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Abstract

BACKGROUND: Tissue-engineered muscles (‘‘myobundles’’) offer a promising platform for developing a human in vitro

model of healthy and diseased muscle for drug development and testing. Compared to traditional monolayer cultures,

myobundles better model the three-dimensional structure of native skeletal muscle and are amenable to diverse functional

measures to monitor the muscle health and drug response. Characterizing the metabolic function of human myobundles is

of particular interest to enable their utilization in mechanistic studies of human metabolic diseases, identification of related

drug targets, and systematic studies of drug safety and efficacy.

METHODS: To this end, we studied glucose uptake and insulin responsiveness in human tissue-engineered skeletal

muscle myobundles in the basal state and in response to drug treatments.

RESULTS: In the human skeletal muscle myobundle system, insulin stimulates a 50% increase in 2-deoxyglucose (2-DG)

uptake with a compiled EC50 of 0.27 ± 0.03 nM. Treatment of myobundles with 400 lM metformin increased basal 2-DG

uptake 1.7-fold and caused a significant drop in twitch and tetanus contractile force along with decreased fatigue resistance.

Treatment with the histone deacetylase inhibitor 4-phenylbutyrate (4-PBA) increased the magnitude of insulin response

from a 1.2-fold increase in glucose uptake in the untreated state to a 1.4-fold increase after 4-PBA treatment. 4-PBA treated

myobundles also exhibited increased fatigue resistance and increased twitch half-relaxation time.

CONCLUSION: Although tissue-engineered human myobundles exhibit a modest increase in glucose uptake in response

to insulin, they recapitulate key features of in vivo insulin sensitivity and exhibit relevant drug-mediated perturbations in

contractile function and glucose metabolism.
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Abbreviations

2-DG 2-deoxyglucose

4-PBA 4-phenylbutyrate, histone deacetylase

inhibitor

ACA 6-aminocaproic acid

AMPK 50AMP-activated protein kinase

C2C12 A line of mouse myoblasts

DMEM Dulbecco’s Modified Eagle Medium

ECL Enhanced chemiluminescent

EGF Epidermal growth factor

GLUT1 Glucose transporter responsible for

constitutive glucose uptake
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GLUT3 Glucose transporter most often expressed in

neurons

GLUT4 Glucose transporter responsible for insulin-

mediated glucose uptake

HDAC Histone deacetylase

HRP Horseradish peroxidase

hGM Human growth media

IRS-1/

PI3K/Akt

Insulin receptor substrate (IRS)-1 is a

signaling molecule that after activation

interacts with phosphoinositide 3-kinase

(PI3K) and serine/threonine protein kinases

to regulate GLUT4

LAA Low amino acid

MHC Myosin heavy chain protein

MYH1 Fast twitch type IIX MHC

MYH3 Immature embryonic form of MHC

MYH7 Slow twitch type I MHC

MYH8 Perinatal isoform of MHC

qRT-PCR Quantitative reverse transcription

polymerase chain reaction

TBST Tris-buffered saline and 0.1% Tween 20

solution

PGC-1a Peroxisome proliferator-activated receptor-

c coactivator-1a is a transcriptional

coactivator involved in cellular energy

metabolism

1 Introduction

Skeletal muscle is responsible for movement and force

generation in the human body, comprises nearly 40% of the

body’s total mass [1], and is exposed to drug metabolites in

the bloodstream as a result of its rich vascular network [2].

Most in vitro models of human skeletal muscle rely on

traditional two-dimensional (2D) cell cultures which lack

the three-dimensional structural and mechanical guidance

cues experienced by native tissues in vivo. This results in

myotube detachment a few days after fusion of myoblasts,

preventing longer-term experimental studies and limiting

the developmental maturation of cells [3]. Three-dimen-

sional tissue-engineered skeletal muscles improve upon 2D

models by enabling longer-term culture, exhibiting unidi-

rectional aligned fibers similar to those comprising muscle

in vivo, and offering the capacity to undergo additional

functional tests including measures of contractile function,

oxygen consumption, metabolite production, and calcium

handling [4–7]. The ability of tissue-engineered human

skeletal muscle (‘‘myobundles’’) to replicate expected

isometric contractile properties and native muscle structure

has been well characterized [4]. These attributes position

human myobundles as a promising tool for studying drug

efficacy and toxicity, as well as for elucidating underlying

mechanisms of disease pathology to guide targeted drug

development [8]. Additionally, the use of human cells

enables the study of human-specific drug efficacy and

toxicity that may not be detected in animal studies and

offers the ability to better model the genetic diversity of

human populations [4]. Importantly, these bioengineered

platforms have the potential to improve the process of

testing drug safety and efficacy.

