
, 20140852, published 15 October 201411 2014 J. R. Soc. Interface
 
Taegtmeyer and K. Jane Grande-Allen
Peter I. Kamel, Xin Qu, Andrew M. Geiszler, Deepak Nagrath, Romain Harmancey, Heinrich
 
aortic valvular interstitial cells
Metabolic regulation of collagen gel contraction by porcine
 
 

References
http://rsif.royalsocietypublishing.org/content/11/101/20140852.full.html#ref-list-1

 This article cites 43 articles, 14 of which can be accessed free

Subject collections

 (195 articles)bioengineering   �
 (55 articles)biochemistry   �

 
Articles on similar topics can be found in the following collections

Email alerting service  hereright-hand corner of the article or click 
Receive free email alerts when new articles cite this article - sign up in the box at the top

 http://rsif.royalsocietypublishing.org/subscriptions go to: J. R. Soc. InterfaceTo subscribe to 

 on October 21, 2014rsif.royalsocietypublishing.orgDownloaded from  on October 21, 2014rsif.royalsocietypublishing.orgDownloaded from 

http://rsif.royalsocietypublishing.org/content/11/101/20140852.full.html#ref-list-1
http://rsif.royalsocietypublishing.org/cgi/collection/biochemistry
http://rsif.royalsocietypublishing.org/cgi/collection/bioengineering
http://rsif.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royinterface;11/101/20140852&return_type=article&return_url=http://rsif.royalsocietypublishing.org/content/11/101/20140852.full.pdf
http://rsif.royalsocietypublishing.org/subscriptions
http://rsif.royalsocietypublishing.org/
http://rsif.royalsocietypublishing.org/


 on October 21, 2014rsif.royalsocietypublishing.orgDownloaded from 
rsif.royalsocietypublishing.org
Research
Cite this article: Kamel PI, Qu X, Geiszler AM,

Nagrath D, Harmancey R, Taegtmeyer H,

Grande-Allen KJ. 2014 Metabolic regulation of

collagen gel contraction by porcine aortic

valvular interstitial cells. J. R. Soc. Interface 11:

20140852.

http://dx.doi.org/10.1098/rsif.2014.0852
Received: 30 July 2014

Accepted: 22 September 2014
Subject Areas:
bioengineering, biochemistry, biomaterials

Keywords:
aortic valvular interstitial cell, collagen gel,

valve metabolism
Author for correspondence:
K. Jane Grande-Allen

e-mail: grande@rice.edu
& 2014 The Author(s) Published by the Royal Society. All rights reserved.
Metabolic regulation of collagen gel
contraction by porcine aortic valvular
interstitial cells

Peter I. Kamel1, Xin Qu2, Andrew M. Geiszler2, Deepak Nagrath3,
Romain Harmancey4, Heinrich Taegtmeyer4 and K. Jane Grande-Allen2

1Department of Biochemistry and Cell Biology, 2Department of Bioengineering, and 3Department of Chemical
and Biomolecular Engineering, Rice University, Houston, TX 77005, USA
4Department of Internal Medicine, Division of Cardiology, The University of Texas Medical School at Houston,
Houston, TX 77030, USA

Despite a high incidence of calcific aortic valve disease in metabolic syndrome,

there is little information about the fundamental metabolism of heart valves. Cell

metabolism is a first responder to chemical and mechanical stimuli, but it is

unknown how such signals employed in valve tissue engineering impact valv-

ular interstitial cell (VIC) biology and valvular disease pathogenesis. In this

study porcine aortic VICs were seeded into three-dimensional collagen gels

and analysed for gel contraction, lactate production and glucose consump-

tion in response to manipulation of metabolic substrates, including glucose,

galactose, pyruvate and glutamine. Cell viability was also assessed in two-

dimensional culture. We found that gel contraction was sensitive to metabolic

manipulation, particularly in nutrient-depleted medium. Contraction was

optimal at an intermediate glucose concentration (2 g l21) with less contrac-

tion with excess (4.5 g l21) or reduced glucose (1 g l21). Substitution with

galactose delayed contraction and decreased lactate production. In low

sugar concentrations, pyruvate depletion reduced contraction. Glutamine

depletion reduced cell metabolism and viability. Our results suggest that nutri-

ent depletion and manipulation of metabolic substrates impacts the viability,

metabolism and contractile behaviour of VICs. Particularly, hyperglycaemic

conditions can reduce VIC interaction with and remodelling of the extracellu-

lar matrix. These results begin to link VIC metabolism and macroscopic

behaviour such as cell–matrix interaction.
1. Introduction
There is increasing recognition of the importance of valvular cell biology in the

