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Adipogenic Differentiation Alters Properties of Vascularized
Tissue-Engineered Skeletal Muscle

Francisca M. Acosta, PhD,1,2,i Kennedy K. Howland, BS,1 Katerina Stojkova, MS,1 Elizabeth Hernandez,1

Eric M. Brey, PhD,1 and Christopher R. Rathbone, PhD1

Advances in the engineering of comprehensive skeletal muscle models in vitro will improve drug screening
platforms and can lead to better therapeutic approaches for the treatment of skeletal muscle injuries. To this end,
a vascularized tissue-engineered skeletal muscle (TE-SkM) model that includes adipocytes was developed to
better emulate the intramuscular adipose tissue that is observed in skeletal muscles of patients with diseases
such as diabetes. Muscle precursor cells cultured with and without microvessels derived from adipose tissue
(microvascular fragments) were used to generate TE-SkM constructs, with and without a microvasculature,
respectively. TE-SkM constructs were treated with adipogenic induction media to induce varying levels of
adipogenesis. With a delayed addition of induction media to allow for angiogenesis, a robust microvasculature
in conjunction with an increased content of adipocytes was achieved. The augmentation of vascularized TE-
SkM constructs with adipocytes caused a reduction in maturation (compaction), mechanical integrity (Young’s
modulus), and myotube and vessel alignment. An increase in basal glucose uptake was observed in both levels
of adipogenic induction, and a diminished insulin-stimulated glucose uptake was associated with the higher
level of adipogenic differentiation and the greater number of adipocytes.
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Impact Statement

The findings of the current study represent the effectiveness of employing a combinatorial approach involving muscle
precursor cells and microvascular fragments to create a vascularized tissue-engineered skeletal muscle model with adi-
pocytes that induce structural and metabolic changes. This model is a platform to support the discovery of mechanisms
underlying the phenomena of intramuscular adipose tissue that is characteristic of the skeletal muscles of patients with
diseases.

Introduction

The continued development of strategies to engineer
skeletal muscle tissues in vitro that emulate the cellular

heterogeneity that exists in vivo can lead to more compre-
hensive skeletal muscle models for drug discovery, disease
modeling, treatments for injuries, and research into the cell-
to-cell interactions that exist within skeletal muscle.1–5 The
use of induced pluripotent stem cells to create a complex
system containing myogenic cells, vascular endothelial
cells, pericytes, and motor neurons into a single construct
exemplifies this concept.6 The modeling of skeletal muscle
diseases, where deficits in cell-to-cell signaling contribute to

poor physiological outcomes, is one example where the
sustained advancement toward complex multicellular mod-
els can be beneficial.

One of the characteristics of skeletal muscle that is
present in a number of pathologies, but has received rela-
tively little attention and is rarely incorporated in strategies
to tissue engineer skeletal muscle, is the presence of intra-
muscular adipose tissue (IMAT; fat located between muscle
fibers and beneath the muscle fascia).7–10 Detrimental met-
abolic consequences and diminished muscle function are a
few of the negative consequences that are associated with
IMAT. As an example, an interesting characteristic of dia-
betic skeletal muscle is an increased infiltration of adipose
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tissue that is associated with increased insulin resistance.10

In addition, adipose tissue infiltration within skeletal muscle
is also associated with aging and reduced contractile func-
tion.11,12 Skeletal muscles of patients with Duchenne mus-
cular dystrophy can also be characterized by a high level of
fat infiltration.13 The mechanisms involved in the cross talk
between adipocytes and muscle cells that contribute to
negative physiological outcomes have not been fully re-
solved; however, studies investigating the cross talk be-
tween adipocytes and muscle cells, especially in the
context of obesity and type 2 diabetes, support the idea that
communication between them contributes to metabolic
dysfunction.14,15

The formation of vascularized engineered skeletal muscle
tissues can more comprehensively evaluate IMAT in skel-
etal muscle in vitro as it will allow for cross talk between
myogenic cells, adipocytes, and the microvasculature. This
is especially true when taking into consideration that under
conditions where IMAT is increased, such as diabetes,
deficits in the microvasculature are also observed.10,16,17

The idea that the microvasculature is affected by adipocytes
is supported by the observation that adipose tissue derived
from obese/insulin-resistant subjects is associated with a
reduced capillary density.18 In the context of lipid-induced
insulin resistance, muscle cells have been shown to transmit
exosomes with downstream effects both within and beyond
skeletal muscle.19 In diseased skeletal muscle, vascular in-
tegrity is compromised; the myogenic cell-derived diseased
skeletal muscle has diminished function that includes an
impaired ability to influence angiogenesis.20–24 Levy et al.25

demonstrated that myogenic cells derived from diabetic
patients secrete elevated amounts of interleukin 8; this
outcome resulted in impaired stimulation of angiogenesis.
Conversely, endothelial cells have the ability to secrete
factors that can enhance myogenic cell growth.26 Similarly,
one mechanism contributing to the influence of the micro-
vasculature on myogenesis may involve the control of
muscle stem cells by endothelial cell-derived Notch ligand
Dll4.27 Collectively, there are a large number of interactions
between myogenic cells, adipocytes, and microvessels that
can contribute to the manifestation of diseases such as di-
abetes. While the interaction between adipocytes and myo-
genic cells has been previously evaluated in models
in vitro,14,28,29 it is prudent to include a microvasculature to
provide a more comprehensive model for evaluating skeletal
muscle disease.

