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Abstract
Cardiac fibroblasts are exposed to both cyclic strain and interstitial fluid flow in the myocardium.
The balance of these stimuli is affected by fibrotic scarring, during which the fibroblasts transition
to a myofibroblast phenotype. The present study investigates the mechanisms by which cardiac
fibroblasts seeded in three-dimensional (3D) collagen gels differentiate between strain and fluid
flow. Neonatal cardiac fibroblast-seeded 3D collagen gels were exposed to interstitial flow and/or
cyclic strain and message levels of collagens type I and III, transforming growth factor β1 (TGF-
β1), and α-smooth muscle actin (α-SMA) were assessed. Flow was found to significantly increase
and strain to decrease expression of myofibroblast markers. Corresponding immunofluorescence
indicated that flow and strain differentially regulated α-SMA protein expression. The effect of
flow was inhibited by exposure to losartan, an angiotensin II type 1 receptor (AT1R) blocker, and
by introduction of shRNA constructs limiting AT1R expression. Blocking of TGF-β also inhibited
the myofibroblast transition, suggesting that flow-mediated cell signaling involved both AT1R and
TGF-β1. Reduced smad2 phosphorylation in response to cyclic strain suggested that TGF-β is part
of the mechanism by which cardiac fibroblasts differentiate between strain-induced and flow-
induced mechanical stress. Our experiments show that fluid flow and mechanical deformation
have distinct effects on cardiac fibroblast phenotype. Our data suggest a mechanism in which fluid
flow directly acts on AT1R and causes increased TGF-β1 expression, whereas cyclic strain
reduces activation of smad proteins. These results have relevance to the pathogenesis and
treatment of heart failure.
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Introduction
Fibrotic scars in the myocardium are characterized by dense extracellular matrix deposition,
a marked reduction in the number of functioning cardiomyocytes, and a transition of
resident fibroblasts to a contractile myofibroblast phenotype. The mechanisms by which
fibrotic scars develop and the role of myofibroblasts in the progression to heart failure are
poorly understood, though a number of putative mechanisms have been proposed [1–3].
Recent studies suggest adverse fibrotic remodeling by resident myofibroblasts may both
affect and be affected by the altered mechanical microenvironment within a scar [4, 5]. The
myofibroblast phenotype is characterized by increased expression of α-smooth muscle actin
(SMA) [6], secretion of extracellular matrix proteins [7], increased contractility, and an
increased prevalence of stress fibers in the cytoskeleton [8, 9]. A number of factors
including mechanical stress [10], transforming growth factor β1 (TGF-β1) and its
downstream effectors smad2/3 [11–14], as well as hypoxia [15] can initiate the
myofibroblast transition. There is cross-talk between the TGF-β and the angiotensin II
signaling pathways and the angiotensin II type 1 receptor (AT1R) is activated by flow-
induced shear even in the absence of a biochemical agonist in monolayers of
cardiomyocytes [16–18] and endothelial cells [19]. However, the role of AT1R in
mechanotransduction of the cardiac myofibroblast transition, and the relationship between
mechanical induction of this transition and signal transduction during scar formation are
unclear.

Fibroblasts in the myocardium are exposed to a combination of interstitial fluid flow caused
by perfusion from the vasculature and cyclic strain from the contraction of surrounding
cardiomyocytes. A recent study established a connection between intravascular flow in the
heart and interstitial fluid in the myocardium [20]. Fluid flow in the heart can also be
produced by edema in the response to injury [21]. Early studies demonstrated that cyclic,
uniaxial strain increased collagen type I secretion [22] and α-SMA expression [23, 24] in
cardiac fibroblasts plated on two-dimensional elastic substrates, and that these effects are
mediated through canonical integrin-mediated pathways such as p38, ERK, and JNK [25,
26]. However, less is known about the response of cardiac fibroblasts to static or cyclic
strain in a three-dimensional (3D) environment, which is more representative of the in vivo
milieu. Initial studies using fibroblasts embedded in 3D collagen type I hydrogels have
demonstrated that α-SMA levels are correlated with the stiffness of the 3D environment [4],
and that stiffness also affects cardiac fibroblast morphology [8].

