of rapamycin; 4E-PB1, 4E-binding protein 1; S6K1, ribosomal S6 kinase 1; AMPK, AMP-activated kinase.
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Figure 3. Schematic pathological pathways in central obesity contributed to the development of sarcopenia. SOCS3, suppressors of cy-

tokine signaling 3; TNF-a, Tumor Necrosis Factor - a; PKB/AKT, Protein kinase B/AKT; FFA, free fatty acids; NF-kB, Nuclear Factor-kB; FA,

fatty acids; AMPK, AMP-activated protein kinase.

dystrophy [47] and senescence-associated sarcopenia [48, 49],
likely involve a remodeling of ECM components. ECM remod-
eling is associated with the consumption of high-fat diets, and
an increased collagen content has an apparent association with
insulin resistance in skeletal muscles [46]. The collagen deposi-
tion and extracellular matrix remodeling triggered by lipotoxicity
cause changes in the functionality of the sarcoplasmic reticulum,
resulting in impaired fiber contractility [50]. An involvement of
lipotoxicity is claimed in tubulointerstitial fibrosis in the kidney
due to the increased expression of connective tissue growth fac-
tors and the promotion of apoptosis [51]. However, evidence for
the operation of a similar mechanism in lipotoxicity-related sar-
copenia is presently lacking.

Calcium imbalance

Lipid stress may cause transitions in calcium cycling protein
isoforms, thereby influencing calcium homeostasis, calcium sig-
naling, and muscle twitch (fiber excitation, contraction, and re-
laxation) [52, 53]. Sarcopenia is associated with the dysfunction-
al enlargement of mitochondria, which increases mitochondrial
Ca*" uptake and depletes calcium in the myofibers [54].

Myofiber atrophy

A synergistic relationship exists between muscle loss and
skeletal muscle fatty infiltration, suggesting that fat accumulation
might accelerate the pathogenesis of sarcopenia [13]. In aged
rats, a high-fat diet results in intramyocellular accumulation of
fatty acids. This increase in fatty acids is correlated with impaired
skeletal muscle protein synthesis [55] and may indicate that the
increased accumulation of lipid metabolism byproducts, such
as ceramide, has adverse effects on mitochondrial performance
[56]. By contrast, the accumulation of adipocytes in skeletal mus-
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cles has negative effects on the muscle phenotype and promotes
muscle atrophy, as shown in both humans and rats by Pellegrinelli
and collaborators [57]. Impaired autophagy and reduced num-
bers of satellite cells, as occur in overweight-related sarcopenia,
further contribute to muscle wasting [58].

Lipotoxicity triggers cell death in smooth muscles [59] as
well as in cardiac muscles [60]. The result is smooth muscle cell
proliferation, muscle remodeling, pathological alterations in vas-
cular tone, vascular foam cell formation, and plaque destabiliza-
tion. In the heart, the effects can include abnormal right ventricle
geometry, increased left ventricular mass, enlarged atrial chemo-
taxis, and cardiomyopathy [61, 62].

Endoplasmic reticulum stress

The endoplasmic reticulum (ER) has a significant role in
protein, lipid, glycogen, and calcium metabolism [63]. Lipotox-
icity, through increasing reactive oxygen species and oxidative
stress, can trigger ER stress and, consequently, the accumulation
of unfolded proteins in ER [64]. Normally, unfolded protein re-
sponse (UPR) compensates for this stress, and the ER restores
its normal function in maintaining protein and lipid homeostasis
[65]. Nevertheless, in the case of prolonged stress, as in lipotox-
icity, ER stress can lead to apoptosis [66]. ER stress can also in-
duce insulin resistance [67] and anabolic intolerance in skeletal
myocytes [68].

HISTOLOGICAL CRITERIA OF
LIPOTOXICITY-RELATED SARCOPENIA

Quantitative histological staining using Sudan black dye re-
veals myosteatosis as one of the most apparent histological chang-
es occurring in lipotoxicity-related sarcopenia. The relative fat
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mass in muscles can be measured using the Lipid Accumulation
Index (LAI) and quantified as described previously [53]: total
area with lipid droplets of muscle fiber X 100/total cross-sec-
tional area of muscle fiber. Myofiber atrophy has been histologi-
cally defined in obese rat skeletal muscles as heterogenicity in the
cross-sectional areas of the myofibers [57]. In elderly humans
with sarcopenia, the fast-twitch myofibers show considerable re-
ductions in diameter [69].

