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ABSTRACT

Type 2 diabetes mellitus, a metabolic disorder characterized by abnormally elevated blood sugar, poses a growing social, economic, and
medical burden worldwide. The skeletal muscle is the largest metabolic organ responsible for glucose homeostasis in the body, and its
inability to properly uptake sugar often precedes type 2 diabetes. Although exercise is known to have preventative and therapeutic effects
on type 2 diabetes, the underlying mechanism of these beneficial effects is largely unknown. Animal studies have been conducted to
better understand the pathophysiology of type 2 diabetes and the positive effects of exercise on type 2 diabetes. However, the complexity
of in vivo systems and the inability of animal models to fully capture human type 2 diabetes genetics and pathophysiology are two major
limitations in these animal studies. Fortunately, in vitro models capable of recapitulating human genetics and physiology provide
promising avenues to overcome these obstacles. This review summarizes current in vitro type 2 diabetes models with focuses on the
skeletal muscle, interorgan crosstalk, and exercise. We discuss diabetes, its pathophysiology, common in vitro type 2 diabetes skeletal
muscle models, interorgan crosstalk type 2 diabetes models, exercise benefits on type 2 diabetes, and in vitro type 2 diabetes models with
exercise.
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I. INTRODUCTION

Diabetes mellitus refers to a group of metabolic diseases that are
characterized by elevated levels of blood glucose known as hyperglyce-
mia. More than 400 � 106 people worldwide have diabetes.1 The U.S.
accounts for approximately 34� 106 (about 1 in 10) and roughly 90% of
them are type 2 diabetes (T2D).1 Type 1 diabetes occurs when the
immune system of the body attacks and destroys b-cells, the insulin-
producing cells in the pancreas. This results in the buildup of sugar level
in the bloodstream due to little to no insulin, which promotes cell glucose
uptake. T2D occurs when the pancreatic b-cells do not produce enough
insulin and the body responds poorly to insulin, known as insulin resis-
tance, and takes in less sugar.1 Diverse genetic and environmental factors
lead to the loss of pancreatic b-cell mass and function.2 When b-cells are
unable to fully compensate for decreased insulin sensitivity, T2D results.3

Skeletal muscle is the largest metabolic organ and the most promi-
nent site for the disposal of ingested glucose in healthy individuals.4

Hence, the well-being of the skeletal muscle is essential for glucose
homeostasis in the body. In insulin-resistant states, insulin-stimulated
glucose uptake and related insulin signaling in the skeletal muscle are
significantly impaired.4 Typically, insulin resistance precedes T2D and
the earliest site of insulin resistance is the skeletal muscle.2 In addition,
many factors secreted by the skeletal muscle, including proteins and
peptides (myokines), metabolites, microRNAs (miRNAs), and exo-
somes, mediate the interaction between the skeletal muscle and other
organs such as the pancreas, adipose tissues, and the liver in the devel-
opment of T2D. Thus, a deeper understanding of the pathophysiological
molecular mechanisms underlying skeletal muscle in the progression of
T2D is crucial in finding better treatments for the patients.

Moreover, the skeletal muscle contributes to numerous preventa-
tive and therapeutic effects of exercise on diabetes. The studies found
that exercise increases glucose uptake in the skeletal muscle.5–8 In
addition, regular exercise yields reduced basal and glucose-stimulated
insulin levels, improved mitochondrial function, and increased muscle
mass, insulin activity, and free fatty acid oxidation.5,9–11 In the recent
decades, studies also found that contracting the skeletal muscles
secrete protein factors or myokines that may be anti-inflammatory
and have the potential to be beneficial to diabetes where chronic
inflammation is a major underlying pathophysiology.

Animal studies have been used to study the role of the skeletal
muscle tissues in the pathophysiology of T2D and the positive effects
of muscle contraction on T2D. In vivo T2D rodent models, including
monogenic and polygenic obese models, diet-induced obese models,
and transgenic nonobese models, are widely used to study the onset
and progression of T2D and exercise benefits in diabetes.12 Each
model is useful in investigating the genetic, environmental, or endo-
crine factors present in the evolution of T2D. However, in vivo systems
are highly complex, making the precise mechanistic understanding
difficult, in addition to the ethical considerations of human or animal
experimentations and their tremendous costs. No single model cap-
tures all human T2D phenotypes and genetics, and it is challenging to
interpret and extrapolate the results from animal models to humans.13

The advent of in vitro models using patient-derived T2D muscle
cells or induced pluripotent stem cells (iPSCs) has enabled researchers
to recapitulate T2D in a dish with human genetics and disease pheno-
types.14–20 In particular, iPSCs are advantageous because they could
serve as unlimited cell source and are minimally invasive to obtain.
These in vitro models of T2D are important avenues to better

understand the cellular and molecular processes involved in the dis-
ease. They allow researchers to study the precise and various experi-
mental conditions without the full complexity of in vivo physiology. In
addition, genetic modification can easily be leveraged to investigate the
functional roles of genes in diseases. Moreover, in vitro models have
shown to capture the effects of secreted factors that directly link mus-
cle, liver, and adipose tissues and dissect casual T2D-related interorgan
connections. In addition, the advent of more sophisticated in vitro
T2D and various in vitro exercise protocols have enabled detailed
mechanistic studies on the benefits of exercise on the disease.

In this review, we discuss diabetes mellitus, its known pathophys-
iology, and the various in vitro models used to model T2D, all with a
focus on the skeletal muscle, which is the primary site of glucose dis-
posal. We then talk about interorgan crosstalk in T2D development as
well as the exercise benefits on alleviating diabetes mellitus. Finally, we
discuss existing in vitro T2D skeletal muscle models capturing both
interorgan crosstalk and exercise.

II. PATHOPHYSIOLOGICAL FACTORS IN T2D SKELETAL
MUSCLES

Below we will focus on the biological mechanisms underlying
T2D-related impairment of the skeletal muscle (Fig. 1), since T2D
accounts for 90% of diabetic occurrence and the skeletal muscle is the
largest tissue responsible for glucose homeostasis in the body.

A. Glucose and insulin dysregulation

The key phenotype of diabetic patients is the abnormal elevations
of glucose and insulin concentrations. The glucose level of healthy
individuals is typically maintained at a steady state. The level rises
post-ingestion but would return to pre-prandial concentrations within
2 h.21,22 In T2D patients, however, the glucose concentration is at
higher levels both before and after ingestion. The impaired glucose
homeostasis prompts the b-cells in the pancreas to produce excess
insulin to enhance cellular glucose uptake. When the body becomes
less sensitive to insulin, also known as insulin-resistance, both elevated
glucose and insulin concentrations persist. Normally, insulin level rises
to a peak within 30min of ingestion in the body. In T2D patients,
however, insulin secretion is delayed, and peak insulin level does not
occur until 2 h after ingestion.21,22 The insulin concentration stays
abnormally elevated for the following several hours.

