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Abstract
Cardiac fibroblasts and their activated derivatives, myofibroblasts, play a critical role in

wound healing after myocardial injury and often contribute to long-term pathological out-

comes, such as excessive fibrosis. Thus, defining the microenvironmental factors that reg-

ulate the phenotype of cardiac fibroblasts and myofibroblasts could lead to new therapeutic

strategies. Both chemical and biomechanical cues have previously been shown to induce

myofibroblast differentiation in many organs and species. For example, transforming growth

factor beta 1, a cytokine secreted by neutrophils, and rigid extracellular matrix environments

have both been shown to promote differentiation. However, the relative contributions of

transforming growth factor beta 1 and extracellular matrix rigidity, two hallmark cues in

many pathological myocardial microenvironments, to the phenotype of human cardiac

fibroblasts are unclear. We hypothesized that transforming growth factor beta 1 and rigid

extracellular matrix environments would potentially have a synergistic effect on the differ-

entiation of human cardiac fibroblasts to myofibroblasts. To test this, we seeded primary

human adult cardiac fibroblasts onto coverslips coated with polydimethylsiloxane of various

elastic moduli, introduced transforming growth factor beta 1, and longitudinally quantified

cell phenotype by measuring expression of a-smooth muscle actin, the most robust

indicator of myofibroblasts. Our data indicate that, although extracellular matrix rigidity

influenced differentiation after one day of transforming growth factor beta 1 treatment,

ultimately transforming growth factor beta 1 superseded extracellular matrix rigidity as

the primary regulator of myofibroblast differentiation. We also measured expression of

POSTN, FAP, and FSP1, proposed secondary indicators of fibroblast/myofibroblast phenotypes. Although these genes partially

trended with a-smooth muscle actin expression, they were relatively inconsistent. Finally, we demonstrated that activated

myofibroblasts incompletely revert to a fibroblast phenotype after they are re-plated onto new surfaces without transforming

growth factor beta 1, suggesting differentiation is partially reversible. Our results provide new insights into how microenviron-

mental cues affect human cardiac fibroblast differentiation in the context of myocardial pathology, which is important for iden-

tifying effective therapeutic targets and dictating supporting cell phenotypes for engineered human cardiac disease models.
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Impact statement
Heart disease is the leading cause of death

worldwide. Many forms of heart disease

are associated with fibrosis, which

increases extracellular matrix (ECM) rigidity

and compromises cardiac output. Fibrotic

tissue is synthesized primarily by myofi-

broblasts differentiated from fibroblasts.

Thus, defining the cues that regulate myo-

fibroblast differentiation is important for

understanding the mechanisms of fibrosis.

However, previous studies have focused

on non-human cardiac fibroblasts and

have not tested combinations of chemical

and mechanical cues. We tested the

effects of TGF-b1, a cytokine secreted by

immune cells after injury, and ECM rigidity

on the differentiation of human cardiac

fibroblasts to myofibroblasts. Our results

indicate that differentiation is initially influ-

enced by ECM rigidity, but is ultimately

superseded by TGF-b1. This suggests that

targeting TGF-b signaling pathways in

cardiac fibroblasts may have therapeutic

potential for attenuating fibrosis, even in

rigid microenvironments. Additionally, our

approach can be leveraged to engineer

more precise multi-cellular human cardiac

tissue models.
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Introduction

Ventricular myocardium consists of cardiac myocytes
embedded in an extracellular matrix (ECM) network syn-
thesized and maintained primarily by cardiac fibroblasts.
After many forms of injury, cardiac fibroblasts and their
activated derivatives, myofibroblasts, play a critical role
in the wound healing response. For example, after a myo-
cardial infarction, cardiac myocytes downstream of an
occluded coronary artery undergo injury that can progress
to apoptosis. This initiates an inflammatory response
and recruitment of macrophages and neutrophils.1,2

Neutrophils secrete various cytokines and growth factors,
including transforming growth factor beta 1 (TGF-b1),
which binds to TGF-b receptors and activates the TGF-
b/Smad pathway in fibroblasts.3 Smad proteins translocate
to the nucleus and upregulate transcription of ECM pro-
teins and alpha smooth muscle actin (a-SMA), a critical
component of contractile microfilaments is expressed in
myofibroblasts.4,5 Consequently, myofibroblasts deposit
more ECM molecules and are more contractile than quies-
cent fibroblasts, exhibiting a phenotype intermediate to
fibroblasts and smooth muscle cells.6 After an infarction,
activated myofibroblasts proliferate, contract, and deposit
ECMmolecules at the site of injury, ultimately forming stiff,
fibrotic tissue7 and providing mechanical stability to com-
pensate for any loss of myocytes.8 In other tissue types,
such as skin, myofibroblasts typically undergo apoptosis
after repairing minor injuries.9 However, myofibroblasts
persist in the myocardium due to the nominal regeneration
of cardiac myocytes. These lingering myofibroblasts can
contribute to many pathological outcomes,10,11 including
arrhythmias by interfering with cardiac myocyte cell–cell
communication.12–15