pathogenesis of disease states such as aortic valve calcification [1]. The current

standard of care for valvular diseases, however, relies on mechanical replace-

ment or repair and not on aspects that address cell biology [2]. In particular,

there is a paucity of information about the metabolism of heart valves (with

the exception of oxygen consumption by valve tissues [3]), which is noteworthy

given the reported correlations between metabolic syndrome and aortic valve

calcification [4]. Furthermore, it has been shown in mouse models that hyper-

glycaemia and mild hyperlipidaemia from a high fat, high carbohydrate diet

can induce aortic valve disease [5]. As the supplier of energy and building

blocks for the cell, metabolism is involved in virtually all cellular processes

and would provide a solid foundation upon which to build an understanding

of heart valve cell biology to ultimately identify biological treatment options

for valvular diseases. Valvular interstitial cell (VIC) interactions with their

pericellular environment are also of great interest to the tissue engineering com-

munity. Mechanical and chemical stimulation have been widely used in the

study and development of tissue-engineered heart valves [6,7]. Metabolism,

however, which is a first responder and fundamental mediator in such

processes, has rarely been studied for optimization of valve tissue engineering.
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VICs in the aortic valve have been attributed as the cells

primarily responsible for the calcification of the valve as a

result of VIC interaction with and remodelling of the extra-

cellular matrix (ECM) [8,9]. Metabolic activity underlies such

processes. Energy and nutrients available in the system dictate

the level and type of biosynthesis in the cell [10], including the

synthesis of ECM, the production of integrins that interact

with the ECM and the amount of energy available to maintain

cell viability and undergo cytoskeletal remodelling [11].

In vitro, such VIC activity has been demonstrated when VICs

are seeded into engineered three-dimensional gels and interact

with and remodel the matrix to extrude water, resulting in gel

contraction [12].

Pathological ECM remodelling has been closely linked to

human aortic valve disease [13]. This remodelling has been

specifically studied in VIC–collagen interaction, which suggests

that disruptions in collagen homeostasis can predispose the

valve to pathological disease states, including calcific aortic

valve disease [14]. One method of investigating VIC–collagen

interactions is the collagen gel contraction assay. This assay

has been used in a variety of other cell types to monitor

responses to cell signalling and subsequent effects on integrin

regulation [15]. Compared with two-dimensional culture, sus-

pension of fibroblasts in three-dimensional collagen gels can

more closely mimic in vivo behaviour in terms of elongation,

projections and collagen synthesis [16,17]. Collagen gels have

often been used as scaffolds for VICs in mechanobiological

investigations [18,19] and results have suggested that VICs

are less activated in three-dimensional collagen gels than in

two-dimensional culture on tissue culture plastic [20]. We

hypothesized therefore that collagen gel contraction would be

sensitive to metabolic manipulation and serve as a gross indi-

cation of a number of cell functions that include cell viability,

cytoskeletal remodelling, integrin regulation and cell–ECM

interactions. Consequently, metabolic conditions that negati-

vely affect VIC collagen gel remodelling could be thought to

predispose or contribute to aortic valve pathology.