The effects of interstitial flow on the phenotype of a variety of mesenchymal cell types have
been investigated. These studies have provided valuable insight into how fluid flow-induced
shear stress affects cell function [27–30]. For example, interstitial flow stimulates signaling
via α1β1 integrins that influences the orientation of dermal fibroblasts in collagen matrices
[31], and also has been shown to act through heparin sulfate proteoglycans and activation of
the FAK-ERK signaling pathway [32]. In other studies, TGF-β played a key role in the
dermal fibroblast response to interstitial flow, while matrix metalloproteinase 1 (MMP1)
mediated the motility of fibroblasts in response to interstitial flow [10, 33]. A complete
picture of the signaling pathways activated in response to interstitial fluid flow and their
impact on the fibroblast to myofibroblast transition has yet to emerge, though a recent study
linked flow to α-SMA expression in smooth muscle cells [34]. While cardiac mechanical
strain levels are relatively well characterized, the rates of interstitial fluid flow in the
myocardium are more difficult to determine, with only rudimentary estimates generated so
far [20]. Based on the information available, flow velocities on the order of microns per
second appear to mimic in vivo interstitial flows [10, 33].
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Our primary goals in the present study were to simulate the mechanical stimuli experienced
by cardiac fibroblasts, to characterize the morphological and functional outcomes of these
stimuli, and to identify receptor(s) and signaling pathways involved in transducing
mechanical signals into cellular responses. We cultured fibroblasts in a 3D collagen matrix
and applied cyclic mechanical strain and interstitial fluid flow, both alone and in
combination. We used this model to characterize the myofibroblast transition in response to
mechanical cues in 3D, and to query selected signaling mechanisms involved in the
phenotype shift. Our findings suggest that the mechanical microenvironment of a fibrotic
scar modulates the myofibroblast transition, and may therefore be a factor in the subsequent
development of the scar region. This study provides fundamental insights into the fibrotic
response that is a key contributor to the progression to heart failure, and may provide a basis
for the development of future treatments to modify fibrosis and associated cardiac
pathologies.

Methods
A detailed description of the following methods section is provided in the online
supplemental material.

Cell Culture
Cardiac fibroblasts were isolated from the ventricles of 2- to 3-day-old Sprague-Dawley rats
following euthanasia by means of decapitation [35]. This procedure was approved by the
Institutional Animal Use and Care Committee at the University of Michigan and was in
compliance with the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health. Cells were cultured for one week in M199 media
supplemented with 5% fetal bovine serum (FBS) and antibiotics.

Mechanical and Biochemical Stimulation
Fibroblast-seeded gels were polymerized in polydimethylsiloxane (PDMS) wells capable of
5% cyclic strain and/or perfusion with 10 µL/min cross flow, which were developed and
characterized in a previous study [36]. All gels were cultured at 37C with 100% humidity
and 5% CO2 for 24 hours prior to further testing. Gels digested after the 24 hour incubation
served as initial controls, while the remaining gels were transferred to the testing apparatus
or to an oxygen-controlled incubator set at 2.5% O2 for an additional 48 hours. Gels
transferred to the bath but not exposed to any loading served as controls (denoted 48 h
control). The remaining unloaded gels were transferred from the bath into the incubator for
another 48 hours (denoted the 96 h control). The loading conditions included flow, strain,
and a combination of strain and flow with and without inhibitors of angiotensin type II
receptor and TGF-β.

qRT-PCR
A guanidium thiocyanate-phenol-chloroform extraction protocol (TRIzol, Invitrogen,
Carlsbad, CA) was used to isolate mRNA from the cells. Briefly, homogenized gels seeded
with fibroblasts were dissolved in TRIzol, buffer, and reverse transcription of mRNA was
performed with a high-capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA)
and a C-1000 Thermocycler (Bio-Rad, Hercules, CA). The quantitative PCR protocol is
described in a previous publication [4].

