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Abstract

Induced pluripotent stem cell derived cardiomyocytes (iPSC-CM) have the potential to trans-

form regenerative cardiac medicine and the modelling of cardiac disease. This is of particu-

lar importance in the context of diabetic cardiomyopathy where diabetic individuals exhibit

reduced cardiac diastolic contractile performance in the absence of vascular disease, signif-

icantly contributing towards high cardiovascular morbidity. In this study, the capacity of

iPSC-CM to act as a novel cellular model of cardiomyocytes was assessed. The diabetic

phenotype is characterised by insulin resistance, therefore there was a specific focus upon

metabolic parameters. Despite expressing crucial insulin signalling intermediates and rele-

vant trafficking proteins, it was identified that iPSC-CM do not exhibit insulin-stimulated glu-

cose uptake. iPSC-CM are spontaneously contractile however contraction mediated uptake

was not found to mask any insulin response. The fundamental limitation identified in these

cells was a critical lack of expression of the insulin sensitive glucose transporter GLUT4.

Using comparative immunoblot analysis and the GLUT-selective inhibitor BAY-876 to quan-

tify expression of these transporters, we show that iPSC-CM express high levels of GLUT1

and low levels of GLUT4 compared to primary cardiomyocytes and cultured adipocytes.

Interventions to overcome this limitation were unsuccessful. We suggest that the utility of

iPSC-CMs to study cardiac metabolic disorders may be limited by their apparent foetal-like

phenotype.

Introduction

Diabetes is one of the leading healthcare challenges worldwide. Whilst the most common

major complication of this condition is vascular disease and therefore increased incidence of

stroke or myocardial infarction, there is also a significantly elevated direct risk of heart failure

[1]. This is due in part to an impairment of diastolic cardiac contractile function in diabetic

individuals independent of vascular disease termed diabetic cardiomyopathy (DCM) [2–4].

Given the high rate of cardiovascular mortality associated with diabetes combined with the
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lack of DCM specific treatments available, improved understanding of the pathophysiological

mechanisms underlying this condition is of clinical relevance.

As DCM progresses over time, structural changes such as concentric hypertrophy and

fibrosis are observable [5,6] and will undoubtedly contribute to further impairments in cardiac

function. However, there is evidence from human populations that reduced cardiac contractil-

ity is observable prior to the onset of structural remodelling [7], suggesting that this is a (mal-

adaptive) response to—rather than central causal factor of—this condition. Accordingly, the

original physiological deficit underlying DCM likely originates from within the individual

contractile units of the heart–the cardiomyocytes.

It is challenging to obtain information regarding this pathophysiological mechanism from

human samples. However, the db/db mouse model captures several clinical features of DCM

such as weight gain and impaired cardiac function in the presence of hyperglycemia and hyper-

insulinemia but absence of atherosclerosis or hypertension [8]. Impaired cardiac contractile

function has been recorded from these mice through in vivo echocardiography (impaired ejec-

tion fraction and E/A ratio), ex vivo Langendorff working heart preparations (reduced rate of

LV pressure development and decay), and individual isolated cardiomyocytes (impaired frac-

tional shortening and rate of relaxation) [9,10]. These studies identified deficits in intracellular

calcium handling as the fundamental mechanism underlying this impaired contractile activity.

In healthy muscle and adipose tissue, activation of the insulin receptor in turn activates sig-

nalling cascades that ultimately initiate the translocation of the glucose transporter GLUT4

from a specialised intracellular retention site to the plasma membrane [11]. A defining feature

of the (type II) diabetic phenotype is the presence of peripheral insulin resistance (IR),

whereby this action of insulin is impaired. There is evidence to suggest that reduced glucose

uptake coupled with coinciding increased fatty acid uptake and oxidation in the diabetic heart

precedes and possibly contributes towards impaired cardiomyocyte calcium handling/contrac-

tility. The oxidation of fat is associated with an increased oxygen cost and in line with this

reduced cardiac efficiency has been recorded from diabetic individuals [12], thereby placing

increased strain upon the heart. Additionally, the intracellular PCr/ATP ratio was observed to

be reduced in human diabetic myocardium [13]. This would be expected to impair the high

energy phosphate shuttle system and is linked to a reduction in maximum workload capacity

[14]. Combined, these mechanisms may create a large mismatch between ATP availability and

demand, and therefore limit the ATPase action of proteins including SERCA and myosin. In

combination this could account for impaired contractility in DCM. In support of this, overex-

pression of GLUT4 in the db/db mouse model normalises the observed aberrant metabolic and

contractile cardiac phenotype [15,16].

