
Cardiac Tissue Chips (CTCs) for Modelling Cardiovascular 
Disease

Aaron J. Rogersa,b, Jessica M. Millerb, Ramaswamy Kannappanb, Palaniappan Sethua,b

a.Division of Cardiovascular Disease, Department of Medicine, University of Alabama at 
Birmingham, Birmingham, AL

b.Department of Biomedical Engineering, School of Engineering, University of Alabama at 
Birmingham, Birmingham, AL

Abstract

Objective—Cardiovascular research and regenerative strategies have been significantly limited 

by the lack of relevant cell culture models that can recreate complex hemodynamic stresses 

associated with pressure-volume changes in the heart.

Methods—To address this issue, we designed a Biomimetic Cardiac Tissue Chip (CTC) Model 

where encapsulated cardiac cells can be cultured in 3D fibres and subjected to hemodynamic 

loading to mimic pressure-volume changes seen in the left ventricle. These 3D fibres are 

suspended within a microfluidic chamber between two posts and integrated within a flow loop. 

Various parameters associated with heart function like heart rate, peak-systolic pressure, end-

diastolic pressure and volume, end-systolic pressure and volume, and duration ratio between 

systolic and diastolic can all be precisely manipulated allowing culture of cardiac cells under 

developmental, normal, and disease states.

Results—We describe two examples of how the CTC can significantly impact cardiovascular 

research by reproducing the pathophysiological mechanical stresses associated with pressure 

overload and volume overload. Our results using H9c2 cells, a cardiomyogenic cell line, clearly 

show that culture within the CTC under pathological hemodynamic loads accurately induces 

morphological and gene expression changes similar to that seen in both hypertrophic and dilated 

cardiomyopathy. Under pressure overload the cells within the CTC see increased hypertrophic 

remodelling and fibrosis whereas cells subject to prolonged volume overload experience 

significant changes to cellular aspect ratio through thinning and elongation of the engineered 

tissue.

Conclusions—These results demonstrate that the CTC can be used to create highly relevant 

models where hemodynamic loading and unloading are accurately reproduced for cardiovascular 

disease modelling.

Keywords

engineered cardiac tissue; cardiac disease models; cardiomyopathy; tissue chips

Corresponding Author: Palaniappan Sethu, 1918 University Blvd, MCLM 290A, Division of Cardiovascular Disease, University of 
Alabama-Birmingham, Birmingham, AL 35294-0006, Ph: (205) 975-4185, psethu@uab.edu. 

HHS Public Access
Author manuscript
IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 December 01.

Published in final edited form as:
IEEE Trans Biomed Eng. 2019 December ; 66(12): 3436–3443. doi:10.1109/TBME.2019.2905763.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



I. Introduction

Cardiac Tissue Chips (CTCs) can potentially be used as models of the heart to understand 

signaling mechanisms involved in cardiac development and disease and as models for 

cardiovascular drug development and testing. The heart constantly interacts with blood and 

any drug delivered systemically interacts with the myocardium. Given the importance of 

heart (pump) function, drug-induced cardiotoxicity (arrhythmia risk and compromised 

contractile function) has been a major reason for pharmaceutical withdrawal of FDA 

approved drugs [1]. Historically, the development of Cardiac Tissue Chip Models has been 

limited due to lack of in vitro cell culture systems that can reproduce hemodynamic loading 

and unloading associated with heart (pump) function. Hemodynamic loads are extremely 

important in embryonic heart development and in progression of cardiovascular disease and 

play a major role in both physiological hypertrophy (organ growth and maturation) as well 

as pathological hypertrophy (adverse remodeling and compromised myocardial function).

Cardiac cells have been cultured primarily using standard cell culture techniques in static 

conditions. While these techniques can provide biochemical stimuli, they fail to adequately 

replicate critical hemodynamic (mechanical) stresses experienced by cardiac cells in vivo. 

