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Abstract

As the prevalence of obesity and metabolic disease continues to climb, the need for

effective therapeutic interventions remains high. The growth of skeletal muscle

(SkM) greatly influences systemic metabolism across the whole body, making this tis-

sue an important therapeutic target to combat the rise of metabolic dysfunction.

Transgenic rodent models of targeted SkM growth exhibit profound improvements

in various remote tissues, including adipose tissue and the liver. It is currently unclear

how selective stimulation of SkM growth alters the metabolism of distant tissues;

however, evidence suggests that muscle-secreted factors may be involved. Here, we

aim to provide basic biomedical researchers with a summary of the current knowl-

edge regarding various muscle-secreted factors regulated by anabolic pathways and

proteins in SkM, as well as their systemic metabolic effects, to implicate them in the

whole-body metabolic effects of SkM growth. In this review, we also identify several

knowledge gaps in this field, future directions of investigation, and implications for

therapeutic interventions such as resistance exercise and pharmacology.

INTRODUCTION

The continual rise of obesity and metabolic disease represents a grow-

ing epidemic, not only in North America but across the globe. By 2030,

type 2 diabetes (T2DM) is predicted to affect 7079 per 100,000 individ-

uals globally, and the prevalence of severe obesity is projected to dou-

ble in first-world nations by 2035 [1, 2]. As such, it is important to

combat metabolic dysfunction caused by lifestyle factors, including

physical inactivity and calorically rich environments. Skeletal muscle

(SkM) accounts for �40% of human body weight, is highly metabolically

active, and represents the largest insulin-sensitive tissue in the body

[3, 4]. Accordingly, SkM health is an important determinant of systemic

metabolic health and should be considered a promising target in the

fight against diabetes and obesity. Intriguingly, there is accumulating

evidence that the stimulation of SkM growth exhibits antiobesity and

antidiabetic effects [5, 6]; however, our current understanding of the

mechanisms involved is severely lacking. Furthermore, the role of the

secretory function of SkM as an endocrine organ is understudied, espe-

cially in the context of muscle growth, obesity, and diabetes.

The purpose of this review is to highlight the potential role of

muscle-secreted factors in mediating the whole-body metabolic

effects of SkM growth, as well as gaps in our knowledge of these

mechanisms. We also summarize various factors that may be secreted

from SkM in response to muscle anabolism, along with their metabolic

effects in various non-muscle tissues relevant to obesity and diabetes,

including adipose tissue, liver, pancreas, and brain. Finally, we discuss

implications for therapeutic interventions for obesity and diabetes,

such as resistance exercise and pharmacology. As will be discussed,

this research area remains vastly understudied and deserves intensive

future investigation. As such, this review aims to provide biomedical

researchers with a summary of our current knowledge on this topic

and potential avenues for further exploration.
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SkM ANABOLIC SIGNALING AND
METABOLISM

SkM is highly plastic and exhibits a remarkable capacity for growth in

response to various anabolic stimuli, including growth factors

(e.g., insulin-like growth factor 1 [IGF-1]) and mechanical overload

[7, 8]. It is important to note that SkM size is regulated by the net bal-

ance of muscle anabolism/protein synthesis and catabolism/protein

breakdown, whereby growth occurs when the rate of muscle protein

synthesis is greater than breakdown and vice versa [9]. Although it

should be appreciated that muscle protein breakdown, atrophy path-

ways, and associated proteins (e.g., forkhead box O [FOXO], mothers

against decapentaplegic homolog [SMAD], E3 ubiquitin ligases) play

an important part in the regulation of SkM growth [8], our review will

primarily focus on muscle protein synthesis and positive regulators of

SkM anabolism and growth.

Growth factor-stimulated SkM growth primarily works through

the phosphoinositide 3-kinase (PI3K)–protein kinase B (Akt1)–mam-

malian target of rapamycin (mTOR) signaling pathway [10–12]. For

example, the binding of IGF-1 to the IGF-1 receptor results in the acti-

vation of PI3K, which leads to downstream phosphorylation of Akt1,

subsequently inhibiting tuberous sclerosis 1 protein (TSC1) and reliev-

ing the inhibitory “brake” on mTORC1 complex to promote protein

synthesis and cellular growth (Figure 1) [13, 14].

Conversely, the mechanisms involved in mechanical stress-

induced SkM hypertrophy remain unclear and seem to be mediated

by mechano-sensing pathways involving proteins associated with

components of the extracellular environment and sarcolemma

(Figure 1). Roberts et al. highlight various mechanistic candidates

thought to play a role in mechano-transduction pathways promoting

SkM growth, including focal adhesion kinase (FAK)/integrins, stretch-

activated calcium channels, and diacylglycerol (DAG) kinase

(we suggest Roberts et al. for a comprehensive review of mechanical

overload-induced SkM hypertrophy) [7]. Glycoprotein phospholipase

D (PLD) has also been implicated in regulating muscle size following

mechanical loading [15]. Importantly, these mechano-sensing path-

ways lead to the downstream activation of mTOR signaling and pro-

tein synthesis. For example, phospholipase D1 (PLD1) and DAG

kinase generate phosphatidic acid, which activates mTORC1/2 to pro-

mote hypertrophy, via the hydrolysis of phosphatidylcholine and con-

version of DAG, respectively [15, 16].

SkM growth is extremely energetically demanding as the process

of muscle protein synthesis consumes a significant portion of the

intracellular ATP pool [17]. As such, metabolic regulators are

important for promoting and sustaining SkM growth. An isoform of

peroxisome proliferator-activated receptor coactivator-γ-1α (PGC-

1α), PGC-1α4, has been shown to promote hypertrophy and increase

anaerobic glycolysis in SkM [18–21]. Although it remains unclear

which intracellular events activate PGC-1α4 in SkM and how this pro-

motes SkM growth, PGC-1α4 appears to increase the expression of

IGF-1 through G protein-coupled receptor 56 upregulation and

decrease the expression of myostatin (MSTN, a negative regulator of

muscle mass), thereby promoting anabolic signaling (Figure 1) [17,

18, 22]. PGC-1α4 also increases glucose uptake and anaerobic glycol-

ysis via peroxisome proliferator-activated receptor β (PPARβ) [21].

Indeed, glycolytic metabolism increases to support SkM growth

[23, 24]. Although glycolysis may not be an efficient pathway to pro-

duce energy, it can rapidly metabolize large amounts of glucose for

energy, which is important for energetically demanding cellular

growth. mTORC1 activation also increases the expression of glycolytic

genes such as hexokinase, glucose transporters (GLUT),

phosphofructokinase, and glucose-6-phosphate dehydrogenase via

hypoxia-inducible factor 1α to increase glycolysis and pentose phos-

phate pathway flux [6, 25, 26].

It has recently been shown that muscle fibers undergoing hyper-

trophy reprogram themselves similarly to cancer cells [23, 24]. Specifi-

cally, cancer cells, and possibly hypertrophying muscle cells, increase

glucose uptake and metabolism and divert glycolytic intermediates

toward anabolic pathways such as the pentose phosphate and serine

synthesis pathways to support growth [23]. In support of these obser-

vations, the serine synthesis pathway enzyme phosphoglycerate

Study Importance

What is already known?