Given the critical role of the microvasculature in skeletal
muscle homeostasis, much effort has been directed toward
creating vascularized tissue-engineered skeletal muscle (TE-
SkM). One popular strategy for the vascularization of TE-
SkM in vitro has focused on the introduction of endothelial
cells along with an array of supporting cells into the TE-
SkM.30 A large body of work has demonstrated that bio-
material selection, mechanical stimulation, and growth
factor application are important considerations in the design
of vascularized TE-SkM.30,31 A limitation to many of these
approaches is that there is a high degree of in vitro manip-
ulation required to recapitulate the intricacies of the vas-
culature. Conversely, a more direct approach to the
vascularization of scaffolds involves the use of microvessels
from adipose tissue called microvascular fragments
(MVFs).32 MVFs have been demonstrated to successfully

vascularize a variety of scaffolds for the purpose of im-
proving tissue perfusion in vivo, as well as providing a more
physiological means of microvascular assessments
in vitro.33–38 The benefits of using an MVF-based approach
to achieve scaffold vascularization may be obvious, but their
utility for generating an engineered tissue containing both a
vasculature and adipocytes may be less apparent. In this
regard, the presence of resident precursor cells within the
MVFs that have adipogenic potential is an especially im-
portant characteristic of MVFs that can be exploited to
generate an engineered tissue that contains both a vascula-
ture and adipocytes.34,38,39 Collectively, the vascularizing
potential of MVFs coupled with their potential to provide
adipogenic cells makes them a unique tool to generate en-
gineered skeletal muscle for better understanding skeletal
muscle dynamics.

Engineered skeletal muscles containing adipocytes that
rely on the adipogenic differentiation of muscle precursor
cells (MPCs) alone have been created,40 and it has also been
demonstrated that MVFs can be used as a source of mi-
crovessels in addition to adipocytes, even after the micro-
vessels have gone through a period of angiogenic
sprouting.34 In the current study, MPCs were combined with
MVFs to generate a vascularized TE-SkM with an even
higher number of adipocytes while still maintaining a per-
sistent vasculature. These efforts have resulted in the de-
velopment of a more comprehensive system for skeletal
muscle modeling, as well as providing a means to the sys-
tem to better understand, and potentially treat skeletal
muscle injuries and disease states.

Materials and Methods

Animals

Experiments were carried out using cells or microvessels
isolated from 8- to 12-month-old male Lewis rats (Envigo,
Indianapolis, IN). All animals were housed in a temperature-
controlled environment with a 12-h light–dark cycle and fed
ad libitum. This study was conducted in compliance with the
Animal Welfare Act and the Implementing Animal Welfare
Regulations, in accordance with the principles of the Guide
for the Care and Use of Laboratory Animals, and was ap-
proved by the Institutional Animal Care and Use Committee
at the University of Texas at San Antonio.

MPC isolation

Rat MPCs were isolated using the methods described in
our previous studies.40,41 Briefly, tibialis anterior, extensor
digitorum longus, quadriceps, gastrocnemius, and plantaris
muscles were minced, digested with protease type XIV,
and filtered with a 100 mm Steriflip (Millipore, Burlington,
MA) to remove debris. After differential centrifugation,
and pre-plating, non-adherent MPCs were transferred to
Matrigel-coated dishes and cultured in growth medium (GM)
composed of 20% fetal bovine serum (FBS), 1% penicillin–
streptomycin (P/S), 0.2% MycoZap (MZ), Dulbecco’s
modified Eagle medium (DMEM) with 1 g/L d-glucose,
l-glutamine, and 110 mg/L sodium pyruvate. Experiments
were conducted using TE-SkM constructs that contained
MPCs (passage 2 or 3) derived from at least four separate
animals.
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MVF isolation

MVFs were isolated from the epididymal (EPI), inguinal
(ING), and subcutaneous (SUBQ) fat depots similar to that
previously described.34 Briefly, adipose tissue from the EPI,
ING, and SUBQ fat from 8- to 12-month-old male Lewis
rats (Envigo, Huntingdon, United Kingdom) were subjected
to an 8- to 15-min collagenase type I digestion (Worthington
Biochemical Corporation, Lakewood, NJ) at 37�C with ag-
itation. The digested tissue was subjected to centrifugation
(400 · g, 4 min), which resulted in a floating layer of adi-
pocytes and a pellet containing a heterogeneous mixture of
cells and MVFs. The pellet was resuspended in phosphate-
buffered saline (PBS) containing 0.1% bovine serum albu-
min (Sigma–Aldrich, St. Louis, MO) and filtered through
500 mm and 37mm filters (Carolina Biological Supply,
Burlington, NC) to remove large debris and minimize cell
contamination, respectively. MVFs were then counted and
centrifuged before resuspension in fibrinogen (Sigma–
Aldrich) in DMEM (20 mg/mL) at a concentration of 20,000
MVFs/mL for TE-SkM formation.

TE-SkM formation and culture conditions

TE-SkMs were fabricated and created as we have de-
scribed previously,40 with the exception that MVFs were
added. Briefly, polydimethylsiloxane (PDMS) molds in a
half-pipe structure (final dimensions: 25 · 4.7 · 2.35 mm;
L · W · H) containing two small metal pins that acted as
anchor points for the hydrogel constructs were coated with
pluronic acid (10 mg/mL in PBS) for 48 h before seeding.
After a PBS wash to remove the excess pluronic acid, MPCs
(1.25 · 106 cells/mL) – MVFs (20,000 MVFs/mL) were re-
suspended in fibrinogen previously solubilized in DMEM at
the concentration of 20 mg/mL. Fibrin gels (5.7 mg/mL,
300 mL) were formed by mixing the cells resuspended in a
fibrinogen solution with 10 U/mL of thrombin (2:5 part,
respectively).