In this study, we monitored contraction of three-dimen-

sional collagen gels seeded with porcine VICs—as well as

VIC lactate production and two-dimensional cell viability—in

response to the manipulation of metabolic substrates in the cul-

ture medium, namely glucose, galactose, pyruvate, glutamine

and Hams F-12 nutrient mixture. Porcine VICs have been fre-

quently used as a model for aortic valve research, as they are

readily available, fast-growing and exhibit similar properties

to human valve cells, including calcification in long-term cul-

ture [21]. The range of metabolic substrates selected offers

tools for analysing macroscopic changes in response to funda-

mental changes in metabolism through glycolysis and the

Krebs citric acid cycle. To the best of our knowledge, this

study is the first to investigate metabolism of VICs and macro-

scopically observe changes in VIC activity in an attempt to

characterize a highly understudied phenomenon.
2. Material and methods
2.1. Cell culture materials
Liquid Dulbecco’s modified Eagle medium (DMEM) with glucose

(1 g l21) for cell culture and antibiotic–antimycotic solution were

purchased from Cellgro (Manassas, VA). Liquid glucose-free

DMEM was purchased from Invitrogen and powdered DMEM

(2glucose, 2pyruvate, 2glutamine, 2phenol red, 2bicarbonate)
was purchased from Sigma to prepare the experimental media.

HEPES buffer, Hams F-12 nutrient mixture and bovine growth

serum (BGS) were purchased from Hyclone (Logan, UT).

2.2. Harvesting and cell culture
Aortic valves were dissected from porcine hearts obtained from a

local abattoir (Fisher Ham and Meat, Spring, TX) within 6 h post-

mortem. In total, cells were obtained from four harvests with

one or two hearts used per harvest. Valves were first soaked in

serum-free medium (2% antibiotic–antimycotic, 1% HEPES

buffer, 1 : 1 F-12 : DMEM) containing 2 mg ml21 collagenase type

II (Worthington Biochemical Corp, Lakewood, NJ) for 30 min in

an incubated shaker (378C, 2.3 Hz). Valves were subsequently

wiped with cotton swabs to remove the endothelial cells from

the surface, minced, immersed in serum-free medium containing

1 mg ml21 collagenase type III and 0.1 mg ml21 hyaluronidase

(both from Worthington), and returned to the same incubated

shaking conditions for 16 h. Afterwards, the cell suspension

was strained through a 70 mm cell strainer (BD Falcon, San Jose,

CA), centrifuged at 750g for 5 min at room temperature and cul-

tured in DMEM : F-12 (1 : 1, DMEM containing 1 g l21 glucose,

þpyruvate, þglutamine) with 10% BGS, 2% antibiotic–antimyco-

tic and 1% HEPES buffer at 378C, 5% CO2. After this initial cell

plating (P0) reached 80–90% confluence, cells were passaged

using 0.25% trypsin (Cellgro). All passages after P0 were cultured

in the same formulation of medium, with the exception of a 1%,

rather than 2%, antibiotic concentration. For all experiments,

cells were from passages 2 or 3.

2.3. Glucose starvation pre-treatment
Because prior work with cardiac fibroblasts suggested that cul-

ture pre-treatment can increase cell contraction of collagen gels

[22], cells were starved from glucose and pyruvate 24 h prior

to gel preparation by replacing the medium with a (2glucose,

2pyruvate, þglutamine) DMEM solution containing 10% BGS,

1% antibiotic–antimycotic and 1% HEPES. Although our initial

studies showed that depriving VICs of glucose for 24 h before

collagen gel preparation did not appear to affect their collagen gel

contraction behaviour, the withholding of glucose and pyruvate

was performed prior to all experiments to avoid confounding

results because those factors were being investigated. Afterwards,

cells were trypsinized, seeded into a gel or two-dimensional mono-

layer culture, and supplemented with experimental media as

described in §2.4.

2.4. Experimental media preparation
Overall, there were five variables in the type of media tested:

concentration of sugar, type of sugar, presence of pyruvate, concen-

tration of glutamine and presence of F-12 (table 1). All groups were

prepared with 10% BGS, 1% antibiotic–antimycotic solution and

1% HEPES buffer.

2.4.1. Variable sugar and pyruvate
For the variable sugar and pyruvate studies, base media were pre-

pared using liquid DMEM (2glucose, 2pyruvate, þglutamine).

D-Glucose (Invitrogen) or D-galactose (Sigma) was added in

various experiments at concentrations of 0, 0.5, 1, 2 or 4.5 g l21.

