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Skeletal muscle is now regarded as an endocrine organ based on its secretion of myokines and exerkines, which, in response to meta-
bolic stimuli, regulate the crosstalk between the skeletal muscle and other metabolic organs in terms of systemic energy homeostasis. 
This conceptual basis of skeletal muscle as a metabolically active organ has provided insights into the potential role of physical inac-
tivity and conditions altering muscle quality and quantity in the development of multiple metabolic disorders, including insulin resis-
tance, obesity, and diabetes. Therefore, it is important to understand human muscle physiology more deeply in relation to the patho-
physiology of metabolic diseases. Since monolayer cell lines or animal models used in conventional research differ from the patho-
physiological features of the human body, there is increasing need for more physiologically relevant in vitro models of human skele-
tal muscle. Here, we introduce recent studies on in vitro models of human skeletal muscle generated from adult myogenic progeni-
tors or pluripotent stem cells and summarize recent progress in the development of three-dimensional (3D) bioartificial muscle, 
which mimics the physiological complexity of native skeletal muscle tissue in terms of maturation and functionality. We then discuss 
the future of skeletal muscle 3D-organoid culture technology in the field of metabolic research for studying pathological mecha-
nisms and developing personalized therapeutic strategies.
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INTRODUCTION

Metabolic pathways regulate and maintain balance in the pro-
cessing and distribution of nutrients. This involves complex 
networks and communication between multiple metabolic organ 
systems working together for the efficient conversion of chemi-
cal energy, and any imbalance leading to dysregulated metabol-
ic processes leads to several metabolic disorders characterized 

by increased insulin resistance, dyslipidemia, obesity, and dia-
betes. As a crucial metabolic regulator, skeletal muscle is an im-
portant target for understanding and developing treatment inter-
ventions for metabolic diseases. Skeletal muscle is the primary 
site of insulin-mediated glucose disposal and the storage of gly-
cogen and amino acids; furthermore, it modulates the catabo-
lism of circulating and stored lipids [1]. Beyond energy con-
sumption, skeletal muscle activity induces changes in metabolic 
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processes through the browning of white adipose tissue and by 
increasing insulin sensitivity through exercise and muscle con-
traction [2]. Structurally, skeletal muscles are composed of bun-
dles of muscle fibers surrounded by connective tissue. They are 
nutritionally supported by blood vessels and produce voluntary 
movement upon stimulation by motor neurons [3]. 

Although rodent models are a common tool for metabolic dis-
ease research, research, clinical translation to human patients is 
limited due to the substantial physiological differences between 
rodents and humans [4,5]. Furthermore, animal models that bet-
ter model the pathophysiology of humans, such as nonhuman 
primates, are limited in their potential for genetic engineering, 
costs, and handleability [6]. Thus, human stem cell-based mod-
els have received widespread attention in metabolic disease re-
search. While human-derived skeletal muscle models can over-
come the practical and translational limitations of animal mod-
els, the conventional monolayer culture method of muscle stem 
cells does not generate the vascular networks and interactions 
with nerve fibers observed in vivo. However, with the advent of 
in vitro human skeletal muscle (hSkM) that adds multicellular 
complexity, it is now possible to address the limitations of tradi-
tional culture systems. In this review, we highlight advanced 
three-dimensional (3D) models of bioartificial hSkM using 
adult myogenic progenitors or pluripotent stem cells (PSCs) and 
discuss potential applications for the progress of metabolic dis-
ease research. We hope that this information will help many re-
searchers who are considering using novel systems to study hu-
man metabolic diseases. 

BEYOND THE LIMITATIONS OF 
TRADITIONAL RESEARCH ON 
METABOLIC DISEASES

Biomedical research has traditionally focused on a handful of 
model organisms based on the consensus that essential biologi-
cal mechanisms are conserved throughout species [7]. Among 
mammalian model systems, the mouse is the preferred research 
model due to the ease of genetic engineering [8,9]. Although 
many animal models have provided important insights into 
skeletal muscle development and pathology, the etiology and 
pathophysiology of metabolic diseases, genetic variation within 
the human population, and certain drug responses are not reca-
pitulated in animal models, necessitating the development of 
human-specific model systems [5,10]. 

Bioartificial hSkM is a source of implantable tissue for regen-
erative medicine and has been an attractive research tool for 

studying muscle disorders and regeneration. There are two pri-
mary approaches to hSkM production (Fig. 1): (1) utilizing 
adult muscle stem cells derived from patient tissue and (2) in-
ducing differentiation of induced pluripotent stem cells (iPSCs) 
into muscle stem cells. These methods enable artificial skeletal 
muscle models to mimic human muscle development and re-
generation, providing valuable information about the underlying 
mechanisms, and have potential for applications in regenerative 
and metabolic research.