Many studies suggest that insulin signalling and/or glucose metabolism (or a lack thereof)

have important roles in the development of DCM. For example, insulin signalling may be

required to reduce mitochondrial uncoupling and enable economical oxidation of fatty acids

[17], and the more oxygen efficient oxidation of glucose may be essential under periods of sub-

clinical myocardial stress, which likely precede DCM. Although the use of animal-based DCM

models has facilitated significant progress in this area of research, human studies are necessary

to fully understand these mechanisms to the extent that effective interventions can be devel-

oped. The generation of human induced pluripotent stem cell derived cardiomyocytes

(iPSC-CM) was first published in 2007 [18] and could be of relevance to this field. iPSC-CM

have gained attention due to their potential to act as both the basis of regenerative medicine

interventions in the context of myocardial infarction, and also as a novel cellular model for dif-

ferent disease phenotypes, including DCM. Whilst these cells exhibit cardiomyocyte specific

gene/protein expression and general function, it is widely accepted that they correspond to

foetal-like cardiomyocytes with regards to their electrophysiology, structure, and calcium

GLUT4 in iPSC-derived cardiomyocytes
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handling [19,20]. Particularly apparent limitations are their small circular phenotype and lack

of t-tubules, which results in non-uniform intracellular calcium release across the width of the

cells and contributes to their relatively weak contractile output [21,22].

It has been shown that through culturing iPSC-CM in medium designed to replicate the

blood chemistry of a diabetic individual a phenotype corresponding to DCM was induced in

iPSC-CMs, based upon the onset of cellular hypertrophy, reduced frequency of calcium tran-

sients, and an increased irregularity of contractile rate [23]. However, these studies did not

examine the glucose transport or insulin-sensitivity of iPSC-CMs, and therefore could not

determine if these cells exhibited (or were even capable of exhibiting) insulin resistance. Whilst

prior work has demonstrated that under standard high glucose cell culture conditions these

cells rely primarily upon glycolysis to generate ATP, they have been shown to have a degree of

metabolic flexibility [24]. However, there is no evidence to indicate whether or not iPSC-CM

exhibit insulin stimulated glucose transport or GLUT4 trafficking, a defining feature of mature

insulin sensitive cardiomyocytes. Therefore, the key aim of this study was to investigate

whether iPSC-CM exhibit insulin-stimulated glucose uptake in order to assess their potential

to act as the basis of a novel cellular model of DCM.

Materials and methods

Cell culture

iPSC-CM were commercially obtained directly from Axiogenesis [note this company has

recently merged with Pluriomics to form NCardia] (#Ax-B-HC02-1M) and Cellular Dynamics

International (CDI; #CMC-100-012-000.5). Upon receipt, cells were transferred to liquid

nitrogen for long term storage. Thereafter, when required for use, cells were retrieved and

plated according to manufacturer’s instructions into wells of a 96-well plate coated with fibro-

nectin from bovine plasma (Sigma) at a final concentration of ~2 μg/cm2. Axiogenesis and

CDI iPSC-CM were plated as recommended at a density of 35,000 or 50,000 viable cells per

well respectively, unless stated otherwise. Cells were maintained in a sterile humidified incuba-

tor (37˚C, 5% CO2) in the appropriate maintenance medium provided by the manufacturers,

and was replaced 4–24 hours post plating, and every 24–48 hours thereafter.

3T3-L1 fibroblasts were obtained directly from ATCC (#CL-173) and grown and differenti-

ated as outlined previously [25].

Primary rabbit cardiomyocyte isolation

Procedures were undertaken in accordance with the United Kingdom Animals (Scientific Pro-

cedures) Act of 1986 under a project licence (PPL70/8835) and conform to the Guide for the

Care and Use of Laboratory Animals published by the US National Institutes of Health and

approved by the Glasgow University Ethical Review Board. White rabbits (20 weeks old; 3.0–

3.5 kg) were euthanized with an intravenous injection of sodium pentobarbital (100 mg/kg)

and 2500 IU heparin. Excised hearts were reverse perfused on a Langendorff rig with a Krebs

buffer supplemented with 5000 U/mL heparin. Subsequently, protease (33 μg/mL) and collage-

nase (217 IU/mL) were added to this solution for approximately 15 min, prior to manual

mincing with a sterile surgical scalpel blade. Finally, the solution was filtered to remove unpro-

cessed tissue. Where required, cell lysates were generated by pelleting cells and then resus-

pending them in RIPA buffer. Cells were maintained on ice for 20 min in between 2 rounds of

manual homogenisation via a Dounce style tissue grinder. Thereafter lysates were centrifuged

at 17,500 x g for 15 min at 4˚C and the supernatant was collected.