Commercially available systems include the FlexCell technology which imposes stretch 

stimulus on cultured cells, and IonOptix systems that provide the ability to either electrically 

stimulate or combine electrical stimulation with stretch. There have also been several groups 

that have developed technologies to mimic various aspects of the in vivo environment to 

enable differentiation and maturation of stem cell derived cardiomyocytes including 

mimicking geometric constraints [2], nanopatterning [3], culture in dense collagen matrices 

[4], culture in 3D fibrin gels [5], use of thyroid hormone and miRNAs [6, 7], use of passive 

or dynamic stretch and electrical stimulation [8], moderate afterload [9], ontomimetic 

differentiation [10] and electromechanical stimulation [11]. While these approaches have 

yielded varying levels of success from a standpoint of maturation and differentiation, these 

approaches still do not mimic the complex pressure-volume (PV) changes observed in the 

left-ventricle of the heart which is the location associated with most common cardiac 

pathologies. To address this issue we previously developed the cardiac cell culture model 

(CCCM) [12, 13] and the biomimetic cardiac tissue model (BCTM) [14] platforms which 

mimic PV loading associated with any chamber of the heart at any stage of development. 

However, we failed to mimic the predominantly uniaxial stretch mechanics and three 

dimensional (3D) and multicellular architecture associated with the ventricular wall. To 

develop the next generation of cardiac tissue culture systems, we developed the Cardiac 

Tissue Chip (CTC) which can not only reproduce uniaxial loading of and left ventricular PV 

loading associated with normal and pathological cardiac function but also accomplish 

culture of multi-cellular 3D tissue. Within the CTC, cardiomyocytes and fibroblasts are 

organized as 3D tissue within fibrin gels suspended between two posts. The engineered 3D 

tissue experiences cycles of stretch, contraction (pressure), ejection and relaxation similar to 

that observed during the cardiac cycle.

In cardiovascular disease, progression of pathological remodeling occurs in large part due to 

sustained non-physiological hemodynamic loads. The two most common manifestations of 
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non-physiological hemodynamic loads include pressure and volume overload. Pressure 

overload is associated with an increase in left-ventricular pressure that typically develops 

due to chronic hypertension as a consequence elevated systemic resistance and leads to 

hypertrophic cardiomyopathy (HCM) [15]. HCM manifests as uncontrolled hypertrophic 

growth of myocytes typically in an unorganized manner that leads to concentric 

cardiomyocyte hypertrophy (thickening) along with apoptosis [16–18]. Resulting cell death 

and hypertrophy coincide with increased fibrosis mediated by cardiac fibroblasts, oxidative 

stress and structural remodeling [19–21]. The increased matrix deposition disrupts normal 

cardiac conduction leading to increases in arrhythmia risks, and increased wall stiffness and 

thickness [22]. Cardiac fibroblasts play a central role in pathological hypertrophy seen in 

pressure overload by resisting the increases in wall stress through activation of TGF-β 
signaling and increased extracellular matrix (ECM) deposition [23]. Left ventricular volume 

overload occurs due to diastolic dysfunction or mitral regurgitation resulting in excess 

residual volume in the left ventricle causing thinning of the ventricular wall which leads to 

dilated cardiomyopathy (DCM) and ultimately heart failure [24]. Thinning of the ventricle 

leads to elongation of cardiomyocytes in the left ventricular wall that undergo eccentric 

hypertrophy.[25] The increase in stretch has been linked to matrix degradation, increase in 

reactive oxygen species (ROS), and disruption of cytoskeletal filament proteins involved in 

mechanotransduction. [26–29]

Given the importance of hemodynamic stresses as a consequence of PV changes within the 

left-ventricle, it is essential that disease models of cardiac tissue have the ability to 

accurately recreate pathological hemodynamic loads. While several systems and models 

exist to subject cultured cardiac cells to pressure or stretch [12, 13, 30, 31], none of these 

models mimic the complexity of loading associated with the cardiac cycle. The CTC 

therefore address the absence of relevant in vitro systems to recreate cardiac physiology and 

pathophysiology resulting from hemodynamic imbalances. By recreating the hemodynamics 

associated with the left-ventricle in vivo during both normal heart function and during 

cardiomyopathies (Fig. 1), it may be possible to develop new and relevant models of 

cardiovascular disease. Using these models, we can target the mechanotransduction 

pathways that result in pathological remodeling seen in hypertrophic and dilated 

cardiomyopathy for discovery and testing of new therapeutics. In this manuscript we detail 

the use of the CTC to create models of both pure pressure and pure volume overload and 

show that critical structural and functional changes associated with both these conditions can 

be reproduced. For model development we chose to use the h9c2 rat myoblast cell line 

which is widely used for cardiovascular disease modelling and can be maintained in culture 

for prolonged duration. The choice of h9c2 cells is relevant for modelling pressure overload 