Insulin resistance in the skeletal muscle is considered the most
important extra-pancreatic factor in the T2D pathophysiology.23 In
the healthy skeletal muscle, insulin stimulates intracellular glucose
metabolism by activating the insulin receptor and subsequently induc-
ing second messengers that activate a cascade of phosphorylation–
dephosphorylation reactions4 (Fig. 1). When the insulin receptors are
activated by insulin binding, the receptors recruit receptor substrates,
including insulin-receptor substrate-1 (IRS-1), and subsequently phos-
phorylate IRS-1 on multiple tyrosine residues. The tyrosine-
phosphorylated IRS-1 recruits and activates phosphatidylinositol
3-kinase (PI3K), further phosphorylating and activating protein
kinase B (PKB)/AKT (Ak strain transforming). AKT is a central
intermediate for many insulin actions (Fig. 1). First, the activation
of AKT leads to increased glucose influx into muscle cells via the
activation of the glucose transport system (glucose transporter 4,
GLUT4) and the translocation of GLUT4 to the plasma membrane.
Second, AKT promotes protein synthesis via the activation of
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mammalian target of rapamycin complex 1 (mTORC1) pathway.
Third, AKT phosphorylates Forkhead box O (FoxO), which leads
to the exclusion of FoxO from the nucleus, and thus, prevents the
transcription of FoxO-dependent atrogene. Fourth, AKT also inacti-
vates glycogen synthase kinase 3 (GSK3) and activates glycogen syn-
thase (GS), inducing glycogen synthesis. Other AKT involvements in
the insulin signaling pathway are reviewed in detail in the literature.4,24

This PI3K/AKT pathway is responsible for most metabolic actions of
insulin, but mitogen-activated protein kinase (MAPK) is another insulin
signaling pathway that involves insulin receptors and IRS-1. MAPK
activates the cascade of extracellular signal-regulated kinases (ERK) and
promotes cell growth and differentiation.4

The role of insulin to promote glucose uptake is drastically
reduced in the T2D skeletal muscle.4,24 Importantly, both lean and
obese T2D individuals show a significant decrease in insulin-
stimulated glucose uptake in their skeletal muscle.25 In the T2D skele-
tal muscle, tyrosine phosphorylation of IRS-1 is severely damaged,
which contributes to lowered insulin sensitivity. Tyrosine phosphory-
lation of IRS-1 induces the insulin signaling pathway while serine (Ser)
and threonine (Thr) phosphorylation of IRS-1 inhibit the insulin sig-
naling pathway.24 An increase in Ser/Thr phosphorylation impairs the
tyrosine phosphorylation of IRS-1, which further reduces the associa-
tion of the p85 regulatory subunit of PI3K activity with IRS-1 and
decreases PI3K activation. As a result, this impaired IRS-1 and PI3K

FIG. 1. A summary of T2D pathophysiology in the skeletal muscle. In the healthy skeletal muscle (black arrows), insulin stimulates intracellular glucose metabolism by tyrosine
phosphorylation (pY) of insulin receptors and IRSs. IRS proteins activate the PI3K/AKT pathway and promote many insulin actions via the activation of AKT by (1) increasing
glucose influx via the translocation of GLUT4, (2) promoting protein synthesis via mTORC1 activation, (3) preventing the transcription of FoxO-dependent atrogene via FoxO
phosphorylation, and (4) promoting glycogen synthesis via GSK3 inactivation. In the T2D skeletal muscle (red arrows), the inhibitory Ser/Thr phosphorylation (pS/T) of IRS-1
impairs its tyrosine phosphorylation (pY), resulting in the development of insulin resistance by impairing PI3K/AKT signaling, decreasing GLUT4 translocation and glucose
transport, and impairing glucose phosphorylation and synthesis. In addition, altered phosphorylation of IRS-1 and reduced PI3K activity exacerbates muscle atrophy via the
inhibition of mTORC1 signaling and activation of FoxO-dependent atrogene transcription (Atrogin1 and MuRF1). Increased ROSs, intramyocellular lipids, and proinflammatory
cytokines (TNF-a and IL-6) lead to mitochondria dysfunction, lipotoxicity, and chronic inflammation via the activation of JNK, IKK/NF-jB, and JAK–STAT stress kinase path-
ways, resulting in Ser/Thr phosphorylation (pS/T) of insulin receptors and IRS proteins, further contributing to insulin resistance.
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signaling leads to the development of insulin resistance in the skeletal
muscle by (1) decreasing glucose transport via impaired translocation
and decreased activity of glucose transporters (e.g., glucose transporter
4, GLUT4) and (2) diminishing glucose phosphorylation, and (3)
impairing glycogen synthesis activity4 (Fig. 1).

B. Muscle atrophy and fiber type redistribution

The muscle atrophy seen in diabetes is an imbalance of protein
synthesis and protein degradation, as in all muscle atrophy. Reduced
insulin signaling leads to lower protein synthesis signaling, such as
AKT signaling, higher protein degradation activities, and higher
ubiquitin-proteasome pathways.26 Altered phosphorylation of IRS-1
and reduced PI3K activity could exacerbate muscle atrophy by reduc-
ing the activation of AKT. The reduced AKT activation could enhance
protein degradation via FoxO-dependent atrogene transcription, while
simultaneously decreasing protein synthesis via inhibition of the
downstream mTORC1 signaling.27 Reduction of the AKT activity in
muscle promotes protein degradation by directly increasing muscle
atrophy F-box (MAFbx) andMuscle RING finger 1 (MuRF1), the rep-
resentative E3 ligases of muscle atrophy28 (Fig. 1).

In T2D patients, the fraction of slow muscle fiber and the fiber’s
expression of GLUT4, the most abundant glucose transporter in the
skeletal muscle, were found to be lower compared with either obese or
healthy subjects.29,30 Slow-twitch fibers are more insulin-sensitive and
responsive compared with fast-twitch fibers.31 Thus, such changes
may contribute to the reduction in insulin-stimulated glucose uptake
in the skeletal muscle of T2D, especially since GLUT4 expression is
normally higher in slow fibers compared with fast fibers.32 To make
matter worse, muscle atrophy further worsens insulin resistance,
resulting in a vicious feedback loop in the skeletal muscle sugar
uptake.

C. Excessive fat supply and impaired fat oxidation

Body weight is highly related to diabetes, and several studies
show that obesity increases the risk of diabetes.33–36 Obese individuals
without a family history of T2D have a 35%–50% decrease in whole
body insulin-mediated glucose uptake.3,37 In these patients, there are
higher amounts of non-esterified fatty acids, which contribute to insu-
lin resistance and T2D.38,39 Independent of excessive fat supply to the
skeletal muscle, T2D patients also show impaired muscle fat oxida-
tion,40–43 which indicates an impaired ability of mitochondria to oxi-
dize fat.

The increases in intramyocellular lipids and other lipotoxic
metabolites (e.g., ceramide) play a causal role in the development of
the skeletal muscle insulin resistance.4 An increasing level of free fatty
acids (FFAs) in the body results in the accumulation of intramyocellu-
lar lipids, such as diacylglycerol and ceramides. Lipotoxicity caused by
the accumulation of lipid intermediates can inhibit insulin signaling
via the reduction in GLUT4 transporters on the myocyte mem-
brane,44–46 leading to impaired glucose utilization, reduced lipid oxida-
tion, and decreased muscle function27,47–51 (Fig. 1). Ceramide is found
to inhibit AKT signaling, which plays an important role in glucose
homeostasis and protein synthesis. AKT signaling inhibition due to
excess lipids leads to decreased glucose transport and glycogen synthe-
sis, contributing to abnormally elevated blood glucose.27 In addition,
ceramides induce insulin resistance via c-Jun N-terminal Kinase

(JNK) activation.52 Palmitate, a fatty acid, also causes insulin resistance
in the skeletal muscle by promoting endoplasmic reticulum stress,
cytokine production, and JNK activation.53

D. Chronic inflammation

Chronic inflammation is not only an important contributor to
T2D but also accelerates and exacerbates T2D. The skeletal muscle
in the proinflammatory state is common in diabetic patients. The
levels of cytokines, including Tumor Necrosis Factor-a (TNF-a) and
interleukin 6 (IL-6), are upregulated in the skeletal muscle.54,55