When used for measurement of glucose uptake, cardiomyocytes were resuspended in sev-

eral cycles of Krebs buffer (130 mM NaCl, 5 mM Hepes, 4.5 mM KCl, 0.4 mM NaH2PO4, 3.5
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mM MgCl2, 10 mM glucose, 140 μM CaCl2) supplemented with increasing concentrations of

calcium chloride, until a final concentration of 1.8 mM was attained. Thereafter cells were

plated at 15,000 viable cells per well of 96-well plates, maintained in Medium 199 (1 mM L-glu-

tamine, 5 mM creatine, 5 mM taurine, 5 mM carnitine), and assayed approximately 3 hours

post-plating.

Generation of primary mouse cardiomyocyte lysates

Frozen segments of myocardial tissue from 20 week old male 129/Sv mice were kindly donated

by Dr Anna White. These were then manually diced in RIPA buffer prior to 2 rounds of

homogenisation (with 20 min break) using a Dounce style tissue grinder, whilst being kept on

ice at all times. Lysates were then centrifuged at 17,500 x g for 15 min at 4˚C and the superna-

tant was collected. Due to the low output obtained, lysates from 2–4 individual hearts were

pooled to form each of the samples used for subsequent immunoblotting.

SDS-PAGE and immunoblotting

iPSC-CM and 3T3-L1 adipocyte lysates were generated directly via application of 2x Laemmli

sample buffer (LSB) for 20 min whilst plates were maintained on ice. Thereafter, the samples

were collected and heated to 65˚C for 10 min prior to immediate use, or temporary storage at

-20˚C. Prior to immunoblotting with primary mouse cardiomyocyte lysate, samples were

thawed on ice, combined 1:1 with 2x LSB, and heated to 65˚C for 10 min. Samples were sepa-

rated on acrylamide gels and immunoblotting performed as described previously [25]. Quanti-

fication of target protein expression was performed via densitometry and normalised against

GAPDH.

Antibodies

Anti-pan Akt (#2920), anti-phospho S473 Akt (#4058), anti-ERK1/2 (#9102), anti-phospho

ERK1/2 (#9106) were from Cell Signalling (Danvers, Massachusetts, USA). Anti-Sx4

(#110042) and Anti-SNAP23 (#111202) were from Synaptic Systems (Goettingen, Germany).

Anti-GLUT1 (#652) and anti-GLUT4 (654) were from AbCam (Cambridge, United Kingdom)

and anti-GAPDH (#4300) was from Ambion (Foster city, California, USA). Detection anti-

bodies were from LI-COR Biosciences (Lincoln, Nebraska, USA).

[3H]-2-deoxyglucose uptake assay

Prior to performing this assay 3T3-L1 adipocytes and iPSC-CM on 96-well plates were incu-

bated in serum free medium (DMEM) for 2–4 hours. Cells were then transferred onto hot-

plates (maintained at 37˚C) and washed twice in Krebs Ringer Phosphate (KRP) buffer (128

mM NaCl, 4.7 mM KCl, 5 mM NaH2PO4, 1.25 mM MgSO4, 1.25 mM CaCl2). Subsequently,

cells were maintained in KRP +/- 860 nM insulin for 20 min, prior to the addition of [3H]-

2-deoxyglucose (50 μM 2-deoxyglucose and 0.4 μCi [3H]-2-deoxyglucose). Parallel incubations

in the presence of 40 μM cytochalasin B were performed to account for non-specific associa-

tion of isotope with the cells. All values reported have been corrected for this.

For assays using the selective GLUT inhibitor BAY-876 [26] (Sigma), cells were incubated

with this compound at the concentrations shown for 20 min prior to the addition of the assay

mix. Where iPSC-CM were treated with blebbistatin (AbCam), which prevents myocyte con-

tractile activity via inhibition of Myosin ATPase activity, cells were treated with the specified

concentration for approximately 3 hours prior to and throughout the assay.

GLUT4 in iPSC-derived cardiomyocytes
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Statistical analysis

Statistical testing was performed with GraphPad Prism 7. Where appropriate, the relevant sta-

tistical test that was implemented is reported, but in general this was an unpaired t-test, or a 1

or 2 way ANOVA. The level of significance was set at P = 0.05.

Results

iPSC-CM express core elements required for insulin stimulated glucose

uptake

In order to gain an overview of the machinery present in iPSC-CM, immunoblotting was used

to determine the presence or absence of proteins that are essential in mediating insulin stimu-

lated GLUT4 trafficking. As can be observed in Fig 1, the insulin signalling intermediates Akt

(Protein kinase B) and ERK1/2 (MAPK 42/44) were expressed and both capable of exhibiting

insulin-stimulated phosphorylation. Akt is a central factor in insulin-stimulated glucose trans-

port [11], and there is strong evidence implicating ERK1/2 kinases in the regulation of glucose

uptake in human muscle [27]. Additionally, both of the plasma membrane t-SNAREs known

to mediate the fusion of GLUT4-containing vesicles with the surface of adipocytes and myo-

cytes, Syntaxin 4 and SNAP23, are expressed in these cells [28].