as prior studies confirm that these cells are indeed responsive to hypertrophic signaling in 
vitro and appropriate to study the effects of pathological levels of pressure [32–34]. Despite 

the fact that these cells do not contract either spontaneously or under the influence of 

external pacing, these cells possess similar calcium channels, sarcomeric proteins, and 

metabolic profiles to cardiac cells [35–37]. H9c2 cells have also been used extensively to 

study myocardial infarctions and reperfusion injuries due to their similarities in comparison 

to in vivo responses to oxidative stress [38, 39]. In the context of this study, these cells 

provide an ideal cell type to accomplish development of cardiovascular disease models.
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II. Materials and Methods

Cell Culture Chamber Fabrication

Cell culture chambers were fabricated using standard soft-lithography using (poly)dimethyl 

siloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI) using standard techniques in 

our laboratory [40]. Assembled chambers were autoclaved and filled with 2% molten 

agarose and allowed to cool and solidify. A dumbbell shape pattern was created via removal 

of agarose using a hole punch and scalpel. Finally, the chamber was seeded with fibrin 

encapsulated cells and allowed to cross-link. The agarose mold was removed following 24 

hours in culture resulting in a cell laden fibrin gel suspended between two posts. Following 

hemodynamic stimulation the cell laden fibrin gel can be removed from the post and retains 

its form making further analysis simpler (Fig. 2A).

CTC Stimulation

The setup and working cycle of the CTC are the same as described in our prior work.[41] 

Briefly, dynamic pressure differences above and below the cell culture chamber membrane 

in conjunction with directional flow control valves were exploited to reproduce the cardiac 

cycle. This version is different from the prior model as it was adapted for culture of 3D 

tissue fibres suspended between two posts (Fig. 2B–C).

Cell Culture and Fibrin Gel Encapsulation

2.2×106 h9c2 and 1.0×106 primary rat cardiac fibroblasts (RFB) cells were mixed together 

into 300uL media containing a final concentration of 2mg/mL fibrinogen (Millipore 

341576), 0.9 units thrombin (Millipore 605195) per mg fibrin (0.54 units/gel), and 2mM 

CaCl2. The gels were allowed to polymerize for 30 minutes within the incubator before 

media was added. During the gel making process, and until completion of the experiment, 

the culture medium was supplemented with 5mg/mL aminocaproic acid (Acros 103301000) 

to inhibit fibrinolysis. Our choice of fibrin gels for construction of engineered cardiac tissue 

is based on prior work with fibrin gels which achieved a passive stiffness of ~ 26 kPa [42] 

which is comparable to passive stiffness of the adult human ventricle which is between 20–

50 kPa [43, 44].

RNA qRT-PCR

After 48 hours of stimulation the cells are removed from the CTC and placed within 700μL 

Trizol and then flash frozen and maintained in liquid nitrogen until processing. Once all 

samples were collected, they were thawed at room temperature and immediately placed 

within a beadmill (BeadBug D1030) containing 1.0mm silica beads (Benchmark D1031–10) 

and milled for 30 seconds at speed 4000. RNA is then isolated using standard phenol-

chloroform extraction methods, and cDNA is created using Maxima kit (K1671). Custom 

ThermoFisher Taq-Man array plates (4391528) were created under design ID RAAAADM 

and coupled with Applied Biosystems master mix (4369514). Plates were run on a 

QuantStudio 3.
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Statistical Analysis

An unpaired t-test was used for the analysis of the gene expression and aspect ratio data with 

two-tailed significance set at p ≤ 0.05.

III. Results

Pressure-Volume Changes Seen in Normal and Pathological Conditions

Using the CTC we were able to accurately replicate pressure-volume changes associated 

with normal, pure pressure overload and pure volume overload. Normal conditions were set 

to a 1Hz cardiac cycle with 100mmHg peak-systolic pressure, 10mmHg end-diastolic 

pressure, and a minimum strain of 0% and maximum strain of 2% (Fig. 3, left). Pressure 

overload conditions were set to a 1Hz cardiac cycle with 160mmHg peak-systolic pressure, 

10mmHg end-diastolic pressure, and a minimum strain of 0% and a maximum strain of 2% 

(Fig. 3, middle). Volume overload conditions were set to a 1Hz cardiac cycle with 

100mmHg peak-systolic pressure, 30mmHg end-diastolic pressure, and minimum strain of 

2% and maximum strain of 7% (Fig. 3, right). To reproduce the hemodynamics of dilated 

cardiomyopathy the volume overload was not allowed to return to its resting level of strain 

in order to reproduce the constant wall stress seen in vivo.