Constructs in the myogenic media (MM) groups were
grown in myogenic GM (described in MPC isolation) for
4 days and then switched to myogenic differentiation media
(DM; 2% horse serum, 1% P/S, 0.2% MZ, and DMEM) for
17 days. Samples in the adipogenic media (AM) groups were
grown in myogenic GM for 4 days, switched to DM for
3 days, and then cultured in two different types of adipogenic
DM: (1) Adipose induction media that consisted of DMEM/
F12, 20% FBS, 1% P/S, 0.2% MZ, 10mg/mL insulin, 10mM
forskolin, and 1mM dexamethasone for 4 days, followed by
maturation media containing DMEM/F12, 20% FBS, 1% P/S,
0.2% MZ, and 5mg/mL insulin for 10 days (this group is
referred to as MM/AM) or (2) Adipose induction media that
was supplemented with 0.5mM rosiglitazone (Rosi) and 1 nM
triiodothyronine (T3), followed by a maturation media that
consisted of AM maturation media supplemented with 1mM
Rosi and 1 nM T3 for an additional 10 days (this group is
referred to as MM/AM+). Refer to Figure 1 for a schematic
depicting the culture conditions used to accomplish the goals
of these studies. All media throughout the study were sup-
plemented with 1 mg/mL aminocaproic acid to prevent fi-
brinolysis. Under all culture conditions, the appropriate
volume of medium (500mL) was replaced every other day
throughout the study, whereas cultures were maintained in a
humidified incubator at 37�C and 5% carbon dioxide.

TE-SkM compaction analysis

The surface area coverage of the fibrin gels (n = 4 per
group) within the PDMS molds was monitored by taking
daily images of the TE-SkM using a digital camera (Sony
a600; Minato City, Tokyo, Japan). The percentage of
compaction was determined through an evaluation of the
ratio between the total area of the molds and the hydrogel’s
surface area. The analysis was carried out using the ImageJ
(National Institutes of Health, Bethesda, MD).

Creatine kinase assay

TE-SkM construct creatine kinase (CK) activity was eval-
uated using a Creatine Kinase Activity Assay Kit (MAK116;
Sigma–Aldrich) in accordance with the manufacturer’s
instructions. After lysing TE-SkMs (n = 4 per group) with
1 · RIPA lysis buffer (EMD Millipore, 20–188, Billerica,
MA) and tissue homogenization (Omni, Kennesaw, GA),
samples were centrifuged (15,000 · g) to remove debris.
Ten microliters of each sample was combined with 100 mL
of reconstituted reagent containing the assay buffer, a substrate
solution, and the enzyme mix. Samples were incubated at
room temperature for 40 min before absorbance measurements
were made (340 nm). CK measurements were normalized to
protein content (determined using a BCA protein assay [EMD
Millipore, Germany]).

Uniaxial tensile testing

TE-SkMs (n = 4 per group) were stained with hematoxy-
lin for 1 min, then rinsed with PBS five times for visuali-
zation, and then evaluated using uniaxial tensile testing until
the point of failure with a 2.5 N load cell (Ustretch; CellS-
cale, Waterloo, ON). The test was performed by elongating
the samples (12 mm), stimulating them cyclically, and then
to failure at 1 mm/s while water immersed at 37�C. Bio-
Quant (Nashville, TN) was used to calculate the average
sample width for the determination of the cross-sectional
area of each sample. Mechanical parameters were calculated
using the following formulas:

Ultimate Tensile Strength¼Ultimate Tensile Load

=Cross� Sectional Area,

Elongation at Failure¼ Elongation at Rupture

=Initial Length · 100,

Stiffness¼ DF=Dl,

Young¢sModulus¼ Dr=De:

Histological analysis

After 2 h of fixation (room temperature) in 4% formal-
dehyde, TE-SkM samples (n = 4 per group) were permea-
bilized using 0.5% Triton-X for 20 min, blocked using 10%
goat serum for 2 h, and then stained using Rhodamine-
labeled Griffonia (Bandeiraea) Simplicifolia Lectin I
(GS-Lectin I; Vector Labs, Burlingame, CA, 1:100), boron-
dipyrromethene (BODIPY; ThermoFisher, D3922, 1:100),
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F-Actin (ThermoFisher, R37112), and DAPI (ThermoFisher,
R37606). Three regions of interests (ROIs) (comprising
*50% of total construct length) per sample were imaged
using a rendering of 30mm thickness/3mm sections (Leica
TCS SP8 Confocal Microscope, Buffalo Grove, IL). BODIPY
and Lectin quantification was performed using the Leica 3D
analysis toolkit through Otsu thresholding. Additionally, the
object count obtained through thresholding was graphed as
a means of determining the connectivity of structures. The
alignment of TE-SkM was quantified using both F-Actin and
Lectin staining using the ImageJ directionality plugin.

Insulin-stimulated glucose uptake

TE-SkM samples (n = 6 per group) were cultured in
DMEM without serum or glucose for 24 h. Subsequently,
samples were changed to DMEM – insulin (1 mM) for 2 h,
followed by the addition of 2-deoxyglucose (0.1 mM) for
1 h. Finally, a 2-deoxyglucose-6-phosphate (2DG6P) de-
tection reagent was used to quantify the amount of glucose
internalized by the cells (Glucose Uptake-Glo� Assay;
Promega, Madison, WI). Luminescence was measured after
2 h with a spectrophotometer (BioTek, Winooski, VT).

Gene expression analysis

TE-SkM samples (n = 4 per group) were homogenized
(Omni), and RNA was isolated and purified from TE-SkM
using a Qiagen RNeasy Mini Kit (Valencia, CA) according to
the manufacturer’s guidelines. mRNA concentrations were
measured (Take3 Micro-Volume Plate; BioTek) and then
normalized to 150 ng of mRNA for its conversion to cDNA.
Isolated RNA was converted to cDNA using the iScript

cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Real-time
quantitative polymerase chain reaction (qPCR) was per-
formed using a CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). The primers used to carry out the qPCR
analysis were predesigned (Sigma–Aldrich; Supplementary
Table S1). Ten microliters of iTaq Universal SYBR Green
Supermix (Bio-Rad) was used for each reaction. Fold ex-
pression levels were calculated using the 2-DDCt method,
where the MM/MM TE-SkMs were designated as the cali-
brator group, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression was used as the endogenous control.42

Statistical analysis

GraphPad Prism Software 6 (GraphPad Software, Inc., La
Jolla, CA) was used to run one-way analysis of variance
tests with Tukey’s multiple comparison analyses to deter-
mine differences between groups. Statistical significance
was determined when p < 0.05. All results are presented as
mean – standard error of the mean.