Satellite cells decline in number and function in aging skele-
tal muscles [70-72]. Proteomic analysis, quantitative immunoflu-
orescence, and ultrastructural morphological and morphomet-
rical analysis have shown that matrisome changes accompany
the aging of skeletal muscle in the form of increases in some
proteins, such as collagens IV and VI and laminin. In aged rats,
these changes present as more linear and larger collagen bundles
in the perimysium and thickening of the endomysium of the gas-
trocnemius [49].

CONCLUSION

The important repercussions of lipotoxicity in patients with
sarcopenia are that it increases disability, morbidity, and mortal-
ity. Therefore, appropriate lipotoxicity management should be
considered a primary target for the prevention and/or treatment
of chronic musculoskeletal and other aging-related disorders.
Further research advances are needed to better understand the
molecular details underlying lipotoxicity and its consequences for
sarcopenia and sarcopenia-related comorbidities.

ACKNOWLEDGMENTS

Conflict of interest
The authors declare no conflict of interest.

Authorship
MA and RA contributed to conceptualizing and writing,
and KM edited and supervised the final form.

REFERENCES

1. Budui SL, Rossi AP, Zamboni M. The pathogenetic bases of sarcopenia.
Clin. Cases Miner. Bone Metab. 2015; 12:22-26. doi: 10.11138/ccmbm/
2015.12.1.022.

2. Tchkonia T, Morbeck DE, von Zglinicki T, van Deursen ], et al. Fat
tissue, aging, and cellular senescence. Aging Cell. 2010; 9:667-684. doi:
10.1111/§.1474-9726.2010.00608 x.

3. Zamboni M, Mazzali G, Fantin F Rossi A, di Francesco V. Sarcopenic
obesity: A new category of obesity in the elderly. Nutr Metab Cardiovasc Dis.
2008;18:388-395. doi: 10.1016/j.numecd.2007.10.002.

4. Delmonico MJ, Harris TB, Visser M, Park SW. Longitudinal study of

muscle strength, quality, and adipose tissue infiltration. Am J Clin Nutr.

2009;90:1579-1585. doi: 10.3945/2jcn.2009.28047.

Sepe A, Tchkonia T, Thomou T, Zamboni M, Kirkland JL. Aging and

regional differences in fat cell progenitors - A mini-review. Gerontology 2011;

57:66-75. doi: 10.1159/000279755.

6. Tchkonia T, Corkey BE, Kirkland JL. Current views of the fat cell as an
endocrine cell: lipotoxicity. In Endocrine Updates: Overweight and the
Metabolic Syndrome, Bray, G.A.; Ryan, D.H.; Eds.; Springer: New York, NY,
USA, 2006; 26:105-123.

7. van Herpen NA, Schrauwen-Hinderling VB. Lipid accumulation in
non-adipose tissue and lipotoxicity. Physiol Behav. 2008; 94:231-41. doi:
10.1016/j.physbeh.2007.11.049.

8. Unger RH, Orci L. Diseases of liporegulation: new perspective on obesity
and related disorders. FASEB J. 2001;5:312-321. doi: 10.1096/1].00-0590

9. Pienkowska J, Brzeska B, Kaszubowski M, Kozak, O et al. MRI assessment

of ectopic fat accumulation in pancreas, liver and skeletal muscle in patients

(&)

20.

21.

22.

26.

28.

30.

31.

32.

33.

34.

© 2022 JOURNAIL

with obesity, overweight and normal BMI in correlation with the presence of’
central obesity and metabolic syndrome. Diabetes Metab. Syndr. Obes. 2019;
12:623-636. doi: 10.2147/DMS0.S194690.

Janssen I, Ross R. Linking age-related changes in skeletal muscle mass and
composition with metabolism and disease. ] Nutr Health Aging. 2005; 9:408-419.
Zhang L, Morris KJ, Ng YC. Fiber type-specific immunostaining of the
Na+,K+-ATPase subunit isoforms in skeletal age-associated
differential ~ changes. Biochim  Biophys Acta. 762:783-793.
doi:10.1016/j.bbadis.2006.08.006.