Skeletal muscle is highly metabolically active and is

responsible for 75% of post-prandial glucose uptake [9].

Post-prandial skeletal muscle glucose uptake occurs due to

pancreatic b-cell insulin secretion that results in activation

of the insulin receptor substrate-1/phosphoinositide 3-ki-

nase/Akt (IRS-1/PI3K/Akt) pathway and consequent

translocation of the insulin-sensitive glucose transporter 4

(GLUT4) to sarcolemma [10, 11]. In tissue-engineered

muscle formed using mouse C2C12 cell lines, insulin

responsiveness [12] as well as the impact of media com-

position [13, 14], electrical stimulation [15], and cell

source [16] on metabolic phenotype have been examined.

In tissue-engineered human myobundles, the impact of

electrical stimulation on metabolic flux has been charac-

terized [7]. Cells in the myobundles engage in cell–cell and

cell-extracellular matrix interactions while being exposed

to alignment-promoting passive tension, all of which pro-

vide environmental cues that are absent or limited in

monolayer culture. Because such environmental cues have

the capacity to influence skeletal muscle differentiation,

function, and metabolism [17–20], it is possible that glu-

cose uptake and insulin responsiveness may differ between

three-dimensional myobundles and two-dimensional

monolayer cultures.

Metformin is commonly prescribed as the medication

for the first-line treatment of hyperglycemia in type 2

diabetes and acts in part to promote increased glucose

uptake in skeletal muscle. Metformin acts by disrupting the

function of complex I in the electron transport chain,

leading to activation of the 50AMP-activated protein kinase

(AMPK) pathway [21, 22] and by AMPK-independent

pathways [23].

Because myotubes cultured in vitro tend to be immature,

with low levels of adult myosin heavy chain isoforms and

high levels of embryonic and neonatal myosin heavy chain

isoforms [24], the general histone deacetylase (HDAC)

inhibitor 4-phenylbutyrate (4-PBA) may promote matura-

tion of myotubes in myobundles. Class IIa HDACs include

HDAC4, 5, 7, and 9 and are highly involved in the regu-

lation of myogenesis via their interactions with the tran-

scription factor MEF2 [25]. During differentiation of

myoblasts to myotubes, these HDACs are exported from

the nucleus to the cytoplasm, and overexpression of

HDAC4, 5, and 7 prevents myoblasts from differentiating

in vitro [26–28]. HDACs also play a role in metabolic
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regulation; HDAC4 is exported from the nucleus when

skeletal muscle fibers are reprogrammed from glycolytic

fiber types to more oxidative fiber types [29] and the

general class IIa HDAC inhibitor Scriptaid has been shown

to increase metabolic gene expression and oxidative

metabolism in rats in a manner similar to exercise [30].

In this study, we examined the ability of insulin to

stimulate glucose uptake in human myobundles by deter-

mining a dose response to a range of insulin concentrations

in order to calculate insulin responsiveness and insulin

sensitivity. To determine how the three-dimensional envi-

ronment in myobundles impacts insulin responsiveness, we

measured changes in glucose uptake in response to a

physiological insulin concentration of 10 nM in both three-

dimensional myobundles and in myotubes in two-dimen-

sional monolayer culture. Next, we validated the ability of

the myobundles to recapitulate relevant functional

responses to therapeutics using metformin. In addition to

its impact on glucose uptake rates, we determined the

effect of metformin treatment on myobundle contractile

function and gene expression of glucose transporters and

myosin heavy chain (MHC) isoforms. Finally, we exam-

ined the impact of treatment with the HDAC inhibitor

4-PBA on myobundle metabolic and contractile function.

2 Materials and methods

2.1 Isolation and monolayer culture of primary

myoblasts and myotubes

Primary human myogenic cells were isolated from surgical

waste samples obtained according to a Duke IRB-approved

protocol. Briefly, muscle tissue was rinsed with 2X

Antibiotic–Antimycotic (ThermoFisher Scientific, Wal-

tham, MA, USA) in Dulbecco’s phosphate buffered saline

(DPBS) (Sigma-Aldrich, St. Louis, MO, USA), then

minced and incubated with 0.05% Trypsin–EDTA (Ther-

moFisher Scientific). Minced tissue underwent a 2-hour

pre-plating step in an uncoated tissue culture flask before

being transferred to a Matrigel (Corning, Corning, NY,

USA)-coated flask for the cell outgrowth process. During

outgrowth, cells were maintained in human growth media

(hGM) containing low glucose (5.55 mM glucose) Dul-

becco’s modified eagle medium (DMEM) with 1 mM

sodium pyruvate (ThermoFisher Scientific) supplemented

with 9% fetal bovine serum (FBS) (Hyclone, Logan, UT,

USA), 0.25 lg/mL amphotericin B (ThermoFisher Scien-

tific), 50 lg/mL gentamicin (ThermoFisher Scientific),

0.4 lg/mL dexamethasone (Sigma-Aldrich), 10 ng/mL

epidermal growth factor (EGF) (Peprotech, Rocky Hill, NJ,

USA), and 50 lg/mL fetuin (Sigma-Aldrich).