Results

Maturation of TE-SkMs containing MPCs or a
combination of MPCs and MVFs under different culture
conditions

At the macroscopic level, all constructs appeared to be
similar in size at the time of creation regardless of group or
media condition (Fig. 2A). Overall, all groups exhibited an
increase in compaction as demonstrated by a decrease in
surface area over 21 days, with a greater increase in com-
paction in the MPC:MVF group compared with the MPC
group (Fig. 2A). These visual observations were supported

FIG. 1. Schematic describing the study. TE-SkM constructs containing MPC only or a combination of MPCs and MVFs
(MPC:MVF) were treated with myogenic GM, myogenic DM, or two levels of adipogenic media (AM or AM+) for the time
periods indicated. The arrowhead indicates the time at which the analysis was performed. AM, adipogenic media; DM,
differentiation media; GM, growth media; MPC, muscle precursor cells; MVF, microvascular fragments; TE-SkM, tissue-
engineered skeletal muscle. Color images are available online.
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by the quantification of the coverage area over the 21-day
observation period (Fig. 2B) and the cross-sectional area on
day 21 (Fig. 2C). More specifically, compaction was steady
up to day 2 in all groups, although by days 3–4, the level of
compaction between MPC and MPC:MVF regardless of
culture condition (i.e., MM +/- AM or AM+) began to di-
verge from one another, with MPC:MVF groups retaining a
higher degree of compaction/lower coverage area. Within
the MPC and MPC:MVF groups, fluctuations occurred be-
tween MM +/- AM, although by day 18, AM conditions
began to demonstrate a consistently less compaction/higher
coverage area relative to the MM only group (Fig. 2B). This
observation is consistent with measurements of the cross-
sectional area, indicating a lesser degree of compaction in
the AM conditions relative to the MM condition within each
group and day 21 (Fig. 2C).

The CK activities of TE-SkMs containing both MPCs and
MVFs were lower than those containing only MPCs re-
gardless of the culture condition (i.e., MM +/- AM or AM+;
Fig. 2D). The treatment of TE-SkMs containing MPCs with
AM reduced the CK activity relative to treatment with MM
only, whereas the treatment of TE-SkMs containing both
MPCs and MVFs with AM increased the CK activity rela-
tive to treatment with MM only (Fig. 2D). Overall, the in-
creased compaction of TE-SkMs containing both MVFs and
MPCs is consistent with observations that microvessels
positively increase aspects of myogenesis.26 Although the
measurements of the CK activity do not support this con-
tention, an alternative possibility is that the increased deg-
radation of the matrix due to matrix metalloproteinases
provided by cells of the microvasculature43 contributed to
the increased compaction rate observed.

FIG. 2. TE-SkM characterization. TE-SkM constructs containing MPC only or a combination of MPCs and MVFs
(MPC:MVF) were treated with MM only, or MM before two levels of adipogenic media (AM or AM+) (n = 4 per group).
(A) Representative images of the constructs after 0 or 21 days of culture. (B) Quantification of the change in the TE-SkM
coverage area over time (n = 4 per group). (C) Quantification of TE-SkM cross-sectional areas after 21 days of culture
(n = 4 per group). (D) Quantification of creatine kinase activities of TE-SkMs after 21 days of culture (n = 4 per group).
Results are reported as mean – standard error. Bars displaying different letters are statistically significant from each other
( p < 0.05). Bars with the same letters are not significantly different ( p > 0.05). MM, myogenic media. Color images are
available online.
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TE-SkM mechanical property assessment

TE-SkMs with MPCs alone or MPCs and MVFs treated
with different culture conditions were subjected to tensile
deformation to stress–strain profiles (Fig. 3A, B, respec-
tively) to calculate ultimate tensile strength (UTS), elon-
gation at failure, stiffness, and Young’s modulus. The
TE-SkMs containing both MPCs and MVFs groups cultured
under MM conditions had the highest UTS (Fig. 3C) and
Young’s modulus (Fig. 3D). Regardless of culture condi-
tion, TE-SkMs with MPCs alone had an approximately
threefold increase in stiffness relative to TE-SkMs con-

taining both MPCs and MVFs (Fig. 3E). No significant
differences in elongation at failure (Fig. 3F) were observed.
While the inclusion of MVFs increased construct mechani-
cal strength, the addition of adipogenesis diminished this
improvement. A plausible explanation is that MVFs provide
a source of myogenic factors that cause this improvement in
the organization of the myogenic structures, whereas adi-
pocytes tend to negate this augmentation. Regardless, the
development of the current model containing these struc-
tures provides an opportunity to further investigate these
phenomena.

FIG. 3. Uniaxial tensile testing of TE-SkM. TE-SkM constructs containing MPC only or a combination of MPCs and
MVFs (MPC:MVF) that were treated with MM only, or MM before two levels of adipogenic media (AM or AM+) (n = 4 per
group). Representative stress–strain profiles of TE-SkM containing MPCs (A) or MPCs and MVFs (B) treated with different
media conditions were used for the calculation of (C) ultimate tensile strength (kPa), (D) Young’s modulus (kPa), (E)
stiffness (N), and (F) elongation at failure (%). Results are reported as mean – standard error. Bars displaying different
letters are statistically significant from each other ( p < 0.05). Bars with the same letters are not significantly different
( p > 0.05). Color images are available online.
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Histological analysis of adipogenesis and
angiogenesis in TE-SkM