Gross Tissue Morphology and Organization

At the conclusion of the experiment, fibers were evaluated for alignment and general tissue 

morphology using H&E staining of paraffin embedded slices of the fibers (Fig. 4). In all 

samples, regardless of the presence or absence of stimulation, the fiber contraction around 

the post caused alignment of the ECM resulting in cell alignment. H&E staining confirmed 

that cells were able to spread and evenly distribute throughout the tissue fiber. To determine 

if the experimental conditions were able to induce an increase in ECM deposition the slices 

of were also stained using Masson’s trichrome stain (Fig. 5).

It is clear both from the 20X and 40X images that 48 hour stimulation within the BCTM 

under conditions of pressure overload results in a noticeable increase in collagen deposition 

along the center of the fiber.

Tissue Aspect Ratio after 7 Days of Stimulation

While changes in gene expression manifest within 48 hours, it was necessary to extend the 

duration of stimulation to 7 days to observe noticeable changes in tissue dimensions. 

Following 7 days of stimulation, the volume overload samples experienced a significant 

increase (18%) in total length of the fibre and this change can be seen in the kink in the fibre 

when returned to the original post position (Fig. 6). Measurement of the width of the fibres 

was used in conjunction with overall fibre length to estimate aspect ratios of the tissue fibres 

for each condition. The change in aspect ratios for the pressure overload and volume 

overload were significant when compared to the static control and normal sample (Fig. 6). 

These results show a striking similarity to in vivo observations where pressure overload 

induces an increase in aspect ratio (width/length) and volume overload induces thinning and 

elongation, thus decreasing the aspect ratio. For clarity, the longest dimension is considered 

the length in these measurements.
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Gene Expression Profiling

Following the 48 hours of CTC stimulation, the changes in gene expression were profiled for 

static (N = 3), normal (N =3), pressure overload (N = 3) and volume overload (N =3). Our 

results show that there are indeed significant changes in the expression of various genes 

following culture under normal and pathological loading (Fig. 7). Genes were classified into 

four categories within the array. Profiling of genes associated with fibrosis found that 

Collagen I was significantly upregulated in the pressure overload samples whereas 

transforming growth factor beta (TGF-β) was significantly upregulated in both pressure 

overload and normally stimulated samples. Evaluation of genes associated with cytoskeletal 

filament proteins found that desmin was significantly upregulated in the volume overload 

samples. Finally, evaluation of genes associated with matrix remodelling and antioxidant 

signalling found that tissue inhibitors of matrix metalloproteases (TIMPs) 1 and 2 were 

upregulated under pressure overload conditions and a significant increase in superoxide 

dismutase (SOD) 1 and SOD2 in both pressure and volume overload samples. Data is 

represented as relative change with the expression of each gene normalized to GAPDH 

expression levels.

IV. Discussion

Cardiovascular disease modelling, drug testing and drug discovery have been significantly 

impacted by the absence of relevant in-vitro cell culture models to culture cardiac cells 

under physiological and pathophysiological pressure-volume loading. Cardiomyocytes and 

other cardiac cells rely on these mechanical stress signals to maintain homeostasis and 

ensure normal heart function. However, chronic exposure to pathological levels of either 

pressure or stress can result in activation of compensatory mechanisms that lead to 

maladaptive cardiac tissue remodeling. To accurately model cardiomyopathies associated 

with altered mechanical loading as in the cases of pure pressure or volume overload, it is 

essential to evaluate cardiac cells in an environment where pressure-volume changes seen in 

the dysfunctional myocardium can be accurately recreated. The CTC is a unique model 

system that accurately reproduces mechanical loads that drive progression of cardiac tissue 

remodeling and was used in this study to establish conditions of both pressure and volume 

overload to determine if maladaptive remodeling and molecular signaling mechanisms that 

drive structural and functional changes associated with either of these conditions can be 

accurately replicated in an in-vitro model system.