Although cardiac myofibroblasts are known to contrib-
ute to many injury responses and pathological remodeling
processes in the ventricle, the cues that induce the differen-
tiation of human cardiac myofibroblasts from fibroblasts
are still incompletely understood. In animal models,
TGF-b1 has been shown to activate the differentiation of
fibroblasts to myofibroblasts and contribute to cardiac
hypertrophy and fibrosis.16,17 Similarly, exogenous TGF-
b1 applied in vitro has been shown to induce myofibroblast
differentiation in skin, lung, kidney, and cardiac fibro-
blasts.5,18–21 Mechanical stimuli have also been shown to
activate the fibroblast to myofibroblast transition. For
example, the in vitro differentiation of bronchial,22 valvu-
lar,23 and cardiac24 fibroblasts to myofibroblasts increases
with increasing rigidity of the substrate, suggesting that
fibrotic scar tissue, which is deposited by myofibroblasts
themselves, could positively reinforce myofibroblast phe-
notypes. Other forms of mechanical stimulation, including
cyclic stretch25 and perpendicularly-applied forces,26 have
also been shown to induce differentiation of cardiac fibro-
blasts into myofibroblasts. Additionally, increased
substrate rigidity has been shown to promote the TGF-b1-
induced differentiation of bronchial27 and portal28 fibro-
blasts to myofibroblasts, suggesting that chemical and
biomechanical cues can have combinatorial, or potentially
synergistic, effects on fibroblast-myofibroblast phenotypes.

However, the relative contributions of TGF-b1 and ECM
rigidity to cardiac fibroblast-myofibroblast differentiation
have not been established, which is important for delineat-
ing the microenvironmental cues that have the greatest
impact and potential as therapeutic targets after myocardi-
al injury. Additionally, most studies with cardiac fibroblasts
to date have been limited to primary rodent fibroblasts,
which may not translate to humans.

Our objective was to determine how increases in ECM
rigidity and TGF-b1 exposure independently and jointly
regulate human cardiac fibroblast-myofibroblast pheno-
type. We chose these two cues because they are both pre-
sent in injured myocardium and have previously been
shown to independently induce differentiation of fibro-
blasts to myofibroblasts, although primarily in non-
human cell types.24,29 First, we cultured primary human
adult cardiac fibroblasts on coverslips coated with polydi-
methylsiloxane (PDMS) of three distinct elastic moduli,
treated cells with TGF-b1, and quantified a-SMA expres-
sion over time by immunostaining and quantitative real-
time PCR (RT-PCR). Overall, our results indicate that
a-SMA expression on the gene and protein level is more
dominantly regulated by exogenous TGF-b1 compared to
substrate rigidity. We also used RT-PCR to quantify expres-
sion of other proposed fibroblast/myofibroblast markers,
such as periostin. However, the secondary markers that
we evaluated were less robustly regulated by TGF-b1 com-
pared to a-SMA. Due to the proposed role of cardiac fibro-
blasts/myofibroblasts in arrhythmogenesis, we also
quantified the expression of GJA1, which encodes for con-
nexin 43 (Cx43) protein. However, we did not identify any
significant differences in GJA1 expression due to TGF-b1 or
matrix rigidity. Finally, to determine if myofibroblast phe-
notype is reversible, we re-plated myofibroblasts activated
by TGF-b1 onto new coverslips and maintained them with-
out TGF-b1, which led to a partial reversal to the fibroblast
phenotype. Collectively, these results provide new insights
into how human cardiac fibroblast and myofibroblast phe-
notypes are differentially regulated by chemical and bio-
mechanical cues present in pathological cardiac
microenvironments. These data can contribute to the iden-
tification of new therapeutic targets for slowing or revers-
ing the transition of fibroblasts to myofibroblasts, which
could ultimately minimize fibrosis. Additionally, the
approaches we developed to dictate human cardiac fibro-
blast and myofibroblast phenotypes can be leveraged for
future in vitro studies, such as co-culturing with cardiac
myocytes or engineering more precise multi-cellular
human cardiac disease models.

Material and methods

Fabrication of tunable PDMS substrates

Three types of PDMS with distinct elastic moduli were pre-
pared using Sylgard 184 silicone elastomer and Sylgard 527
silicone dielectric gel (Dow Corning, Midland, MI, USA).
Pure Sylgard 184, referred to as high, was prepared by
mixing the base component with the curing agent at a
10:1 mass ratio. Pure Sylgard 527, referred to as low, was
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prepared by mixing components A and B at a 1:1 mass
ratio. A 1:20 mass ratio of Sylgard 184 and Sylgard 527,
referred to as moderate, was also prepared, similar to pre-
vious studies.30–32 Each substrate was mixed and degassed
using a planetary centrifugal mixer (AR-100, Thinky, Japan)
and spin-coated onto 25 mm diameter glass coverslips
(Electron Microscopy Sciences, Hatfield, PA, USA) using a
G3P-8 spincoater (Specialty Coating Systems, Indianapolis,
IN, USA), as described previously.33 PDMS-coated cover-
slips were treated with ultraviolet ozone cleaner (Jelight
Company Inc., Irvine, CA, USA) for 8 min, uniformly
coated with 150 mL of human fibronectin (50 mg/mL,
Corning, Corning, NY, USA) or rat tail collagen type I
(200 mg/mL, Corning) for 2 min, rinsed with PBS, and
maintained at room temperature until seeded with cells
on the same day.