No GS-Lectin I-positive structures (indicative of micro-
vessels) were observed qualitatively (Fig. 4) or quantified
(Fig. 5B, D) in TE-SkMs containing only MPCs. Regardless
of culture condition, TE-SkMs containing both MPCs and
MVFs were characterized by the presence of a high content
of GS-Lectin I-positive structures (Fig. 4). The use of AM
caused a change in the appearance of the microvessels, an
effect that was most noticeable in the presence of AM+
(Fig. 4). Despite qualitative changes in vessel appearance
with the use of AM or AM+, there were no differences in the
percent area covered by microvessels (Lectin+ area)
(Fig. 5B). The connectivity of the vascular structures was
evaluated through the quantification of vessels using the
object count attained when thresholding samples (Fig. 5D).
Consistent with the observations of an altered appearance of
the vessels with the use of AM+, there was an increase in the
vessel count in this group indicative of a decreased vascular
connectivity under this condition (Fig. 5D).

The use of AM or AM+ caused qualitative increases in
lipid content indicative of an increase in the presence of
adipocytes in both TE-SkMs containing MPCs alone or

MPCs and MVFs compared with MM. The use of AM+
increased lipid content compared with AM for both MPC
and MPC:MVF (Fig. 4). Consistent with these qualitative
observations, the use of AM or AM+ resulted in an increase
in the percent area covered by lipid (Fig. 5A) and lipid count
(Fig. 5C) in both TE-SkMs containing MPCs alone or MPCs
and MVFs compared with MM, and the use of AM+ in-
creased lipid content compared with AM for both MPC and
MPC:MVF. More specifically, an *1900% increase in lipid
coverage area was observed with MM/AM+ and MM/AM in
the MPC group, and an *200% increase in lipid coverage
area was measured with MM/AM+ compared with MM/AM
in the MPC:MVF group (Fig. 5A). Within the MPC only
and MPC:MVF groups, *1000% and 74% increases in lipid
count, respectively, were observed between MM/AM+ and
MM/AM (Fig. 5C). The presence of MVFs increased the
lipid content when both adipogenic conditions (AM or
AM+) were used. TE-SkMs containing MPCs and MVFs
had a higher percentage area covered by lipid (Fig. 5A) and
lipid count (Fig. 5C) compared with TE-SkMs containing
MPCs alone regardless of whether AM or AM+ was used.
Collectively, the MPC:MVF group in MM/AM+ growth
conditions had the most significant amount of adipocyte
formation out of all groups tested.

FIG. 4. Qualitative histological analysis of TE-SkM. Constructs containing MPC only or a combination of MPCs and
MVFs (MPC:MVF) that were treated with MM only, or MM before two levels of adipogenic media (AM or AM+) were
acquired after 21 days of treatment. TE-SkMs were stained with F-Actin (white) to visualize cytoskeletal components, DAPI
(Blue) for visualization of nuclei, BODIPY (green) to identify the presence of lipid droplets, and GS Lectin I (red) for the
visualization of microvessels. Scale bars = 200mm. BODIPY, boron-dipyrromethene. Color images are available online.
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To investigate the spatial effect of microvessels and ad-
ipocytes on myogenic structure alignment and orientation
within TE-SkMs, F-actin fluorescence staining was analyzed
(Fig. 5E); samples that were more aligned displayed a nar-
row distribution plot, suggesting a high degree of cell or-
ganization. Generally speaking, MPC only groups had a
greater degree of alignment than the MPC:MVF groups;
however, with both groups, a reduction in alignment oc-
curred in the context of AM (MM/AM and MM/AM+). The

GS-Lectin I fluorescence staining within the MPC:MVF
groups was also analyzed to specifically determine the effect
of lipids on vascular organization (Fig. 5F). Similar to that
observed where AM disrupted myogenic structure align-
ment, AM reduced the alignment of vascular structures
(Fig. 5F). Notably, this effect was most pronounced in the
context of AM+, where the highest level of lipid content was
observed. Overall, taken together with the robust changes in
the overall quantity of lipid and microvessels, the changes in

FIG. 5. Quantitative histological analysis of TE-SkM. Constructs containing MPC only or a combination of MPCs and
MVFs (MPC:MVF) that were treated with MM only, or MM before two levels of adipogenic media (AM or AM+) (n = 4 per
group). The quantification of mean fluorescence intensity of BODIPY staining (A), quantification of mean fluorescence
intensity of GS Lectin I staining (B). The average object counts in imaged ROIs with BODIPY staining measuring
interconnectivity of lipid droplets (C), and average object counts in imaged ROIs with GS Lectin I staining measuring
interconnectivity of vessel structures (D), analysis of F-Actin alignment and orientation distribution within TE-SkMs (E),
analysis of GS Lectin I alignment and orientation distribution within TE-SkMs (F), were measured using confocal images of
TE-SkMs cultured for 21 days. Results are reported as mean – standard error. Bars displaying different letters are statis-
tically significant from each other ( p < 0.05). Bars with the same letters are not significantly different ( p > 0.05). ROIs,
regions of interest. Color images are available online.