TNF-a activates nuclear factor kappa B (NF-jB) and increases pro-
tein degradation via MuRF-1-dependent signal pathways. Also,
TNF-a induces insulin resistance by stimulating JNK and inhibitor
of nuclear factor kappa-B kinase subunit beta (IKKb)/NF-jB path-
ways and increasing serine/threonine phosphorylation of IRS-156

(Fig. 1). IL-6 promotes protein degradation and insulin resistance by
reducing the expression of both GLUT4 and IRS-1 and activating
the Janus kinase/signal transducer and activator of transcription
proteins (JAK/STAT)54,55 (Fig. 1). Specific factors and signaling
pathways are often correlated with each other. For example, the
IKKb/NF-jB activation can induce the secretion of proinflamma-
tory cytokines, which leads to further stimulation of IKKb/NF-jB
signaling.57 Moreover, both NF-jB and JNK were found to induce
phosphorylation of insulin receptor substrate, leading to impaired
downstream insulin signaling. Studies in humans and mice showed
that the impairment in insulin-stimulated muscle glucose transport
is associated with disruptions in the translocation of GLUT4, the
most abundant glucose transporter isoform in the skeletal muscle, to
the muscle cell surface58–62 (Fig. 1).

The interplay between inflammation and fat infiltration causes
glucose dysregulation and impaired insulin signaling, leading to T2D.
Excess fat and reactive oxygen species (ROS) play a role in activating
JNK and NF-jB, which are important protein and transcription
factors involved in cellular stress and inflammation.63 Abnormally ele-
vated free fatty acids (FFAs) induce adipocytes to produce proinflam-
matory cytokines, such as TNF-a, IL-1b, and interferon-gamma (IFN-
c), which contribute to both local and systemic insulin resistance
observed in the skeletal muscle.60–62,64–66

E. Mitochondria dysfunction

The mitochondrial dysfunction is associated with T2D develop-
ment.1 In the skeletal muscles of insulin-resistant individuals, mito-
chondrial dysfunction has also been observed. The accumulation of
ROS in the mitochondria is one of the proposed mechanisms linking
mitochondrial dysfunction to insulin resistance.67 The genes involved
in oxidative metabolism are down-regulated in T2D tissues: peroxi-
some proliferator-activated receptor-gamma coactivator (PGC-1a), an
important gene involved in mitochondrial biogenesis, was also found
to be downregulated in subjects with T2D.67–69 The phosphocreatine
re-synthesis rate is also diminished.70 Elevated electron donors stem-
ming from excess nutrient and catabolism increase electron supply to
the mitochondrial electron transport chain, which results in excess
ROS production, inducing cellular damage, insulin resistance, and
mitochondrial damage58,59 (Fig. 1).

Obesity is associated with mitochondria dysfunction in T2D tis-
sues. The oxidative capacity of mitochondria was found to decrease in
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obese individuals compared with lean subjects, leading to reductions in
lipid metabolism and mitochondrial respiration.40,71,72 During the
insulin resistance state, mitochondrial fat oxidation is decreased
and the influx of free fatty acid into the skeletal muscle is
enhanced.4 Lipotoxicity caused by the accumulation of lipid inter-
mediates leads to excessive mitochondrial fission via the activation
of a mitochondrial fission protein, dynamin-related protein 1
(DRP1) activation.73 Both the development of ROS and excessive
lipid accumulation result in mitochondrial damage and further
enable the removal of damaged mitochondria through mitophagy
(selective mitochondrial autophagy).74

F. Altered myokine secretion

Contracting the skeletal muscle secretes protein factors, named
myokines, which can exert their effects in an autocrine, paracrine, or
endocrine fashion. Though very little is known about the functions
and the mechanistic actions of these myokines, many of them play a
positive role in energy metabolism.75 However, some of the myokine
secretions are altered in diseased states, such as in T2D. For example,
plasma FGF21 was found to be increased in T2D patients compared
with normal controls.76 FGF21 enhances the skeletal muscle glucose
uptake and may be a compensatory mechanism to elevated blood glu-
cose in T2D individuals. Another study showed that conditioned
media from diabetic myotubes treated with high glucose, insulin, and
lipids significantly reduced insulin-stimulated insulin secretion in
b-cells, suggesting altered myokines in diabetic and metabolically chal-
lenged skeletal muscle.77 Other studies have shown that insulin-
resistant or diabetic myotubes secreted elevated levels of IL-6, IL-8,
IL-15, and TNF-a.78,79 IL-8 was further investigated and found to be
involved in the reduced capillarization observed in the skeletal muscle
of T2D patients.80 A deeper understanding of the myokines dysregu-
lated in T2D has the potential to help discover more effective
therapeutics.

III. IN VITRO T2D SKELETAL MUSCLE MODEL
A. Animal models and the motivation
for in vitro models

Different animal models have been developed to reproduce key
characteristics of T2D such as insulin resistance and b-cell dysfunc-
tion. However, there is no single animal model that can encompass all
of the clinical complications and pathophysiological mechanisms in
human T2D. Thus, the choice of the model should depend on what
aspect of the disease is being investigated. The details of currently
available T2D animal models were reviewed in the literature.12,81–84

Below we provide a short summary of these models.

1. Rodent T2D models

The rodent model has proven to be a reliable model to study
the genetic or environmental factors contributing to T2D. Rodent
models have the obvious advantages such as lower cost and feasi-
bility of conducting longitudinal studies compared to large animal
models. T2D rodent models can be categorized into two groups:
obese and nonobese models. The obese models can be generated
by (1) naturally occurring mutations or genetic manipulation
(monogenic and polygenic T2D models) and (2) high fat diet
(diet-induced obese T2D model).

2. Monogenic obese T2D models

Monogenic models of T2D with obesity are commonly used in
the research. In these models, the obesity induced T2D is caused by
monogenic mutation in leptin or leptin receptor, rendering leptin sig-
naling dysfunctional. Leptin induces satiety, and thus, the lack of func-
tional leptin causes hyperphagia and obesity followed by
hyperlipidemia, hyperinsulinemia, and hyperglycemia.12

3. Polygenic obese T2D models

Polygenic T2D models provide a more accurate model to mirror
the complicated human T2D conditions such as the interplay of obe-
sity and glucose homeostasis and diabetic complications. Among poly-
genic models, KK mice,12,85 and NoncNZO10/LtJ mice82 models
demonstrated insulin resistance in skeletal muscles. However, there
are no wild-type controls.

4. Diet-induced obese T2D model

Models of high fat feeding (58% of energy derived from fat) have
developed to model the diet-induced metabolic changes in the devel-
opment of T2D. Since the obesity is caused by environmental factors
rather than single genetic mutation, diet-induced obesity model better
captures insulin resistance in skeletal muscles caused by increased cir-
culating concentrations of free fatty acids.86 However, both genetic
and high-fat feeding-induced mouse models do not capture the same
islet pathology as humans. In particular, diabetes in the mouse models
was caused by a failure to adequately increase the b-cell mass, which is
one of the secondary acquired metabolic abnormalities in humans.81

5. Nonobese T2D models

Nonobese T2D models have been developed such as
Goto–Kakizaki rats and hIAPP mice, since not all T2D patients are
obese. Goto–Kakizaki model can mimic glucose intolerance and defec-
tive glucose-induced insulin secretion, but this abnormal glucose
metabolism is caused by aberrant b-cell mass. Transgenic mice
(hIAPP mice) expressing human islet amyloid polypeptide (hIAPP)
have been created to closely mimic the pathogenic effects of hIAPP on
b-cell destruction in humans.