• Targeted skeletal muscle (SkM) growth in transgenic ani-

mal models improves several systemic metabolic

parameteres.

• SkM growth alters the metabolism of remote tissues such

as the adipose tissue and liver, but the mechanisms by

which this occurs are unclear and may involve muscle-

secreted factors.

What does this review add?

• This review summarizes our current knowldge of SkM

growth-regulated secreted factors and their influence on

non-SkM tissues and systemic metabolism.

• Gaps in knowledge in this area, future avenues of investi-

gation, and implications for therapeutic interventions for

diabetes and obesity are also discussed.

How might this review change the direction of

research or focus of clinical practice?

• This review provides biomedical researchers with areas

to be adressed in our understanding of how SkM growth

influences systemic metabolism via muscle-sectreted fac-

tors, which will promote further research in this area.

• While the focus of current anti-obesity and diabetic

treatments is the suppression of appetite and direct

effects on adipose tissue and the liver; this review may

stimulate interest in the targeting of SkM for the

improvement of systemic metabolism.
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dehydrogenase (PHGDH) has recently been implicated in promoting

muscle cell anabolism and glucose-derived biomass through mTORC1

signaling [27].

SkM GROWTH AND SYSTEMIC METABOLISM

Wackerhage et al. recently highlighted the profound systemic meta-

bolic effects of SkM hypertrophy that combat diabetes and obesity [5].

Indeed, increasing muscle mass, particularly that of fast-twitch glyco-

lytic SkM, has been considered an effective strategy for improving

systemic metabolism [6]. Furthermore, data in transgenic animal

models strongly support the causative effects of SkM growth on

whole-body metabolism (Table 1). For example, the constitutive activ-

ity of SkM Akt1 in mice leads to the hypertrophy of fast-twitch glyco-

lytic muscle fibers and increases muscle strength while improving

various systemic metabolic parameters [28]. Specifically, SkM-specific

Akt1 overactivation counteracts high-fat and -sucrose diet-induced

metabolic dysfunction by reducing fat mass, increasing hepatic fatty

acid oxidation to prevent hepatic steatosis, reducing hyperglycemia

and hyperinsulinemia, and normalizing glucose tolerance and insulin

sensitivity [28].

Similarly, SkM-specific knockout of MSTN increases lean mus-

cle mass, reduces fat mass, and improves glucose and insulin toler-

ance in mice on standard and high-fat diets [29]. Interestingly,

MSTN knockout in adipose tissue does not confer the same sys-

temic metabolic effects observed with SkM-specific knockout in

mice [29], indicating that these effects are specific to SkM

growth.

SkM-specific overexpression of PGC-1α4 prevents age-

associated sarcopenia and metabolic dysfunction; induces a lean phe-

notype; increases muscle strength, muscle weight, and fiber size;

reduces fat mass; increases white adipose tissue (WAT) browning; and

improves insulin resistance and hepatic steatosis [18, 19].

Transgenic enhancement of glycolysis in SkM alone also pro-

motes increased muscle mass and results in whole-body metabolic

adaptations, including the loss of fat mass in mice [26].

Collectively, these findings suggest that targeted SkM hypertro-

phy influences whole-body metabolic health, alters the metabolism of

remote tissues and organs such as adipose tissue and the liver, and

prevents or improves metabolic dysfunction associated with obesity

and diabetes (Table 1).

The mechanisms mediating these systemic effects of SkM hyper-

trophy remain unclear; however, some plausible explanations have been

proposed. The growth of SkM may promote the “stealing” of substrates
such as glucose and fatty acids away from adipose tissue and the liver,

preventing fat accretion and hepatic steatosis [23, 29, 30].

Although this mechanism is certainly plausible and warrants further

investigation, the potential involvement of systemic cross talk between

hypertrophying SkM and distant tissues remains understudied [5].

MUSCLE-SECRETED FACTORS REGULATED
BY SkM GROWTH AND ASSOCIATED
PATHWAYS

SkM is an endocrine organ that secretes various factors such as myo-

kines and metabolites into circulation to influence the metabolism of

F I GU R E 1 Mechanisms of skeletal muscle (SkM) growth. Growth factor binding to the receptor signals through phosphoinositide 3-kinase–
protein kinase B (PI3K-Akt) to indirectly activate mammalian target of rapamycin complex 1 (mTORC1) and protein synthesis via tuberous
sclerosis 1 protein (TSC1) inhibition. Mechanical stress activates mTORC1 and protein synthesis through various unclear mechano-sensing
pathways and proteins associated with the extracellular matrix and sarcolemma, including integrins, kinases, and stretch-activated ion channels.
Peroxisome proliferator-activated receptor coactivator-γ-1α4 (PGC-1α4) increases insulin-like growth factor 1 (IGF-1) and decreases myostatin
(MSTN) expression, respectively, while signaling through peroxisome proliferator-activated receptor β (PPARβ) to upregulate glucose uptake and
anaerobic glycolysis to support cellular growth. mTORC1 also increases genes involved in glucose metabolism to support growth. This figure was
created using Servier Medical Art (https://smart.servier.com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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remote tissues [31, 32]. Interestingly, many muscle-secreted factors

are positively regulated by metabolic and anabolic signaling pathways

and proteins involved in promoting SkM hypertrophy (e.g., PI3K-Akt1,

mTORC1, PGC-1α4, glycolytic metabolism). This suggests that stimu-

lation and induction of these anabolic pathways and proteins during

SkM growth may promote the secretion of factors that influence sys-

temic metabolism.

Here, we summarize these “anabolism-regulated” muscle-

secreted factors and their metabolic effects in non-muscle tissues to

implicate them in the systemic metabolic effects of SkM growth. This

review identified the discussed muscle-secreted factors from preclini-

cal studies involving targeted SkM-specific growth (transgenic or oth-

erwise) and associated whole-body metabolic improvements and/or

involving SkM-specific overexpression of anabolism-promoting pro-

teins or pathways.

Fibroblast growth factor 21 and growth and
differentiation factor 15

Fibroblast growth factor 21 (FGF21) is an SkM-secreted myokine reg-

ulated by Akt1 and mTORC1. Izumiya et al. showed that SkM-specific

constitutive Akt1 activity in transgenic mice promoted hypertrophy,

significantly upregulated the mRNA transcript and protein expression

of FGF21 in the gastrocnemius muscle, and also increased serum con-

centrations of circulating FGF21 [33]. Furthermore, both Akt1 trans-

duction and insulin stimulation increased FGF21 expression and

secretion from cultured SkM cells [33]. Interestingly, the PI3K

inhibitor LY294002 prevented the effects of insulin on FGF21, sug-

gesting the important role of PI3K-Akt1 signaling in mediating

FGF21 secretion from SkM (Figure 2) [33].