VASCULARIZED ADIPOGENIC TISSUE-ENGINEERED SKELETAL MUSCLE 61



the alignment of the structures within the TE-SkMs point to
a significant alteration in the structural integrity, an obser-
vation that is supported by alterations in the mechanical
characterization (Fig. 3C, D). This proposition is supported
by previous findings where increased lipid in engineered
skeletal muscle reduced electrically induced functional
outcomes.44

TE-SkM metabolic assessment

Overall, TE-SkMs containing both MPCs and MVFs had
a higher insulin-stimulated glucose uptake (ISGU) activity
compared with TE-SkMs containing MPC only (Fig. 6A, B).
In TE-SkMs containing either MPCs or MPCs and MVFs
and treated with either MM/MM or MM/AM conditions, a
physiological response of glucose uptake was exhibited as
demonstrated by a significant increase in 2DG6P uptake in
response to insulin treatment; however, when TE-SkMs
were cultured in MM/AM+, no significant increase in ISGU
was observed (Fig. 6A, B). Overall, the amount of glucose
internalized was higher in groups exposed to AM/AM+
conditions compared with constructs in MM/MM culture,
irrespective of MPC or MPC:MVF seeding. Adipocytes
increase glucose uptake in response to insulin; therefore, the
increase in basal ISGU in constructs with and without MVFs
with adipogenic induction is logical.45,46 The reduced re-
sponsiveness of the TE-SkMs to insulin at the highest levels

of adipogenesis is intriguing and leads to the speculation
that higher level of adipogenesis causes a transition to a
more pathological state.

qPCR analysis of TE-SkMs

Generally speaking, there were no major trends signifying
differences in muscle marker expression, though inter-
mittent increases in muscle marker expression are seen
while in adipogenic conditions (Fig. 7A–C). Specifically,
the two early myogenic markers, MyoD and Myogenin, are
increased in MPC in MM/AM culture, whereas the late
myogenic marker, MHC, is upregulated in MPC:MVF in
MM/AM+ conditions. Analysis of key adipogenic markers
peroxisome proliferator-activated receptor-gamma (PPARGc),
adiponectin, and fatty-acid synthase (FAS) confirmed the
formation of adipocytes in cultures of MM/AM and MM/
AM+ (Fig. 7D–F), showing similar trends among all genes.
PPARGc fold expression in TE-SkMs containing MPCs was
significantly higher in adipogenic differentiation conditions
with an *1000-fold increase in both MM/AM and MM/
AM+. In TE-SkMs containing MPCs and MVFs, an *1750-
fold increase was observed in MM/AM culture conditions
and *6000-fold increase in MM/AM+ for PPARGc. The
adiponectin fold expression within TE-SkMs containing
MPCs increased *1000-fold in both MM/AM and MM/
AM+ conditions. Within TE-SkMs containing MPCs and

FIG. 6. Metabolic function characterization of TE-SkM. Constructs containing MPC only or a combination of MPCs and
MVFs (MPC:MVF) that were treated with MM only, or MM before two levels of adipogenic media (AM or AM+) (n = 6 per
group). Average luminescence measurements indicative of 2DG6P uptake (RLU), an index of ISGU, in TE-SkMs in the
MPC (A) and MPC:MVF (B) groups cultured under the different media conditions for 21 days, before (open bars) and after
(shaded bars) insulin stimulation. Results are reported as mean – standard error. Bars displaying different letters are
statistically significant from each other ( p < 0.05). Bars with the same letters are not significantly different ( p > 0.05).
2DG6P, 2-deoxyglucose-6-phosphate; ISGU, insulin-stimulated glucose uptake; RLU, relative light units.

‰
FIG. 7. qPCR analysis of myogenic, adipogenic, and angiogenic markers in TE-SkM. Constructs containing MPC only or
a combination of MPCs and MVFs (MPC:MVF) that were treated with MM only, or MM before two levels of adipogenic
media (AM or AM+) (n = 4 per group). The different bars represent: fold expression of (A) MyoD, (B) MYOG, and (C)
MHC, (D) PPARGc, (E) adiponectin, (F) Fas cell surface death receptor (FAS), (G) an early angiogenic marker (FLK1), (H)
a later marker for angiogenesis, ANGPT1, and (I) VEGF. Results were normalized based on their respective MM/MM
control group. Results are reported as mean – standard error (n = 4). Bars displaying different letters are statistically sig-
nificant from each other ( p < 0.05). Bars with the same letters are not significantly different ( p > 0.05). ANGPT1, angio-
poietin 1; FLK1, fetal liver kinase-1; MHC, myosin heavy chain; MyoD, myoblast determination protein 1; MYOG,
myogenin; PPARGc, peroxisome proliferator-activated receptor-gamma; VEGF, vascular endothelial growth factor.
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MVFs, an *6000-fold increase was observed in MM/AM
and *3000-fold increase in MM/AM+ for adiponectin.
For TE-SkMs containing MPCs, FAS expression in-
creased *20-fold in both MM/AM and MM/AM+ con-
ditions. For TE-SkMs containing MPCs and MVFs, an
FAS expression increased *45-fold in MM/AM and
*250-fold in MM/AM+. The only major difference ob-
served in the analysis of angiogenic markers fetal liver
kinase-1 (FLK1), angiopoietin 1 (ANGPT1), and vascular
endothelial growth factor (VEGF; Fig. 7G–I) was within
the TE-SkMs containing only MPCs where an upregula-
tion of FLK1 in the MM/AM condition was observed.
Within TE-SkMs containing MPCs and MVFs, an upre-
gulation of ANGPT1 and VEGF was observed in the MM/
AM+ condition.

Discussion

The engineering of skeletal muscle systems with direc-
tionality and alignment that represent the organization of
skeletal muscle as seen in vivo has largely been considered a
promising approach for improving tissue regeneration, in
cases such as volumetric muscle loss, and is also regarded as
an effective means to create a high-throughput, patient-
derived biomimetic system for disease modeling.31,47,48

Accordingly, skeletal muscle systems have been developed
to incorporate the interaction of cells/structures that are
present within skeletal muscle to develop models that more
accurately represent skeletal muscle’s multicellular compo-
sition and metabolic function; examples of cells/structures
that have been used to improve engineered skeletal mus-
cle include microvessels, fibroblasts, macrophages, and
neurons.1–5 In addition to improving the utility of en-
gineered skeletal muscle systems to support research into
skeletal muscle phenomena, these improvements also
support the development of improved drug-screening
platforms. With this objective in mind, in the current study,
a TE-SkM model was developed through the formation of a
system containing muscle cells, adipocytes, and micro-
vessels; this system more accurately portrays the skeletal
muscle environment, especially where the number of adi-
pocytes is increased. This objective was accomplished
through the use of MPCs with or without MVFs as the cell
source, and an appropriately timed application of AM to
allow time for angiogenesis to develop while also provid-
ing the stimulus for the adipogenic differentiation of cells
within the constructs.