6. Large animal T2D models

Larger animal T2D models, such as cats, dogs, pigs, and non-
human primates, have been created for T2D research. In particular,
cat T2D models were found to closely mimic insulin resistance and
subsequent b-cell loss and islet amyloidosis in humans. Among all
the animal models, a main challenge remains—the animals are
not able to fully recapitulate the human genetics and disease
phenotypes with varying degrees of insulin resistance and b-cell
destruction.

In vitro models of T2D are important avenues to a better under-
standing of the cellular and molecular processes involved in the dis-
ease. They not only allow researchers to capture human genetics and
pathophysiology but also enable the study of precise and various
experimental conditions without the full complexity of in vivo physiol-
ogy. In addition, genetic modification can easily be leveraged to inves-
tigate the functional roles of genes in diseases in controlled and
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simplified environments. Several strategies have been utilized to study
the underlying pathophysiology of T2D in vitro. These methods
include exposing cultured myotubes to elevated systemic concentra-
tions of glucose, insulin, fatty acids, and inflammatory cytokines to
mimic the pathophysiology of diabetes. Recent advances in T2D
in vitro modeling include growing myotubes derived from diabetic
individuals using both muscle stem cells and induced pluripotent stem

cells. In the following sections, we discuss each of these methods in
further details (Tables I and II).

B. High glucose and insulin treatment

To better understand how abnormal elevations of glucose and
insulin contribute to cell and tissue dysfunction, researchers have

TABLE I. A summary of in vitro T2D models.

Cell source Method Concentration Impact on myoblasts Impact on myotubes References

C2C12 Elevated glucose 60mM #Myogenesis,
#insulin sensitivity,
#AKT signaling

87

C2C12 Elevated glucose 10–25mM #Myogenesis,
#insulin sensitivity,

"mitochondrial fragmen-
tation,
"ROS

"ROS,
"protein degradation,

"apoptosis

88

C2C12 Elevated insulin 50 nM #Insulin sensitivity,
#AKT signaling,

#mRNAs of GLUT4 and
PGC1-a

91, 92

C2C12 Elevated glucose þ
insulin

Glucose, 15mM Insulin,
50 nM

"Myogenesis 91, 92

Human
myotubes

Elevated glucose þ
insulin

High glucoseInsulin,
100 nM

#Insulin sensitivity,
#AKT signaling

95

C2C12 Hyperlipidemia Palmitate, 0.25mM for 2 h "Apoptotic signaling,
"mitochondrial
fragmentation

89

C2C12 Hyperlipidemia Palmitate, 0.1–0.6mM for
24 h

#Insulin sensitivity,
#AKT signaling

101, 102

C2C12 Hyperlipidemia Palmitate, 0.5mM for 24 h #Myokine irisin 105
L6 Hyperlipidemia 0.75mM for 2–16 h #GLUT4 expression,

"NF-jB, "TNF-a
103, 104

Human
myotubes

Hyperlipidemia Palmitate, 0.5mM for 24 h "Mitochondrial fragmentation,
"IL-6

106

Human
myotubes

Hyperlipidemia
þ inflammation

Palmitate, 0.5mM for 48 h
TNF-a,

10 ng/ml for 24 h

Dysregulated enhancers 107

C2C12 Inflammation TNF-a, 10 ng/ml for 1 h #Insulin sensitivity 108
C2C12 Inflammation TNF-a, 10 ng/ml for 16 h #AMPK signaling 66
T2D subjects #Myogenesis,

"IL-1b, dysregulated
autophagy, dysregulated

miRNAs

"IL-1b, NF-jB, IL-6/8/15,
TNF-a

dysregulated autophagy,
#glycogen synthesis,
#glucose oxidation,
#insulin sensitivity,

"ceramide and glycosphingoli-
pids metabolism,
#lipolysis and

hormone-sensitive lipase

14–17, 79,
112, 117–119

iPSCs from
T2D subjects

#Insulin sensitivity,
#mitochondrial oxidation,

Dysregulated
phosphoproteome

18–20
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exposed cultured myotubes to elevated glucose and/or insulin. Below
we summarize the findings of these studies on how elevated glucose
and/or insulin affect myoblasts and myotubes.

C2C12 myoblasts differentiated in high glucose or insulin media
showed impaired myogenesis and metabolism. The myoblasts had a sig-
nificantly lower ability to formmyotubes when they are differentiated in
medium containing 60mM glucose compared with differentiation in
medium containing 25mM glucose.87 The high glucose also reduced
both basal and insulin-stimulated GLUT4 expressions and glucose
uptakes. The impaired myogenesis and glucose metabolism were shown
to be related to reductions in the expressions of myogenesis-related
genes, namely, myoD and myogenin, and decreased AKT signaling,
which is important for glucose uptake and metabolism.87 A much older
study showed that even a concentration of 25mM glucose in culture
medium desensitized the insulin-stimulated glucose uptake in C2C12
myoblasts compared with a concentration of 5.5mM, which is around
the normal physiologic glucose level in human and mice at a fasting
state.88 C2C12 myoblasts cultured in 25mM glucose also showed higher
mitochondrial fragmentation and elevated ROS compared with myo-
blasts cultured in 5.6mM glucose.89,90 Furthermore, C2C12 myoblasts
differentiated in 15mM glucose medium displayed reduction in myo-
genesis seen in lowered fusion and expressions of myoD, myogenin,
and myosin heavy chain compared with myoblasts cultured in basal
medium.91 Interestingly, C2C12myoblasts cultured in both high glucose
(15mM) and insulin (50nM) showed increased fusion, myogenin, and
a drop in myostatin compared with myoblasts cultured in 15mM glu-
cose only or basal medium.91,92 However, C2C12 myoblasts differenti-
ated in the presence of elevated insulin was found to have reduced AKT
signaling, lowered insulin sensitivity, and decreased mRNA expressions
of genes related to glucose uptake and mitochondrial biogenesis, such as
GLUT4 and PGC1-a.93

In addition to myoblasts, C2C12myotubes in media supplemented
with 10 or 25mM glucose displayed increased protein degradation,

ubiquitin-proteasome stimulation, ROS, and apoptosis.94 Human
myotubes showed impaired metabolism and insulin signaling when
exposed to high insulin levels. Human myotubes cultured in high
glucose medium with 3 days of 100 nM insulin exposure showed
impaired insulin-stimulated glucose uptake and blunted insulin
(IRS-1) and AKT signaling.95

Exposing murine myoblasts or myotubes to high glucose or insu-
lin in vitro has deepened our understanding of the mechanisms under-
lying glucose and insulin dysregulation in the skeletal muscle. This
allows us to parse through the deleterious effects of abnormally ele-
vated glucose and/or insulin in the skeletal muscle from the effects of
other T2D pathogenic mechanisms, such as fat infiltration and inflam-
mation. Below we discuss papers focusing on elucidating the effect of
surplus lipids and inflammation in the skeletal muscle.

C. High lipids and proinflammatory cytokines
treatment

The plasma free fatty acid levels are unusually elevated in most
diabetic patients and high intramyocellular lipid is associated with
insulin resistance.96 Fat infusion in healthy humans revealed that ele-
vated fat reduced glucose uptake and glycogen synthesis in a dose-
dependent manner.97 In addition to impaired glucose transport and
glycogen synthesis, rats infused with elevated lipids also showed
reduced insulin signaling.98 Earlier studies found that saturated fatty
acids, such as palmitate, has been correlated with reduced insulin sen-
sitivity and impaired metabolism, whereas increases in certain unsatu-
rated fatty acids have been shown to not have deleterious effects on
metabolism.99–101 Despite the past few decades of research, the under-
lying mechanisms of how increased lipids and inflammation lead to
insulin resistance and diabetes are still incompletely understood.
Researchers have built in vitro models that aimed to recapitulate the
pathologic lipid elevation and inflammation in the skeletal muscle to

TABLE II. A comparison of in vitro T2D models.