Guridi et al. [14] demonstrated that SkM-specific constitutive

mTORC1 activation via TSC1 knockout increased plasma FGF21 and

upregulated SkM FGF21 mRNA and protein expression in transgenic

mice. The SkM TSC1 knockout-induced increase in FGF21 expression

and secretion was subsequently prevented with 3 days of treatment

with the mTORC1 inhibitor rapamycin, reinforcing the important role

of mTORC1 in the regulation of FGF21 [14]. This suggests that

mTORC1 activity, likely through Akt1 activation and TSC1 inhibition,

regulates the synthesis of SkM FGF21 and promotes its secretion into

the systemic circulation. Specifically, mTORC1 activation appears to

promote FGF21 synthesis and secretion through endoplasmic reticu-

lum (ER) stress-mediated activation of the protein kinase RNA-like ER

kinase (PERK)–eukaryotic translation initiation factor 2α (eIF2α)–

activating transcription factor 4 (ATF4) pathway. To support this

mechanism, resolving ER stress with the chemical chaperone

4-phenylbutyric acid (4-PBA) attenuates SkM TSC1 knockout-induced

FGF21 expression in SkM [14, 34].

SkM-secreted FGF21 has been shown to enhance whole-body

metabolism across various tissues as an endocrine hormone. TSC1

knockout in theSkM of mice, accompanied by FGF21 upregulation,

results in a lean phenotype; increased insulin sensitivity; and increased

fat oxidation in the liver, WAT, and brown adipose tissue (BAT) [14].

Supporting the role of secreted FGF21 in these systemic metabolic

effects, the antibody blockade of FGF21 action prevents many meta-

bolic adaptations observed in SkM-specific TSC1 knockout mice [14].

T AB L E 1 Phenotypic comparison of transgenic animal models of targeted SkM growth.

Transgenic rodent model References
SkM
mass Systemic effects Secreted factors

Constitutive SkM-Akt1 [28, 33, 60, 64, 73, 74] " # Fat mass

" Hepatic FAO

# Hyperglycemia

# Hyperinsulinemia

" Glucose tolerance/insulin sensitivity

" FGF21

" Lactate

" EV-miR1, miR133a, miR206

" FSTL1

SkM-MSTN KO [29] " # Fat mass

" Glucose tolerance/insulin sensitivity

SkM-PGC-1α4
overexpression

[18–20] " # Fat mass

" WAT browning

" Insulin sensitivity

# Hepatic fat

" METRNL

SkM-TSC1

KO/constitutive mTORC1

[14, 41] # # Fat mass " FGF21

" GDF15

Synergist ablation (MOV) [66, 72] " " EV-miR1

" Lactate

SkM-GLUT1, HK2, and

PFKB3 overexpression

[26] " # Fat mass

" Insulin sensitivity

" Adipose tissue energy expenditure

" FGF21

Abbreviations: Akt1, protein kinase B; EV, extracellular vesicle; FAO, fatty acid oxidation; FGF21, fibroblast growth factor 21; FSTL1, follistatin-like 1;

GLUT1, glucose transporter 1; HK2, hexokinase 2; KO, knockout; METRNL, meteorin-like; miR, microRNA; MOV, mechanical overload; MSTN, myostatin;

mTORC1, mammalian target of rapamycin complex 1; PFKB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; SkM, skeletal muscle; TSC1;

tuberous sclerosis complex 1; WAT, white adipose tissue.
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Similarly, SkM mitochondrial stress induced by respiratory uncoupling

strongly induces SkM FGF21 expression and secretion to increase

lipid metabolism and WAT browning [35]. The infusion of FGF21 in

mice fed a standard and high-fat diet also reduces body weight and

fat mass, increases hepatic and SkM insulin sensitivity, and increases

energy expenditure in the liver and adipose tissue [36]. Unlike consti-

tutive Akt1, the transgenic mTORC1 and mitochondrial uncoupling

rodent models exhibit reductions in muscle mass without myopathy,

likely resulting from the enhanced whole-body energy expenditure

and largely mediated by FGF21 [14, 35].

Increasing glycolytic metabolism in SkM, as observed with SkM

growth, also increases systemic SkM secretion of FGF21. Specifi-

cally, SkM overexpression of GLUT1, hexokinase 2 (HK2), and

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKB3)

(which are increased with SkM growth [23, 24, 37]) in mice (M;G

mice) increases relative lean mass and FGF21 secretion from SkM

into plasma via glucose-6-phosphate-mediated carbohydrate-

responsive element–binding protein (ChREBP) activation [26]. M;G

mice also resist diet-induced obesity and insulin resistance via

enhanced adipose tissue energy expenditure. Treatment of visceral

adipocytes with M;G mice-derived serum induces several genes

involved in lipid metabolism and thermogenesis, which was pre-

vented with FGF21 antibody blockade. Importantly, the metabolic

governors of FGF21 action, fibroblast growth factor receptor

1 (Fgfr1), β klotho (Klb), and Ppar, are upregulated in adipose tissue

of M;G mice, further suggesting that adipose tissue is the target of

SkM-secreted FGF21 in this model. These models highlight FGF21

as an SkM-secreted factor likely regulated via Akt1-mTORC1 and

ChREBP activation, with profound systemic metabolic effects.

Although FGF21 may increase the expression of lipolysis and

thermogenesis-related genes in adipose tissue, it may also improve

insulin sensitivity via the β klotho–dependent expansion of subcuta-

neous fat [38]. The FGF21-induced subcutaneous fat expansion

allows for systemic insulin sensitivity, possibly through increased

insulin-stimulated glucose uptake, adiponectin upregulation, and

anti-inflammatory signaling via M2 macrophage polarization [38].

Additionally, BonDurant et al. reported that, although β klotho–medi-

ated signaling to adipose tissue, particularly BAT, is required for the

acute insulin-sensitizing effects of FGF21, it appears to be unneces-

sary for the chronic effects of FGF21 on weight loss and energy

expenditure [39]. This suggests that chronic exposure to FGF21 may

be mediated by non-adipose tissues such as the brain; however, this

remains unclear. Although the metabolic effects of FGF21 have been

and continue to be studied, it remains unclear whether many of these

mechanisms are relevant to muscle-derived FGF21 in the context of

SkM growth. Future research is required to understand the

F I GU R E 2 Skeletal muscle (SkM) growth regulation of fibroblast growth factor 21 (FGF21). Phosphoinositide 3-kinase–protein kinase B
(PI3K-Akt1) signaling activates mammalian target of rapamycin complex 1 (mTORC1) to induce FGF21 expression and secretion.
mTORC1-induced endoplasmic reticulum (ER) and mitochondrial stress may induce FGF21 via protein kinase RNA-like ER kinase (PERK)–
eukaryotic translation initiation factor 2α (eIF2α)–activating transcription factor 4 (ATF4) signaling; however, the relevance of this pathway to

anabolism-regulated FGF21 is unclear. Increased glycolysis with SkM growth may activate carbohydrate-responsive element–binding protein
(ChREBP) to induce FGF21 as well. FGF21 acts through the FGF receptor 1 (FGFR1) and β klotho on adipocytes and hepatocytes to influence
energy expenditure, lipid metabolism, and insulin sensitivity. The mechanisms governing these effects remain unclear. This figure was created
using Servier Medical Art (https://smart.servier.com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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mechanisms mediating the metabolic effects of SkM-secreted FGF21

in tissues such as the liver and adipose tissue with SkM growth in

models of obesity and diabetes.