Immunofluorescence
Gels were fixed, permeabilized, and stained using previously described protocols [4].
Immunostains included fluorescent DAPI, phalloidin conjugated to Texas Red, and
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monoclonal mouse anti-α-SMA conjugated with FITC. Cells were visualized using confocal
microscopy. Projection image Z-stacks of approximately 30 µm were collected using a
confocal microscope (Olympus America, Inc., Center Valley, PA). To quantify the
phosphorylation of smad2/3, a rabbit polyclonal antibody and secondary Texas Red-tagged
goat anti-rabbit Ab were utilized to quantify smad2/3 phosphorylation. The intensity of the
fluorescence within the nucleus of the cell (determined by DAPI staining) was normalized to
the intensity within the outline of the cell body (determined by phalloidin staining) for three
cells from three images for each condition using the open source software, ImageJ.

Immunoblotting
Gels were homogenized in Garner buffer containing protease and phosphatase inhibitors for
cellular protein separation. Tubes were then boiled in a water bath for 3 minutes, sonicated
for 10 minutes, and centrifugated 3 times at 2000 g for 15 seconds to isolate cellular protein,
before quantifying the protein with a BCA assay. For gels treated with control and AT1R
lentivirus particles, trypsinized cells washed in PBS were lysed in ice-cold sample buffer,
and then stored at −20C. Protein separation was performed as previously described [37].
Blots were blocked, probed, and visualized using standard protocols.

Lentiviral knockdown
Cardiac fibroblasts isolated from neonatal rats were grown to 50% confluency prior to
lentiviral-mediated gene transfer. Viral particles were added to M199 media containing 5
µg/mL Polybrene using an MOI of 1. After viral transduction, cells were cultured in
puromycin-containing M199 media (2.5 µg/mL) to deplete non-infected cardiac fibroblasts
from the cultures.

Proliferation Assays
DNA quantity was assessed using a PicoGreen assay. Cell-seeded collagen gels were
washed thoroughly with PBS, frozen at −80 C, then lyophilized overnight before being
incubated in a proteinase K solution at 55 C for 12–16 hours. DNA quantity was normalized
to the initial time points.

Statistical Analysis
Results show sample sizes of three to six separate experiments, with data expressed as mean
±SD. An unpaired Student's t test was used to determine statistical significance for
comparisons of two groups, with P<0.05 considered significantly different. An analysis of
variance (ANOVA) followed by Tukey's multiple comparison test (P<.05) was used to
compare multiple groups using the open source statistical package R [38].

Results
The Effect of Mechanical Stimuli on Expression of Myofibroblast Markers

The present study demonstrates that mechanical stimuli modulate the fibroblast to
myofibroblast transition, though the mechanisms involved result in distinct transduction of
fluid-induced and stretch-induced stresses. In a previous study, we showed that fibroblasts in
collagen gels created in standard culture plates and cultured for 48 and 96 h transitioned to a
myofibroblast phenotype over time, marked by significant elevations in the mRNA message
levels for collagen type III and α-SMA, and a reduction in TGF-β1 expression [4]. This
previous study indicated that TGF-β levels peaked at 24 hours (the initial time point used in
the present study), which was likely an initiating event for the subsequent increases in α-
SMA and collagen type III levels. This baseline pattern was repeated in gels polymerized in
the PDMS wells in the present study, as indicated in Figure 1. Collagens type I and III serve
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as markers for matrix deposition in the myocardium, and α-SMA as a marker for the
myofibroblast phenotype. Therefore, polymerizing cardiac fibroblast-seeded collagen gels in
PDMS wells did not alter the baseline shift to a myofibroblast phenotype.

mRNA expression of myofibroblast markers (collagen I and III, α-SMA, and TGF-β1) was
measured and immunolocalization of α-SMA were performed in response to a 48 h exposure
to combinations of interstitial flow and cyclic strain, as well as to a 2.5% oxygen
environment. As shown in Figure 2a, neither mechanical stimulation (by cyclic stretch or
cross-flow) nor hypoxia significantly affected collagen type I message levels. However,
cross flow significantly increased collagen type III levels over control levels, both in the
presence and absence of cyclic strain, whereas cyclic strain alone did not significantly affect
message levels (Fig. 2b). Similarly, cross flow both with and without cyclic strain prevented
the drop in TGF-β1 expression observed in the control samples and in cyclic strain
conditions (Fig. 2c). Cross flow alone produced a marked increase in α-SMA message levels
compared with both the initial control level and that of samples exposed to cyclic strain. The
competing effects of cross flow and cyclic strain were most apparent in the samples exposed
to a combination of both fluid flow and cyclic strain, which resulted in no significant change
from the 48 h controls (Fig. 2d). Hypoxia caused a significant increase in collagen type III
and α-SMA message, but not in TGF-β1 levels. Assessment of DNA content in these
constructs showed that cell numbers were constant across samples, and therefore the
observed effects were not a result of changes in proliferation or cell death (Figure 3).