For monolayer myotube culture, myoblasts were plated

at a density of 20,000 cells/cm2 in a 6-well plate coated

with growth-factor reduced Matrigel (Corning). Myoblasts

were cultured in hGM for 4 days, then switched to differ-

entiation media for two weeks of differentiation prior to

endpoint testing. The plating density was chosen such that

cells would be confluent by day 4 of culture and result in

approximately the same number of cells by day 4 as were

added to myobundles. Differentiation media, referred to as

low amino acid (LAA) media, consisted of a custom-for-

mulated low amino acid base media (ThermoFisher Sci-

entific) (Supplementary Table S1) containing 2% horse

serum (Hyclone), 25 lg/mL gentamicin (ThermoFisher

Scientific), 0.125 lg/mL amphotericin B (ThermoFisher

Scientific), 100 lM L-carnitine (Sigma-Aldrich), 0.05%

bovine serum albumin (BSA) (ThermoFisher Scientific),

5.55 mM D-glucose (ThermoFisher Scientific), 0.2 mM

sodium pyruvate (ThermoFisher Scientific), 2 mM glu-

tamine (ThermoFisher Scientific), 2 mg/mL 6-aminoca-

proic acid (ACA) (Sigma-Aldrich), 10 nM insulin (Sigma-

Aldrich) during week 1 of differentiation and 0 nM insulin

during week 2 of differentiation, 50 lM oleate (Sigma-

Aldrich) and 50 lM palmitate (Sigma-Aldrich) in a 1:1

mixture complexed to 0.17% bovine serum albumin

(Sigma-Aldrich).

2.2 Myobundle formation and culture

Myobundles were formed as previously described [4, 5].

Briefly, cells were suspended in a solution of Matrigel

(Corning) and bovine fibrinogen (Sigma-Aldrich) in PBS

and polymerized with 50 U/mL thrombin (Sigma Aldrich)

while in the central channel of a PDMS mold surrounded

by a nylon (Cerex Advanced Fabrics, Cantonment, FL,

USA) frame. Each myobundle contained 750,000 cells.

After 30 min of polymerization at 37 �C, hGM containing

1.5 mg/mL 6-aminocaproic acid (Sigma-Aldrich)

(hGM ? ACA) was added to the wells containing the

myobundles in the molds. After culture in hGM ? ACA

for four days, myobundles were taken out of molds and

cultured in differentiation media as specified in the previ-

ous section, with the exception that myobundles used for

the insulin dose response curve shown in Fig. 1 were cul-

tured in differentiation media containing 1.72 lM insulin

during week 1 of differentiation and 0 lM insulin during

week 2 of differentiation. This higher concentration of

insulin was lowered to 10 nM for subsequent experiments

to improve the physiologic relevance of culture conditions

after it was determined there was no effect of the change on

myobundle force production or insulin-stimulated glucose

uptake. All myobundles were differentiated for two weeks

prior to endpoint testing. In 2D culture, the myoblasts fuse

to form multi-nucleated, elongated, primarily spindle-
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shaped striated myotubes. The myotubes align with each

other locally, but at a global scale across the surface of the

well plate they orient randomly. The myotube shape in

these cultures is often wide and branched. In 3D culture,

the myoblasts also fuse to form multi-nucleated, striated

myotubes, but these myotubes align in a unidirectional

manner along the length of the myobundle and rarely attain

a wide or branched shape as would be seen in 2D culture.

2.3 Quantification of 2-deoxyglucose uptake

Measurement of 2-deoxyglucose (2-DG) uptake was

achieved using a modified version of the published proto-

col [31]. After differentiating for 2 weeks, myotubes in

monolayer and myobundles were maintained in serum- and

insulin-free differentiation media for 18 h prior to uptake

measurement. Next, myotubes and myobundles were

incubated in uptake buffer composed of 0 mM glucose

DMEM (ThermoFisher Scientific) with 0.1% (w/v) bovine

serum albumin (Sigma-Aldrich) and 0.2 mM sodium

pyruvate for 10 min. Myotubes and myobundles were then

acutely stimulated with different concentrations of insulin

in fresh uptake buffer for 30 min. Next, myotubes and

myobundles (excluding negative control myobundles) were

incubated for 20 min in uptake buffer containing the

specified amount of insulin and supplemented with 5 mM

2-DG (Sigma-Aldrich). At the conclusion of the uptake

period, ice-cold DPBS was used to wash myobundles 3

times. Myobundles were then cut from the frames and

lysed in 100 ll of 1 9 extraction buffer (Abcam) overnight

at 4 �C on a rocker. Following uptake, myotubes were

washed with ice-cold DPBS and trypsinized prior to lysis

in the same manner as the myobundles. The following day,

samples were frozen at - 80 �C, then heated at 85 �C for

40 min to remove endogenous NADP, and 50 lL of

200 mM triethanolamine (TEA) buffer (Sigma-Aldrich)