Growth differentiation factor 15 (GDF15) is another cellular

stress-regulated protein secreted from SkM as a systemic hormone

[34, 40]. Similar to FGF21, GDF15 is regulated by mTORC1 activation,

and its mRNA and protein expression is induced in SkM of TSC1

knockout mice and other models of SkM-specific mTORC1

overactivity [41–43]. The increased synthesis and secretion of GDF15

also appears to be regulated by the PERK–eIF2α–ATF4 pathway in

response to ER and mitochondrial stress in SkM following increased

mTORC1 activity in these models (Figure 3) [34]. Indeed, SkM knock-

out of CR6-interacting factor 1 (CRIF1; an essential protein for the

synthesis of oxidative phosphorylation proteins in the mitochondria)

induces mitochondrial stress, GDF15 expression, and elevated circu-

lating levels of GDF15 in serum [44].

GDF15 has recently been shown to be secreted from SkM

in vitro and in vivo, exerting effects on non-SkM tissues in an endo-

crine fashion [44–47]. Laurens et al. showed that the contraction of

SkM cells increases the expression and secretion of GDF15 [45]. Fur-

thermore, the GDF15-rich conditioned media collected from contract-

ing SkM cells increases lipolysis in adipocytes via GDNF family

receptor α-like (GFRAL)/rearranged during transfection (RET)

receptors, which was prevented following treatment with anti-GDF15

antibodies [45]. GDF15 also enhances glucose-stimulated insulin

secretion in pancreatic β cells [46]. The 16-h pretreatment of cultured

human β cells with GDF15-rich conditioned media (derived from elec-

tric pulse stimulation of isolated myotubules) increases insulin secre-

tion by 30% in β-TC-6 (rodent) cells and 150% in mouse insulinoma

(MIN6; human) cells compared with untreated cells [46]. This increase

in insulin secretion appears to occur by increasing glycolytic flux. The

treatment of β cells with isolated GDF15 was noted to increase the

cytosolic ATP to ADP ratio and intracellular calcium influx compared

with cells treated with a vehicle, which was reversed with the treatment

of anti-GDF15 neutralizing antibody. In addition, no significant changes

in gene expression of proteins regulating insulin secretion were

observed, indicating that GDF15 enhances insulin secretion by increas-

ing activation of the canonical insulin secretion pathway. Beyond its

lipolytic and insulin-stimulating effects, GDF15 exhibits appetite-

suppressing properties, reducing food intake and body weight through

GFRAL/RET-mediated signaling in the hindbrain [48, 49]. Interestingly,

GFRAL expression is predominantly observed in the hindbrain of both

rodents and primates, whereas RET is highly expressed in the hindbrain

and hypothalamus [48]. This suggests that GDF15 influences metabo-

lism via peripheral and central mechanisms, with the latter likely

predominating.

F I GU R E 3 Skeletal muscle (SkM) growth regulation of growth and differentiation factor 15 (GDF15). mammalian target of rapamycin
complex 1 (mTORC1) activation leads to the induction and secretion of GDF15; however, it is unclear whether this is initiated by upstream
protein kinase B (Akt1) signaling. mTORC1 may activate protein kinase RNA-like ER kinase (PERK)– eukaryotic translation initiation factor 2α
(eIF2α)–activating transcription factor 4 (ATF4) signaling; however, this pathway is unclear in the context of SkM growth and GDF15 secretion. It
is also unclear whether GDF15 is secreted from SkM with growth. GDF15 acts through glial cell-derived neurotrophic factor family receptor
α-like (GFRAL)/rearranged during transfection (RET) axis on adipocytes, hepatocytes, the pancreas, and the brain to influence lipid metabolism,
insulin sensitivity, insulin secretion, and appetite. β-adrenergic signaling may mediate some of these effects, particularly in adipose tissue and the
liver; however; the mechanisms governing these effects remain unclear. This figure was created using Servier Medical Art (https://smart.servier.
com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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SkM-specific induction of GDF15 governs whole-body metabo-

lism. Chung et al. showed that induction of mitochondrial stress in

SkM via oxidative phosphorylation-respiratory uncoupling induced

the secretion of GDF15, which improved systemic metabolism by

increasing insulin sensitivity, reducing fat mass, and elevating fat oxi-

dation in adipose tissue and the liver [44]. Ost et al. also showed that

the upregulation of SkM-secreted GDF15 reduced appetite and food

intake and increased metabolic flexibility and WAT browning [47].

GDF15-mediated increases in lipid metabolism, insulin sensitivity, and

glucose uptake in adipose tissue and the liver appear to be governed

by increased sympathetic nervous activity and β-adrenergic receptor

signaling [49, 50]. This evidence suggests that GDF15 may act as a

myokine regulated by mTORC1 activation, which influences the

metabolism of tissues such as adipose tissue, liver, pancreas, and

brain. More work is required to understand how SkM-secreted

GDF15 signals to the brain and periphery to influence food intake and

systemic metabolism, particularly in the context of muscle hypertro-

phy, diabetes, and obesity.

Although these data in transgenic animal models support the sys-

temic role of SkM-secreted FGF21 and GDF15, more work is required

to understand the mechanisms that regulate these myokines in SkM

during growth. For example, SkM-mTORC1 overactivity in the TSC1

knockout model results in a lean phenotype without muscular hyper-

trophy. It is unclear whether the lean phenotype and enhanced energy

expenditure in this model are a result of the high energetic costs of

inducing constitutive protein synthesis via mTORC1, thereby leading

to ER and mitochondrial stress, which promotes FGF21 and GDF15

secretion. Whether these mechanisms are relevant to physiological

SkM growth has yet to be elucidated and requires further investiga-

tion. Similarly, it remains unclear whether GDF15 is secreted from

SkM as a result of SkM growth, as is the case with FGF21. Consider-

ing that GDF15 and FGF21 appear to be regulated through similar

pathways downstream of mTORC1 activation, future work should

investigate SkM-secreted GDF15 in hypertrophy models such as the

constitutive SkM Akt1 model. As such, more work is required to

understand how SkM hypertrophy influences the synthesis and secre-

tion of FGF21 and GDF15, as well as their metabolic properties in

remote tissues.

Meteorin-like protein

Meterorin-like (METRNL) is a novel PGC-1α4-regulated secreted pro-

tein that has been identified as a myokine involved in tissue cross talk

and systemic metabolism [51]. Ruas et al. reported that PGC-1α4

induces SkM growth in vitro and in vivo in cultured myotubes and

SkM-specific PGC-1α4 (Myo-PGC-1α4) transgenic mice, respectively

[20]. Recently, Guo et al. reported that gastrocnemius muscle-specific

PGC-1α4 overexpression in aged mice alleviates sarcopenia by

increasing strength and promoting SkM growth [18]. PGC-1α4 over-

expression in sarcopenic mice also increased gastrocnemius muscle

METRNL mRNA and protein expression and circulating serum levels

of METRNL, thereby suggesting secretion from theSkM into

circulation [18]. Similarly, METRNL mRNA and protein levels were sig-

nificantly upregulated in the quadriceps of Myo-PGC-1α4 mice and

culture media of PGC-1α4-overexpressing myotubes [19].

METRNL is shown to mediate SkM-adipose tissue cross talk and

induce the lipolysis and browning of WAT, potentially through the

induction of interleukins 4 and 13 (IL-4 and -13) and M2 macrophage

activation (Figure 4) [19, 51–53]. Specifically, METRNL appears to

activate eosinophils to produce IL-4 and IL-13 and activate M2 mac-

rophages through signal transducer and activator of transcription

6 (STAT6) signaling, which increases the production of catecholamines

to induce the browning of adipocytes [53, 54].