Fig 1. Key insulin signalling intermediates are present in iPSC-CM. Protein lysates were generated from iPSC-CM

and subjected to SDS-PAGE and immunoblotting. Lysates were incubated with antibodies probing for the expression

of total ERK1/2 (1:2000, 3% BSA, TBS-T), phospho-ERK1/2 (1:1000, 3% BSA, TBS-T), total Akt (1:2000, 3% BSA,

TBS-T), and phospho-Akt (ser473, 1:1000, 3% BSA, TBS-T). For Akt, lysate generated from approximately 50,000 CDI

iPSC-CM was loaded per lane. This experiment was repeated in Axiogenesis iPSC-CM, with at least 3 independent

replicates for each cell type. For ERK1/2, lysate generated from approximately 20,000 Axiogenesis iPSC-CM was

loaded per lane. This experiment was performed with Axiogenesis iPSC-CM only, and repeated with 3 independent

samples. Where indicated cells were stimulated with 860 nM porcine insulin for 30 min prior to lysis. The approximate

position of molecular weight markers are indicated. Bas = basal, unstimulated; Ins = insulin stimulated.

https://doi.org/10.1371/journal.pone.0217885.g001
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iPSC-CM do not exhibit insulin stimulated glucose uptake

2-deoxy-D-glucose uptake assays were optimised for cells on a 96-well plate format. As shown

in Fig 2, a clear basal signal and subsequent insulin response could be detected from both

3T3-L1 adipocytes and isolated primary rabbit cardiomyocytes. However, insulin failed to sig-

nificantly increase glucose uptake in iPSC-CM (Fig 2). The data presented is from a single

commercial source of cells, however similar results were obtained from iPSC-CM from a sec-

ond independent supplier (S1 Fig).

Fig 2. Insulin stimulated [3H]-2-deoxyglucose uptake in iPSC-CM, 3T3-L1 adipocytes, and primary adult cardiomyocytes. Background corrected [3H]-

2-deoxyglucose uptake is displayed from several cell types, generated via the protocol detailed in the methods. 3T3-L1 adipocytes and CDI iPSC-CM were

serum starved for 4 hours prior to the assay, insulin stimulated for 20 min, and incubated with [3H]-2-deoxyglucose assay mix for 10 min. Primary adult rabbit

septal cardiomyocytes were assayed 3 hours post plating, insulin stimulated for 20 min, and incubated with [3H]-2-deoxyglucose assay mix for 20 min. Data is

displayed as the mean (+ S.E.M) fold change in uptake relative to basal values from 3 (iPSC-CM and 3T3-L1 adipocytes) or 7 (cardiomyocytes) individual

experiments. Basal values corresponded to an average of 1311 CPM (rabbit cardiomyocytes), 3167 CPM (3T3-L1 adipocytes), or 2229 CPM (iPSC-CM)

respectively, per well of a 96-well plate. Statistical testing was performed with an unpaired t-test on raw unadjusted data. � indicates P<0.05.

https://doi.org/10.1371/journal.pone.0217885.g002
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Contraction is a key regulator of glucose uptake in iPSC-CM

In addition to insulin, contraction is a potent stimulus to initiate GLUT4 translocation to the

plasma membrane and therefore also increase cellular glucose uptake [29]. Whilst insulin-

stimulated glucose uptake can be recorded in contracting myocardium, this response is con-

siderably less powerful than that recorded from quiescent isolated cardiomyocytes [30,31]. It

was considered possible that the spontaneous contractile activity of iPSC-CM could potentially

be masking a small yet significant insulin response. In order to assess this possibility basal and

insulin stimulated glucose uptake were recorded in iPSC-CM in the presence and absence of

blebbistatin. This drug potently inhibits muscular contraction via inhibition of Myosin II

activity, but was not found to impact insulin stimulated glucose uptake in skeletal muscle [32].

Inhibition of contraction via this method resulted in a significant reduction in iPSC-CM glu-

cose uptake by>50%, in the presence or absence of insulin (Fig 3). However, regardless of

whether cells were contracting or not, insulin failed to significantly increase glucose uptake.