To enable mechanical stimulation of engineered 3D tissue, we developed a method for 

suspending 3D fibrin fibres composed of cardiac cells between a set of rigid polymeric posts 

mounted onto a thin polymeric membrane. Using this setup we achieved cellular alignment 

through the inherent compaction of the fibrin gel prior to imposition of any cyclic 

mechanical strain. This setup also allows for the application of uniaxial strain to the cells 

along their long axis during CTC stimulation. The natural alignment of the cells within the 

fibres ensured that the only difference between the stimulated and static samples was the 

imposition of hemodynamic loads.

Pressure overload is associated with concentric hypertrophy (thickening of myocytes), 

increased fibrosis, oxidative stress, and inflammation. After 7 days of stimulation under 
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conditions of pressure overload (160 mmHg, 2% strain) confirms that stimulated tissue 

undergoes hypertrophy, becoming thicker with an increased aspect ratio. Pressure overload 

also resulted in a significant increase in collagen deposition within the fibres as seen with 

Masson trichrome staining. This increase in collagen deposition was reinforced with gene 

expression studies confirming a statistically significant (~ 7 fold) increase in collagen i gene 

expression in comparison to static controls. Matrix metalloproteinases (MMPs) are 

responsible for the degradation of ECM proteins and tissue inhibitors of metalloproteinases 

(TIMPs) inhibit the ability of MMPs to degrade the ECM. Gene expression results show that 

both TIMP1 and TIMP2 were significantly upregulated in pressure overload samples 

whereas a statistically significant increase in MMPs was not observed suggesting that the 

change in the balance between TIMPs and MMPs favouring TIMPs indicates an 

environment favouring fibrosis in pressure overload. These results are similar to the 

pathophysiology of cardiac tissue remodelling in vivo where pressure overload induces a 

stiffening of the myocardial wall through collagen deposition and a thickening through 

myocyte hypertrophy. TGF-β is potent pro-fibrotic signalling molecule and is upregulated in 

both pressure and volume overload in vivo and results in increased ECM deposition and the 

differentiation of fibroblast into myofibroblasts [45–53]. In our studies we found that TGF-β 
was significantly upregulated only in the pressure overload and normal samples and not in 

the volume overload samples. The upregulation of TGF-β in the normal samples is most 

likely due to stress induced pathways; studies have shown that stretching cells can induce 

increases in TGF-β expression [54, 55].

Volume overload is associated with the thinning of the ventricular wall resulting in eccentric 

hypertrophy (myocyte thinning), significant matrix degradation, oxidative stress, and 

inflammation. Following 48 hours of stimulation under conditions of volume overload, we 

did not observe any significant difference in overall fibre length in comparison to the other 

conditions. The absence of a change in length of the volume overload sample after 48 hours 

led us to extend the duration of stimulation to 7 days. Following 7 days of stimulation under 

conditions of volume overload within the BCTM, the fibres were significantly longer (~ 

18%) than the static, normal, and pressure samples. The increased stimulation time had no 

effect on the final lengths of the static, normal, and pressure samples. The resulting increase 

in length of the volume overload samples demonstrates the reproduction of the elongated 

tissue phenotype seen in vivo and suggests that progression of eccentric hypertrophy 

associated with ventricular wall thinning is a time dependent phenomenon. As expected, 

desmin was significantly upregulated in the volume overload samples. Desmin is an 

intermediate filament protein that functions as an important mechanosensor that connects the 

sarcomere through its Z-disk to the mitochondria, nucleus, ECM, through costameres and 

intercalated disks, and other organelles [56–58]. In vivo studies show that volume overload 

causes desmin to become damaged and disorganized resulting in increased transcriptional 

regulation [59, 60]. It is possible that volume overload induced damage to the cytoskeleton 

causes the activation of a compensatory mechanism to replace the damaged/broken down 

desmin [61, 62].

Both volume and pressure overload induced upregulation of SOD gene expression. SOD1 is 

typically localized in the cytoplasm whereas SOD2 in the located in the mitochondria. 

Hypertrophic and dilated cardiomyopathies have both been linked to an increase in 
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intracellular ROS in vivo [63–67]. Several studies have shown that an unchecked increase in 

intracellular ROS can lead to the tissue and cell damage seen in cardiomyopathies [68–70]. 

It is likely that the observed increase in in SOD at the transcript level is linked to a 

compensatory antioxidant response in cells subject to pressure and volume overload.