Rao et al. reported that Myo-PGC-1α4 mice exhibit a lean pheno-

type, reductions in epididymal and subcutaneous fat depots, and

increased browning of WAT [19]. Supporting the endocrine effect of

SkM-secreted METRNL on adipose tissue, Guo et al. reported a

reduction in fat mass and the induction of several genes involved in

IL-4 and -13-mediated macrophage activation and thermogenesis in

the WAT of aged mice following PGC-1α4 overexpression in the gas-

trocnemius muscle [18]. Importantly, the induction of these genes in

WAT was prevented following antibody-mediated METRNL inhibi-

tion [18]. Furthermore, systemic delivery of METRNL in mice using

adenoviral vectors induces a lean phenotype, reductions in fat mass,

increases in whole-body glucose tolerance and energy expenditure,

and an upregulation in genes involved in browning and thermogenesis

in WAT and subcutaneous adipose tissue depots [19].

The mechanisms governing METRNL’s effects on insulin signaling

appear to involve the activation of PPAR signaling [54–56].

Adipocyte-METRNL overexpression increases insulin-stimulated Akt1

phosphorylation in WAT and insulin sensitivity in mice [56]. METRNL

overexpression in adipocytes also increases PPARγ, and inhibition or

knockdown of PPARγ blocks the insulin-sensitizing effects of

METRNL, suggesting that PPARγ mediates METRNL-induced insulin

sensitivity in adipocytes [56]. However, these effects are unknown in

the context of SkM-derived METRNL and hypertrophy.

METRNL also significantly increases lipase activity, lipid disposal,

and triglyceride turnover in WAT [56], which likely contributes to

insulin sensitization with METRNL injection and overexpression in

rodent models. Furthermore, METRNL increases the expression of

several genes relating to adipocyte differentiation (adipogenesis) and

lipolysis in WAT [56]. Interestingly, METRNL also expands adipocytes

(adipocyte area) [56]. This suggests that METRNL may simultaneously

promote lipogenesis and lipolysis by enhancing adipocyte storage

capacity (i.e., area), lipid uptake, and lipid metabolism to increase the

turnover of triglycerides. However, more work is required to under-

stand the tissue-specific effects of SkM-derived METRNL, such as in

adipose tissue, and how they contribute to systemic metabolism.

METRNL also works to protect the β cells of the pancreas. In

T2DM mice, METRNL injection inhibits and increases β-cell apoptosis

and proliferation, respectively, via proto-oncogene Wnt/β-catenin sig-

naling [57]. Intravenous injection of METRNL also delays the onset of

type 1 diabetes mellitus in nonobese, diabetic mice by reducing pan-

creatic leukocyte infiltration and altering the T-cell response and cyto-

kine secretion [58]. Once again, the pancreatic effects of SkM-derived
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METRNL have not been examined and represent an avenue for future

investigation. The exact mechanisms mediating the protective and

insulin-secretory effects of METRNL on the pancreas also remain

unclear and warrant further exploration. Finally, the receptor interac-

tion mediating SkM-derived METRNL signaling in different tissues is

not yet clear and should be investigated for future agonism of these

pathways [54].

This evidence supports the role of METRNL as a PGC-

1α4-regulated myokine that may be associated with the systemic met-

abolic effects of SkM hypertrophy, including WAT browning,

increased insulin sensitivity and secretion, and improved adipocyte

lipid handling.

Follistatin-like 1

Follistatin-like 1 (FSTL1) is an Akt1-regulated myokine that exhibits

direct endocrine effects on adipose tissue to regulate lipid metabolism

[59, 60]. Ouchi et al. reported that overexpression of Akt1 in SkM of

transgenic mice induced muscle hypertrophy and upregulated the

serum concentration of FSTL1, as well as the mRNA and protein

expression of FSTL1 in SkM, suggesting systemic secretion [59].

Nam et al. have shown that FSTL1 induces cyclic GMP (cGMP)

production, hormone-sensitive lipase (HSL) activity, and lipolysis in adi-

pocytes (Figure 5) [61]. These effects were partly mediated through

disco-interacting protein 2 homolog A (DIP2a) as DIP2a knockdown

attenuates these effects, possibly suggesting alternative receptor inter-

actions/signaling [61]. Although epinephrine co-treatment of adipo-

cytes did not increase FSTL1-stimulated lipolysis, treatment with atrial

natriuretic peptide (ANP) and FSTL1 showed synergistic effects for

cGMP, HSL activation, and lipolysis [61]. This suggests that FSTL1

enhances ANP-induced lipolysis in adipocytes. Furthermore,

FSTL1 attenuates both basal and insulin-stimulated Akt1 activation in

adipocytes, suggesting that FSTL1 inhibits lipogenesis while enhancing

lipolysis [61]. These effects have yet to be investigated for SkM-derived

FSTL1 in the context of muscle growth and systemic metabolism. Gly-

cosylated FSTL1 has also been shown to activate BAT thermogenesis

via β3-adrenergic signaling, generating cyclic AMP (cAMP) and activat-

ing protein kinase A (PKA), PPARγ, and thermogenic genes [62]. How-

ever, this is also unclear in the context of muscle-derived FSTL1.

Furthermore, limited work has been done to determine the endocrine

effects of SkM-secreted FSTL1 in tissues such as adipose tissue and

the liver with muscular growth in models of obesity and diabetes, and,

as such, more work is warranted in this area.

F I GU R E 4 Skeletal muscle (SkM) growth regulation of meteorin-like (METRNL). PGC-1α4 induces METRNL. It is unknown what initiates
proliferator-activated receptor coactivator-γ-1α (PGC-1α4) with SkM growth. METRNL activates eosinophils to produce interleukin (IL)-4 and -13
to activate M2 macrophages resulting in catecholamine production and white adipose tissue (WAT) browning and thermogenesis. METRNL also
influences adipocyte lipid handling and size/differentiation; however, this is unknown for muscle-derived METRNL. In the pancreas, METRNL is

protective of β cells via Wnt/β-catenin signaling and reduces inflammation. These effects in the pancreas are unknown for muscle-derived
METRNL with growth. The receptors through which METRNL acts in different tissues are also unclear. This figure was created using Servier
Medical Art (https://smart.servier.com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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Extracellular vesicles and microRNAs

Extracellular vesicles (EVs) have been recognized as SkM-secreted

factors with the potential to mediate tissue cross talk [63]. EVs con-

tain various molecular cargo capable of influencing cellular metabo-

lism, including bioactive proteins (e.g., myokines) and noncoding

microRNAs (miRNAs).

SkM growth has been shown to upregulate the secretion of EVs

and miRNAs (Figure 6). Hayashi et al. recently demonstrated that SkM

hypertrophy in muscle-specific Akt1 transgenic mice increases the

serum concentration of EV-associated miRNAs, specifically miR1,

miR133a, and miR206, independent of total EV concentration [64]. Fur-

thermore, stimulation of cultured myotubes with IGF-1 increased Akt1

activation and the secretion of miR206 in culture medium [64]. This evi-

dence is corroborated by the synergist ablation model of SkM mechani-

cal overload-induced hypertrophy in mice. Ablation of the soleus and

gastrocnemius in mice results in functional overload of the plantaris,

which induces SkM hypertrophy [65]. In response to this overload-

induced hypertrophy, intramuscular levels of miR1 and miR133a are

depleted through increased systemic EV-contained secretion [66, 67]. It

is currently unknown which cellular pathways are involved in mechanical

overload-induced SkM EV secretion. However, these observations point

to miR1 and miR133a, likely among other miRNAs, as SkM-secreted fac-

tors in response to anabolism. Although the fate of SkM-secreted EVs

and miRNAs in response to muscle growth remains unclear, they appear

to influence the metabolism of adipose tissue.