Cell culture

Primary human adult cardiac fibroblasts (Lot 3131, Cell
Applications Inc., San Diego, CA, USA) were thawed into
a 75 cm2 cell culture flask with fibroblast growth medium,
consisting of low glucose DMEM (1 g/L glucose) supple-
mented with 10% v/v fetal bovine serum (FBS) (Gibco,
Waltham, MA, USA) and 1% v/v penicillin-streptomycin
solution (10,000 U/mL penicillin, 10,000 mg/mL streptomy-
cin). Cells were passaged at 90% confluence into 175 cm2

cell culture flasks by incubating the cells with trypsin-
EDTA for 4 min at room temperature, immediately
adding trypsin neutralizing solution, centrifuging the cell
solution at 300g for 5 min, and re-suspending the cell pellet
in fibroblast growth medium. These cells were subsequent-
ly seeded onto PDMS coverslips in six-well plates at a den-
sity of 36,500 cells/cm2 and serum-arrested with 0.1% or
0.5% serum the following day. Cells used for experiments
were between passages four and eight. After an additional
48 h, TGF-b1 (2 or 10 ng/mL, R&D Systems, Minneapolis,
MN, USA) was added to select wells. Media was replen-
ished every 48 h, including the re-application of TGF-b1 for
treated wells.

For re-plating experiments, TGF-b1-treated and
untreated fibroblasts maintained on high PDMS-coated
coverslips for six days were dissociated with trypsin-
EDTA for 2 min. Constructs were placed in the incubator
for 1 min during dissociation to enhance cell detachment.
The trypsin solution was immediately neutralized with
trypsin neutralizing solution and the cell solution was cen-
trifuged at 300g for 5 min at 4�C. The supernatant was aspi-
rated and 2 mL of growth media was added to re-suspend
the cell pellet. The cells were seeded onto new PDMS-
coated coverslips of high stiffness and serum-arrested
with 0.1% serum the following day.

Immunostaining

Cells were fixed with 4% paraformaldehyde for 10 min and
subsequently permeabilized with 0.2% Triton X-100 solu-
tion for 10 min. Fixed cells were incubated with a mono-
clonal mouse anti-a-SMA (1:200, Thermo Fisher Scientific,
Waltham, MA, USA) primary antibody overnight at 4�C.
After PBS rinses, cells were incubated with DAPI (1:200,

Life Technologies, Waltham, MA, USA), Alexa Fluor 488
Phalloidin (1:200, Life Technologies), and Alexa Fluor 546
goat anti-mouse secondary antibody (1:200, Life
Technologies) for 90 min at room temperature. Coverslips
were mounted onto glass slides with a drop of ProLong
Gold Anti-Fade Mountant (Life Technologies), and sealed
with nail polish.

Microscopy and image analysis

High-resolution fluorescent images were captured using a
60� oil objective on a Nikon C2 point-scanning confocal
microscope. Lower resolution fluorescent images at nine
locations dispersed across the coverslips were captured
using a 20� air objective on a Nikon Eclipse Ti-S inverted
fluorescent microscope and an Andor Zyla scientific CMOS
camera. A 2� 2 tile scan with 15% overlap was utilized
to increase sampling area (total field of view:
1.56mm� 1.32mm).

To analyze tile scan images, a custom macro was written
in ImageJ to automatically count the total number of nuclei
per field of view based on DAPI fluorescence. A Gaussian
Blur (value of 4.0) was first applied to blur the image and
minimize variances in pixel color exposure. Next, manual
thresholding of the image was used to generate a black
background with white ellipses corresponding to nuclei.
The Watershed function was applied to delineate and sep-
arate overlapping nuclei. The Analyze Particles function
was used to set the size range of the particles from 20mm2

to infinity to ensure only nuclei were counted and small
background noise was omitted. Manual thresholding of
actin and a-SMA images was used to quantify the total
actin-positive pixels and the total a-SMA-positive pixels,
respectively. These values were divided by the total
number of pixels in the image to determine actin and
a-SMA coverage, respectively.

Gene expression analysis

mRNA transcripts were isolated and collected using the
Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA,
USA). mRNA concentrations and 260/280 ratios were mea-
sured with a Nanodrop (Thermo Fisher Scientific). As
needed, a SpeedVac Concentrator (Thermo Fisher
Scientific) was used to increase mRNA concentration.
Only mRNA concentrations above 90 ng/mL and 260/280
ratios above 2.0 were used for cDNA synthesis. cDNAwas
then synthesized via reverse transcription using the iScript
Reverse Transcription Supermix for RT-qPCR kit (Bio-Rad)
and was stored at �80�C. qPCR was performed by mixing
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad),
cDNA, and the various primers (Bio-Rad) listed in
Supplemental Table S1 into a 384-well PCR plate, according
to the instructions of the manufacturer. The plate was
inserted into the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad) to obtain cycle threshold (Ct) data sets for
each condition. Gene expression was normalized relative to
the housekeeping gene GAPDH. Average expression
values were computed using the standard comparative Ct
method, as described previously.34
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Statistics

All data sets were first validated for normality using the
Kolmogorov–Smirnov test in MATLAB (MathWorks,
Natick, MA, USA). The data were then analyzed using
one-way and/or two-way ANOVA followed by Tukey’s
test for multiple comparisons in MATLAB, with a set to
0.05. Data for each condition were gathered from at least
four independent experiments and multiple regions of
interest per sample were collected and averaged for
image analysis.