was added to each sample. Samples were kept at - 20 �C
until quantification. To quantify the 2-DG6P in the lysed

samples, the protocol was followed as put forth in the

previous publication [31].

2.4 EC50 curve fitting

The 2-DG uptake of myobundles was measured in response

to 7–9 different insulin concentrations in order to construct

a curve showing the effect of insulin concentration on

2-DG uptake. All uptake rates were normalized to the basal

uptake rate within each donor. Using Matlab’s curve fitting

tool, and the assumption that the effect of insulin on 2-DG

uptake follows Michaelis–Menten kinetics, the equation

f xð Þ ¼ 1 þ Rmaxx
EC50þx, was fitted to the data for each donor

where x represents insulin concentration and f(x) represents

2-DG uptake rate normalized to basal uptake rate. To

obtain the compiled Rmax and EC50 values, the curve was

fitted using all of the normalized 2-DG uptake rates from

all donors.

2.5 Contractile function measurements

Contractile force production by myobundles was measured

using a setup in which the myobundle frame was pinned to

a fixed PDMS slab on one end and attached to a force

transducer on the other end [4]. Myobundles were stretched

to 115% of normal length prior to electrical stimulation.

Twitch force was obtained using a 1 Hertz stimulus for 1 s,

tetanus force was obtained using a 20 Hertz stimulus for

1 s, and fatigue force was obtained using a 20 Hertz
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Fig. 1 Characterization of insulin sensitivity and dose response in

myobundles. A Basal and insulin-mediated 2-DG uptake were

measured in myobundles at 2 weeks post-differentiation. The 2-DG

uptake rates were normalized to the basal uptake rate for each donor.

Using a curve fitting tool, the values for the Rmax and EC50 parameters

were determined. B Individual donor experimental values for the

maximum fold-change in 2-DG uptake with insulin stimulation and

the insulin concentration at which that maximum fold-change

occurred, as well as the individual donor Rmax and EC50 values.

Donor S111 exhibited glucose uptake rates in response to insulin

stimulation that were lower than the basal 2-DG uptake, which

precluded the determination of the EC50 and Rmax values for that

donor. The numbers denoted with * represent values obtained when

limiting analysis to only physiologically-relevant insulin concentra-

tions of B 10 nM, while the un-starred numbers represent values

obtained when considering the full range of insulin doses. For each

donor, 2-DG uptake was obtained for n = 3-7 myobundles per

insulin concentration. Data presented as mean ± S.E.M

804 Tissue Eng Regen Med (2020) 17(6):801–813

123



stimulus for 30 s. Peak twitch and tetanus force, percent

fatigue and twitch kinetics (time to peak twitch and half-

relaxation time) were calculated using a Matlab script.

Twitch and tetanus forces were calculated as the difference

between the highest measured force after stimulation and

the baseline passive force prior to stimulation. Percent

fatigue was calculated as peak force�force after 30 seconds of fatigue
peak force�baseline force �

100%: Twitch time to max was determined as the time

between onset of electrical stimulation and peak force.

Twitch half-relaxation time was calculated as the time

between peak force and return to one-half of the difference

between the peak force and the baseline force.

2.6 Drug treatment

For experiments testing the effect of metformin, myo-

bundles were treated with 400 lM metformin (Sigma-

Aldrich) for 18 h prior to the endpoint assays of 2-DG

uptake and force testing. The general HDAC inhibitor

4-PBA (Sigma-Aldrich) was added to myotubes and

myobundles at a final concentration of 5 mM for 18 h prior

to 2-DG uptake.

2.7 qRT-PCR

Myobundles were flash frozen in liquid nitrogen prior to

total RNA extraction using the Aurum Total RNA Mini Kit

from BioRad. cDNA was produced using the iScript cDNA

Synthesis Kit (BioRad). Genes of interest were amplified

and quantified using the iQ SYBR Green Supermix

(BioRad) and CFX Connect Real-Time PCR Detection

System (BioRad). Primer sequences are included in Sup-

plementary Table S2.