Mechanical overload-induced SkM EVs and miR1 are shown to

preferentially target WAT [66]. Intriguingly, GW4869-mediated block-

age of EV release abolished the decrease in SkM miR1 expression and

decreased serum EV miR1 abundance and miR1 uptake into WAT fol-

lowing mechanical overload [66]. This reinforces that mechanical

overload-induced WAT miR1 uptake is mediated by SkM export of

miR1 in EVs. In WAT, SkM-derived miR1 upregulates genes involved

in adrenergic signaling and lipolysis [66]. Specifically, miR1 may indi-

rectly activate CCAAT/enhancer binding protein α (Cebpα) via tran-

scription factor AP-2 α (Tfap2α) repression, which activates

adrenergic receptor β3 and increases the expression of the lipolytic

enzymes adipose tissue triglyceride lipase, HSL, and perilipin [66].

F I GU R E 5 Skeletal muscle (SkM) growth regulation of follistatin-like 1 (FSTL1). Protein kinase B (Akt1) induces FSTL1. It is unknown what
upstream signaling initiates Akt1-mediated FSTL1 expression with growth. FSTL1 acts through the disco-interacting protein 2 (DIP2a) receptor on
adipocytes to increase cyclic GMP (cGMP) production and activate hormone-sensitive lipase (HSL) and lipolysis. It is unclear whether these
mechanisms apply to muscle-derived FSTL1. Additional receptors may mediate the effects of FSTL1 in adipocytes; however, they remain unclear.
The effects of FSTL1 on lipolysis are synergistic with atrial natriuretic peptide (ANP). Glycosylated FSTL1 acts through β-adrenergic signaling to
induce cyclic adenosine monophosphate (cAMP), activate protein kinase A (PKA) and peroxisome proliferator-activated receptor γ (PPARγ), and
increase browning/thermogenesis-related genes. These mechanisms are unclear for muscle-secreted FSTL1. This figure was created using Servier
Medical Art (https://smart.servier.com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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Accordingly, SkM-derived miR following mechanical overload also

enhances catecholamine sensitivity in WAT [66].

Valentino et al. reported growth-induced alterations in the com-

position of EVs derived from SkM [68]. Specifically, IGF-1–treated

myotubes exhibited a greater abundance of EV CD63 and CD81 tet-

raspanins than nontreated myotube EVs. [68] Tetraspanins such as

CD81 may mediate muscle cross talk with other tissues such as WAT

to increase de novo beige adipogenesis and energy expenditure to

improve cardiometabolic health [69, 70]. Furthermore, IGF-1 treat-

ment altered the composition of diacylglycerol, ceramide, and other

lipid species in SkM-derived EVs [68]. It is unclear how changing the

lipid composition of EVs may influence tissue cross talk; however, this

may help increase the stability of EVs for interaction with target

cells [68]. Future work should also investigate the interactions mediat-

ing cargo transfer of SkM growth-induced EVs to other tissue types.

Further investigation is required to understand how SkM growth

alters the secretion, composition, and cargo of SkM-derived EVs, as well

as their interaction with remote tissues to influence metabolism. Addition-

ally, the contributions of SkM to systemically circulating EVs remain highly

debated and unclear. As such, more work is required to determine the sys-

temic fate of SkM-secreted EVs during periods of growth.

Lactate

Lactate is a metabolic product of glycolysis, produced by the reduc-

tion of pyruvate via lactate dehydrogenase (LDH) [71]. Although lac-

tate has incorrectly been thought of as a “waste product,” it is now

recognized as an important metabolic fuel and signaling molecule in

health and disease [71]. Importantly, in the context of this review, lac-

tate is an SkM-secreted metabolite that enters systemic circulation

during periods of energetic demand (e.g., elevated SkM glycolysis;

Figure 7).

As previously discussed, hypertrophying SkM upregulates glucose

uptake and glycolysis to support growth [23, 24]. Treatment of myo-

tubes with IGF-1 stimulates growth and significantly increases glycol-

ysis and lactate concentrations [23, 24]. Similarly, mechanical

overloading of the plantaris muscle significantly increases lactate

secretion [72]. In vivo, SkM constitutive Akt1 transgenic mice and

other models of SkM hypertrophy exhibit increased expression of

SkM LDH and blood and SkM lactate concentrations [26, 73, 74].

Once in circulation, lactate exerts numerous effects on multiple tis-

sues, as highlighted by Brooks et al. [71]. Of major importance in the

context of diabetes and obesity is the role of lactate in appetite

F I GU R E 6 Skeletal muscle (SkM) growth regulation of extracellular vesicles (EVs) and microRNAs (miRNAs). Protein kinase B (Akt1)
activation and mechanical overload (MOV) induce EV-mediated miRNA secretion. It is unknown what upstream pathways activate Akt1 or
mediate MOV-induced secretion. Growth alters the composition of EVs secreted from skeletal muscle. EVs and miRNAs target white adipose
tissue (WAT), where they increase lipolysis through Tfap2α-Cebpα and β-adrenergic signaling. It is unclear how muscle-derived EVs transfer
miRNAs to WAT in the context of growth. This figure was created using Servier Medical Art (https://smart.servier.com/) and PowerPoint
software. [Color figure can be viewed at wileyonlinelibrary.com]
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regulation. Indirectly, lactate reduces appetite by suppressing the secre-

tion and growth hormone secretagogue receptor-mediated signaling of

the “hunger hormone,” ghrelin [71]. Lactate also influences the secre-

tion of other appetite-regulating hormones. For example, oral lactate

administration in healthy male adults reduces plasma ghrelin while ele-

vating plasma glucagon and glucagon-like peptide1 (GLP-1) concentra-

tions [75]. It appears that glucagon suppresses appetite indirectly by

glucagon receptor (GCGR)-mediated action on the liver, which then

conveys satiety signals to the hypothalamus via the hepatic branch of

the vagus nerve [76]. Glucagon may also directly bind the hypothalamus

via the GCGR after crossing the blood–brain barrier [76]. Although the

mechanisms governing GLP-1-mediated satiation are multifaceted and

complex, GLP-1 appears to act peripherally (e.g., enteric and vagal neu-

rons) and centrally (e.g., hypothalamus) to reduce food intake [77].

Lactate crosses the blood–brain barrier through monocarboxy-

late transporters to influence the hypothalamus [71], the major

brain region responsible for governing hunger and satiation. Indeed,

exogenous lactate infusion drastically reduces appetite in healthy

adults [71, 75]. Recent evidence has also suggested profound

appetite-suppressing effects of N-lactoyl-phenylalanine (Lac-Phe), a

complex of lactate and phenylalanine catalyzed by the enzyme car-

nosine dipeptidase 2 (CNDP2), within CNDP2+ cells such as macro-

phages, monocytes, and epithelial cells [71]. Although the site(s) of

Lac-Phe action have yet to be elucidated, administration of Lac-Phe

in diet-induced obese mice reduces food intake and adiposity while

improving glucose homeostasis, without affecting energy

expenditure [78].