Results

Effects of ECM ligand, serum concentration, and

TGF-b1 concentration on human cardiac fibroblast

adhesion and differentiation

To determine the independent and combined effects of sub-
strate rigidity and TGF-b1 on the phenotype of primary
human cardiac fibroblasts, we first established our experi-
mental parameters in a series of pilot experiments. To deter-
mine the optimal ECM ligand for long-term cell adhesion,
we coated high PDMS coverslips with 50 mg/mL of human
fibronectin or 200 mg/mL rat tail collagen type I. We seeded
substrates with primary human adult cardiac fibroblasts
and, after one day, reduced FBS levels to 0.1% or 0.5%.

We tested these two levels of FBS because high-serum can
cause uncontrolled myofibroblast differentiation due to the
presence of many confounding molecules in FBS, but low-
serum can compromise cell adhesion. Next, we treated cells
with 10 ng/mLTGF-b1 (a relatively high dose) and stained
cells for nuclei, actin, and a-SMA after five days. To char-
acterize cell phenotypes, we quantitatively analyzed our
immunostained images (Figure 1(a)). To access cell density,
we applied a threshold to images of nuclei and quantified
nuclei per mm2. Becausemyofibroblasts aremorphological-
ly flatter and more elongated compared to small, spindle-
like fibroblasts,35,36 we also quantified actin coverage as
proxy for cell size. As shown in Supplementary Figure S1
(a) and (b), cell density and actin coverage were similar in
both FBS concentrations, but were much lower on collagen I
compared to fibronectin. Next, we quantified a-SMA/actin
coverage because a-SMA is only expressed by myofibro-
blasts and therefore a-SMA/actin coverage reflects the per-
centage of myofibroblasts. a-SMA/actin coverage was high
in all conditions, as expected due to TGF-b1 treatment.
Additionally, a-SMA/actin coverage was independent of
ECM ligand and serum concentration (Supplementary
Figure S1(c)), suggesting that myofibroblast differentiation
was unaffected by either variable. Thus, based on these
pilot experiments, we selected fibronectin as our ECM
ligand and 0.1% serum to maximize cell adhesion and

Figure 1. Image processing techniques and experimental timeline. (a) Representative raw and thresholded images of nuclei, actin, and a-SMA in untreated and TGF-

b1-treated human cardiac fibroblasts (scale bars: 200 mm). (b) Experimental timeline for culturing cardiac fibroblasts with reduced serum and TGF-b1 treatment.

(A color version of this figure is available in the online journal.)
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minimize proliferation and any other confounding effects
of serum.

Previous studies have utilized TGF-b1 concentrations
ranging from 2 to 10 ng/mL and maintained fibroblasts
and myofibroblasts anywhere from two to five
days.19,20,37–39 Thus, we next characterized the effects of 2
and 10 ng/mLTGF-b1 over five days in culture to establish
the optimal dosing and time course of TGF-b1 activation.
As shown in Supplementary Figure S2(a), cell density was
relatively similar between control and 2 and 10 ng/mL of
TGF-b1, with a slight decrease over time in culture in all
conditions. However, actin (Supplementary Figure S2(b))
and a-SMA/actin (Supplementary Figure S2(c)) coverage
in both TGF-b1 conditions were similar and higher than
the control condition, suggesting that 2 and 10 ng/mL
TGF-b1 have a similar effect on myofibroblast differentia-
tion. Additionally, nearly all cells were differentiated after
three and five days of treatment. Given these results, we
selected 2 ng/mL TGF-b1 and five days of treatment as the
upper limit for remaining experiments.

Regulation of cardiac myofibroblast differentiation by
TGF-b1 and ECM rigidity

To test the impact of ECM rigidity and TGF-b1 on the dif-
ferentiation of human cardiac fibroblasts to myofibroblasts,
we next fabricated three types of PDMS-coated coverslips
with elastic moduli of 1.61 kPa, 27.4 kPa, and 2.68 MPa,32

referred to as low, moderate, and high. These substrates
were selected because they roughly mimic the rigidity
and/or mechanical load experienced by fibroblasts in a
developing heart, a healthy heart, and a fibrotic and/or
pressure overload heart.7,40 Based on our optimization
experiments, we coated these coverslips with human fibro-
nectin, seeded them with primary human cardiac fibro-
blasts, and reduced serum to 0.1% after one day. After an
additional two days in culture, we introduced 2 ng/mL of

TGF-b1 to select coverslips and immunostained both
untreated and treated cells after an additional one, three,
and five days in culture (days 1, 3, and 5), as shown in
Figure 1(b). Next, we captured high resolution images to
characterize a-SMA expression and localization. As shown
in Figure 2, we observed actin fibers in all cells in all con-
ditions. In select cells, we also observed a-SMA signal
co-localized with actin fibers, which is a hallmark of myo-
fibroblasts. We also observed that most cells treated with
TGF-b1 were positive for a-SMA on low, moderate, and
high PDMS substrates. However, without TGF-b1 treat-
ment, fewer than half the cells were positive for a-SMA
on all PDMS substrates. Additionally, cells treated with
TGF-b1 qualitatively occupied more surface area compared
to untreated cells. Thus, TGF-b1 appeared to have a more
substantial effect on myofibroblast differentiation com-
pared to ECM rigidity.