Amati I, Dubé JJ, Alvarez-Carnero E, Edreira MM, et al. Skeletal muscle
triglycerides, diacylglycerols, and ceramides in insulin resistance: another
paradox in endurance-trained athletes? Diabetes 2011: 60:2588-2597. doi:
10.2337/db10-1221.

Li CW, Yu K, Shyh-Chang N, Jiang Z, et al. Pathogenesis of sarcopenia and
the relationship with fat mass: descriptive review. J. Cachexia Sarcopenia
Muscle. 2022; 13:781-794. doi: 10.1002/jcsm.12901.

Gemmink A, Goodpaster BH, P, Hesselink MKC.
Intramyocellular lipid droplets and insulin sensitivity, the human perspective.
Biochim Biophys Acta Mol Cell Biol Lipids. 2017: 1862:1242-1249. doi:
10.1016/j.bbalip.2017.07.010.

Visser M, Goodpaster BH, Kritchevsky SB, Newman AB, ¢ al. Muscle mass,
muscle strength, and muscle fat infiltration as predictors of incident mobility
limitations in well-functioning older persons. ] Gerontol A Biol Sci. Med Sci.
2005: 60:324-333. doi: 10.1093/gerona/60.3.324.

Goodpaster BH, Chomentowski P, Ward BK, Rossi A, et al. Effects of
physical activity on strength and skeletal muscle fat infiltration in older adults:
A randomized controlled trial. J. Appl Physiol. 2008; 105:1498-1503. doi:
10.1152/japplphysiol.90425.2008.

Stout RD, Suttles J. Immunosenescence and macrophage functional
plasticity: Dysregulation of macrophage function by age-associated
microenvironmental changes. Immunol Rev. 2005; 205:60-71. doi:
10.1111/7.0105-2896.2005.00260.x.

Hotamisligil GS, Spiegelman BM. Tumor necrosis factor alpha: a key
component of the obesity-diabetes link. Diabetes. 1994; 43:1271-1278. doi:
10.2337/diab.43.11.1271.

Engin A. The pathogenesis of obesity-associated adipose tissue inflammation.
Adv. Exp. Med. Biol. 2017; 960:221-245. doi: 10.1007/978-3-319-48382-5_9.
Dalle S, Rossmeislova L, Koppo K. The role of inflammation in age-related
sarcopenia. Front. Physiol. 2017; 8:1045. doi: 10.3389/fphys.2017.01045.
Cinti S, Mitchell G, Barbatelli G, Murano I, ¢/ al. Adipocyte death defines
macrophage localization and function in adipose tissue of obese mice and
humans. ] Lipid Res. 2005; 46:2347-2355. doi: 10.1194/jlrM500294-JL.R200.
Carter CS, Justice JN, Thompson LD. Lipotoxicity, aging, and muscle
contractility: does fiber type matter? Geroscience. 2019; 41:297-308. doi:
10.1007/511357-019-00077-z.

Weiss R, Sachet M, Zinngrebe J, Aschacher T, et al. 11.-24 sensitizes tumor
cells to TLR3-mediated apoptosis. Ceell Death Differ. 2013; 20:823-833.
Crane JD, Devries MC, Safdar A, Hamadeh M]J, Tarnopolsky MA. The
effect of aging on human skeletal muscle mitochondrial and intramyocellular
lipid ultrastructure. J. Gerontol A Biol.Sci Med Sci. 2010; 65:119-128. doi:
10.1093/gerona/glp179.