In order to minimize variability, media formulations were

prepared via serial dilutions. Experimental groups containing

pyruvate were supplemented with 1.1 g l21 pyruvate (Gibco).

2.4.2. Variable glutamine
For the glutamine trials, DMEM was prepared from powder

(2glucose, 2pyruvate, 2glutamine, 2phenol red, 2bicarbonate)

and supplemented with 0, 4 or 8 mM glutamine (Cellgro) as

http://rsif.royalsocietypublishing.org/


Table 1. Variables tested in this paper and their relevant functions within the cell.

variable parameters tested function in cell

DMEM sugar concentration (g l21) 0, 0.5, 1, 2, 4.5 input for glycolysis and subsequent metabolic pathways

DMEM sugar type glucose, galactose input for glycolysis with variable conversion costs

nutrient mixture F-12 present in 1 : 1 dilution, F-12 absent provides a variety of amino acids, vitamins, and metabolic

cofactors for the cell; contains glucose

DMEM pyruvate concentration (g l21) 0, 1.1 input for the Krebs cycle and other metabolic pathways

DMEM glutamine concentration (mM) 0, 4, 8 converted to a-ketoglutarate, feeding into the Krebs cycle
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well as 15 mg ml21 phenol red (Sigma), and 3.7 g l21 sodium

bicarbonate (Fisher).

2.4.3. F-12 presence
In the F-12 studies, DMEM without glucose was diluted 1 : 1 with a

solution of F-12 nutrient mixture. The F-12 used contained 1.8 g l21

glucose and, following dilution, the solution was supplemented

with glucose to reach a final concentration of 1, 2 or 4.5 g l21.

Each group was tested with at least three replicates (n ¼ 3–6),

and experiments were repeated at least twice from different

VIC harvests.

2.5. Two-dimensional culture
In order to assess their viability, cells were seeded into 24-well

plates at approximately 20 000 cells cm22 with 500 ml of the

above experimental media. After 24, 48 and 96 h, triplicates of

these wells were washed with phosphate-buffered saline (PBS)

and incubated for 30 min with 2 mg ml21 calcein AM (Invitrogen,

OR) in PBS. Plates were subsequently measured for fluorescence

intensity in a SpectraMax M2 plate reader (Molecular Devices,

Sunnyvale, CA) with excitation at 485 nm and emission at 538 nm.

2.6. Three-dimensional collagen gel preparation
Collagen gels were prepared using one part 10 � DMEM, eight

parts collagen solution and one part 1 � DMEM culture

medium (containing VICs). 10 � DMEM was prepared from

powder (2glucose, 2pyruvate, 2glutamine, 2phenol red,

2bicarbonate) at 83 g l21 in ultra-pure water and supplemented

with 150 mg l21 phenol red, 10 mM pyruvate, 37 g l21 sodium

bicarbonate and 40 mM L-glutamine. Collagen solution was pre-

pared from a stock of rat tail collagen type I (BD Biosciences,

Bedford, MA) diluted to 2 mg ml21 using 0.02 M acetic acid,

giving a collagen concentration of 1.6 mg ml21 in the final gel.

On ice, 10 � DMEM was mixed with collagen solution and neu-

tralized by adding 1 M NaOH dropwise until the solution turned

a peach colour (approximately physiological pH). Afterwards,

pelleted cells were resuspended to produce a final concentra-

tion of 1 � 106 cells ml21 in 1 � DMEM without sugar and

thoroughly mixed into the solution containing the 10 � DMEM

and collagen. A 500 ml volume of this solution was immediately

placed in each well of a 24-well plate.

2.7. Gel maintenance and quantification of lactate and
glucose

Gels were not manually detached from well sides, but were left

to detach and contract spontaneously. Media were changed

every 3 days in gels. This change frequency was determined

based on initial observations of changes in the media colour

(from red to yellow) with accumulation of acidic metabolites.

Media were collected and stored at 2808C at each change. Lac-

tate and glucose concentrations were analysed in the media
using a YSI 2300 STAT plus glucose and lactate analyser (YSI

Life Sciences, Yellow Springs, OH).