The inclusion of a microvasculature is perhaps the most
obvious benefit to the TE-SkM developed in the current
study. Skeletal muscle is highly vascularized to meet the
high energetic demand for muscle activity. The smallest
contractile unit of a skeletal muscle, the muscle fiber or
myofiber, is perfused by microvessels that are parallel to it.
Consequently, endothelial capillaries and muscle fibers lie
in proximity to one another and therefore are subjected to
continuous cross talk. This interaction is worthy of inves-
tigation in the context of diseases such as diabetes, where
reduced capillarization puts diabetic patients at a greater risk
for peripheral arterial disease, and eventually, critical limb
ischemia compared with those without diabetes.17,49,50

MVFs impart several advantages to create vascularized
engineered tissues and have been used previously for this

purpose.33–38 In the current study, the use of MVFs was an
effective means for creating a highly vascularized TE-SkM
as demonstrated by a persistent and robust microvascular
network (Figs. 4 and 5B, D). Histologically (Fig. 4), we are
able to appreciate a high degree of vessel formation on all
groups in which MVFs are present, although notably, the
integrity of the vascular structure diminishes as fat forma-
tion is increased. Quantification of vessel formation through
lectin showed no significant difference in the total amount of
vessel formation (Fig. 5B). However, it was shown that as
fat formation increases between MM/AM and MM/AM+ in
MPC:MVF groups, there was a decrease in the alignment of
vascular structures (Fig. 5F). Additionally, there was a
significant decline in the interconnectivity of vessels
formed, revealed through the increase in object counts of
lectin in ROIs of MPC:MVF in MM/AM+, where the
highest amount of fat formed was observed (Fig. 5D). To
create a more advanced system with an increased multi-
cellularity, the microvessels were allowed to develop before
the exposure to adipogenic differentiation conditions to in-
crease the adipocyte content within them, thus creating a
vascularized TE-SkM with increased adipocyte content.
When taking into consideration the increased IMAT in di-
abetic patients,10,16,17 this is a platform to study the inter-
action among muscle cells, the microvasculature, and
adipocytes in the progression of disease. It is also worth
mentioning that the model developed herein has potential
applications for the study of other skeletal muscle patholo-
gies as well, given the presence of IMAT in the context of
other diseases/conditions.11–13,51,52

It is important to point out that it was intended that the
system be relatively straightforward, without requiring a
multitude of cellular inputs to be successful. To this end, two
cellular components (MPCs and MVFs) were used, and it was
from both of these sources that myogenesis, angiogenesis, and
adipogenesis were achieved. Previous research demonstrated a
favorable interaction between MPCs and MVFs, in particular,
that MPCs secrete factors that promote angiogenesis,53,54 a
feature of the system that supports the maintenance of a
persistent microvasculature. The goal of introducing adipo-
cytes into the system while maintaining a microvasculature is
not as straightforward, but when taking into consideration the
adipogenic potential of both MPCs and resident stem cells
within the MVFs, the rationale for their inclusion, and the lack
of a need for an additional cellular input (i.e., multipotent stem
cells), becomes more apparent.34,39,41,55

The timing of adipogenic induction is a critical factor to
consider. Previous work established that the timing of adi-
pogenic induction is critical to maintaining the balance be-
tween angiogenesis, myogenesis, and adipogenesis.34,41

Specifically, direct exposure (i.e., without previous myo-
genesis or angiogenesis) to adipogenic differentiation can
increase the adipogenic potential of these cells, but espe-
cially with MVFs, this may come at the expense of vascular
development. Since the goal was to have all cellular com-
ponents coexisting in parallel, a ‘‘pre-sprouting’’ phase was
included for all groups, meaning that TE-SkMs were cul-
tured in MM conditions for 7 days, thus allowing sufficient
time for vessel growth before stimulation of adipogenesis.

Several observations support the contention that the aug-
mentation of the vascularized constructs with adipocytes had
an impact on the structural and functional characteristics of
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the engineered tissues and provide the impetus for future
study. Compaction, cross-sectional area, and CK activity
were evaluated to gain insight into the effect of TE-SkM
maturation56–59 (Fig. 2A–D). Specifically, compaction,
which measures changes to the gel surface area over time, is
correlated with the protein and cell content of constructs, as
well as TE-SkM architecture, function, maturity, and
strength.56–58

This is similar to what can be said when measuring
endpoint cross-sectional area. Additionally, increasing lev-
els of the CK activity have been presented to be a sign of
muscle maturation.59 The smaller coverage area and cross-
sectional area when MVFs were combined with MPCs in-
dicate that the vascularization of the engineered muscle
constructs had a positive effect on maturation (Fig. 2A–C).
The presence of adipocytes in the vascularized constructs
was robust when taking into consideration the large increase
in BODIPY (used as a surrogate for adipocytes) staining
(Figs. 4 and 5). This modification generally had a negative
effect on the maturation and organization of the engineered
constructs, especially in constructs containing MVFs. Cor-
relating histological findings (Figs. 4 and 5) and data pre-
sented in Figure 2, we specifically observe that more
disorganized/less aligned structures (groups with AM)
ended up having less compaction/higher coverage area, in-
dicative of a less maturation; we can also pinpoint the
source of this disruption being the presence of adipocytes, as
demonstrated through BODIPY staining.