To quantify differences in phenotype, we next captured
multiple lower resolution tile scans to increase our sam-
pling area and quantified nuclei density, actin coverage,
and a-SMA/actin coverage, as described above (Figure 1
(a)). Within each time point, we first compared cell density
across all conditions using one-way ANOVA and multiple
comparisons and found no significant differences (Figure 3
(a)). However, we did observe a general downward trend in
cell density with time, which is likely because the low-
serum media arrested proliferation. We also conducted a
two-way ANOVA to quantify the independent effects of
substrate rigidity and TGF-b1 treatment on nuclei density
(Table 1) and similarly found no significant differences at
any timepoint. These results suggest that neither substrate
rigidity nor TGF-b1 treatment had a significant impact on
cell adhesion, proliferation, and/or apoptosis.

We next quantified actin coverage to characterize cell
size. Based on one-way ANOVA and multiple comparison
analysis, we observed no significant differences after one

Figure 2. Cell morphology and a-SMA expression due to ECM rigidity and TGF-b1 treatment. Representative images of human cardiac fibroblasts cultured for five

days on low, moderate, and high PDMS-coated coverslips with or without 2 ng/mL TGF-b1 (blue: nuclei, green: actin, red: a-SMA, scale bars: 25 mm).
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day of TGF-b1 treatment (Figure 3(b)). On days 3 and 5, we
observed several instances of statistically higher actin cov-
erage in TGF-b1-treated cells compared to untreated cells,
as shown in Figure 3(b), but no differences due to rigidity.
Our two-way ANOVA analysis similarly demonstrated
that actin coverage was regulated by TGF-b1, but not
ECM rigidity, on days 3 and 5. Higher actin coverage com-
bined with a relatively similar nuclei count implies that
cells treated with TGF-b1 had a larger surface area than
those without TGF-b1, which is consistent with a myofibro-
blast phenotype in TGF-b1-treated cells.

We next compared a-SMA/actin coverage within each
timepoint because a-SMA is the most widely used marker
for cardiac myofibroblasts. On Day 1, our one-way ANOVA
andmultiple comparison tests revealed that TGF-b1-treated
cells on high PDMS had significantly greater a-SMA/actin
coverage compared to all untreated cells (Figure 3(c)), sug-
gesting that high substrate rigidity promoted TGF-b1-medi-
ated differentiation to myofibroblasts. Additionally, on day
3, cells on high PDMS without TGF-b1 had higher a-SMA/
actin coverage compared to cells on moderate PDMS with-
out TGF-b1, potentially because high substrate rigidity pro-
moted myofibroblast differentiation, even without TGF-b1.
However, on days 3 and 5, TGF-b1 was the dominant reg-
ulator of fibroblast differentiation, as all treated cells had
significantly higher a-SMA/actin coverage than all
untreated cells, independent of substrate rigidity. Our
two-way ANOVA analysis (Table 1) identified that
a-SMA/actin coverage was regulated by TGF-b1 on days
1, 3, and 5. However, substrate rigidity regulated a-SMA/
actin coverage on day 3, suggesting that this parameter also
has an impact, although less prominent than TGF-b1.
Collectively, these data suggest that the differentiation of
fibroblasts to myofibroblasts is regulated predominantly
by TGF-b1 compared to ECM rigidity, but that ECM rigidity
potentially accelerates the differentiation process.

Expression of fibroblast- andmyofibroblast-associated
genes due to TGF-b1 and ECM rigidity

To determine if ECM rigidity and/or TGF-b1 impact tran-
scription, we first performed RT-PCR on days 1 and 3 to
quantify expression of the ACTA2 gene, which encodes for
a-SMA. Our one-way ANOVA and multiple comparison
analysis indicated that ACTA2 was significantly upregu-
lated in nearly all TGF-b1-treated cells on both day 1 and

Figure 3. Quantification of cell morphology and a-SMA expression due to ECM

rigidity and TGF-b1 treatment. Human cardiac fibroblasts were cultured on low,

moderate, and high PDMS-coated coated coverslips with or without 2 ng/mL

TGF-b1 for one, three, and five days. Cells were immunostained and cell density

(a), actin coverage (b), and a-SMA/actin coverage (c) were quantified from

immunostained images (n¼ 4, bars indicate mean� standard error of the mean,

*P<0.05 and **P< 0.01 according to one-way ANOVA and Tukey’s test for

multiple comparisons. For detailed statistical analysis, see Supplementary

Tables S2 to S4). (A color version of this figure is available in the online journal.)

Table 1. Two-way ANOVA P-values.