This suggests that whilst contraction is undoubtedly a critical regulator of metabolic demand

and therefore substrate uptake in iPSC-CM, it does not interfere with any metabolic regulation

of these cells by insulin.

iPSC-CM do not express GLUT4

Whilst there are numerous proteins and interactions responsible for the regulated trafficking

of GLUT4, ultimately one of the foundational requirements to facilitate this process is suffi-

cient expression of GLUT4 itself. In vivo, cardiac GLUT1 expression predominates during

early development prior to a metabolic switch and rapid induction of GLUT4 protein during

early post-natal life with a corresponding repression of GLUT1 [33]. Given the generally

Fig 3. Glucose uptake in quiescent iPSC-CM. Cells were incubated with 3–10 μM blebbistatin for 3 hours prior to and throughout the measurement of [3H]-

2-deoxyglucose uptake in iPSC-CM. Cells were stimulated with 860 nM porcine insulin prior to incubation with [3H]-2-deoxyglucose assay mix. Data is

displayed as the mean (+S.E.M.) percentage difference in uptake relative to basal values from 3 individual experiments. Statistical testing was performed with a

2-way ANOVA on raw unadjusted data. � indicates P<0.05.

https://doi.org/10.1371/journal.pone.0217885.g003
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reported classification of iPSC-CM as foetal like cardiomyocytes due to aspects of their

electrophysiological and structural phenotype, it could be that these cells express the non-insu-

lin sensitive GLUT1 transporter in favour of GLUT4.

Therefore, quantification of GLUT1 and GLUT4 was performed in iPSC-CM and the pri-

mary adult cardiomyocytes they are claimed to represent, by using 3T3-L1 adipocytes as a ref-

erence. Quantified expression of each transporter in this cell type has been published

previously, with an estimated 950,000 and 280,000 copies of Glut 1 and 4, respectively, per cell

[34]. As shown in Fig 4 and Table 1, by comparing the expression of GLUT4 normalised

against GAPDH (loading control) in each source of cardiomyocytes against the signals

obtained from 3T3-L1 adipocytes, our data suggest that iPSC-CM express approximately

8-fold less GLUT4 than primary adult cardiomyocytes. In contrast, completion of identical

analysis for GLUT1 (Fig 5) revealed iPSC-CM to express approximately 30-fold more of this

transporter, relative to primary cardiomyocytes. It is acknowledged that the expression of

GAPDH per mg of total protein lysate could differ between cell types, however it appeared to

accurately reflect the relative total amount of material loaded across all samples.

Fig 4. GLUT4 protein expression in different cardiomyocyte models. Protein lysates generated from 3T3-L1 adipocytes,

primary adult mouse cardiomyocytes, and iPSC-CM were subjected to SDS-PAGE and immunoblotting. Lysates were

incubated with antibodies probing for GLUT4 (1:2000, 1% milk, PBS-T) and GAPDH (1:80,000, 1% milk, PBS-T). Two

different amounts of each sample of cardiomyocyte lysate from three biologically independent sources were loaded, in addition

to at least three samples of 3T3-L1 adipocyte lysate. For each cell type, 1x refers to lysate generated from approximately 15,000

(3T3-L1 adipocytes) or 17,500 (iPSC-CM) cells, or approximately 20 μg of protein (mouse cardiomyocytes). Panel A compares

3T3-L1 adipocytes and iPSC-CMs; Panel B compares 3T3-L1 adipocytes and primary mouse cardiomyocytes.

https://doi.org/10.1371/journal.pone.0217885.g004
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In order to gain further insight beyond this protein expression data, the effect of GLUT1

and GLUT4 inhibition upon iPSC-CM glucose transport was assessed. In order to achieve this

the drug BAY-876 was utilised. BAY-876 inhibits GLUT1 with an IC50 of 2 nM, and inhibits

GLUT4 with an IC50 of 200 nM [26]. In three independent experiments, BAY-876 inhibition

of GLUT1 (20 nM) significantly (P<0.05) reduced [3H]-2-deoxyglucose uptake into 3T3-L1

adipocytes in the presence or absence of insulin by approximately 25% (Fig 6). Increasing the

concentration of BAY-876 to 2 μM resulted in a further significant (P<0.05) reduction in

uptake values to almost no detectable signal. This strongly suggests that in this cell type

GLUT4 is predominantly responsible for regulating glucose uptake, both under basal and insu-

lin stimulated conditions. It is particularly striking that a significant insulin response was only

not recorded (P>0.05) in the presence of 2 μM BAY-876. Inhibition of the action of GLUT1 in

iPSC-CM produced a larger (~50%) significant (P<0.05) decrease in [3H]-2-deoxyglucose

uptake (Fig 6). Furthermore, in contrast to 3T3-L1 adipocytes, increasing the concentration of

BAY-876 to 2 μM had no significant (P>0.05) additional effect upon transport values. These

results indicate that iPSC-CM do not rely upon GLUT4 for the regulation of cellular glucose

uptake and are more heavily dependent upon GLUT1.