The individual wells were periodically imaged with a 3 mega-

pixel digital camera over the course of the contraction period.

Contraction was quantified digitally using IMAGEJ by measuring

the area of the gel and normalizing it to the area of the base of

the well. Following full contraction, gels were blotted dry, weighed

and frozen for future analysis (not included in this report).

2.8. Statistical analysis
Data are reported as mean with standard error of the mean (s.e.m.).

Statistical analysis to detect differences in gel contraction was per-

formed via two-factor ANOVA of normalized gel size over each of

the time points during the contraction period. Thus, a significant

difference in contraction would be detected if either the contrac-

tion rate was slower between groups or the onset of contraction

was delayed between groups. A single-factor ANOVA between

groups was performed for comparisons at a single time point,

such as for cell viability or lactate concentration at a point in

time. Tukey’s tests were used for post hoc analysis to identify

significant differences between groups. Statistical analysis was

performed in Microsoft EXCEL and MINITAB v. 16.
3. Results
3.1. Variable glucose, F-12 present
When F-12 was present in the culture medium, cells seeded in

two-dimensional wells exhibited similar viability, regardless

of the concentration of glucose present even up to 96 h after

cell seeding (figure 1a).

In three-dimensional culture, VICs began contracting col-

lagen gels within 24 h of gel construction. Control gels not

containing cells did not contract over the course of the exper-

iment. Gels containing 2 g l21 glucose media exhibited slightly

greater contraction at the various time points than those with 1

or 4.5 g l21 glucose (figure 1b). Differences were small, but

significant ( p ¼ 0.007, two-factor ANOVA, 26–47 h).

Following contraction, lactate concentration in the media was

significantly reduced in 1 g l21 glucose media compared with

groups with 2 and 4.5 g l21 glucose ( p , 0.001), but a significant

difference was not observed in lactate concentration between

the 2 and 4.5 g l21 glucose groups ( p¼ 0.07; figure 1d). Glucose

was depleted in the initial 1 g l21 glucose media (0.007+
0.002 g l21, s.e.m.) and in the 2 g l21 media (0.15+0.01 g l21,

s.e.m.), with some remaining in the 4.5 g l21 media (1.38+
0.04 g l21, s.e.m.; p , 0.001, single-factor ANOVA).

3.2. Variable sugar, F-12 absent
When F-12 and pyruvate were removed, a reduction in two-

dimensional cell viability was observed in groups containing

http://rsif.royalsocietypublishing.org/
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Figure 1. (a) Two-dimensional cell viability at 96 h of VICs supplemented with media containing one part DMEM and one part F-12 at variable levels of glucose.
Differences in cell viability were not significant even after 96 h ( p ¼ 0.054). (b) Contraction of VICs in collagen gels with the same formulations of media. Con-
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concentration observed between 2 and 4.5 g l21 glucose ( p ¼ 0.07). Data represent mean+ s.e.m.
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less glucose. Differences were not significant at 24 ( p ¼ 0.83)

or 48 h ( p ¼ 0.17), but became significant after 96 h ( p ,

0.001, single-factor ANOVA; figure 2a). The cell viability at

96 h was not reduced by using 1 g l21 galactose instead of

1 g l21 glucose (data not shown).

In collagen gels lacking F-12, VICs typically did not begin

contracting gels until 2–5 days after gel construction. Groups

with 0 and 0.5 g l21 glucose did not contract at all during the

experiment (data not shown). Similar to the experiments contain-

ing F-12, there was faster contraction for the groups containing

2 g l21 glucose than for the other two groups, but the difference

was more pronounced ( p¼ 0.016 overall, two-factor ANOVA,

77–120 h; figure 2b).
Substitution of glucose with galactose generally slowed

gel contraction, and this was especially pronounced at

higher concentrations of sugar ( p , 0.001 for 4.5 g l21 glucose

versus galactose, two-factor ANOVA, 47–71 h; figure 2c). Fol-

lowing contraction, significantly more lactate was found in

the culture media in groups containing greater concentrations

of glucose ( p , 0.001, single-factor ANOVA). With galactose,

however, there was no significant difference in lactate pro-

duced at any concentration of galactose ( p ¼ 0.49; figure 2d ).