2.8 Western blotting

For each treatment condition within a donor, 2–3 samples,

each consisting of three pooled myobundles, were flash

frozen in liquid nitrogen prior to lysis at 4 �C in RIPA

buffer (Sigma-Aldrich) supplemented with phosphatase

and protease inhibitor (ThermoFisher Scientific). Samples

were homogenized during lysis, centrifuged, and the

supernatant was collected and stored at -80 �C. Laemmli

sample buffer (Bio-Rad, Hercules, CA, USA) was added to

samples, and samples were heated at 37 �C for 10 min

prior to gel electrophoresis using a 10% polyacrylamide gel

(Bio-Rad). Proteins were then transferred to a Polyvinyli-

dene difluoride (PVDF) membrane. Membranes were

blocked at room temperature for 1 h with 5% milk diluted

in 1x tris-buffered saline and 0.1% Tween 20 (TBST) (Bio-

Rad), then incubated with the appropriate primary antibody

diluted in 5% milk overnight at 4 �C. After primary

antibody incubation, membranes were washed with TBST

and incubated with the appropriate secondary antibody for

45 min at room temperature. Finally, membranes were

rinsed with TBST. Proteins were visualized after the

addition of an enhanced chemiluminescent (ECL) horse-

radish peroxidase (HRP) substrate (ThermoFisher Scien-

tific) using a Chemi-Doc Gel Imaging System (Bio-Rad).

For each sample, the intensity of the band for the protein of

interest was normalized to the intensity of the GAPDH

band. Analysis was done using Image Lab Software (Bio-

Rad).

2.9 Normalization and statistical analysis

For experiments done with multiple donors, a global nor-

malization process was used for each functional measure

(twitch force, tetanus force, 2-DG uptake rate, etc.) to

account for inherent differences between the functional

output values of myobundles from each donor. A global

average was determined, equivalent to the average of all

raw output values from all conditions and all donors. Next,

a donor-specific average was determined from all condi-

tions within the experiment done using that donor. For each

donor, a multiplier consisting of the ratio of the global

average to the donor-specific average was propagated

through the raw data. Finally, the normalized donor-

specific averages for all donors for each condition were

averaged to obtain the compiled average for that condition.

This method preserves the relative differences in output

between conditions within donors while removing differ-

ences in background output between donors.

For experiments with multiple donors, the number of

donors was used to determine standard error of the mean

(S.E.M.) and individual donor averages were used for

statistical analysis. For experiments with only one donor,

the number of myobundles per condition was used to

determine S.E.M., and individual myobundle data were

used for statistical analysis. Student’s t test was used for

pairwise comparisons. For multiple comparisons an

ANOVA was run, followed by Tukey HSD post hoc testing

for statistical significance. One symbol indicates p\ 0.05,

two symbols indicate p\ 0.01, and three symbols indicate

p\ 0.001.

3 Results

First, we established the dose response relationship

between insulin and increases in glucose uptake to deter-

mine the concentration at which insulin-stimulated glucose

uptake is half-maximal (EC50) in human myobundles.

Curve fitting of the compiled results from insulin dose

response experiments in four donors indicated an overall
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Rmax value of 0.52 ± 0.007, which corresponds to a

maximum 1.52-fold magnitude of insulin response (where

magnitude of insulin response refers to the ratio of insulin-

stimulated to basal 2-DG uptake), and an EC50 of

0.27 ± 0.03 nM insulin (Fig. 1A). Individual donor Rmax

values were 1.06 ± 0.03, 0.24 ± 0.02, and 1.43 ± 0.03,

with EC50 values of 0.87 ± 0.13, 0.01 ± 0.02 and

2.06 ± 0.23, respectively (Fig. 1B). One donor (S111)

yielded several insulin response values that were lower

than the basal 2-DG uptake, which precluded the deter-

mination of the EC50 and Rmax values for that donor. When

examining only physiological concentrations of insulin

of B 10 nM [32], the maximum experimentally measured

average magnitude of insulin response 1.5 ± 0.2 and

occurred at 10 nM insulin (Fig. 1B). Among all data, the

maximum experimentally measured average magnitude of

insulin response was 1.6 ± 0.3, occurring at 1000 nM.

This was heavily influenced by one donor (S115), which

exhibited a large response to 1000 nM insulin (Fig. 1B).

All other donors responded maximally to 10 nM insulin or

less.

To determine if insulin-stimulated glucose uptake is

affected by 3D culture in myobundles, we next compared

the magnitude of insulin response in 2D monolayers and

3D myobundles from five independent donors (Fig. 2).

When experiments from all donors are compiled, myo-

bundles exhibit a statistically significant higher magnitude

of insulin response to 10 nM insulin (2D myotubes:

1.14 ± 0.04 vs 3D myobundles: 1.5 ± 0.1, p\ 0.05)

(Fig. 2).