Immunohistochemistry was performed to provide insight into the mechanical influences on
cell phenotype (Fig. 4). Previous studies indicated that the myofibroblast transition is
associated with a distinct morphology characterized by prominent stress fibers and a less
stellate shape. The observed increase in α-SMA gene expression was corroborated by the
presence of distinct stress fibers that stained for α-SMA. This effect was evident in control
samples, which exhibited increased positive staining for α-SMA over 96 h (Fig. 4a–c). Cells
exposed to cross flow exhibited prominent stress fibers, a more stellate morphology, and
markedly increased α-SMA staining compared to the other conditions (Fig. 4d). Cells
exposed to cyclic strain, both with and without the presence of cross flow, showed decreased
expression of α-SMA compared to the cross flow samples (Fig. 4e, f). Moreover, the cells
exposed to strain appeared to align with the direction of strain, though they exhibited less
prominent stress fibers compared to the 96 h controls and cells exposed to flow alone. These
results support the qRT-PCR data for α-SMA message levels, further implicating that cross
flow stimulates and cyclic strain attenuates the myofibroblast transition.

The role of the AT1R and TGF-β signaling pathways in cardiac fibroblast
mechanotransduction

Since the response of cardiac fibroblasts exposed to cross flow and cyclic strain revealed
distinct and opposing effects of these two types of mechanical signal, we performed
experiments to further examine signal transduction in these cells. In particular, we blocked
TGF-β and AT1R-mediated signaling to determine the roles of these pathways in the cellular
response, as shown in Figure 5. These data complement our initial findings in Figures 2 and
4, and show that blocking of TGF-β to inhibit autocrine and paracrine signaling by the cells
through this growth factor did not affect collagen type I message levels, both in the presence
or absence of cross flow (Fig. 5a). However, inhibiting TGF-β attenuated the cross flow-
induced increase in both collagen type III and TGF-β1 expression (Fig. 5b–c). The presence
of the antibody did not affect levels of either marker in the absence of flow. However,
blocking TGF-β not only prevented the cross flow-induced increase in α-SMA expression,
but also reduced the message levels to initial control levels both with and without cross flow
(Fig. 5d), suggesting that cross flow might be activating a separate pathway.
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TGF-β signaling is known to be enhanced by activation of angiotensin II receptors, and
AT1R in particular has been linked to flow-induced mechanotransduction [27–34]. We
therefore examined the role of AT1R in the cross flow response by blocking this receptor
using losartan. The antagonist had a similar effect to blocking of TGF-β on the message
levels of collagens type I and III and TGF-β1 (Fig. 5a–c), providing further evidence for a
relationship between AT1R-activated signaling pathways and the production of TGF-β1 by
the cell for autocrine/paracrine signaling. In contrast to the TGF-β blocking antibody, the
addition of losartan did not affect the baseline increase in α-SMA message levels (Fig. 5d).
However, the presence of losartan in the perfusing media did block the flow-induced effect
on message levels (Fig. 5d). These results suggest that cross flow may act through AT1R,
which when activated elicits TGF-β1 expression and thereby initiates the myofibroblast
transition. Immunofluorescence was also used to validate the observed trends in α-SMA
message levels, and to gain insight into the effect of these blocking agents on cell
morphology. Cells treated with the TGF-β blocking antibody exhibited similar morphology
and α-SMA expression to the initial controls (Fig. 5e, f). Losartan-treated cells appeared
similar to the 48 h controls (Fig. 5g, h). This is evident for both the control conditions (Fig.
5e, g) and for the cells exposed to cross flow (Fig. 5f, h).