3.3. Variable pyruvate
The absence of pyruvate reduced gel contraction at the various

time points compared with groups with pyruvate present,

http://rsif.royalsocietypublishing.org/
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particularly at lower concentrations of sugar (figure 3a,b).

Differences were statistically significant in 1 g l21 glucose

( p ¼ 0.026) and in 2 g l21 glucose ( p ¼ 0.035), but not in

4.5 g l21 glucose ( p ¼ 0.226, two-factor ANOVA, 74–120 h).

Likewise, lactate production was slightly but significantly

reduced when pyruvate was absent and media contained

1 g l21 galactose ( p , 0.001) or 1 g l21 glucose ( p ¼ 0.034,

Tukey’s test; figure 3c).

3.4. Variable glutamine
When glutamine was removed from the media, a significant

reduction in cell viability was observed as early as 24 h

later ( p ¼ 0.004 with 1 g l21 glucose, p ¼ 0.015 with 2 g l21

glucose, single-factor ANOVA; figure 4a). Differences in

two-dimensional cell viability were not significant between

4 and 8 mM glutamine at 1 and 2 g l21 glucose. Lactate pro-

duction was consistent with this trend, and a significantly

lower concentration of lactate was observed when glutamine

was removed (figure 4c). Likewise, glucose consumption

was significantly reduced at 0 mM glutamine ( p , 0.001,

single-factor ANOVA; figure 4d ). However, no significant

differences in gel contraction were consistently observed,

though there was a tendency for groups with low glucose
(1 or 2 g l21) to exhibit reduced contraction with 8 mM

glutamine ( p ¼ 0.071, two-factor ANOVA, 4 mM glutamine

versus 8 mM glutamine, 1 g l21 glucose; figure 4b).
4. Discussion
In this study, we analysed gel contraction, lactate production

and glucose consumption by VICs in three-dimensional

collagen gels under different concentrations of sugar, nutri-

ents, pyruvate and glutamine. We also examined viability

of VICs seeded in two-dimensional culture under these con-

ditions. Overall, gel contraction was sensitive to media

formulation, particularly when fewer metabolic substrates

were present, and greater cell viability did not necessarily

correlate with an increase in gel contraction. To the best of

our knowledge, no previous studies have analysed such an

effect of metabolic changes on the macroscopic properties

of VICs in vitro.

4.1. Glucose
Despite trends in viability, glucose was observed to have an

optimal concentration for VIC contraction, with glucose

http://rsif.royalsocietypublishing.org/
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dotted line indicates the baseline level of lactate in the culture medium
as measured from media supplied to collagen gels without any cells. Data
represent mean+ s.e.m.
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excess or deprivation resulting in reduced contraction. In the

experiments with F-12, cell viability was not significantly

reduced in groups with lower glucose concentrations, indica-

tive of the metabolic robustness of healthy cells, which can

metabolize the variety of nutrients and cofactors present in
F-12 through other metabolic pathways [23]. When these

nutrients were removed, cells exhibited reduced viability in

groups with less glucose, yet three-dimensional collagen gel

contraction was greatest with an intermediate level of glucose

around 2 g l21. A low concentration of glucose is thought to

have reduced the energy available for processes such as

actin filament remodelling, biosynthesis of integrins and

ECM components, and assembly of integrin-based focal

adhesions linking the ECM to the cytoskeleton, which may

have caused the reduction in gel contraction [10,11]. The det-

rimental effect of excess glucose may have been caused by

increased production of metabolic by-products that adversely

affected cell activity. This includes the generation of lactic

acid or toxic reactive oxygen species that are products of

active respiration [24]. Prior research in other cell types

has implicated the activation of other processes, including

hexosamine biosynthesis involving glutamine : fructose-6-

phosphate amidotransferase, as contributors to the adverse

effects of excess glucose [25,26]. Furthermore, metabolism—

as measured by lactic acid production—plateaued when

increasing the concentration of glucose in the media. Specifi-

cally, increasing glucose concentration from 1 to 2 g l21

nearly doubled lactate production, but there was no signifi-

cant difference in final lactate concentration between 2 and

4.5 g l21 glucose when F-12 was present in the media

(figure 1d ). This finding supports our proposed interpret-

ation of an optimal range for glucose concentration for VIC

metabolism and gel contraction.