To examine the ability of the myobundle system and 2D

myotubes to detect alterations in glucose metabolism due

to pharmacological treatment, we treated both myotubes in

monolayer culture and myobundles with metformin. A

concentration of 400 lM metformin was chosen based on

evidence that this concentration elicited a near-maximal

increase in glucose uptake in human myotubes in mono-

layer culture [33]. Both myotubes in 2-dimensional culture

(Fig. 3A) and myobundles (Fig. 3B) exhibited a statisti-

cally significant increase in glucose uptake in response to

metformin treatment. In the absence of insulin, metformin

treatment increased the average 2-DG uptake rate of

myotubes from 8.3 ± 1.4 nmol/h to 17.0 ± 0.7 nmol/h, a

fold-change of 2.0. In myotubes in the presence of insulin,

metformin increased the average 2-DG uptake rate from

9.2 ± 0.8 nmol/h to 17.6 ± 1.5 nmol/h, a fold-change of

1.9. In myobundles in the absence of insulin, metformin

treatment increased the average 2-DG uptake rate from

8.0 ± 0.7 to 13.6 ± 0.2 nmol/h, a fold-change of 1.7. In

the presence of insulin, metformin increased the average

2-DG uptake rate of myobundles from 9.6 ± 0.9 nmol/h to

16.9 ± 1.1 nmol/h, a fold-change of 1.8. Additionally, we

examined the impact of metformin treatment on contractile

function and observed a statistically significant 35%

decrease in twitch force and 29% decrease in tetanus force

production in the treated group (Fig. 3C), and a significant

increase in fatigue (Fig. 3D) without changes in twitch

kinetics (Fig. 3E).

To examine whether changes in glucose transporter or

metabolic regulator PGC-1a (peroxisome proliferator-ac-

tivated receptor-c coactivator) expression were associated

with the changes in myobundle function, we analyzed

differences in expression between the no treatment and

metformin treated myobundles. Metformin treatment eli-

cited no effect on GLUT4 gene expression, while signifi-

cantly lowering gene expression of GLUT1 and GLUT3

and increasing expression of PGC-1a (Fig. 4A). Upon

assessing the relative abundance of the glucose transporters

in the myobundles by normalizing to the expression level

of the housekeeping gene, GLUT1 was expressed at much

higher levels than GLUT4, and GLUT3 was expressed at

levels comparable to those of GLUT1 (Fig. 4B). Met-

formin treatment significantly lowered expression of the

perinatal isoform of myosin heavy chain (MYH8)

(Fig. 4C). Interestingly, the myobundles expressed slow

twitch type I MHC (MYH7) most abundantly of the MHC

0.5

1

1.5

2

2.5

3

3.5

2D 3D 2D 3D 2D 3D 2D 3D 2D 3D

Donor 1 Donor 2 Donor 3 Donor 4 Donor 5

Av
er

ag
e 

m
ag

ni
tu

de
 o

f i
ns

ul
in

 re
sp

on
se

0

0.5

1

1.5

2

2D 3D

*
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inlayed graph depicts the average magnitude of insulin response of

myotubes in 2-D culture and myobundles in 3-D culture from all

donors, shown as mean ± S.E.M
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isoforms, with lower expression levels of the fast twitch

type IIX (MYH1) and immature embryonic (MYH3) and

perinatal (MYH8) isoforms (Fig. 4D).

In myotubes in monolayer culture, 18 h of 5 mM 4-PBA

treatment resulted in a non-significant trend to increased

insulin-stimulated 2-DG uptake, with magnitude of insulin

response of 1.1-fold in the untreated group and 1.5-fold in

the 4-PBA treated group (Fig. 5A). The 4-PBA-treated

myobundles exhibited significantly increased 2-DG uptake

after insulin stimulation, with a magnitude of insulin

response of 1.2-fold in the untreated group and 1.4-fold in

the 4-PBA treated group (Fig. 5B). 4-PBA treatment also

enhanced twitch and tetanus force production, though the

effect was not statistically significant (Fig. 5C) and resul-

ted in a significant decrease in fatigue following 30 s of

electrical stimulation (Fig. 5D), while also significantly

lengthening the half-relaxation time of the myobundles

during twitch contractions (Fig. 5E).