Sakellariou GK, Lightfoot AP, Earl KE, Stofanko M, McDonagh B. Redox.
Homeostasis and age-related deficits in neuromuscular integrity and function.
J Cachexia Sarcopenia Muscle. 2017; 8:881-906. doi: 10.1002/jcsm.12223.
Armandi A, Rosso C, Caviglia GP, Ribaldone DG, Bugianesi E. The Impact
of Dysmetabolic Sarcopenia Among Insulin Sensitive Tissues: A Narrative
Review. Front Endocrinol (Lausanne). 2021; 12:716533. doi.org/10.3389/
fendo.2021.716533

Kjobsted R, Hingst JR, Fentz J, Foretz M, et al. AMPK in skeletal muscle
function and metabolism. FASEB J. 2018; 32(4):1741-77. doi: 10.1096/
fj.201700442R

Bolster DR, Crozier SJ, Kimball SR, Jefferson LS. AMP-activated protein
kinase suppresses protein synthesis in rat skeletal muscle through down-
regulated mammalian target of rapamycin (mTOR) signaling. J Biol Chem.
2002; 277(27):23977-80. doi: 10.1074/jbc.C200171200

Abdulla H, Smith K, Atherton PJ, Idris I. Role of insulin in the regulation of
human skeletal muscle protein synthesis and breakdown: a systematic review and
meta-analysis. Diabetologia. 2016; 59:44-55. doi: 10.1007/500125-015-3751-0.
Cleasby ME, Jamieson PM, Atherton PJ. Insulin resistance and sarcopenia:
mechanistic links between common co-morbidities. J Endocrinol. 2016; 229:
R67-R81. doi: 10.1530/JOE-15-0533.

Postic C, Girard J. Contribution of de novo fatty acid synthesis to hepatic
steatosis and insulin resistance: Lessons from genetically engineered mice. J
Clin Investig. 2008; 118:829-838.

Kalyani RR, Corriere M, Ferrucci L. Age-related and disease-related muscle
loss: The effect of diabetes, obesity, and other diseases. Lancet Diabetes
Endocrinol. 2014; 2:819-829. doi: 10.1172/]JCI134275.

Bonaldo P, Sandri M. Cellular and molecular mechanisms of muscle atrophy.
Dis Model Mech. 2013; 6:25-39. doi: 10.1242/dmm.010389.

Baczek J, Silkiewicz M, Wojszel ZB. Myostatin as a biomarker of muscle
wasting and other pathologies-state of the art and knowledge gaps. Nutrients.
2020; 12:2401. doi:10.3390/nul12082401.

muscle:

2006;

Schrauwen

of MEDICINE and LIFE. VOL: 15 ISSUE: 11 NOVEMBER 2022



40.

41.

42.

43.

44.

45.

47.

48.

49.

50.

51.

52.

53.

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 11 NOVEMBER 2022

JOURNAL of MEDICINE =nd LIFE

El-Haschimi K, Pierroz DD, Hileman SM, Bjorback C, Flier JS. Two defects
contribute to hypothalamic leptin resistance in mice with diet-induced obesity.

J Clin Tnvest. 2000; 105(12):1827-32. doi: 10.1172/JCT9842

Steinberg GR, McAinch AJ, Chen MB, O'Brien PLE, e/ al. The suppressor
of cytokine signaling 3 inhibits leptin activation of AMP-kinase in cultured
skeletal muscle of obese humans. J Clin Endocrinol Metab. 2006; 91(9):
3592-7. doi: 10.1210/jc.2006-0638

Varma V, Yao-Borengasser A, Rasouli N, Nolen GT, e/ al. Muscle inflammatory
response and insulin resistance: synergistic interaction between macrophages
and fatty acids leads to impaired insulin action. Am J Physiol Endocrinol
Metab. 2009; 296(6):E1300-1310. doi: 10.1152/ajpendo.90885.2008
Langen RC, Schols, AM, Kelders MC, Wouters EF, ¢/ al. Enhanced myogenic
differentiation by extracellular matrix is regulated at the early stages of
myogenesis. In vitro Cell Dev Biol Anim. 2003; 39:163-169. doi: 10.1007/
$11626-003-0011-2.

Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal
muscle to mechanical loading. Physiol Rev. 2004; 84:649-698. doi: 10.1152/
physrev.00031.2003.

Smith LR, Fowler-Gerace LH, Lieber RLL. Muscle extracellular matrix applies
a transverse stress on fibers with axial strain. | Biomech. 2011; 44:1618-1620.
doi: 10.1016/j.jbiomech.2011.03.009. Erratum in: J Biomech. 2012; 45:207.
Gerace-Fowler, Lewis.