The collagen results comparing 1 with 2 g l21 glucose in

VICs are similar to those observed with cardiac fibroblasts,

in which increased gel contraction was observed with an

increase in glucose concentration from 1 to 4.5 g l21 [22].

Results were attributed to an observed increase in

the expression of a1 and b1 integrins, which account for

increased cell–ECM interaction and adhesion. In cardiac

fibroblasts, increased glucose concentration also increased

collagen production, which has been proposed to promote

a profibrotic response in diabetes [27–29], and may also be

relevant to valvular dysfunction in patients with diabetes.
4.2. Galactose
Substitution of glucose with galactose reduced the metabolic

activity of VICs as suggested by decreased metabolite pro-

duction and was consequently observed to delay contraction.

Galactose is metabolized by the cell through the Leloir path-

way, which first requires a conversion to glucose (figure 5)

[30]. This conversion process requires approximately the

same amount of energy as that produced by glycolysis. It

was as expected then that galactose substitution reduced the

rate of gel contraction. More interesting was the observation

that nearly a fivefold increase in galactose concentration did

not significantly alter lactate production (figure 2d). Lactate

is produced by the cell through the reduction of pyruvate, par-

ticularly when metabolism exceeds oxygen availability. The

lack of significant difference in lactate production with an

increased concentration of galactose—in contrast to the

increased lactate production with increased glucose—may

be an indication that galactose conversion is rate-limiting,

perhaps with UDP–galactose-4-epimerase, which is specula-

ted as being the rate-limiting enzyme in galactose

metabolism [31]. This may be a factor in reducing toxicity of

a high sugar concentration.
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Figure 5. A condensed illustration of the main metabolic pathways in this study.
Galactose is converted to glucose via the Leloir pathway, which requires ATP.
Glucose is broken down to pyruvate with a net yield of ATP. Pyruvate proceeds
into the Krebs cycle, producing ATP and reduced electron carriers for oxidative
phosphorylation. Glutamine feeds into the Krebs cycle as a-ketoglutarate.
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4.3. Pyruvate
Pyruvate absence was observed to significantly reduce gel

contraction and lactate production, but only when glucose

concentrations were low. Pyruvate, an end product of gly-

colysis, is typically metabolized through the Krebs cycle to

supply energy via oxidative phosphorylation. Pyruvate
absence was significant when less energy was available to

the cell through sugar metabolism, as was the case with

1 g l21 glucose media, or when additional energy was

required to metabolize the sugar, as with 1 g l21 galactose.

At higher concentrations of glucose, glucose metabolism

was sufficient to compensate for the lack of pyruvate.
4.4. Glutamine
Absence of glutamine in the culture media significantly

decreased two-dimensional cell viability and metabolic activity

in collagen gels. Glutamine, in addition to a large set of

other cellular functions, enters the Krebs cycle in the form of

a-ketoglutarate [32,33]. Glutamine participates in an anaplerotic

pathway to feed the cycle by participating as a direct intermedi-

ate that can be recycled. When glutamine was absent in the

experimental media, the supply of Krebs cycle intermediates

was limited, reducing the cells’ ability to undergo cellular respir-

ation and consequently decreasing metabolism (figure 4c) and

cell viability (figure 4a). Because Krebs cycle intermediates

can be recycled and are maintained at a relatively stable level,

it follows that doubling the glutamine concentration did not

have a significant effect on cell viability or metabolism.
4.5. Clinical implications
These results have implications in clinical research related to dia-

betes. It has been shown that persistentlyelevated serum glucose

http://rsif.royalsocietypublishing.org/
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levels in diabetes are directly linked to the development of the

microvascular complications of retinopathy, nephropathy and

neuropathy [34]. If it is the case that persistent hyperglycaemia

is additionally a direct cause of valvulopathy through pathologi-

cal collagen remodelling, the pathogenesis of the disease may

advocate for strict glycaemic control. Intensive insulin regulation

could prove to potentially reduce the development of valvular

complications that have been associated with metabolic syn-

drome [4]. Perhaps even dietary modifications in terms of the

type of sugar consumed (glucose versus galactose) may be

beneficial in a diabetic diet.