Analysis of gene expression of glucose transporters

revealed decreased GLUT1 gene expression and increased

GLUT4 gene expression by myobundles treated with

4-PBA (Fig. 6A). These changes in glucose transporter

expression were accompanied by a significant increase in

expression of PGC-1a (Fig. 6A). Interestingly, despite

gene expression analysis showing decreased GLUT1

expression and increased GLUT4 expression, Western

blots showed increased GLUT1 protein expression and

decreased GLUT4 protein expression in 4-PBA-treated

myobundles (Fig. 6B, C). Treatment with 4-PBA also eli-

cited significant drops in the gene expression of the slow

type I MHC isoform (MYH7) as well as a greater drop in

the fast type IIX MHC isoform (MYH1) and the immature

perinatal isoform (MYH8) (Fig. 6D).

4 Discussion

The goal of this work was to characterize the glucose

uptake and insulin sensitivity of three-dimensional human

myobundles and to test the ability of the system to respond
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with 400 lM metformin for 18 h immediately prior to 2-DG uptake at

the 2 week differentiation time point. N = 3 donors, n = 3 wells per

condition per donor. B Myobundles were treated with 400 lM

metformin for 18 h immediately prior to 2-DG uptake at the 2 week

differentiation time point. N = 3 donors, n = 3-4 myobundles per

condition per donor. C, D Myobundles were treated with 400 lM

metformin for 18 h immediately prior to measuring twitch and tetanus
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contractions. N = 3 donors, n = 3-4 myobundles per condition per

donor. * p\ 0.05, **p\ 0.01, *** p\ 0.001 when compared with

the same insulin condition or contractile function measurement in the

no treatment group. Data in all panels presented as mean ± S.E.M
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appropriately to a drug challenge known to alter glucose

uptake. We found that the magnitude of the insulin

response in myobundles is comparable to that of other

in vitro skeletal muscle cultures, but myobundles retain the

insulin sensitivity of in vivo muscle. Myobundles respon-

ded to metformin with a robust increase in 2-DG uptake,

indicating the functionality of AMPK-mediated signaling

pathways. Finally, we found that pan HDAC inhibition

improved the insulin response and contractile function of

the myobundles.

To determine the magnitude of change in 2-DG uptake

upon exposure to insulin and to characterize the sensitivity

of the myobundles to insulin, we measured 2-DG uptake at

a variety of insulin concentrations in four donors. The

magnitude of the response to physiological insulin con-

centrations was variable between donors, ranging from 1.2-

fold to 2.28-fold, with a compiled response of 1.5 ± 0.2-

fold. These values are in the range of what has typically

been measured using in vitro human myotubes, with the

magnitude of the insulin response ranging from 1.3–3-fold

[34–38], but in vivo, the magnitude of change in glucose

uptake in response to insulin ranges from six–eight-fold

[39–42].

While the magnitude of insulin responsiveness of

myobundles remains lacking when compared with reported

in vivo values, we hypothesized that the improved physi-

ological relevance of the three-dimensional structure could

contribute to greater insulin responsiveness by myobundles

than by myotubes in monolayer culture. After culturing

cells from several donors in either the myobundle system

or in monolayer culture, three-dimensional myobundles

exhibited a significantly increased insulin response when

compared with the monolayer cultures from the same set of

donors. Additionally, the EC50 was 0.27 ± 0.03 nM for

insulin-mediated glucose uptake. Others have reported

EC50 values of 3.5 nM [34], 1.0 ± 0.1 nM [37], and

1.6 ± 0.5 nM [36] for human cultured myotubes isolated

from healthy subjects. The concentration at which insulin’s

effect is half-maximal in vivo is reported as 60 lU/mL

[43], or 0.36 nM. Thus, the insulin sensitivity of myo-

bundles in vitro is greater than that of the reported sensi-

tivity in monolayer cultures, and more closely matches the

sensitivity of skeletal muscle in vivo. Together with the

finding of a greater response to 10 nM insulin in myo-

bundles than in monolayer myotubes, these results support

the hypothesis that providing cells with a three-dimen-

sional environment can promote improvements in in vitro

cultured skeletal muscle relevance to physiologic function.

In vivo, metformin treatment causes a drop in blood

glucose concentration of 1.2 mM, an approximate 1.25-
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PGC-1a and C, D myosin heavy chain isoforms was determined. For
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fold decrease [44], and in type 2 diabetes subjects, long

term treatment with metformin increases whole-body glu-

cose disposal by 1.22-fold [45]. Metformin does not

enhance insulin-mediated glucose uptake in peripheral

tissues of type 2 diabetes patients [46] and cultured human

myotubes [33], although in muscle strips from non-insulin-

dependent diabetes mellitus patients, metformin treatment

did enhance insulin-stimulated glucose transport [47]. We

found that when the myobundles were treated with met-

formin, they responded with an approximate 1.7-fold

increase in basal 2-DG uptake rate, but did not enhance

insulin responsiveness. The effect in myobundles was

consistent with the effect we observed in 2D cultures of

myotubes and is comparable with other studies done using

human myotubes in monolayer, which demonstrate a

metformin-induced 1.4-2.2 fold increase in basal glucose

uptake [33, 48]. This response to a well-known drug

affecting glucose metabolism in skeletal muscle validates

the ability of the myobundle system to respond appropri-

ately to a metabolic challenge.