Although there is evidence for the effects of lactate and its

associated metabolites on appetite and consequently adiposity and

glucose homeostasis, it is unknown whether these are relevant to

SkM-secreted lactate with muscle growth. Additionally, the extent to

which lactate is secreted into systemic circulation with physiological

(i.e., non-transgenic) SkM growth is unclear. Specifically, it is unclear

whether periods of SkM anabolism and growth in humans increase

lactate secretion to the levels required for the appetite-suppressive

effects seen in lactate infusion studies. Additionally, work in humans

and transgenic models of hypertrophy (e.g., constitutive Akt1) should

investigate the effects of SkM growth on food intake and the involve-

ment of endogenously produced lactate to better understand the

mechanisms governing these effects in vivo.

F I GU R E 7 Skeletal muscle (SkM) growth regulation of lactate. Anaerobic glycolysis is likely upregulated by peroxisome proliferator-activated
receptor coactivator-γ-1α (PGC-1α4; possibly among other regulators) and produces lactate via lactate dehydrogenase (LDH). Lactate reduces
ghrelin and increases glucose-like peptide-1 (GLP-1) and glucagon to reduce appetite by various unclear mechanisms. Lac-Phe is also generated
from lactate and suppresses appetite. The degree of lactate secretion and its effects with skeletal muscle growth remain unclear. This figure was
created using Servier Medical Art (https://smart.servier.com/) and PowerPoint software. [Color figure can be viewed at wileyonlinelibrary.com]
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IMPLICATIONS FOR RESISTANCE EXERCISE
TRAINING AND PHARMACOLOGIC
INTERVENTIONS

Resistance exercise (RE) and pharmacology are two options that can

target SkM growth and improve metabolic dysfunction in humans [6,

7, 79–83]. However, it is unclear whether these SkM-targeted thera-

pies elevate the secretion of myokines, EVs, miRNAs, metabolites, and

other factors into the systemic circulation to concentrations that are

physiologically and clinically relevant to induce improvements in

whole-body metabolism. Here, we discuss our current knowledge of

these two therapeutic interventions in the context of SkM growth,

systemic metabolism, and muscle-secreted factors.

RE

RE training is an effective exercise modality to stimulate the growth

of SkM via mechanical and metabolic stress [7, 84]. Importantly, RE

training is often associated with improved whole-body metabolism,

including improved glycemic control, insulin sensitivity, and reduced

body fat mass, as has been demonstrated in both experimental and

clinical studies [85–88]. A commonly used noninvasive method for

dynamic RE in rodent models is weighted climbing, whereby rodents

pull an external load vertically up a ladder, resulting in mechanical

overload of SkM [89]. Although this differs from the RE training that

humans engage in, this model of RE has been validated to produce the

canonical human adaptations to RE training such as increased muscle

strength, muscle size, and fiber cross-sectional area [89].

Previously mentioned proteins involved in SkM anabolic signaling

(e.g., Akt1, mTORC1, PGC-1α4) are induced with RE training. As pre-

viously discussed, RE-induced mechanical overload is thought to be

sensed by various proteins associated with components of the extra-

cellular environment and sarcolemma in SkM, which subsequently

activate mTORC1, increasing protein synthesis [90]; see Roberts et al.

for a comprehensive review [7]. Cumulative spikes in Akt1-mTORC1

activation and protein synthesis with chronic RE result in SkM growth

[7, 91]. Furthermore, PGC-1α4 is induced in SkM 48 h after an acute

bout of RE, and basal levels are increased after 12 weeks of chronic

RE training in humans [20, 21].

Importantly, the secreted factors highlighted in this review may

be increased in SkM and/or systemic circulation with RE. FGF21 and

GDF15 are associated with cellular stress and are often upregulated

with chronic diseases such as T2DM [92]. As such, conflicting data

exist regarding the effects of RE on these myokines. FGF21 expres-

sion increases in SkM following RE training in Zucker diabetic rats [93],

whereas many studies in humans have reported a reduction in circu-

lating FGF21 with RE [94]. This discrepancy may be due to differ-

ences in exercise intensity, species, and populations studied, as many

studies have investigated states of metabolic dysfunction. Addition-

ally, the observed low-grade chronic elevations of these factors in

states of metabolic dysfunction may represent desensitization of

these pathways, similar to insulin resistance and hyperinsulinemia,

which differs from the transient elevations that may occur with RE

[95–97]. As such, future work should determine the effects of RE on

FGF21 secretion in a metabolically healthy state to avoid confounding

cellular stress resulting from metabolic disease. Conversely, circulating

GDF15 increases immediately following RE in humans [98]; however,

few, if any, studies have assessed the effects of RE on GDF15 expres-

sion and regulation in SkM.

The expression of METRNL at the mRNA level is increased in

SkM after an acute bout of RE in humans and rodents and following

chronic RE training in rodents [99]. RE training promotes SkM hyper-

trophy while increasing basal levels of circulating METRNL at rest in

individuals with T2DM and rodents [100, 101]. Chronic RE training

also increases FSTL1 expression in SkM and secretion into the plasma

in rats with myocardial infarction [102, 103]. Unfortunately, clinical

work regarding RE, SkM hypertrophy, and FSTL1 is lacking.

Recently, it has been shown that acute RE alters circulating EVs

and miRNA profiles in humans [104, 105]. An acute bout of RE alters

several SkM miRNAs targeting mRNA of signaling pathways related

to tumor protein p53, IGF-1, STAT3, PPAR, Janus kinase (JAK)/

STAT, growth hormone, WNT/β-catenin, extracellular signal-regu-

lated kinase/mitogen-activated protein kinase (ERK/MAPK), AMP-

activated protein kinase (AMPK), mTOR, PI3K/Akt1, transforming

growth factor-beta (TGF-β), and ILs [105]. However, the systemic

relevance of these SkM miRNAs is unclear. Acute RE also increases

plasma CD9, CD36, and vesicle-associated membrane protein

3 (VAMP3)-positive EV concentrations, CD81-positive EV size, and

EV surface protein density in healthy adults [104, 106]. In humans,

an acute bout of RE also reduces SkM miR1 while increasing circu-

lating EV and adipose tissue miR1, suggesting SkM secretion of

miR1 and uptake into adipose [66, 106]. Recently, Burke et al. iden-

tified CD63-positive EVs as predictors of the increased adipose tis-

sue miR1, as well as increased adipose tissue EV uptake gene

expression and catecholamine-induced lipolysis following RE, sug-

gesting EV-mediated cross talk between SkM and adipose tissue

with RE [106]. Furthermore, 12 weeks of RE training increases pro-

teins involved in miRNA and exosome biogenesis in SkM and circu-

lating muscle health-associated miRNAs in exosome-like vesicles in

older adults [107].

RE training upregulates glycolysis and increases the glycolytic

capacity of SkM in rodents and humans [6, 21, 108]. Acutely, RE

significantly increases plasma lactate, whereas chronic RE training

increases the basal activity and expression of SkM LDH [21].