Day

ECM

Rigidity TGF-b1 Interaction

Cell density 1 0.5316 0.8926 0.7083

3 0.3082 0.1459 0.8041

5 0.6812 0.1569 0.9875

Actin coverage 1 0.1268 0.8791 0.7008

3 0.3607 <0.0001* 0.7373

5 0.7807 <0.0001* 0.9068

a-SMA/actin coverage 1 0.0655 <0.0001* 0.5635

3 0.0474* <0.0001* 0.0283*

5 0.3342 <0.0001* 0.1021

ACTA2 relative expression 1 0.3255 <0.0001* 0.4763

3 0.6160 <0.0001* 0.7983

POSTN relative expression 1 0.8103 <0.0001* 0.2997

3 0.6836 0.1872 0.4287

FAP relative expression 1 0.8928 0.0032* 0.3781

3 0.4506 0.0016* 0.0670

FSP1 relative expression 1 0.5935 <0.0001* 0.1548

3 0.5417 0.0172* 0.5088

GJA1 relative expression 1 0.8300 0.8398 0.2188

3 0.0953 0.9058 0.0609

Note: Data for all conditions were normally distributed, as determined by the

Kolmogorov–Smirnov test (n¼ 4, *P<0.05).

ECM: extracellular matrix.
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day 3 compared to untreated cells, independent of sub-
strate rigidity (Figure 4(a)). This result was corroborated
with our two-way ANOVA test (Table 1), which indicated
that ACTA2 expression was regulated by TGF-b1, but not
substrate rigidity, on days 1 and 3. Compared to our RT-
PCR data, our immunostaining results did not show stark
distinctions due to TGF-b1 treatment as early as day 1, but
this could be due to the delay between transcription and
translation. Also, unlike our immunostaining results, we
did not detect any differences in ACTA2 expression due
to rigidity. However, the differences we observed with
immunostaining were relatively subtle and could be attrib-
uted to differences in assay sensitivity. Thus, our RT-PCR
data for ACTA2 are mostly consistent with our

immunostaining results for a-SMA, as both datasets sug-
gest that TGF-b1 dominates over ECM rigidity in differen-
tiating human cardiac fibroblasts to myofibroblasts.

We also used RT-PCR to quantify expression of POSTN
and FAP because these genes have been proposed in the
literature as markers of myofibroblasts. POSTN encodes for
periostin, an osteogenic protein commonly expressed in
mesenchymal cells that interacts with structural compo-
nents of the ECM and is associated with fibrosis. Studies
have shown that periostin is expressed by myofibroblasts
after myocardial infarction41 and in dermal wounds.42 On
day 1, we observed increases in POSTN expression in TGF-
b1-treated cells on moderate PDMS compared to untreated
cells on soft and moderate PDMS by one-way ANOVA and

Figure 4. Relative changes in gene expression due to ECM rigidity and TGF-b1 treatment. Human cardiac fibroblasts were cultured on low, moderate, and high

PDMS-coated coated coverslips with or without 2 ng/mL TGF-b1 for one, three, and five days. RT-PCR was used to quantify the relative expression of (a) ACTA2,

(b) POSTN, (c) FAP, (d) FSP1, and (e) GJA1. All data were normalized to high PDMS control group on Day 1. (n¼ 4, bars indicate mean �standard error of the mean,

*P< 0.05 and **P< 0.01 according to one-way ANOVA and Tukey’s test for multiple comparisons. For detailed statistical analysis, see Supplementary Tables S5 to

S9). (A color version of this figure is available in the online journal.)
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multiple comparisons (Figure 4(b)). Our two-way ANOVA
analysis revealed that POSTN expression is regulated by
TGF-b1 on day 1, but not substrate rigidity (Table 1). On
day 3, we observed no differences in POSTN expression by
one-way or two-way ANOVA, suggesting that POSTN sen-
sitivity to TGF-b1 decreases over exposure time. FAP enc-
odes for fibroblast activation protein (FAP), which has been
associated with proliferation and migration of activated
stromal fibroblasts in human carcinomas.43

Myofibroblasts were also shown to express FAP after myo-
cardial infarction in vivo and in response to TGF-b1 in
vitro.44 In our study, the only statistical differences we
observed through one-way ANOVA and multiple compar-
isons were an increase in FAP expression in TGF-b1-treated
cells on low and moderate PDMS compared to untreated
cells on moderate PDMS on day 3 (Figure 4(c)). However,
our two-way ANOVA analysis indicated that FAP expres-
sion is regulated by TGF-b1 on day 1 and day 3. Thus, in
several instances, both POSTN and FAP expression was
higher in TGF-b1-treated cells compared to untreated
cells, although results were not as consistent as ACTA2.

We next measured FSP1 expression using RT-PCR. FSP1
encodes for fibroblast specific protein-1 (FSP1), which pro-
motes fibrosis and is shown to be upregulated in rat cardiac
fibroblasts after myocardial infarction.45 However, FSP1 is
also known to be expressed by many non-fibroblast cell
types after an infarction, including endothelial cells and
hematopoietic cells.46 Thus, it is unclear if FSP1 is a
robust marker for identifying fibroblasts versus myofibro-
blasts. Our one-way ANOVA test revealed several
decreases in FSP1 expression in TGF-b1-treated cells com-
pared to untreated cells (Figure 4(d)), but no differences on
day 3. Our two-way ANOVA test indicated that FSP1
expression is regulated by TGF-b1 on both day 1 and day
3 (Table 1). These results suggest that FSP1 expression is
reduced due to TGF-b1 treatment in primary human cardi-
ac fibroblasts and mostly unaffected by matrix rigidity.