Losartan may affect the TGF-β receptor and a previous study demonstrated its ability to
block angiotensin II type 2 receptors [39]. Therefore, since losartan is capable of blocking
both AT and TGF-β pathways, demonstration of the role of AT1R-mediated signaling in the
cellular response required more specific targeting of the receptor. Lentiviral transduction
was used to insert a shRNA against AT1R into cardiac fibroblasts, and results are shown in
Figure 6. AT1R shRNA knocked down AT1R levels to around 55% of the levels present in
cells infected with a scrambled shRNA (Fig. 6a). Cells treated with shRNA were then
exposed to the cross flow regimen. Figures 6b–e show message levels for samples exposed
to shRNA (AT1R and scrambled) at the 48 h control and the cross flow condition. In
general, cells infected with scrambled shRNA responded similarly to non-infected cells,
with the exception of a statistically significant increase in collagen type I and III expression
for the 48 h time point (Fig. 6b–c). Moreover, cross flow did not significantly increase
collagen type I or III expression relative to initial controls (Fig. 6c). Scrambled shRNA
produced the same patterns of TGF-β1 and α-SMA expression as non-infected cells (Fig.
6d–e). In general, the incorporation of the AT1R shRNA produced similar effects to losartan
treatment. However, the combination of AT1R shRNA and cross flow caused a significant
increase in collagen type I compared to initial control levels (Fig. 6b). Moreover, AT1R
shRNA prevented a significant increase in collagen type III expression in the 48 h control
samples (Fig. 6c). Nonetheless, AT1R shRNA prevented the rise in TGF-β1 message levels
to the initial control levels with the addition of cross-flow (Fig. 6d). Similarly, AT1R
shRNA attenuated the rise in α-SMA expression in response to cross flow, while still
allowing for the baseline increase in this message level at the 48 h time point. Taken
together, these results suggest that AT1R directly participates in the transduction of the
mechanical stress exerted by cross flow.

The effect of cyclic strain on smad2 phosphorylation
Because our results suggested that cross flow acts through AT1R to facilitate the
myofibroblast transition, experiments were conducted to determine if cyclic strain also
works through a TGF-β-related pathway in order to clarify the degree and type of crosstalk
between these stimuli. In particular, we examined the phosphorylation of smad2, a
downstream effector of TGF-β, in cells exposed to cyclic strain, as shown in Figure 7.
Immunoblotting (Fig. 7a–b) showed a band at 60 kDa, which represents smad2 levels (the
52 kDa band in the phospho-smad blot represents cross-reactivity of the antibody with
smad3). The amount of protein varied between blots (Fig. 7c) due to the difficulty in
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isolating cellular proteins from the protein-based hydrogels, however silver staining showed
that the relative levels of smad2 were not significantly different across all samples.
Comparison of the ratio of phosphorylated to total smad2 (Fig. 7d) showed that relative
phosphorylation of smad2 increased in control samples as time progressed, which mirrored
the observed increases in collagen type III and α-SMA message levels. Interestingly, the
application of cyclic strain attenuated the phosphorylation to initial control levels, which
also matched the effect of strain on α-SMA message levels. To verify the results of
immunoblotting, the levels of smad2 phosphorylation were also examined using
immunohistochemistry, as shown in Figure 7e. Previous studies have shown that once
phosphorylated, smad2/3 is shepherded into the nucleus by smad4 to mediate transcription
(Fig. 7g). Examination of the ratio of fluorescence intensity between the nucleus and
cytoplasm (Fig. 7f) showed that the 48 and 96 h controls and cross flow condition had
significantly higher levels of phosphorylated smad2 compared to initial controls and
cyclically strained samples, which aligns with the immunoblotting results. Overall, these
data suggest that the observed changes phosphorylated smad2 were due to transduction of
the mechanical strain stimulus.