Furthermore, there is active research in optimizing

tissue-engineered heart valves that can be used in place of

mechanical valves or cadaveric transplants [35]. While

studies have investigated factors such ideal oxygen con-

ditions [3] and conditioning [36] in engineering the valves,

few studies have investigated ideal metabolic conditions,

which would be essential to optimize bioreactor conditions.

4.6. Study limitations
Several factors need to be considered when extending these

results to a physiological context. In healthy valves in vivo,

aortic VICs express a quiescent fibroblast-like phenotype.

When isolated and cultured, VICs have been shown to spon-

taneously differentiate into a myofibroblastic contractile

phenotype, often characterized by the expression of a-smooth

muscle actin. This phenotype is considered to be activated and

is associated with pathological changes in vivo [37,38]. Three-

dimensional free-floating collagen gels have been shown

to be superior in maintaining the quiescent VIC phenotype

over two-dimensional culture and stressed three-dimensional

models under standard media preparations similar to baseline

experiments in this study [18,20]. However, prior studies have

suggested that various types of stress—be it metabolic or

otherwise—may precipitate pathological VIC activation. For

example, hypercholesterolaemia, both in vivo and in vitro, can

modulate phenotypic behaviour of VICs by inducing endoplas-

mic reticulum stress [39]. Perhaps the starved or hyperglycaemic

states may induce similar phenotypic changes that may have

mediated the results that were observed in this study. Further-

more, the activation of VICs is expected to increase metabolic

activity and demand. Future study would analyse whether

metabolic changes such as nutrient deprivation or excess glu-

cose availability can induce the activated state in VICs and

whether such activation alters VIC metabolism.

Furthermore, while glucose concentrations of 1–4.5 g l21

are common practice for in vitro culture, physiological blood

sugar typically does not reach a concentration as high as

4.5 g l21 in normoglycaemic patients, with fasting levels main-

tained at less than 1 g l21, and any random sugar more than
2 g l21 classified as diabetes [40]. The cyclic change in the con-

centration of glucose in diabetic conditions in vivo as well as

commonly comorbid dyslipidaemia may also have an impor-

tant effect on metabolism in addition to the increased

magnitude of the serum glucose concentration. As with any

in vitro study, there are a variety of other pathways and factors

that can affect metabolism, but were not considered in this

study, including, but not limited to, the aortic valve microen-

vironment [41], lymphocytic and macrophage infiltration of

the valve [42] and the variety of infectious, congenital and

systemic factors that have been shown to contribute to valvu-

lopathy. However, our results suggest that metabolism may

play a role in disease progression and may lead to clinical

studies investigating the link between diabetes and aortic

valve disease. Future study may also use fibrin—as opposed

to collagen—gels, which offer less suppression of ECM pro-

duction and may better mimic in vivo conditions [43]. Our

preliminary tests with fibrin gels have shown similar trends

to those observed in collagen gels.
5. Conclusion
These results begin to link VIC metabolism with macroscopic

behaviour such as cell–matrix interaction and contraction.

They demonstrate that an alteration in metabolic substrate

availability can affect valvular phenotypic properties such as

contractility and establish the collagen gel contraction assay

as a novel and viable option in investigating metabolism

through tissue engineering approaches. The data provide an

initial understanding of the metabolic behaviour of heart

valve cells and the potential clinical relevance. Inhibition of

gel contraction by higher concentrations of glucose is particu-

larly relevant to physiological conditions like diabetes, where

elevated blood sugar levels are observed. This line of investi-

gation opens the door for future experimentation including

analysis of heart valve calcification in response to diabetic

metabolic conditions as well as the incorporation of biologi-

cally relevant factors such as mechanical stimulation or

disease states, to ultimately improve our understanding of

the link between metabolism and valvular diseases.
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