GJA1 encodes for Cx43, the major gap junction protein
expressed by cardiac myocytes in ventricular myocardium
to facilitate cell-to-cell action potential propagation.47 The
ability of fibroblasts and/or myofibroblasts to express Cx43
and form functional gap junction channels with cardiac
myocytes has been widely debated.12–15 Thus, we used
RT-PCR to investigate if GJA1 expression is impacted by
TGF-b1 and/or matrix rigidity in human cardiac fibro-
blasts. Both our one-way (Figure 4(e)) and two-way
ANOVA (Table 1) analysis indicated no significant differ-
ences in GJA1 expression between untreated and TGF-b1-
treated cells at day 1 or 3, suggesting that fibroblasts
and myofibroblasts in monoculture express similar levels
of GJA1.

Reversibility of myofibroblast phenotype

Myofibroblasts are thought to de-differentiate into quies-
cent fibroblasts after differentiation stimuli are
removed.23,48 However, the extent of reversibility has not
been thoroughly investigated, especially in human cardiac
myofibroblasts. To establish if human cardiac myofibro-
blasts can de-differentiate, we first cultured fibroblasts for
three days in the absence and presence of TGF-b1 on high
PDMS to generate fibroblasts and myofibroblasts, respec-
tively. Because ECM rigidity had a minimal impact on phe-
notype, we excluded this as a variable for these
experiments. Next, we trypsinized and re-plated the cells
onto high PDMS-coated coverslips and maintained them in
the absence of TGF-b1. After an additional two and seven
days, we immunostained re-plated cells for nuclei, actin,
and a-SMA and characterized their phenotype using the
image processing tools described above. Cell density was
similar in all conditions and did not significantly change
over the seven days (Figure 5(a)). However, actin coverage
was significantly higher in cells pre-treated with TGF-b1
compared to untreated cells, although the difference
became smaller over time (Figure 5(b)). a-SMA/actin

Figure 5. Quantification of cell morphology and a-SMA expression after re-plating untreated and TGF-b1-treated cells in the absence of TGF-b1. On day 3, untreated

and TGF-b1-treated cells on high PDMS coverslips were trypsinized, re-plated onto high PDMS coverslips, and maintained without TGF-b1 for an additional two and

seven days. Cells were immunostained and cell density (a), actin coverage (b), and a-SMA/actin coverage (c) were quantified from immunostained images (n¼ 4, bars

indicate mean� standard error of the mean, *P< 0.05 and **P< 0.01 according to one-way ANOVA and Tukey’s test for multiple comparisons. For detailed statistical

analysis, see Supplementary Tables S10 to S12). (A color version of this figure is available in the online journal.)
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coverage was significantly higher in cells pre-treated with
TGF-b1 compared to untreated cells on day 2 and day 7
(Figure 5(c)), although the differences were not as substan-
tial compared to our earlier experiments with sustained
TGF-b1 treatment (Figure 3). These data indicate that myo-
fibroblasts partially maintain their phenotype for at least a
week after re-plating and TGF-b1 withdrawal.

Discussion

In the myocardium, many forms of injury and pathological
remodeling are associated with increases in both ECM
rigidity and TGF-b1 secretion by immune cells. However,
the relative contribution of each of these microenvironmen-
tal cues in the differentiation of human cardiac fibroblasts
to myofibroblasts has not been clearly established with
existing in vivo and in vitro models. To address this, we
cultured primary human cardiac fibroblasts on tunable
PDMS substrates to control ECM rigidity and selectively
treated cells with TGF-b1. Our results suggest that the
rigidity of the microenvironment has some subtle effects
on differentiation, but overall, TGF-b1 treatment dominates
myofibroblast differentiation. These data suggest that the
differentiation of cardiac fibroblasts to myofibroblasts is
more sensitive to inflammatory responses after injury
rather than increases in ECM rigidity secondary to fibrotic
remodeling. We also quantified the expression of several
genes previously associated with fibroblasts or myofibro-
blasts to establish their robustness as indicators of cell phe-
notype in vitro. Although some secondary markers trended
with one phenotype,ACTA2was the only gene consistently
regulated by TGF-b1 treatment.

In our study, we first used cell density, actin coverage,
and a-SMA/actin coverage as benchmarks to select an
ECM ligand type, serum concentration, and TGF-b1 dose
that maintained cell adhesion and viability and minimized
any confounding effects due to these factors. Based on these
data, we cultured cells on fibronectin instead of collagen I
because cell adhesion was substantially higher on fibronec-
tin compared to collagen I. However, a-SMA/actin cover-
age was similar on both substrates, which indicates that
myofibroblast activation was unaffected by ECM ligand.
In many fibrotic conditions, such as after a myocardial
infarction, both collagen I and fibronectin are increased.1,49

Thus, both ligands represent aspects of the native cardiac
microenvironment. We also found that cell density, actin
coverage, and a-SMA/actin coverage were similar in
0.1% and 0.5% FBS and with 2 and 10 ng/mLTGF-b1, sug-
gesting that our results are likely independent of FBS and
TGF-b1 concentrations within these ranges.