Discussion
There is increasing evidence that mechanical stimulation is a key regulator of the fibroblast
to myofibroblast transition in the myocardium. Here, we demonstrated that cardiac
fibroblasts distinguish between fluid-induced and strain-induced mechanical stresses, though
there is crosstalk between the mechanotransduction mechanisms. The cellular response to
both types of mechanical stress involves the TGF-β and AT1R signaling pathways, and is
shown schematically in Figure 8. Direct activation of AT1R by fluid-induced shear
stimulates the production of TGF-β1, which in turn acts in an autocrine and paracrine
manner to create a positive feedback loop promoting the myofibroblast phenotype. Blocking
of AT1R using losartan or shRNA negates this effect. At the same time, cyclic strain
attenuates the phosphorylation of smad2, a downstream effector of TGF-β signaling, and
therefore prevents the myofibroblast transition. These mechanisms indicate that increased
interstitial perfusion would instigate the fibrotic response, while also suggesting a protective
effect of cyclic strain in preventing cardiac fibrosis. This finding may have a direct impact
on both the understanding and treatment of fibrosis in the myocardium, since our study
suggests AT1R is a potential target to block the mechanical stress-induced transition to the
myofibroblast phenotype. These results also provide insight into recent clinical findings that
AT1R inhibitors used to treat hypertension can also improve the function of fibrotic hearts,
and reduce the occurrence of heart failure [40].

Changes in α-SMA message levels provided the clearest demonstration of the divergent
signal transduction of cross flow and cyclic strain. Cross flow alone caused a nearly nine-
fold increase in message, while cyclic strain caused a decrease to the initial control level.
However, the combination of cyclic strain and cross flow resulted in α-SMA message levels
not significantly different from the 48 h control, suggesting that the two modes of
mechanical stimulation act through connected signaling pathways. Inhibition experiments
indicated that inactivation of AT1R attenuated the cross flow-induced effect, but only
blocking TGF-β negated both the flow-induced α-SMA message increase and the baseline
rise between the initial and 48 h controls. This result not only identifies AT1R as a
transduction receptor for cross flow, but also suggests that TGF-β1 is a master regulator of
the mechanical stress-induced myofibroblast transition. Further evidence for the role of
TGF-β1 as a regulator of mechanotransduction was provided by experiments in which
fibroblasts were exposed to hypoxic conditions. The low oxygen environment stimulated the
myofibroblast transition, as evidenced by increased collagen type III message levels, but did
so without the increase in TGF-β1 expression observed in cells exposed to cross flow.
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Finally, immunoblotting for phosphorylated smad2 indicated that cyclic strain blocked TGF-
β signaling by interfering with smad2 phosphorylation, though the receptor responsible for
strain transduction was not elucidated. Overall, these data provide a link between the
transduction of flow and strain, and show that these mechanical stimuli can have competing
effects.

Computational studies of the mechanics of hydrogels tested in our flow-strain bioreactor
have shown that the deformation of the hydrogel and interstitial fluid flow are also strongly
coupled in this system [41], as they are in vivo [20]. Due to the high porosity of the 3D
protein hydrogel, cyclic strain can cause substantial interstitial fluid flow within the matrix,
even in the absence of cross flow. In contrast, cross flow itself induces negligible strain-
induced stress within the hydrogel. In the present study only the cross flow condition caused
a marked increase in α-SMA, although the computational model predicted a considerable
amount of interstitial flow for the all three mechanical stimulation conditions examined
(flow, strain, and combined flow/strain). Therefore, application of mechanical strain clearly
attenuated the rise in α-SMA, even though it also induced interstitial flow. Taken together,
these results suggest that interstitial fluid flow is a potent initiator of signaling through
AT1R, but that cyclic deformation of the extracellular matrix is able to override or diminish
these effects.

The findings of the present study serve to illuminate the fibrotic response in cardiac tissue.
Since a fibrotic scar is characterized by excessive extracellular matrix deposition, it is stiffer
than surrounding myocardium. And because a cardiac scar is also characterized by an
absence of healthy, contracting cardiomyocytes, there is considerably less strain in the scar
than in surrounding regions. However, the scar region is still perfused by capillary networks
[2] and interstitial fluid may be increased by edema. Our study provides evidence that this
combination of mechanical factors may play a role in causing the transition of healthy
fibroblasts to the myofibroblast phenotype, thereby propagating the fibrotic response. Our
findings also provide a potential mechanism for the effects of losartan in treating fibrotic
hearts, since blocking of flow-mediated phenotype shifts in cardiac fibroblasts may be of
particular benefit. The in vitro model we used is necessarily a simplified version of the
complex cellular milieu of the myocardium. However it is a promising system for isolating
the effects of mechanical stresses in 3D systems, and therefore is of potential importance to
clinical trials focusing on the anti-fibrotic potential of losartan and its conjugates [42].