Despite the increased glycolytic metabolism of hypertrophying

SkM, it remains unclear whether this influences basal lactate

secretion to any physiologically meaningful extent following RE

training. Considering that plasma lactate levels return to baseline

�1 h after exercise [21], increased basal systemic lactate secretion

seems unlikely to occur with SkM growth in humans. Additionally,

it is plausible that lactate-related metabolites such as Lac-Phe may

be upregulated following acute and chronic RE; however, these

questions have yet to be examined and certainly warrant investiga-

tion. Furthermore, although research in humans has reported

weight loss concomitant with reductions in food intake following
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RE [109, 110], a causative relationship with SkM-derived lactate

has yet to be determined.

The molecular regulators of RE-induced SkM anabolism and

growth in humans are still unclear and are the topic of extensive

study. Recent work has supported the role of several newly identified

regulators of muscle mass in response to RE [111, 112]. Future work

should also focus on novel and understudied governors of

RE/mechanical overload-induced SkM anabolism (e.g., DAG kinase,

integrins, stretch-induced channels, PLD) and their regulation of SkM-

secreted factors that may influence systemic metabolism.

Although RE promotes SkM growth and may increase the expres-

sion of various factors in SkM and their concentration in the systemic

circulation, this area remains understudied. As such, our knowledge of

how RE-induced SkM growth influences the regulation and secretion

of myokines, EVs, and miRNAs is based on few studies. For example,

although some myokines such as FGF21 and GDF15 are regulated by

cellular stress pathways induced by mTORC1 activity, it is unclear

whether such pathways are involved in RE-induced expression and

secretion [34]. Future work is required to ascertain the molecular

mechanisms regulating myokine and EV expression and biogenesis in

SkM with RE-induced hypertrophy. Additionally, many previously con-

ducted studies investigating RE have failed to determine the tissue of

origin of circulating factors. Determining whether SkM is responsible

for increased secretion can be challenging, especially in humans; how-

ever, future studies should aim to incorporate molecular data in SkM

with measures from the systemic circulation (i.e., plasma). Finally, most

reports of RE and SkM-secreted factors are not investigated in the

context of systemic metabolic health. More work should focus on

how SkM hypertrophy and secreted factors following RE may be used

as a therapeutic intervention to improve the health of different clinical

populations.

Pharmacology

The activin type II receptor (ActRII) inhibitor bimagrumab represents a

promising antiobesity pharmacological treatment. Unlike current

appetite-suppressive weight loss drugs, bimagrumab blocks the

actions of MSTN and activin A, which are negative regulators of mus-

cle mass [113, 114]. A clinical trial showed that injection of bimagru-

mab over 48 weeks significantly increased lean mass, reduced fat

mass, and improved glycemic control in individuals with T2DM,

highlighting the hypertrophic and systemic metabolic effects of this

agent [115]. Additionally, Nunn et al. showed that the addition of

bimagrumab to GLP-1 agonist therapy results in superior reductions

in fat mass and preserved muscle mass despite reduced food intake

compared to GLP-1 agonism alone in diet-induced obese mice [83].

Interestingly, the deletion of SkM Akt1 only modestly attenuated the

hypertrophy induced by ActRII inhibition, suggesting the involvement

of Akt1-independent mechanisms [83]. Taken together, this suggests

that bimagrumab-induced SkM hypertrophy promotes whole-body

metabolic effects, namely reductions in adiposity. Although direct

effects of ActRII inhibition on BAT and energy expenditure are

plausible [116], the relative contribution of adipose tissue ActRII sig-

naling to these metabolic changes remains unclear [29]. Alternatively,

alterations in myokine secretion following bimagrumab-induced SkM

hypertrophy may mediate some of these changes in fat mass and sys-

temic metabolism [83, 117]. Further research should work to investi-

gate the effects of ActRII inhibition and other pharmacological

inductions of SkM hypertrophy on myokine regulation and secretion,

as well as the influence on whole-body metabolism.

GLP-1 agonists offer a promising therapeutic option for the treat-

ment of obesity by modulating satiety signaling, among other mecha-

nisms [118]. However, a controversial and highly debated concern

associated with the rapid weight loss that is associated with GLP-1

agonist therapy is the loss of lean muscle mass [119, 120], an impor-

tant metric for physical function [121], metabolic health [122], and

mortality [123, 124], especially in older adults. Consequently, this pos-

sible drawback of current antiobesity medications has initiated the call

for the investigation of therapeutic interventions targeting SkM

health [5]. Although the interest and use of GLP-1 agonists in differ-

ent clinical populations continue to surge, their direct and indirect

effects on SkM mass and metabolism are unclear. Some evidence has

suggested that GLP-1 and GLP-1 agonists may augment SkM metabo-

lism [125–127]. However, it is still unknown how anabolic pathways

regulating SkM anabolism and myokine secretion are influenced by

GLP-1 agonism [119]. Future work is needed to understand how this

robust weight loss following GLP-1 agonist therapy alters SkM anabo-

lism, myokine secretion, and systemic metabolic health in different

organ systems.

Interaction between RE and pharmacology

As previously mentioned, a potential concern of GLP-1 agonist ther-

apy is the loss of lean muscle mass in certain populations such as older

adults [119, 120]. As such, the addition of RE training with incretin

mimetics is gaining attention as a strategy to preserve SkM health fol-

lowing rapid weight loss [119, 128]. Although RE helps preserve lean

mass following caloric restriction in humans [119], no data exist

regarding lean mass preservation with the combination of RE and

GLP-1 agonist therapy. Future research is not only required to under-

stand how pharmacologically induced weight loss alters anabolic sig-

naling in SkM and muscle-secreted factors but also whether and how

the addition of RE augments or attenuates these effects in SkM and

systemic metabolism. Additionally, considering that ActRII inhibition-

based therapies such as bimagrumab may involve Akt1-independent

mechanisms, this may suggest potential synergistic effects of these

therapies with RE [83, 129, 130].

CONCLUSION

In transgenic rodent models, targeted SkM hypertrophy induces

whole-body metabolic changes such as reduced adiposity, WAT brow-

ning, increased glycemic control and insulin sensitivity, and enhanced
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fat oxidation in remote tissues such as the liver and adipose tissue.

Although mechanisms mediating this effect remain unclear, secreted

factors from growing SkM may play an important role. Several pro-

teins involved in anabolic and metabolic signaling in SkM such as

Akt1, mTORC1, and PGC-1α4 regulate several endocrine factors

(e.g., myokines, EVs, miRNAs, metabolites) that are known to target

non-SkM tissues and influence systemic metabolism. As such, it is

plausible that activation of these signaling proteins and pathways in

SkM during periods of anabolism and growth promotes the expression

and secretion of endocrine-like factors that improve whole-body met-

abolic health. Furthermore, RE training and pharmacological agents

such as ActRII inhibitors (e.g., bimagrumab) are interventions that pro-

mote SkM hypertrophy and systemic metabolic improvements, poten-

tially mediated by secreted factors. Future work is required to expand

our knowledge of the role of SkM hypertrophy in promoting the

secretion of circulating factors, their effects on metabolism, and impli-

cations for therapeutic interventions such as RE training and pharma-

ceuticals in populations with metabolic disease.O
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