Method Effect Advantage

High glucose and
insulin treatment

� Impaired myogenesis Ability to capture the T2D mechanisms
underlying glucose and insulin dysregu-

lation in the skeletal muscle
� Impaired glucose metabolism and insulin signaling
� Increased protein degradation and ubiquitin-proteasome stimulation
� Increased ROS and apoptosis

High lipids and
proinflammatory
cytokines treatment

� Impaired glucose metabolism and insulin signaling Ability to capture the T2D mechanisms
underlying high fat infiltration and

inflammation
� Increased apoptosis
� Impaired mitochondrial metabolism

Incorporation of
T2D subject-
derived myoblasts
and myotubes

� Altered gene expression of myogenic transcription factors Ability to recapitulate human-specific
genetic and metabolic phenotypes� Impaired myogenesis

� Downregulated microRNAs
� Elevated expression of inflammation genes
� Dysregulated expression of autophagy genes
� Impaired glucose metabolism and insulin signaling
� Increased lipid accumulation

Incorporation of
T2D-induced plu-
ripotent stem cells

� Impaired glucose metabolism and insulin signaling Patient-specific T2D modeling
� Dysregulated phosphoproteome
� Impaired mitochondrial metabolism
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deepen our understanding of T2D pathophysiology. Below we sum-
marize their studies and findings.

In limited hyperlipidemic studies on myoblasts, one showed that
C2C12 myoblasts exposed to 0.25mM palmitate for 2 h displayed an
increase in apoptotic signaling and mitochondrial impairment, includ-
ing an increase in mitochondrial fragmentation and mitochondrial
membrane potential.89 The increased apoptotic signaling and mito-
chondrial impairment are correlated with an increased reactive oxygen
species level.89

Similarly on myoblasts, elevated palmitate or proinflammatory
cytokines have deleterious effects on myotubes. C2C12 myotubes
treated with 0.1–0.6mM of palmitate for 24 h showed decreased
insulin-stimulated glycogen synthesis, glucose oxidation, glucose
uptake, and AKT signaling.101,102 Furthermore, L6 and myotubes
exposed to 0.75mM palmitate for 2–16h displayed a reduction in
GLUT4 protein expression and an increase in NF-jB and TNF-a
activities, indicative of inflammation.103,104 In therapeutic studies, the
inhibition of protein kinase C (PKC) was found to eliminate
palmitate-induced TNF-a expression and restore GLUT4 mRNA
reduction, suggesting that targeting PKC could potentially treat fatty
acid-induced insulin resistance.104 Other studies found that the treat-
ment of 0.5mM palmitate for 24 h on C2C12 myotubes negatively reg-
ulated the expression of myokine irisin and that knockdown of Smad3
alleviated the inhibitory effect of palmitate. The study suggests that
palmitate could induce insulin resistance through Smad3-mediated
down-regulation of irisin.105 Interestingly, not all saturated fatty acids
induce metabolic dysfunction in myotubes. Recent studies in human
myotubes showed that 0.5mM palmitic acid, but not lauric acid,
induced mitochondrial fragmentation and inflammatory cytokine IL-
6.106 As human myotubes are exposed to 0.5lM palmitate for 48 h or
10 ng/ml TNF-a for 24 h, another study identified dysregulated
enhancers that overlap with genetic loci implicated in metabolic dis-
ease using a chromatin conformation assay. In addition to genes with
known roles in metabolism, the study identified novel targets that
have not been linked to human metabolic diseases.107

Studies mimicking the skeletal muscle inflammation found that
1 h of 10 ng/ml TNF-a exposure to C2C12 myotubes decreased
insulin-stimulated IRS-1 tyrosine phosphorylation, leading to lowered
insulin-stimulated glucose uptake.108 Moreover, 16 h of 10 ng/ml
TNF-a exposure was found to suppress the adenosine monophos-
phate-activated protein kinase (AMPK) activity, which is important in
fatty-acid oxidation, thus, worsening the insulin resistance.66

Overall, the in vitro models have shed lights on dysregulated
molecular mechanisms implicated in the skeletal muscle cultured in
hyperlipidemic and inflammatory conditions. The models hold prom-
ise in parsing out the complex genetic and environmental factors con-
tributing to diabetes. Genetic studies, including sequencing, genetic
knockouts, and enhancer mapping, will help identify potential novel
targets to better treat diabetes. The models can act as preclinical drug
screening platforms and narrow down effective targets to be tested in
animals or humans.

The myoblast cell line (C2C12 and L6)-based in vitro models
demonstrated the capability to model insulin resistance and T2D-
related metabolic conditions because myoblast cell lines preserve key
insulin signaling pathways, including IRS-1, PI3K, AMPK, mTOR,
and AKT signaling pathways, and high level expression of GLUT and
MYH proteins.109 However, though the widespread use of C2C12 has

expanded our knowledge of T2D pathophysiology, the cell line lacks
the ability to fully replicate the complex genetic makeup and metabolic
dysfunction in humans. Below we discuss in vitro models built with
myotubes derived from T2D patients and their advantages.

D. Incorporation of T2D subject-derived myoblasts
and myotubes

Myoblasts and myotubes derived from individuals with T2D not
only have the advantage of capturing human disease phenotypes and
the diverse epigenetic backgrounds but also provide unique platforms
for personalized drug discovery and a deeper understanding of the
human molecular basis of disease. Earlier studies had shown that myo-
tubes derived from T2D patients retain diabetic phenotypes such as
impaired glucose uptake,110 reduced lipid oxidation,111 and increased
inflammatory markers.14 Furthermore, in vitro systems allow gene
knockdowns of human cells to investigate the functional roles of genes
implicated in T2D. The studies below highlight the recent work con-
ducted in in vitro human systems.

Compared with those of healthy individuals, myoblasts from
T2D patients were shown to have altered gene expression of myogenic
transcription factors, deteriorated myogenic differentiation, and
increased expression of proinflammatory cytokine, IL-1b.15 T2D myo-
blasts also showed dysregulated expression of non-canonical autoph-
agy genes, including VAMP8 and TP53INP1 compared with healthy
control.16 Recently, VPS39 was found to be downregulated in T2D
myoblasts and its knockdown in human myoblasts showed that
VPS39 deficiency is implicated in impaired autophagy, abnormal epi-
genetic reprogramming, and dysregulation of myogenic differentia-
tion.17 Moreover, studies on microRNAs (miRNAs) showed that
miRNA-23b/27b was downregulated in myoblasts derived from T2D
individuals compared with healthy control. Knocking down of the
miRNA in myoblasts obtained from healthy donors impaired the
myogenic capacity of the myoblasts.112 In addition, a subpopulation
showing distinct miRNA expression was identified in myoblasts
derived from T2D individuals compared with healthy controls. These
characteristic miRNAs are implicated in the regulation of glucose
transport and AKT pathway.113 miRNAs are increasingly recognized
as important regulators of metabolism and are dysregulated in meta-
bolic diseases, including T2D.114–116 The studies discussed above
showed that diabetic abnormalities in the skeletal muscle exist even at
the progenitor stage.