Attempts to increase iPSC-CM GLUT4 expression

In response to identification of low levels of GLUT4 protein expression in iPSC-CM, several

interventions designed to rectify this situation were implemented. During foetal cardiac devel-

opment there are high levels of GLUT1 and low levels of GLUT4, however this quickly reverses

during early postnatal life. The induction of experimental hypothyroidism was found to pre-

vent this switch, thereby implicating the active form of thyroid hormone tri-iodothyronine

(T3) in the perinatal regulation of cardiac GLUT4 expression [33]. T3 has also been used previ-

ously in order to induce maturation of other aspects of iPSC-CM physiology, with reported

success [35]. Therefore, within the present study iPSC-CM were maintained in medium sup-

plemented with a range of physiologically relevant concentrations of T3. However, this failed

to significantly alter iPSC-CM GLUT4 expression (S2 Fig).

Similarly, maturation medium conditioning was implemented, whereby iPSC-CM were

maintained in medium containing no or low (1g/L) levels of glucose and were instead forced to

rely upon fatty acid metabolism to support ATP regeneration as would be required in vivo [23].

However, this resulted in only a modest, non-significant (P>0.05) increase in GLUT4 expres-

sion that was overshadowed but a much greater increase in GLUT1 expression (Table 2). This is

indicative of a general upregulation of GLUT transporters in response to glucose deprivation,

rather than evidence of a specific metabolic maturation effect. Equally, most cell types are highly

Table 1. Quantification of GLUT1 and GLUT4 protein expression in different cardiomyocyte models.

Cell Type Ave. Fold Difference

GLUT1

Estimated Amount GLUT1 (ng/1.5 mg

total protein)

Ave. Fold Difference

GLUT4

Estimated Amount GLUT4 (ng/1.5 mg

total protein)

3T3-L1

Adipocytes

1 215 1 45

iPSC-CM 5.1 fold higher 1106 3.1 fold lower 14.6

Primary Mouse

CM

5.7 fold lower 37.5 2.7 fold higher 121.4

Quantification of target protein expression was performed via densitometry and normalised against GAPDH to account for differences in loading. Estimates for

differences in absolute GLUT expression were generated by calculation of the fold difference between cardiomyocyte lysates and 3T3-L1 adipocytes across 2 replicate

immunoblots.

https://doi.org/10.1371/journal.pone.0217885.t001
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sensitive to and interact with their environment yet maintaining iPSC-CM for a longer period

of time than typically recommended in culture, or in an alternative culture vessel (12 or 24 well

plate), had limited impact upon GLUT4 protein expression [28]. It was thought that these latter

interventions may alter the contractile profile of the cells, which based upon skeletal muscle

based studies should act as a stimulus for regulating GLUT4 expression [36].

Discussion

The overarching aim of this study was to assess the potential of iPSC-CM to act as the basis of

a novel cellular model of DCM. Primarily, in order to be considered viable candidates,

Fig 5. GLUT1 protein expression in different cardiomyocyte models. Protein lysates generated from 3T3-L1 adipocytes, primary adult mouse cardiomyocytes, and

iPSC-CM were subjected to SDS-PAGE and immunoblotting. Lysates were incubated with antibodies probing for GLUT1 (1:1000, 1% milk, PBS-T) and GAPDH

(1:80,000, 1% milk, PBS-T). Two different amounts of each sample of cardiomyocyte lysate from three biologically independent sources were loaded, in addition to at

least three samples of 3T3-L1 adipocyte lysate. For each cell type, 1x refers to lysate generated from approximately 15,000 (3T3-L1 adipocytes panel A), 17,500

(iPSC-CM), or 45,000 (3T3-L1 adipocytes panel B) cells, or approximately 20 μg of protein (mouse cardiomyocytes). Panel A compares 3T3-L1 adipocytes and

iPSC-CMs; Panel B compares 3T3-L1 adipocytes and primary mouse cardiomyocytes.

https://doi.org/10.1371/journal.pone.0217885.g005
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iPSC-CM must exhibit a reproducible and robust insulin-stimulated glucose uptake response.

Initial data suggested that this may be possible, based upon the observation that iPSC-CM

express and can activate molecules such as Akt and ERK1/2, indicating that key insulin signal-

ling machinery to intermediates involved in stimulating glucose transport are intact. However,

Fig 6. Functional contribution of GLUT1 and GLUT4 to the regulation of cellular glucose uptake in iPSC-CM and 3T3-L1 adipocytes. A: Background

corrected basal and insulin stimulated [3H]-2-deoxyglucose uptake was assayed in 3T3-L1 adipocytes incubated with 0 [DMSO only], 200 nM or 2 μM BAY-

876. Cells were serum starved for 4 hours prior to the assay, incubated with BAY +/- 860 nM insulin for 20 min, and then incubated with the [3H]-

2-deoxyglucose assay mix for 10 min. Data presented is mean (+S.E.M.) uptake from 3 individual experiments. Statistical analysis was performed with a 2-way