Although a more heterogeneous model may be expected to
have a higher level of disorganization, it is also worth noting
that skeletal muscle is a highly organized tissue, thus align-
ment of F-actin filaments (Fig. 5E) and vascular structures
(Fig. 5F) was looked at, and correlations were seen to the
level compaction/maturation observed (Fig. 2), where in-
creasing adipocyte content disrupted alignment and also de-
creased compaction/maturation. Furthermore, the addition of
adipogenic induction media to constructs containing micro-
vessels caused a reduction in compaction over time and an
increased cross-sectional area; however, it was also accom-
panied by an increase in the CK activity (Fig. 2A–D). This
discrepancy between compaction and CK activity cannot
completely be explained by changes in myogenic gene ex-
pression; only the adipogenic induction conditions that
caused the highest adipocyte content (AM+) increased myo-
genin and myosin heavy chain gene expression (Fig. 7A–C).
Seemingly conflicting results of muscle maturity between
compaction, CK activity, and myogenic gene expression may
be partially explained by the presence of hormones in the AM
such as T3, which has been found to promote the activation of
the MyoD gene in myogenic cell lines.60 Given their diverse
cell populations, when comparing MPC versus MPC:MVF
groups, CK results should be taken as non-absolute, even
though there is seemingly a drop in maturation with MVFs.
The compaction differences could potentially be explained by
the significant increases in lipid formation, which may have
caused a hindrance in compaction.

To gain further insight into the effect of augmenting
constructs with adipocytes, both those containing MVFs and
those that did not, uniaxial tensile mechanical character-
ization of TE-SkM was used as a means of evaluating TE-
SkM mechanical integrity.61–63 Examining the stress–strain
profiles alone (Fig. 3A, B), all groups showed viscoelastic

curves typically seen in soft biologic tissue,64 and all the
constructs displayed Young’s modulus that fall within the
range between *12 and 2800 kPa, which is characteristic of
skeletal muscle.65,66 The salient findings among the me-
chanical parameters evaluated are that: (1) in the absence of
adipogenesis (MM/MM condition), the inclusion of MVFs
increased the mechanical strength of the constructs and (2)
augmentation of adipogenesis in constructs containing
MVFs diminished this improvement in mechanical integrity
(Fig. 3C, D). Recent work where the exposure of engineered
skeletal muscle to fatty acids resulted in increased lipid
accumulation, and reductions in tetanic and single twitch
force concomitant with altered insulin signaling.44 Although
the tensile mechanical characterization of the TE-SkM in
the current study implies changes in electrically invoked
muscle contraction may occur, measurements of twitch and
tetanus would have provided a more comprehensive un-
derstanding of the functional implications of the presence of
adipocytes in vascularized TE-SkM, and the lack of these
measurements limits a more comprehensive understanding
of the model.

Nonetheless, the altered mechanical integrity observed is
in agreement with the finding that increased adipocyte
content caused changes in the alignment of myogenic and
vascular structures, an effect that was visualized qualita-
tively (Fig. 4), and quantified in both nonvascularized
(MPC) and vascularized (MPC:MVF) constructs (Fig. 5E).
These results, as well as an alteration in the alignment of
microvessels in vascularized constructs (Fig. 5F), support
the contention that adipocytes alter the structural integrity of
engineered constructs toward a less organized form and
potentially reduces their integrity. Collectively, the paral-
lelism in the findings from compaction (Fig. 2A–C), me-
chanical analyses (Fig. 3C, D), cell and vessel alignment
(Figs. 4 and 5E, F) suggests that an increase in adipocyte
content interferes with the structural integrity of vascular-
ized skeletal muscle. This is especially interesting to con-
sider when taken together with the findings that the presence
of intermuscular adipose tissue had a direct effect on skel-
etal muscle function in vivo, where a vasculature was
present.67

In addition to the modifications imparted to TE-SkM by
microvessels and adipocytes, the effect of these parameters
on metabolic properties was evaluated. In agreement with
other investigations, constructs made without the modifica-
tion of MVFs or adipocytes exhibited an increase in glucose
uptake in response to insulin40,68 (Fig. 6A). The addition of
MVFs resulted in a similar response, that is, TE-SkMs
containing MVFs exhibited an increase in glucose uptake in
response to insulin (Fig. 6B). The induction of adipogenesis
resulted in an increase in basal ISGU in both constructs with
and without MVFs, which is in agreement and reflective of
the increase in adipocyte content since adipocytes also in-
crease glucose uptake in response to insulin.45,46 Two dif-
ferent adipogenic induction conditions were used to
determine if the content of adipocytes could be controlled,
specifically, although both medias contained insulin, for-
skolin, and dexamethasone, the ‘‘AM+’’ media was sup-
plemented with Rosi and T3. This more potent adipogenic
induction media significantly increased adipocyte quantity
that was seen visually (Fig. 4) and was measured quantita-
tively (Fig. 5A, C). In agreement with this increase in
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adipocyte content, the basal level of glucose uptake in re-
sponse to insulin was increased, which suggests that addi-
tional adipocytes had an effect on the metabolism of the
TE-SkMs; however, the glucose uptake in response to in-
sulin was no longer seen. Through speculation, we can at-
tribute this response to the TE-SkM construct depicting a
‘‘diabetic-like’’ response where insulin sensitivity is altered
potentially due to the large degree of fat present in the en-
vironment. This conclusion is indicative that fat formation
alone in this model was enough to warrant a biomimetic
disease response of a reduction in ISGU, and the introduc-
tion of a diseased cell source was not needed to replicate the
pathology.

Conclusions

In summary, these findings represent the development of a
comprehensive tri-TE-SkM model with the incorporation of
MPCs, adipocytes, and microvessels. The simple approach
that utilized MPCs and MVFs to develop a vascularized
skeletal muscle model with adipocytes more closely mimics
the structural and functional characteristics seen in vivo, and
this may be especially useful for modeling skeletal muscle
diseases. Future research will focus on using this model as a
tool for drug and treatment testing to counteract metabolic
diseases and build on its capabilities by incorporating addi-
tional factors, such as disease-derived cell sources.
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