V. Conclusions

In conclusion, we provide evidence that the CTC can serve as a valuable model system via 

reproduction of the fundamental characteristics of hemodynamic stress associated with pure 

volume and pressure overload. These results clearly show that major structural and 

molecular changes associated with pressure and volume overload can be recreated and 

provide strong rationale for development of in vitro models of cardiac tissue where the 

pressure-volume associated with the cardiac cycle are used to study cardiovascular disease 

pathologies. While this study utilized H9c2 cells and primary cardiac fibroblasts, more 

relevant cells types including human induced pluripotent stem cell derived cardiomyocytes 

(hiPSC-CMs) and human embryonic stem cell derived cardiomyocytes (hESC-CMs) 

cultured within the CTC could be used to model human cardiovascular disease and cardiac 

tissue remodelling in response to changes in hemodynamics.
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Figure 1. Pressure and Volume Overload.
Pressure overload is associated with an increase in end systolic pressure that causes an 

increase in the ventricular wall thickness through myocyte thickening caused by sarcomere 

addition. Volume overload occurs when the end diastolic volume is increased leading to a 

constant increase in residual ventricular volume that over time causes wall thinning through 

myocyte thinning and elongation.
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Figure 2. Images of the Cell Culture Chamber.
(A) This image was taken 2 days after removing the agarose mold and removing the cell 

laden fibrin gel from the two posts. The gel originally forms around the posts and takes the 

shape of the agarose mold but contracts over time. Once the gel contracts away from the 

agarose mold it becomes a free standing fiber suspended between two posts (B) The position 

of the posts within the cell culture chamber at the end of systole. The fiber experiences no 

strain at this point as the posts are at the initial resting position. (C) Position of posts within 

the cell culture chamber at the end of diastole. The thin membrane contacts with the insert 

below and deforms along its surface thus pulling the posts away from each other and 

applying uniaxial strain to the fiber. (Scale = 4 mm)

Rogers et al. Page 14

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. H9c2 Pressure-Volume loops.
Plots of the pressure vs. percentage strain that H9c2 cells were subjected to within the CTC 

during the course of an experiment. The pressure and percentage strain were gradually 

increased over the course of 1 hour until the final pressure and strain values shown in the 

plots were obtained and maintained at that level until the conclusion of the experiment.
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Figure 4. Gross Morphology and Alignment.
H&E staining of paraffin embedded tissue sections show alignment and uniform distribution 

of H9c2 cells within the fibre regardless of location of the fibre. The image shown is from a 

sample subjected to normal pressure-volume loading but the alignment and organization are 

representative of all samples including static, pressure overload, and volume overload 

samples. (Scale: Top = 500 μm, Bottom = 50 μm)
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Figure 5. Masson’s Trichrome Staining.
Paraffin embedded and sectioned H9c2 fibres were imaged following Masson’s trichrome 

staining. (Static) Unstimulated tissue fibre that was maintained in static culture. (Normal, 
Pressure, and, Volume) Tissue fibres stimulated within the CTC under normal, pressure 

overload, and volume overload conditions respectively. The pressure overload sample shows 

significant increases in fibrosis along the center line of the fibre and is clearly thicker than 

the other samples. Thinning is also noted in the volume overload sample. There were 

minimal levels of fibrosis within the static, normal, and volume overload fibres. (Scale: Left 
= 100 μm, Right = 50 μm)
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Figure 6. Aspect Ratio Measurements.
Static, normal, volume overload, and pressure overload samples labelled ‘static’, ‘normal’, 

‘pressure’, and ‘volume’ respectively (N=5 for each group). The volume overload showed a 

significant increase in length and is clearly elongated in the image so much so that it has 

buckled once it returned to its original resting state. The increase in length resulted in a 

significant decrease in aspect ratio compared to static, normal, and pressure overload 

samples. Pressure overload samples significantly increased in width but not length, resulting 

in a significant increase in aspect ratio when compared to static, normal, and volume 

overload samples. The difference between normal and static samples was not significant 

although a decrease in aspect ratio was found in the normal samples. (Scale = 4 mm)
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Figure 7. Gene Expression Profiling.
Results from qRT-PCR array on H9c2 cells stimulated for 48 hours under static (N=3), 

normal (N=3), volume overload (N=3), and pressure overload (N=3) hemodynamics. Genes 

are classified into 4 categories, ‘Fibrosis’, ‘Extracellular matrix remodelling’, Cytoskeleton’, 

and ‘Antioxidants’. All genes were normalized to GAPDH levels.
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