Unsurprisingly, many of the impairments found in T2D myo-
blasts are also present in myotubes derived from patient myoblasts.
T2D myotubes showed elevated expressions of inflammation, such as
NF-jB14 and IL-1b,15 and dysregulated expressions of autophagy
genes, includingDRAM1, VAMP8, and ATG7.16 Moreover, T2D myo-
tubes displayed dysregulated intramyocellular glucose metabolism.
Myotubes derived from obese T2D exhibited lowered rates of glycogen
synthesis and glucose oxidation compared with myotubes derived
from nondiabetic individuals.117 T2D myotubes showed suppressed
insulin-stimulated glucose uptake.14 In addition, more than 200 genes
were found to be significantly differentially expressed in T2D com-
pared with obesity.118 Specifically, metabolism associated with cer-
amide and glycosphingolipids was upregulated in myocytes derived
from T2D subjects compared with the control.118 The studies also
found that lipolysis and hormone-sensitive lipase were lowered in
T2D myotubes.119 This could contribute to the pathologic
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accumulation of lipids in the skeletal muscle. Myokines were also
found to increase in myotubes derived from T2D patients compared
with control and many of them are inflammatory, including IL-6, IL-
8, IL-15, and TNF-a.79 This could contribute to the chronic inflamma-
tion observed in T2D patients. Both the accumulation of lipids and
chronic inflammation lead to insulin resistance. Together, these find-
ings showed that patient-derived T2D in vitro models do capture
many of the diabetic phenotypes observed in vivo.

The main advantages of studying T2D in myoblasts and myo-
tubes derived from individuals are the ability to recapitulate human
genetic and metabolic phenotypes, perform high throughput drug
screening, and conduct gene knockouts to better understand the
molecular basis underlying the disease. However, the main challenges
of harvesting satellite cells and myoblasts from human subjects are
limited cell numbers and cells losing regenerative capacity after
extended in vitro culture. Fortunately, induced pluripotent stem cells
(iPSCs) are a promising solution to overcome these challenges and
their use in T2D disease modeling is discussed in the following
section.

E. Integration of T2D-induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) allow the generation of
stem cells from blood or skin cells.120 Utilizing either small molecule
differentiation or direct reprogramming, the iPSCs are then differenti-
ated into myogenic progenitor cells that are capable of fusing and
becoming multinucleated myotubes. They offer similar advantages to
myoblasts harvested from patients in providing unique patient-specific
disease models and gene editing to better understand the molecular
basis of healthy and diabetic patients. In addition, iPSCs models pro-
vide the benefits of minimally-invasive harvest of patient cells and hav-
ing unlimited cell source without losing the regenerative capacity of
the cells. Below we discuss several recent T2D-related studies using
iPSCs.

Interestingly, RNA-seq analysis conducted on iPSCs clones
derived from insulin-resistant and insulin-sensitive subjects was able
to identify differentially expressed genes in the groups.18 A set of genes
that regulate critical aspects of insulin sensitivity was identified and
their functional relevance for insulin responsiveness in immortalized
human myogenic cells was confirmed.18 Moreover, myogenic cells
derived from iPSCs of T2D patients retained defects, such as altered
insulin signaling, reduced insulin-stimulated glucose uptake, and low-
ered mitochondrial oxidation, as observed in the muscle tissues of
T2D individuals.19 While insulin resistance is a major disease pheno-
type of T2D and many studies have focused on insulin signaling, the
study found that a number of phosphoproteome dysregulated in T2D
are insulin-independent, including proteins involved in mRNA proc-
essing, vesicular trafficking, and chromatin remodeling.19 In addition,
myotubes derived from iPSCs of individuals with mutations in the
insulin receptor also captured the impairment in insulin signaling,
insulin-stimulated glucose uptake, and metabolic gene expressions.20

Although iPSCs can address challenges associated with patient-
derived myoblasts and hold much promise in furthering our under-
standing of disease physiology, a few major obstacles remain. The
current iPSC differentiation protocols still need improvement to con-
trol the differentiation direction of cells more precisely. The maturity
level of myofibers derived from iPSCs also needs improvement to make
the in vitromodels more suitable for the study of muscle diseases.

IV. INTERORGAN CROSSTALK IN T2D DEVELOPMENT

The interorgan crosstalk contributes to the development of T2D.
There are at least three levels of crosstalk regulation between organs:
organokines, hormones, and metabolites.121–125 Many factors secreted
by the skeletal muscle, including proteins and peptides (myokines),
metabolites, microRNAs (miRNAs), and exosomes, mediate the inter-
action between the skeletal muscle and other organs via an endocrine
signaling and regulates metabolic health (Fig. 2). These muscle-
secreted factors show potential to mediate the function and survival of
b-cells and isolated islets during exercise and the insulin resistance
process.123 The muscle-secreted factors promote browning and ther-
mogenesis in white adipose tissue and alter adipocyte metabolism.126

Inversely, other organokines, including adipokines secreted by adipose
tissue and hepatokines released by the liver, are also involved in the
regulation of insulin sensitivity in the muscle tissues. Metabolites, adi-
pokines, and hepatokines cause metabolic changes that can induce
ROS production, inflammation, and cell death and contribute to T2D
development.121 Many of these factors are regulated by exercise, and
we summarized exercise effects on T2D skeletal muscle in Sec. VI. In
addition, other factors including excessive ROS and lipid accumulation
have been linked to the T2D-related interorgan crosstalk. For example,
liver lipid accumulation, a key pathogenic factor of nonalcoholic fatty
liver disease, induces insulin resistance in hepatic, adipose, and muscle
tissues, thus, increasing the risk of T2D.127,128 Also, mitochondrial dys-
function in T2D tissues induces an increase in ROS and oxidative
damage to muscle, liver, and adipose tissues. The reduction in lipolysis
in adipose tissue induces increased plasma free fatty acid and uptake
by liver and muscle, leading to lipotoxicity-induced insulin resis-
tance.129 Taken together, these findings suggest the central role of
interorgan crosstalk in the development of T2D.

V. IN VITRO T2D SKELETAL MUSCLE MODEL FOR
INTERORGAN CROSSTALK STUDIES

In vitro skeletal models have been used to study the interorgan
crosstalk in the development of T2D. The nature of blood-borne fac-
tors makes it difficult to dissect the effects of secreted factors that
directly link muscle, liver, and adipose tissues, using in vivo animal
models. To circumvent this, in vitro models have been used to study
the effects of interorgan crosstalk in the development of T2D by (1)
using conditioned media secreted from in vitro muscles, (2) co-
culturing skeletal muscles with other tissues, and (3) overexpressing
targeted organokine genes in the muscles. These in vitro interorgan
approaches show the potential to dissect causal T2D-related interor-
gan connections and identify target functions and tissues of organo-
kines, hormones, and metabolites.