ANOVA on raw unadjusted data, and the level of significance was set at P = 0.05. B: The same data in panel A presented as the mean (+S.E.M.) percentage

difference in values between each experimental group and control basal or control insulin, as appropriate. C: Background corrected basal [3H]-

2-deoxyglucose uptake was recorded from iPSC-CM that were incubated with 0 [DMSO only], 200 nM or 2 μM BAY-876 and is presented as percentage

difference from control. Data are mean (+S.E.M.) uptake for each condition from 3 individual experiments. Statistical analysis was performed with a 2-way

ANOVA on raw unadjusted data, and the level of significance was set at P = 0.05. � indicates P<0.05 for key comparisons between experimental conditions.

https://doi.org/10.1371/journal.pone.0217885.g006
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we were unable to demonstrate insulin-stimulated glucose transport in iPSC-CMs. A central

feature of diabetic physiology is insulin resistance in glucose metabolism. As these cells do not

exhibit an insulin response, their utility as a model for DCM must be viewed with caution [23].

This conclusion was reached using cells obtained from 2 separate commercial sources, suggest-

ing that this is not likely to be a limitation unique to iPSC-CM generated from one specific

manufacturer.

The wider implications of this dataset for the capacity of iPSC-CM to be used for disease

modelling will vary. There are 2 broad approaches to mimicking a disease phenotype with

this cell type in vitro. First of all, external factors designed to replicate the in vivo pathologi-

cal stimuli may be applied to culture medium and incubated for a sufficient duration in

order to induce the desired phenotype. When considering the general importance of metab-

olism in cellular physiology and phenotype, it could be argued that any model generated via

this approach will be of limited clinical relevance. This metabolic limitation is compounded

by additional well characterised limitations in iPSC-CM structure and function. In contrast,

several studies have reported the spontaneous recapitulation of electrophysiological defects

in iPSC-CM generated from patients with known genetic mutations [37,38]. In this

instance, when considering a defined pathophysiological process with a clear origin, it

could be argued that the poorly representative metabolic phenotype of iPSC-CM (relative to

primary cardiomyocytes) may be of lesser importance. However, a key component of drug

Table 2. Effect of maturation medium conditioning upon iPSC-CM GLUT1 and GLUT4 protein expression.

Intervention Components Ave. Fold change GLUT1 Ave. Fold change GLUT4

Maturation Medium Condition 1 0 mM glucose

1x ITS supplement

860 nM insulin

3.6 fold increase 1.4 fold increase

Maturation Medium Condition 2 5.5 mM glucose

1 x ITS supplement

860 nM insulin

1.8 fold increase 0.1 fold decrease

Maturation Medium Condition 3 0 mM glucose

10% serum

172 nM insulin

6.9 fold increase 1.8 fold increase

Maturation Medium Condition 4 5.5 mM glucose

10% serum

172 nM insulin

4.3 fold increase 1.2 fold increase

Maturation Medium Condition 5 0 mM glucose

10% serum

17.2 nM insulin

7.9 fold increase 1.7 fold increase

Maturation Medium Condition 6 5.5 mM glucose

10% serum

17.2 nM insulin

3.5 fold increase 1.2 fold increase

Maturation Medium Condition 7 0 mM glucose

10% serum

0 nM insulin

7.7 fold increase 1.7 fold increase

Maturation Medium Condition 8 5.5 mM glucose

10% serum

0 nM insulin

7.2 fold increase 1.5 fold increase

Axiogenesis iPSC-CM were maintained in 8 distinct variations of ‘maturation medium’ for 4 days after an initial 3 day recovery period post-plating. All cells were

maintained in Dulbecco’s modified eagle medium supplemented with 10 mM HEPES, 2 mM Carnitine, 5 mM Creatine, 5 mM Taurine, 1x non-essential amino acid

supplement (ThermoFisher), and 1x linoleic-oleic acid supplement (Sigma). Additional supplements that defined the separate conditions are displayed under

‘components’. GLUT1 and GLUT4 protein expression in iPSC-CM maintained in each of the conditions and control cells was assessed via immunoblotting.

Quantification of target protein expression was performed via densitometry and normalised against GAPDH. The data displayed is the mean fold difference in protein

expression relative to untreated control cells, generated across 3 independent experiments.

https://doi.org/10.1371/journal.pone.0217885.t002
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development is assessment of toxicity, therefore there must be an awareness that iPSC-CM

may fail to detect or misrepresent off-target pharmacological effects upon metabolic

parameters.

Quantification of GLUT1 and GLUT4 transporter levels in iPSC-CM provided a poten-

tial explanation as to why no insulin stimulated glucose uptake response was recorded from

these cells. Current understanding is that GLUT4 is the main insulin sensitive glucose trans-

porter [39], therefore very low expression would be expected to limit any insulin response.