Highlights

1. interstitial flow promotes myofibroblast transition; cyclic strain inhibits
transition

2. effect of flow negated by blocking AT1R using losartan and shRNA

3. anti-TGF-β blocks flow-induced activation of cardiac fibroblasts

4. smad2 phosphorylation reduced in response to cyclic strain

5. results illuminate mechanisms for sensing flow/strain by cardiac fibroblasts
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AT1R angiotensin 2 type 1 receptor

α-SMA alpha-smooth muscle actin

TGF-β transforming growth factor beta

3D three dimensional

MMP1 matrix metalloproteinase 1

FBS fetal bovine serum

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

PDMS polydimethylsiloxane
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Figure 1. Control message levels as a function of time
Message expression of the 48 h and 96 h control samples levels showing collagen type I (A),
collagen type III (B), TGF-β (C), and α-SMA (D) after. Levels are normalized to initial (t=0)
levels.
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Figure 2. Message levels in response to strain, flow, and hypoxia
Influence of hypoxia and mechanical stimuli produced by cross flow and cyclic strain on
message levels of collagen type I (A), collagen type III (B), TGF-β (C), and α-SMA (D)
after 48 h of stimulation, indicating significant differences compared to initial control levels
(*: p<0.05) and showing significant differences compared to 48 h controls (†; p<0.05).
Relative quantity (RQ) is defined as 2−ΔΔCT, where CT is the cycles to threshold, double
normalized to both GAPDH and the initial control levels.
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Figure 3. The effect of mechanical and biochemical stimulation on DNA content
DNA concentrations quantified using the picoGreen assay were normalized to initial levels
for many of the testing conditions. No significant differences were found.

Galie et al. Page 14

Exp Cell Res. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Immunofluorescence of cells stimulated by strain and flow
Immunofluorescence images of embedded fibroblasts for initial, 48 h, and 96 h controls
(panels A–C) and for flow (panel D), strain (panel E), and strain + flow (panel F). Blue
indicates DAPI staining of the nucleus, red shows Texas red phalloidin staining of fibrillar
actin, and green represents FITC-stained anti-α-SMA. Note scale bars and higher
magnification in panels C and E, compared to A, B, D, F.
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Figure 5. Inhibition of AT1R and TGF-β
Effects of inhibition of AT1R and TGF-β on message levels of collagen type I (A), collagen
type III (B), TGF-β1 (C), and α-SMA (D), using a pan-specific TGF-β blocking antibody
(dark grey bars) and the AT1R antagonist, losartan (light grey bars). Immunofluorescence
images of cardiac fibroblasts treated with anti-TGF-β (E, F) and losartan (G, H) at both the
48 h control (E, G) and cross flow conditions (F, H). Blue corresponds to DAPI, red to
phalloidin, and green to anti-α-SMA. All images are 600 × 600 µm.
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Figure 6. Knockdown of AT1R using shRNA
The effects of shRNA knockdown of AT1R on flow-mediated phenotype shifts in cardiac
fibroblasts. A) Immunoblot verifying knockdown of AT1R. B–E) Message levels of key
phenotype markers in response to treatment with AT1R shRNA and scrambled shRNA, as
well as cross flow and 48 h controls. Relative quantities were normalized to initial controls
treated with scrambled shRNA. AT1R shRNA had no significant effect on initial controls
infected with scrambled shRNA.
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Figure 7. The effect of strain and flow on smad phosphorylation
Western blot of cardiac fibroblasts exposed to cyclic strain using smad2/3 (A) and phospho-
smad2 (B) antibodies. Representative lanes from silver staining (C) indicated uneven protein
loading caused by separation of cellular protein from the collagen hydrogel. The ratio of
phosphor-smad2 to total smad2 is quantified in (D). Immunohistochemistry of smad2/3 and
its localization to the nucleus during phosphorylation. E) shows images of cardiac
fibroblasts stained for smad2/3 and F) shows quantification of nuclear localization. G)
illustrates how smad2/3 is shuttled into the nucleus to affect transcription.

Galie et al. Page 18

Exp Cell Res. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Summary of proposed mechanism
Summary of the crosstalk between AT1R activation and TGF-β signaling in cardiac
fibroblasts undergoing fluid- and strain-induced mechanical stimulation.
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