A. Crosstalk between skeletal muscle and islets

In vitro studies suggest that muscle-secreted factors influence
islets functions. The conditioned media collected from skeletal muscle
cells or myotubes affected glucose-stimulated insulin secretion of pan-
creatic islets. C57BL6/J mouse islets and Wistar rat b-cells were found
to have a higher level of glucose-stimulated insulin secretion after
being incubated with human primary myotubes.130 The study also
revealed that insulin-treated myotubes alone did not affect glucose-
stimulated insulin secretion, proving that insulin secretion was medi-
ated by the crosstalk between the b-cells and myotubes, not that the
hormones secreted by the myotubes themselves. Similarly in other
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study, both normal and diabetic INS-1 832/3 pseudoislets treated with
conditioned media secreted by C2C12 myotubes was found to have an
acute increase in their insulin production, along with their enhanced
mitochondrial oxidation levels.131 When INS-1 cells were cultured in
the conditioned media collected from T2D patient-derived myotubes
in another study by Ryan et al.,77 the T2D skeletal muscle media dem-
onstrated an impaired ability to protect glucose-stimulated insulin
secretion from metabolic inflammation challenge induced by
increased glucose, insulin, and palmitate level. It was also found that
the adverse effect of T2D patient-derived myotube conditioned media
on glucose-stimulated insulin secretion was mediated via multiple sig-
naling pathway, including p38 MAPK, PI3K, and PKC pathways.
Merz et al.132 extended this idea to suggest that p21-activated kinase 1
(PAK1) of skeletal muscles and its circulating derivatives enhance pan-
creatic b-cells function in insulin secretion, as observed from b-cells
cultured in PAK1-enriched conditioned media compared to isolated
b-cells. In addition, a study of Rutti et al. used human skeletal muscle
cells and identified two myokines, angiogenin and osteoprotegerin
that can prevent TNF-a-induced apoptosis of b-cells.133

B. Crosstalk between skeletal muscle and adipose
tissue

The crucial role of the adipocyte-skeletal muscle crosstalk in reg-
ulating pathophysiology of T2D has been consistently demonstrated

in in vitro models. Pandurangan et al. found that co-culturing C2C12
and 3T3-L1 preadipocyte cells using a transwell insert altered the
expression levels of calpains, caspases, and heat shock proteins (HSPs)
in both cells, confirming a crosstalk between muscle cells and adipo-
cytes in in vitro setting.134 This muscle-adipose tissue crosstalk was
also observed in 3T3-L1 cells treated with electrically stimulated
C2C12 myotubes conditioned media.126 Myotube conditioned media
promoted adipogenesis and lipid metabolism by increasing PPARc2
and PPARc-regulated gene expression in adipocytes.126 Nintou et al.
confirmed the browning effects of contracting myotubes on adipose
cells by enhancing the expression of thermogenic proteins (UCP1 and
IL-6) in the co-cultured C2C12 myotubes and 3T3-L1 adipocytes
under electrical stimulation.135

C. Crosstalk between skeletal muscle and the liver

In coherence with adipose tissue and islets, skeletal muscles also
engage in crosstalk with the liver. A recent in vitro nonalcoholic fatty
liver disease model demonstrated the pathogenic link between fatty
liver disease and T2D.128 De Chiara et al. demonstrated that the treat-
ment of the conditioned media collected from fatty hepatocytes
impaired myotube differentiation by altered gene expression of myo-
genic transcription factors in a 3D C2C12 myotube model.128

Moreover, this in vitro platform successfully confirmed the beneficial
effect of albumin, a plasma protein produced by the liver in response

FIG. 2. A summary of interorgan crosstalk via microRNAs and myokines with a focus on the skeletal muscle. The microRNAs and myokines are key factors secreted by the
skeletal muscle that mediate the interaction between skeletal muscle and other organs, including the pancreas, adipose tissue, and the liver. The crosstalk of the skeletal mus-
cle (1) enhances muscle mass and strength, insulin resistivity, glucose uptake control, and fat oxidation in skeletal muscles; (2) improves the function and survival of b-cells;
(3) induces browning, thermogenesis, lipogenesis, lipolysis, differentiation, and adipokines secretion in adipose tissues; and (4) promotes glycogenesis, gluconeogenesis, lipo-
genesis, lipid oxidation, and detoxification in the liver.
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to a high lipid challenge on the skeletal muscle tissue. Albumin pre-
treatment rescued C2C12 myotubes from the impaired myotube dif-
ferentiation caused by fatty hepatocytes.128 Recently, hepatokines
secreted by the liver have been identified for their roles in metabolic
control in the muscle–liver axis.136 Seo et al. identified apolipoprotein
J (ApoJ) as a novel hepatokine targeting muscle glucose metabolism
and insulin sensitivity.137 It was revealed that the deletion of hepatic
ApoJ causes shutdown of ApoJ to lipoprotein receptor-related pro-
tein-2 (LRP2) signaling pathway, which in turn knocks down LRP2 in
C2C12 muscle cells to cause a significant reduction in insulin receptor
internalization/endocytosis induced by insulin. The final result was a
significant reduction of glucose uptake in the skeletal cell. The study
showed that the interaction between the liver and muscle cells is
needed for the insulin-dependent IR internalization; therefore, the
crosstalk plays a crucial role in insulin sensitivity of the cells.137

Leukocyte cell-derived chemotaxin 2 (LECT2) was also found to be an
energy-sensing hepatokine in the muscle-liver axis.138 The deletion of
LECT2 increased insulin sensitivity in the skeletal muscle, while
expression of endogenous LECT2 and treatment of recombinant
LECT2 protein simultaneously in C2C12 myotubes impaired insulin
signaling via increased JNK phosphorylation.138 Both ApoJ and
LECT2 protein originating from hepatocytes are identified as a key
regulator in development of insulin resistance in the skeletal muscle,
suggesting them as potential therapeutic targets for the antidiabetic
treatment.

VI. EXERCISE BENEFITS IN T2D

Exercise is widely known to have a plethora of preventative and
therapeutic benefits in diabetes139–143 (Fig. 3). Studies found that exer-
cise increases glucose uptake in the skeletal muscle during and tran-
siently post-exercise.5–8 The initial glucose uptake during exercise was
found to be insulin-independent, where the increasing demand for
glucose and oxygen drives up AMP concentration, which activates
PI3K and AMPK signaling leading to GLUT4 translocation.5 Shortly
after exercise, the insulin-dependent glucose uptake kicks in, where
IRS-1 is phosphorylated, leading to AKT signaling and GLUT4 trans-
location.5 Exercise also results in a higher concentration of Ca2þ in the
muscle fiber, leading to increased GLUT4 expression, which positively
correlates with exercise intensity and duration.5,144,145 Moreover, regu-
lar exercise yields reduced basal and glucose-stimulated insulin levels,
improved mitochondrial function, and increased muscle mass,
GLUT4 concentration, insulin activity, and free fatty acid oxida-
tion.5,9–11 Exercise can revert glucose uptake to near-normal level in
insulin resistant individuals.5,144,146,147 In addition, the expression of
PGC1-a, a marker of mitochondrial biogenesis, increases in exer-
cise.148,149 Not surprisingly, physical activity is an important determi-
nant of insulin sensitivity.5,150

In the recent decades, studies found that contracting skeletal
muscles secrete protein factors or myokines that may be anti-
inflammatory and have the potential to be beneficial to various dis-
eases, including diabetes, where chronic inflammation is a major
underlying pathophysiology. For example, IL-6 secretion rises after
exercise and is associated with decreases in proinflammatory cytokine,
TNF-a.149,151 IL-6 was also found to induce the production of anti-
inflammatory cytokines, IL-1 receptor antagonist and IL-10, in blood
mononuclear cells.152,153 Moreover, IL-6 is known to stimulate lipoly-
sis.153 Both IL-6 and another myokine, Brain-derived neurotrophic

factor (BDNF), are involved in fat oxidation.153 Despite our current
knowledge, the beneficial effects of myokines and exercise in diabetes
are still largely unknown. Below we discuss in vitromodels built to bet-
ter mimic and understand exercise and diabetes.