ADULT MUSCLE STEM CELL-DERIVED 
HUMAN SKELETAL MUSCLE TISSUE

Primary muscle stem cells isolated directly from patient tissue 
have been predominantly used for modeling skeletal muscle 
function and disease due to existing knowledge and established 
methods of muscle stem cell isolation and culture conditions 
[11,12]. However, hSkM derived from adult muscle stem cells 
is limited in its differentiation capacity, cell expansion potential, 
and the availability of human samples [13-15]. Furthermore, as 
it lacks the surrounding microenvironment such as blood ves-
sels, neuromuscular junctions, and fibro-adipogenic progeni-
tors, hSkM derived from adult stem cells cannot fully reflect in 
vivo conditions [3,13,16-18]. Therefore, PSCs, including iPSCs 
and embryonic stem cells, may be more suitable for advanced in 
vitro models of metabolic diseases.

PLURIPOTENT STEM CELL-DERIVED 
HUMAN SKELETAL MUSCLE TISSUE

The introduction of four transcription factors (Oct4, Sox2, c-
Myc, and Klf4) via retroviral constructs can reprogram somatic 
cells such as fibroblasts, peripheral blood mononuclear cells, 
and core blood mononuclear cells into iPSCs, which have the 
capacity for self-renewal and differentiation into muscle pro-
genitor cells. The development of iPSC-derived hSkM technol-
ogy has led to fundamental changes in the use of stem cells in 
disease modeling, circumventing ethical concerns about the use 
of embryonic stem cells and reducing the need for invasive 
muscle biopsies in hSkM research. A comprehensive under-
standing of embryonic myogenesis by myogenic regulatory fac-
tors (MRFs) and signaling molecules has been conducive to 
building muscle tissue from PSCs. During the embryonic stage, 
skeletal muscles are derived from the dermomyotome, which 
originates from the paraxial mesoderm [19]. Muscle progenitor 
cells delaminate from the edges of the dermomyotome under 
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the regulation of MRFs such as paired box 7 (PAX7), myogenic 
factor 5 (MYF5), myoblast determination protein (MYOD), 
myogenin (MYOG), and myogenic regulatory factor 4 (MRF4) 
and commence myogenesis [20]. Simultaneously, as key signal-
ing pathways, Wnt, Notch, Sonic hedgehog, and bone morpho-
genetic proteins are spatiotemporally activated to contribute to 
this myogenic program [21]. The committed myoblast express-
ing PAX3/7 and MYOD extensively proliferates for myonuclear 
accretion into the myotube. Eventually, these myotubes are fur-
ther fused into mature myofibers. During puberty, a portion of 
the muscle stem cells exit the cell cycle and become adult mus-
cle stem cells, which are also known as satellite cells [21,22]. 
Adult muscle stem cells are located between the basal lamina 
and sarcolemma of myofibers and are among the most well-de-
fined adult stem cells. Upon injury, these stem cells exit quies-
cence and divide into a pool of myogenic progenitors to rebuild 
damaged myofibers [23].

In the past several years, researchers have established various 

culture conditions based on a detailed understanding of myo-
genic development and have found appropriate combinations of 
essential factors to differentiate myogenic cells from PSCs. In-
depth reviews have been published by Jalal et al. [13] and Iberite 
et al. [24]. Chiefly, there are two strategies for inducing differ-
entiation from human PSCs. The first is to induce differentiation 
by exogenous expression of transcriptional regulators such as 
PAX7, MYOD, and MYF5. The second is to use a combination 
of signaling molecules, growth factors, and inhibitors without 
the overexpression of exogenous genes. 

Under optimized iPSC culture conditions, Maffioletti et al. 
[25] generated a patient-specific iPSC-derived muscle model 
that contained the major cellular components of skeletal muscle, 
including vascular endothelial cells, pericytes, and motor neu-
rons. These results lay the foundation for a hSkM organoid-like 
platform for disease modeling, regenerative medicine, and ther-
apeutic development.