We additionally observed that metformin treatment

significantly decreased fatigue resistance and myobundle

force production. Metformin activates AMPK by acting as

an inhibitor of complex I, the mitochondrial respiratory

chain component, and there is some evidence that treat-

ment with metformin reduces aerobic capacity during high

intensity exercise [49], but does not affect aerobic capacity

during moderate intensity exercise [50]. The concentration

of metformin used in this study is far higher than the

average therapeutic plasma concentration of 14.3 lM [51],

so decreases in contractile function in the myobundles may

predict skeletal muscle dysfunction associated with

increased respiratory chain disruption at higher doses of

metformin. It is also possible that metformin-mediated

AMPK activation inhibits mTORC1 [52], resulting in

decreased protein synthesis [53, 54] and manifesting as a

decline in contractile force production [7, 55].

In human vastus lateralis muscle, the fiber type com-

position has been measured as 50–55% type I fibers,

30–35% type IIA fibers, and 10–20% type IIX fibers [56].
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There is a great deal of plasticity in fiber type, with shifts in

fiber type enrichment resulting from exercise [57, 58], and

disease [59]. In addition to those that are prevalent in adult

skeletal muscle, certain myosin heavy chain isoforms are

only expressed during development and muscle fiber

regeneration [60]. These include MYH3-encoded embry-

onic MHC and MYH8-encoded perinatal MHC. During

early development in humans, embryonic, perinatal, and

type I fibers are all present in primary generation fibers

[61], with secondary generation fibers expressing only

embryonic and perinatal isoforms [62]. Prior to birth, the

expression of embryonic and perinatal isoforms declines

and the type I isoform reemerges [63]. After injury to adult

muscle, embryonic and perinatal MHC isoforms are again

detectable in regenerating myofibers [64]. In the untreated

state, myobundles expressed the type I isoform in the

greatest abundance, followed by type IIA, then perinatal

and embryonic, and finally type IIX. The presence of

immature isoforms, which has been previously observed in

human myobundles [65], suggests that myobundles are

representative of either early development or regenerating

muscle.

The general HDAC inhibitor 4-PBA [66] inhibits all

class IIa HDACs. In C2C12 cells, 4-PBA increased insulin-

stimulated glucose uptake and increased GLUT4 expres-

sion via inhibition of HDAC5-mediated repression of

MEF2 [67]. In our work, acute treatment with 4-PBA after

two weeks of differentiation resulted in a trend toward

increased force production, and a significant decrease in

fatigue. It is likely that the change in twitch kinetics is

explained by alterations in calcium handling protein iso-

form expression, which are impacted by HDAC inhibition

in cardiac muscle [68] and have been shown to regulate

twitch kinetics in C2C12 [13–15] and human [7] engi-

neered skeletal muscle.

Gene expression data from 4-PBA-treated myobundles

indicated decreased GLUT1 and increased GLUT4

expression compared to untreated controls. This shift in

glucose transporter expression is potentially mediated by

the observed increase in PGC-1a expression, as ectopic

expression of PGC-1a has been shown to increase GLUT4

expression in myotubes [69]. However, protein expression

analysis indicated increased GLUT1 and decreased GLUT4

protein levels following treatment with 4-PBA, perhaps
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reflecting feedback regulation of gene expression. Toge-

ther, these results suggest that while 4-PBA treatment

influences glucose transporter gene expression, the changes

in glucose uptake rates in response to HDAC inhibition are

occurring by some mechanism other than glucose trans-

porter abundance. One such mode of action could be

4-PBA mediated increased GLUT4 translocation in

response to insulin signaling [70], but the effects of the

HDAC inhibition are likely to be broad due to the role of

HDACs in the regulation of MEF2 [30].

In conclusion, we have characterized the insulin

responsiveness and sensitivity of the myobundles, finding

insulin responsiveness to be lower than and insulin sensi-

tivity to be comparable to that of skeletal muscle in vivo.

Additionally, we validated the ability of the myobundle

system to respond appropriately to the metabolic pathway-

targeting therapeutic metformin. Finally, we have demon-

strated that treatment with a pan-HDAC inhibitor can

enhance the metabolic and contractile function of the

myobundles. Taken together, we have demonstrated the

utility of myobundles as an in vitro tissue-engineered

human skeletal muscle model which is valuable for

ascertaining both glucose-associated metabolic and con-

tractile functional responses to manipulations of culture

conditions and drug treatments.
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