VII. IN VITRO SKELETAL MUSCLE MODEL OF EXERCISE
AND T2D

To simulate exercise in vivo, electrical pulse stimulation (EPS) of
cultured myotubes has been commonly used to induce muscle contrac-
tions in vitro154–156 to capture muscle-contraction-mediated signaling
pathways157 (Fig. 3). EPS is known to increase glucose uptake, mito-
chondrial biogenesis, and fatty acid oxidation in skeletal muscles, similar
to the adaptive changes observed during exercise in vivo.158,159 In the

FIG. 3. In vitro exercise models for the study of T2D pathophysiology. Various in vitro
exercise models have enabled mechanistic studies on numerous preventative and
therapeutic effects of exercise on diabetes. Electrical pulse stimulation (EPS) of cul-
tured myotubes has been commonly used to capture muscle-contraction-mediated
signaling pathways. The optogenetic stimulation model provides an alternative
method to activate contraction-mediated signaling pathways and enable prolonged
stimulation and muscle maturation. Pharmacological compounds such as AICAR and
AMPK have been used to study the effects of exercise on T2D in in vitro T2D models.
AICAR has been used to mimic the exercise-induced activation of AMPK. In contrast,
caffeine treatment has been applied to capture exercise-induced Ca2þ release from
the sarcoplasmic reticulum and the downstream effects.
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past decade, EPS has also been utilized to elucidate how diabetic patients
respond to exercise. Studies showed that short-term, high- frequency
EPS-induced acute, strength training-like upregulation of glucose uptake,
lactate production, mTOR, AKT, and decreased adenosine triphosphate
(ATP) and phosphocreatine content.158–160 In contrast, longer-term,
low-frequency EPS-induced endurance training-like upregulation of
AMPK, PGC1-a, mitochondrial biogenesis, and glucose and fatty acid
oxidation.159,161–164 Many studies have also shown that exercise has dif-
ferential effects on obese or diabetic verses healthy individuals. For exam-
ple, EPS was found to improve insulin sensitivity and glucose oxidative
capacity but not lipid oxidation in myotubes from obese subjects with or
without T2D compared with lean nondiabetic subjects.165,166 EPS
increasedAMPK activation in healthymyotubes but the effect is less pro-
nounced in myotubes from obese individuals.166 Myotubes derived from
obese donors with and without T2D showed reduced lipid (intramuscu-
lar triglyceride, IMTG) turnover and fat oxidation rate post-EPS com-
pared with those derived from lean subjects.167 EPS also has differential
effects onmitochondrial dynamics on obese verses lean individuals.168

Optogenetic stimulation has been developed to provide an alterna-
tive method to induce muscle contraction (Fig. 3). This is achieved by
genetic expression of light-sensitive ion channels in muscle cells. Optical
activation of light-sensitive ion channels in muscle cells allows for opti-
cal control of muscle activation and contraction. Thus, optogenetic stim-
ulation of muscles eliminates potential chemical-leaching associated
with EPS electrodes. Also, optogenetic stimulation enables muscle-
specific activation and contraction by expressing the light-sensitive
channels in muscle tissues via skeletal muscle-specific protomers.169

Pulsed illumination of ChR2 expression C2C12 myotubes demonstrated
optogenetically stimulated muscle contraction170 and prolong stimula-
tion enhanced the muscle maturation.171 Although the optogenetic
method can induce muscle contraction and is a valuable addition to
exclude any nonspecific effects caused by EPS, the application of optoge-
netic stimulation method on T2Dmodels has not reported yet.

Several pharmacological compounds such as 5-aminoimidazole-
4-carboxamide-1-b-dribofuranoside (AICAR) and caffeine, have been
used to study the effects of exercise on T2D in in vitro T2D models.
AICAR has been used to mimic the exercise-induced activation of
AMPK, while caffeine treatment has been applied to capture exercise-
induced Ca2þ release from the sarcoplasmic reticulum and the down-
stream effects157 (Fig. 3). In particular, AICAR treatment activated key
exercise-induced insulin signaling pathways such as enhanced insulin
responsiveness and GLUT4 expression and translocation.157

Importantly, AICAR has also been used in in vitro human myotubes
to investigate AICAR effects on the AMPK activation between healthy
donor and T2DM-derived myotubes.172–174 But since the pharmaco-
logical compounds treatment do not induce muscle contraction, there
is lack of several effects of in vivo exercise, including unchanged ATP
content and myotube lactate production.157

These in vitro exercise models elucidate how exercise is beneficial
to the skeletal muscle and how the positive effects may be reduced in
T2D. A deeper understanding of how T2D compromises the benefits
of exercise will help researchers find more effective therapeutics for
diabetic patients.

VIII. FUTURE PERSPECTIVES

Although numerous efforts have been made to develop in vitro
T2D skeletal muscle models, recent advances in the development of 3D

tissue-level microphysiological systems175 are now bringing in vitro
T2D skeletal muscle models to the next level. First, the longer-term cul-
ture and improved tissuematuration of 3Dmodels compared to the tra-
ditional 2D monolayers muscle models will allow researchers to better
understandmechanisms in the pathogenesis of T2D, a chronic progres-
sive metabolic disorder. Second, the close resemblance of the in vivo
microenvironment of the skeletal muscle in 3Dmodels will facilitate the
in-depth study of T2D-mediated pathogenetic extracellular matrix
(ECM) remodelingmechanisms such as increased collagen and reduced
collagen integrity,176 upregulated matrix metalloproteases, and altered
integrin signaling.177 Third, 3D tissue models have capability to better
capture beneficial effects of muscle contraction on T2D muscles due to
their in vivo tissue-like stiffness compared to 2Dmonolayer cultured on
rigid substrates. These 3D models will be useful to investigate mecha-
nisms responsible for exercise-induced myofiber injury in T2D muscle
tissues.177 Fourth, themicrofluidics-based 3D tissuemultiorgan systems
will allow the study of interorgan crosstalk in T2D development by
emulating cross-communication between skeletal muscles and other
organs.178 Also, the integration of multiomics technology, including
secretomics,179 metabolomics,180–182 and exosomics,183,184 into the
multi-organ T2D models will uncover the identity of myokines, lipids,
metabolites, and exosomes responsible for the crosstalk and elucidate
their targets and therapeutic functions. Also, although the dynamics
nature of these factors makes it difficult to detect, the integration of in
situ sensing technology185,186 into 3D tissue-based microphysiological
systems will identify the factors with therapeutic potentials and delin-
eate the mechanistic roles of these factors. Finally, 3D tissue constructs
will provide novel therapeutic approaches to the T2D treatment. The
recent study187 demonstrated that the implantation of in vitro 3D fibrin
gel-based skeletal muscle constructs that overexpressed the GLUT4
transporter in diet-induced obesity T2D mice significantly improved
glucose homeostasis and insulin sensitivity, even though the implanted
muscle tissue was only 1.1% of the total weight of the abdominal muscle
of the mice. The authors also pointed out that this systemic effect is
mediated by myokines. Thus, this work suggests that the genetically
engineered 3D skeletal muscle may serve as a delivery tool of myokines,
lipids, metabolites, and exosomes for the novel T2D supportive therapy.
The continued development of in vitro T2D models will enable
researchers to reverse-engineer closely in vivo T2D signaling dynamics
closely in in vitro setting and help to develop novel therapies with the
precisionmechanisms for T2D.

IX. SUMMARY

Advances in the skeletal muscle, T2D, and exercise in vitro
models have enabled us to study more precisely the underlying
pathophysiology in diabetes, the therapeutic effects of exercise, and
how these effects may be compromised in T2D. More recent T2D
and exercise studies are focused on in vitro human myotubes
derived either from the myoblasts or iPSCs from T2D subjects.
These models hold promise in parsing out the complex genetic and
environmental factors contributing to diabetes. In addition, in vitro
T2D models have demonstrated the potentials to emulate how
interorgan crosstalk contributes to the development of T2D and
how exercise is mechanistically beneficial to T2D. More sophisti-
cated genetic studies and proteomics investigations in T2D in vitro
models will help identify potential novel targets to better treat dia-
betes in the near future.
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