Furthermore, Rao et al. [26] developed a method of 3D con-

Fig. 1. Recreation of human skeletal muscle in vitro. Human skeletal muscle can be established in vitro using induced pluripotent stem cells 
(iPSCs) and adult muscle stem cells (MuSCs). iPSCs are differentiated by the exogenous expression of transcriptional regulators or by using 
a combination of growth factors and signaling molecules. The resulting myoblasts may be encapsulated in support substrates such as hydro-
gels and formed into myotubes, then arranged into three-dimensional (3D) myofibers mimicking the skeletal muscle tissue. iPSC-derived 
neural and endothelial cells may be included along with supporting cells to form more complex models that better recapitulate the microen-
vironment of native skeletal muscles. 3D bioprinting and scaffold-based culture methods may be used for improved replication of native 
muscle tissue structure, and muscle innervation may be simulated to test the function and performance of the constructed skeletal muscle. 
BMP, bone morphogenic protein; Shh, sonic hedgehog protein; Pax7, paired box 7; MyoD, myoblast determination protein; Myf5, myogen-
ic factor 5; PSC, pluripotent stem cell; Cxcl4, CXC chemokine ligand 4; 2D, three-dimensional.
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tractile skeletal muscle tissues derived from human PSCs trans-
duced with lentiviruses encoding doxycycline-inducible expres-
sion of Pax7. When cultured in a 3D hydrogel environment, the 
functional skeletal muscle tissues were able to generate contrac-
tions and Ca2+ transients in response to electrical and neu-
rotransmitter stimulation [26].

We discuss the 3D approach in more detail below. Although 
iPSCs can generate hSkM cells, there remain questions regard-
ing how well the in vitro characterization of these cells recapitu-
lates the in vivo biology and processes seen in metabolic diseas-
es. If disease-associated phenotypes can be established from iP-
SC-derived hSkM cells, this would open the door to understand-
ing the complex nature of metabolic disease. 

In this regard, a recent study showed promising results in eluci-
dating the physiological consequences of type 2 diabetes with an 
in vitro disease-in-a-dish model using iPSCs from type 2 diabetes 
patients. After differentiating patient-derived iPSCs into myo-
blasts, the resulting cells exhibited multiple defects mirroring hu-
man disease, including insulin resistance, reduced insulin-stimu-
lated glucose uptake, and reduced mitochondrial oxidation [27].

Although two-dimensional (2D) myofiber culture systems 
have been widely used in muscle disease research, they do not 
recapitulate the complexity of the functional units and niches in 
the muscle tissue. Therefore, a strategy has been established to 
mimic the complex 3D structure of skeletal muscle using bio-
material scaffolds and specific biofabrication techniques to en-
gineer skeletal muscle in vitro.

GENERATION OF COMPREHENSIVE 3D 
MODELS

The advancement of hSkM tissue models require consideration 
of structural, operational, and environmental factors to recapitu-
late primary tissues. Broadly, 3D culture systems have three key 
advantages over 2D cultures: the 3D architecture, improved 
maturation and functionality, and the multi-lineage complexity. 

The generation of 3D skeletal muscles can be categorized into 
organoid-like self-assembling and scaffold-based methods. Or-
ganoids serve as a powerful model that reproduces the cellular 
heterogeneity and function of primary tissues in addition to the 
ability to differentiate and self-organize. While muscle organ-
oids can model the complexity of muscle tissue and cellular het-
erogeneity, organoid growth conditions cannot recreate myofi-
ber structures due to the lack of the force and tension that natu-
rally occur with muscle contraction and anchorage to the bone. 
Scaffold-based 3D culture models overcome this limitation by 

providing structural support and mechanical cues to mimic the 
physiological conditions. One method of carrying this out is by 
embedding differentiated human myoblasts in hydrogels and at-
taching them between two points, generating tension in the hy-
drogel and aligning myofibers along the central axis. This meth-
od is advantageous for sarcomere maturation and has been use-
ful for revealing disease phenotypes that affect skeletal muscle 
structure [25,28,29].

While 3D culture models have the advantage of improved 
structural organization, they lack the multicellular complexity 
of muscle tissue in vivo due to their single-lineage origin. This 
limitation has been addressed by including cells of multiple lin-
eages, such as endothelial cells and pericytes along with myo-
genic cells. This approach has shown signs of improved recov-
ery upon injury after implantation in mice and the development 
of vascular-like networks [25]. In addition, myogenic progeni-
tors can be differentiated in hydrogels before being embedded 
in a hydrogel containing endothelial cells and myofibroblasts. 
This method has been useful for demonstrating the heterotypic 
interactions between muscle, endothelial, and fibroblast cells in 
a model of Duchenne muscular dystrophy that could not be ob-
served in a 2D model, including an increase in the expression of 
fibrosis-associated proteins with the incorporation of patient-
derived fibroblasts [30].

Integrating the 3D structure and lineage complexity of muscle 
tissue, bioprinting techniques enabled the controlled spatial pat-
terning of cells. This technique utilizes bioink loaded with bio-
materials and myogenic progenitors to align the cells into multi-
layered strips for precise alignment and formation of a 3D 
structure. The addition of bioink containing neural progenitors 
and endothelial cells further improves muscle function, neuro-
muscular junction formation, and vascularization upon implan-
tation [31]. 