Zhang W, Liu Y, Zhang H. Extracellular matrix: an important regulator of
cell functions and skeletal muscle development. Cell Biosci. 20215 31:11(1):65.
doi: 10.1186/513578-021-00579-4.

Liu YX, Wu BB, Gong L, An CR, e al. Dissecting cell diversity and
connectivity in skeletal muscle for myogenesis. Cell Death Dis. 2019; 10:427.
doi: 10.1038/s41419-019-1647-5.

Moyle LA, Cheng RY, Liu H, Davoudi S, e/ al. Three-dimensional niche
stiffness synergizes with Wnt7a to modulate the extent of satellite cell
symmetric self-renewal divisions. Mol Biol Cell. 2020; 31: 1703-1713. doi:
10.1091/mbc.E20-01-0078.

Wong KC, Meyer T, Harding DI, Dick JR, ¢t al. Integrins at the neuromuscular
junction are important for motoneuron survival. Eur J Neurosci. 1999;
11:3287-3292. doi: 10.1046/j.1460-9568.1999.00749.x.

Shi L, Fu AK, Ip NY. Molecular mechanisms underlying maturation and
maintenance of the vertebrate neuromuscular junction. Trends Neurosci.
2012; 35:441-453. doi: 10.1016/j.tins.2012.04.005.

Weng X, Lin D, Huang JTJ, Stimson RH, e al. Collagen 24 al Is Increased
in insulin-resistant skeletal muscle and adipose tissue. Int J Mol Sci. 2020;
21:5738. doi: 10.3390/ijms21165738.

Rader EP, Turk R, Willer T, Beltran D, e al. Role of dystroglycan in limiting
contraction-induced injury to the sarcomeric cytoskeleton of mature skeletal
muscle. Proc Natl Acad Sci. U S A. 2016; 113:10992-10997. doi: 10.1073/
pnas.1605265113.

Capitanio D, Moriggi M, De Palma S, Bizzotto D, et al. Collagen VI null mice
as a model for early onset muscle decline in aging. Front Mol Neurosci. 2017;
10:337. doi: 10.3389/fmol.2017.00337.

Lofaro ID, Cisterna B, Lacavalla MA, Boschi F, e/ al. Age-related changes in
the matrisome of the mouse skeletal muscle. Int ] Mol Sci. 2021; 22:10564.
doi: 10.3390/ijms221910564.

Bollinger LM. Potential contributions of skeletal muscle contractile
dysfunction to altered biomechanics in obesity. Gait Posture. 2017; 56:100—
107. doi: 10.1016/j.gaitpost.2017.05.003.

Jao TM, Nangaku M, Wu CH, Sugahara M, e/ al. ATF6a downregulation of

PPARa promotes lipotoxicity-induced tubulointerstitial fibrosis. Kidney Int.
2019; 95(3):577-589. doi: 10.1016/j.kint.2018.09.023.

Eshima H, Tamura Y, Kakehi S, Kurebayashi N, e/ al. Long-term, but not
short-term high-fat diet induces fiber composition changes and impaired
contractile force in mouse fast-twitch skeletal muscle. Physiol Rep. 2017;
5:€13250. doi:10.14814/phy2.13250.

Kaneko S, Tida RH, Suga T, Fukui T, e/ al. A. Changes in triacylglycerol-
accumulated fiber type, fiber type composition, and biogenesis in the
mitochondria of the soleus muscle in obese rats. Anat Rec. 2011; 294:1904—
1912. doi: 10.1002/ar.21472.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Favaro, G, Romanello V, Varanita T, Desbats MA, ¢/ al. DRP1-mediated
mitochondrial shape controls calcium homeostasis and muscle mass. Nat
Commun. 2019; 10:2576. doi:10.1038/541467-019-10226-9.