In contrast GLUT1 is thought to exhibit only a very small degree of insulin sensitivity,

achieved via increased general endosomal recycling to the plasma membrane [31]. Consis-

tent with this, Figs 4 and 5 confirms low levels of GLUT4 and high levels of GLUT1 in

iPSC-CMs compared to both 3T3-L1 adipocytes and rabbit primary cardiomyocytes. The

results of this study also provide new insight into levels of expression of GLUT4 and

GLUT1 between these major insulin target tissues. Data obtained using the GLUT-selective

inhibitor BAY-876 supports the conclusions drawn regarding the relative functional impor-

tance of GLUT1 and GLUT4 in iPSC-CM. In stark contrast to the GLUT4 dependent clear

insulin response of 3T3-L1 adipocytes, inhibition of GLUT4 in iPSC-CM had no impact

upon 2-deoxyglucose transport. This observation, coupled with the much stronger effect of

inhibiting the action of GLUT1 in this cell type, strengthens the suggestion that iPSC-CM

may exhibit expression of GLUT transporters (and general physiology) analogous to foetal

cardiomyocytes. Additionally, it is of interest that inhibition of the action of GLUT1 and

GLUT4 in iPSC-CM only reduced 2-deoxyglucose uptake by approximately 50%, in con-

trast to 3T3-L1 adipocytes whereby all uptake was essentially abolished. This might suggest

that other glucose transporters not classically associated with myocytes may be substantially

present in this cell type with notable functional effect.

One intriguing theory that arises from this dataset is that iPSC-CM are already insulin resis-

tant in their baseline condition. This is strengthened by the manufacturer’s recommendation

(as for multiple cell lines) that cells are maintained in medium containing high levels of glucose

(4.5 g/L or approx. 25 mM). However, the overwhelming reliance upon and strong expression

levels of GLUT1 in this cell type more readily suggests that iPSC-CM are indeed just at an ear-

lier stage of cardiac development than adult cells. Therefore, several interventions based upon

prior iPSC-CM literature were implemented in an attempt to metabolically mature these cells.

However, the results were not indicative of any success. This suggests that whilst simple 2D

cell culture approaches are suitable for the differentiation of iPSC-CM, a more advanced

approach that better replicates the combination of mechanical, hormonal and metabolic sti-

muli the heart is exposed to in vivo may be required to enhance the maturation of this cell type

towards a more clinically relevant cardiac model. Accordingly, the most recent advances in

this field have employed novel methods, whereby iPSC-CM were used to form a section of car-

diac like tissue and stretched between two termini, allowing simultaneous regulation of load-

ing and contractile mechanics [40]. Alternatively, more direct (but less physiologically

relevant) molecular methods could be employed to enhance iPSC-CM GLUT4 protein expres-

sion. Alterations in metabolic parameters could realistically drive maturation of other aspects

of cellular physiology.

Conclusion

Overall, we suggest that iPSC-CM are not suitable for use as the basis of a novel cellular model

of DCM, due to their lack of insulin stimulated glucose uptake response. This appears to be

primarily the result of an immature metabolic phenotype, characterised by a lack of protein

expression of the insulin sensitive GLUT4 transporter. Initial attempts to increase iPSC-CM
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GLUT4 expression were unsuccessful. Development of methods to enhance GLUT4 expres-

sion might help realise the significant potential of iPSC-CMs.

Supporting information

S1 Fig. Insulin stimulated [3H]-2-deoxyglucose uptake in Axiogenesis iPSC-CM. Back-

ground corrected [3H]-2-deoxyglucose uptake was recorded from iPSC-CM, via the protocol

detailed in the methods. Cells were insulin stimulated for 30 min prior to incubation with

[3H]-2-deoxyglucose assay mix for 15 min. Data is displayed as the mean (+S.E.M.) fold

change in uptake relative to basal values from 3 representative individual experiments. Statisti-

cal testing was performed with a 2-way ANOVA on raw unadjusted data, and the level of sig-

nificance was set at P = 0.05.

(TIF)

S2 Fig. GLUT4 protein expression in T3 treated iPSC-CM. iPSC-CM were maintained for 4

days in medium containing 0–13.5 nM T3 as indicated. Subsequently, protein lysates were gen-

erated and subjected to SDS-PAGE and immunoblotting. Lysates were incubated with anti-

bodies probing for GLUT4 (1:2000, 1% milk, PBS-T) and GAPDH (1:80,000, 1% milk, PBS-T).

Quantification was performed via densitometry and the mean (+S.E.M.) expression of GLUT4

(normalised to GAPDH) relative to control for each condition across 3 independent experi-

ments is displayed. Statistical analysis was performed on unadjusted data with a 1-way

ANOVA, and the level of significance was set at P = 0.05.

(TIF)
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