While recapitulating the 3D structure and complexity are im-
portant for modeling the skeletal muscle tissue, enhancing the 
function and simulating innervation contribute to generating a 
more comprehensive model. Muscle function is controlled by 
motor neurons and the release of acetylcholine at the neuromus-
cular junction that triggers an action potential in the muscle. 
Muscle innervation and muscle contraction can be simulated in 
vitro by chemical or electrical stimulation, as well as optogenet-
ic control [14,17,25], resulting in hypertrophy, myosin isoform 
switching, and increased force [32]. Employing these methods, 
Osaki et al. [17] demonstrated degradation of motor neurons 
and a decline in muscle function in a microfluidic device of 3D 
skeletal muscle innervated by iPSC-derived motor neuron 
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spheroids from an amyotrophic lateral sclerosis (ALS) patient. 
One of the challenges of generating a hSkM model of meta-

bolic disease relates to the complexity of metabolic diseases. 
While skeletal muscle makes a direct, active contribution to 
metabolic diseases in its role as an endocrine organ that regu-
lates energy metabolism and as a major site of insulin-mediated 
glucose [1], it is also adversely affected by metabolic disease 
[33]. While it is well-established that type 2 diabetes is linked to 
motor dysfunction, microvascular dysfunction, and neuropathy, 
there has been less focus on the inter-related effects between 
muscle dysfunction and peripheral tissues, potentially due to the 
unavailability of a sufficient human model of metabolic diseas-
es. This underscores the value of an advanced model of hSkM 
that can integrate innervation and vasculature into the system. 

UTILIZATION OF 3D HUMAN SKELETAL 
MUSCLE FOR METABOLIC DISEASE 
RESEARCH

Diabetes causes a variety of medical complications associated 

with metabolic diseases. Impairments of micro-vessels caused 
by diabetes result in nephropathy, retinopathy, and diabetic neu-
ropathy. Type 2 diabetes mellitus is also associated with degen-
eration of the skeletal muscle microenvironment [34,35]. These 
wide-ranging complications have become a major bottleneck in 
the understanding of pathological mechanisms and the drug dis-
covery process due to the lack of accurate models that mimic 
the pathology. The emergence of human in vitro 3D models us-
ing stem cells from different organs, including skeletal muscle, 
has received much attention for the potential to address this lim-
itation [14,25,26].

Previously, PSC-derived hSkM has been primarily used in re-
search on muscle diseases, such as ALS and Duchenne muscu-
lar dystrophy, due to the ability of this method to precisely reca-
pitulate patients’ genetic background [17,25,28,36]. With recent 
advances in hSkM production and gene engineering using 
CRISPR-Cas systems, the application of PSC-derived hSkM is 
expected to expand to metabolic disease research in the discov-
ery of new disease mechanisms and provide better reliability 
than existing 2D models for drug development. Although not 

Fig. 2. Potential applications of three-dimensional human skeletal muscle. The skeletal muscle is a major regulator of energy metabolism 
that communicates with multiple organ systems and is one of the major organs affected by metabolic syndrome. Devices such as multi-organ 
on a chip can be used to replicate the inter-organ communication between the skeletal muscle and other organs such as the liver, serving as a 
platform to comprehensively model these communication networks. Furthermore, recent advances in genetic engineering technology and 
cell reprogramming using patient-derived pluripotent stem cells (PSCs) have made it possible to generate disease models of metabolic syn-
drome, facilitating the path toward precision medicine. 
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yet attempted in 3D hSkM models, muscle fiber cultures de-
rived from patients with Donohue syndrome have successfully 
reproduced the deficiencies in insulin signaling, glucose uptake, 
glycogen accumulation, and insulin-regulated gene expression 
that are characteristic of the syndrome [37]. In the future, under-
standing the progression and consequences of insulin resistance, 
as well as the vascular damage and consequent diabetic neurop-
athy, will be important for drug development. 

CONCLUSIONS 

Thus far, appropriate model platforms have been limited by in-
adequate translatability and incomplete reproduction of the na-
tive microenvironment of the skeletal muscle tissue. Further-
more, the property of metabolic diseases as a cluster of condi-
tions that affect and are influenced by communication between 
multiple distal tissues beyond the local microenvironment fur-
ther complicates the challenge of creating a human-based model 
of metabolic diseases. While current models of hSkM are limited 
in representing the complex disease networks of metabolic dis-
eases, strides have been made in the development of advanced 
culture systems and bioengineering techniques that will propel 
metabolic research and precision medicine (Fig. 2). Although 
skeletal muscle is a central site for energy consumption, it also 
plays an active role in modulating energy metabolism as an en-
docrine organ that communicates with multiple organ systems 
by secreted factors called myokines and exerkines [38]. Moving 
forward, we see a need for better ways to model these inter-or-
gan communication networks observed in metabolic diseases to 
better understand the pathophysiology behind metabolic disor-
ders and develop treatment interventions tailored to the patient.
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