Masgrau A, Mishellany-Dutour A, Murakami H, Beaufrére AM, et al.
Time-course changes of muscle protein synthesis associated with obesity-
induced lipotoxicity. J Physiol. 2012; 590:5199-5210. doi: 10.1113/
jphysiol.2012.238576

Tardif N, Salles J, Guillet C, Tordjman J, et al. Muscle ectopic fat deposition
contributes to anabolic resistance in obese sarcopenic old rats through eIF2a
activation. Aging Cell. 2014; 13:1001-1011. doi: 10.1111/acel.12263.
Pellegrinelli 'V, Rouault C, Rodriguez-Cuenca S, Albert V, e/ al. Human
adipocytes induce inflammation and atrophy in muscle cells during obesity.
Diabetes. 2015; 64:3121-3134. doi: 10.2337/db14-0796.

Potes Y, de Luxan-Delgado B, Rodriguez-Gonzalez S, Guimaraes
MM, et al. Overweight in elderly people induces impaired autophagy in
skeletal muscle. Free Radic Biol Med. 2017; 110:31-41. doi: 10.1016/j.
freeradbiomed.2017.05.018.

Kunieda T, Minamino T, Nishi JI, Tateno K, et al. Angiotensin II induces
premature senescence of vascular smooth muscle cells and accelerates the
development of atherosclerosis via a p21-dependent pathway. Circulation
2006; 14:953-960. doi: 10.1161/CIRCULATIONAHA.106.626606.
Livshits G, Kalinkovich A. Inflammaging as a common ground for the
development and maintenance of sarcopenia, obesity, cardiomyopathy and
dysbiosis. Ageing Res Rev. 2019; 56:100980. doi: 10.1016/].arr.2019.100980
Le Jemtel, TH, Samson R, Ayinapudi, K, Singh T, Oparil S. Epicardial
adipose tissue and cardiovascular disease. Curr. Hypertens. Rep. 2019;21:36.
doi: 10.1007/s11906-019-0939-6.

Antonopoulos AS, Antoniades C. The role of epicardial adipose tissue
in cardiac biology: classic concepts and emerging roles. J Physiol. 2017;
595:3907-3917. doi: 10.1113/JP273049.

Hotamisligil GS. Endoplasmic reticulum stress and the inflammatory basis of’
metabolic disease. Cell 2010,140(6):900-17. doi: 10.1016/j.cell.2010.02.034.
Lemmer IL, Willemsen N, Hilal N, Bartelt A. A guide to understanding
endoplasmic reticulum stress in metabolic disorders. Mol Metab. 2021;
47:101169. doi: 10.1016/j.molmet.2021.101169.

Han J, Kaufman R]. The role of ER stress in lipid metabolism and lipotoxicity.
J Lipid Res. 2016; 57(8):1329-38. doi: 10.1194/jIrR067595.

Rao RV, Ellerby HM, Bredesen DE. Coupling endoplasmic reticulum stress
to the cell death program. Cell Death Differ. 2004;11:372-380. doi: 10.1038/
sj.cdd.4401378.

Flamment M, Hajduch E, Ferré P, Foufelle F. New insights into ER stress-
induced insulin resistance. Trends Endocrinol Metab. 2012; 23:381-390. doi:
10.1016/j.tem.2012.06.003.

Deldicque L, Bertrand L, Patton A, Francaux M, Baar K. ER stress induces
anabolic resistance in muscle cells through PKB-induced blockade of
mTORCI. PLoS One. 2011; 6:¢20993. doi: 10.1371/journal.pone.0020993.
Rong S, Wang L, Peng Z, Liao Y, e/ al. The mechanisms and treatments for
sarcopenia: could exosomes be a perspective research strategy in the future?
J Cachexia Sarcopenia Muscle. 2020; 11:348-365. doi: 10.1002/jcsm.12536.
Chakkalakal JV, Jones KM, Basson MA, Brack AS. The aged niche disrupts
muscle stem cell quiescence. Nature. 2012; 490:355-360. doi: 10.1038/
naturel1438.

Cisterna B, Giagnacovo M, Costanzo M, Fattoretti P, ¢/ al. Adapted physical
exercise enhances activation and differentiation potential of satellite cells in
the skeletal muscle of old mice. J Anat. 2016; 228:771-783. doi: 10.1111/
joa.12429.

Munoz-Canoves P, Neves ], Sousa-Victor P. Understanding muscle
regenerative decline with aging: new approaches to bring back youthfulness
to aged stem cells. FEBS J. 2020; 287:406-416. doi: 10.1111/febs.15182.