To delineate the impact of ECM rigidity and TGF-b1, we
uniformly coated fibronectin onto PDMS-coated coverslips
with elastic moduli of 1.61 kPa, 27.4 kPa, and 2.68 MPa.
These values roughly correspond to developing myocardi-
um, healthy myocardium,40,50 and myocardium that is
highly fibrotic and/or under high pressure overload,7,51

two conditions commonly observed after an infarction
and other forms of injury. Although PDMS has highly syn-
thetic properties, it is easier to controllably fabricate and
handle for experimental measurements (especially

microscopy) compared tomany ECM-derived biomaterials.
Thus, we could monitor fibroblast differentiation due to
substrate rigidity and TGF-b1 in simple, yet relatively
physiologically-relevant, constructs. We found that cell
density was constant across all conditions at each time
point, indicating that substrate rigidity and TGF-b1 had
minimal impact on phenotypes such as cell adhesion or
proliferation. In several instances, actin coverage increased
only due to TGF-b1 treatment, suggesting that TGF-b1, but
not ECM rigidity, induces an increase in cell size, charac-
teristic of myofibroblasts. We also found that TGF-b1 treat-
ment caused an increase in ACTA2 gene expression as early
as day 1. This was followed by a substantial increase in
a-SMA/actin coverage on days 3 and 5 in TGF-b1-treated
cells. ECM rigidity also had some subtle effects on differ-
entiation. For example, a-SMA/actin coverage was
increased due to TGF-b1 treatment only on high PDMS
on day 1, suggesting that fibroblasts have increased sensi-
tivity to TGF-b1 on stiffer substrates and/or differentiate
more rapidly on stiffer substrates. However, overall, TGF-
b1 had a much stronger effect on phenotype compared to
ECM rigidity. Our data are mostly in agreement with pre-
vious studies, which have also shown stark increases in
a-SMA due to TGF-b1.17,38,52,53

Besides a-SMA, there are limited definitive markers that
clearly distinguish cardiac fibroblasts from myofibro-
blasts.54 Here, we measured the expression of the genes
for periostin (POSTN), FAP (FAP), and FSP1 (FSP1) because
they have each been postulated to be differentially
expressed by fibroblasts and myofibroblasts. Periostin is a
secreted osteogenic protein that interacts with the ECM and
promotes wound repair. Several studies have shown that
cardiac myofibroblasts, but not fibroblasts, express perios-
tin after injury in vivo.41,55,56 Similarly, periostin is
up-regulated in dermal mouse myofibroblasts during cuta-
neous wound repair in vivo.42 In our experiments, we
observed that POSTN expression was higher in TGF-b1-
treated cells on day 1, but these differences were attenuated
by day 3. This suggests that periostin is acutely up-
regulated in cardiac fibroblast/myofibroblasts after TGF-
b1 exposure, but maybe not for prolonged periods of
time. Similar to periostin, FAP also promotes wound
repair after an infarction. Elevated FAP expression has
been observed in rat cardiac myofibroblasts after myocar-
dial infarction in vivo and in human cardiac myofibroblasts
after TGF-b1 treatment in vitro.44 We observed that FAP
expression was increased due to TGF-b1 treatment on
both days 1 and 3 of treatment. Thus, although POSTN
and FAP were not as consistently or strikingly impacted
by TGF-b1 treatment compared to a-SMA, they still trended
with a myofibroblast phenotype, suggesting they are rele-
vant secondary markers for human cardiac myofibroblasts.

FSP1 encodes for FSP1, which has been shown to be
expressed by rat cardiac fibroblasts and up-regulated in
injured myocardium in vivo.45,57 In our study, we observed
a decrease in FSP1 expression due to TGF-b1 treatment. The
discrepancy in our data compared to previous in vivo stud-
ies could be due to the number of additional factors and
cues in vivo. For example, FSP1 has been shown to be
expressed strongly by non-fibroblasts, such as endothelial
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cells and hematopoietic cells, after myocardial injury,46

which could confound the in vivo results. Furthermore,
our experiments were in primary human cardiac fibro-
blasts, whereas most previous studies with this gene and
protein were in rodents. Thus, more studies are needed to
further establish the role of FSP1 in human cardiac fibro-
blasts and myofibroblasts.

The ability of fibroblasts and/or myofibroblasts to
couple to cardiac myocytes via Cx43 gap junction channels
has been a relatively controversial topic. For example, in
vivo and ex vivo studies have shown that fibroblasts/myo-
fibroblasts and cardiac myocytes do not form gap junctions
in healthy myocardium58 or after myocardial infarction.59

However, other studies have shown that fibroblasts/myo-
fibroblasts express Cx4360 and conduct signals across scar
tissue61 after an infarction. In vitro, fibroblasts62 and myofi-
broblasts15 have been shown to propagate action potentials
from cardiac myocytes, with an increase in coupling after
TGF-b1-treatment.63 Furthermore, silencing Cx43 in myofi-
broblasts has been shown to reduce arrhythmogenesis in
co-culture models.64 Collectively, most studies suggest that
Cx43 is up-regulated in myofibroblasts after myocardial
injury, although this has been investigated primarily in
rodent cells. Here, we tested if GJA1 expression, which enc-
odes for Cx43 protein, is up-regulated due to matrix rigid-
ity and/or TGF-b1 treatment in primary human cardiac
fibroblasts. We found no significant difference in GJA1
expression due to these two variables, which suggests
that expression of GJA1 is similar in human cardiac fibro-
blasts and myofibroblasts. However, one important consid-
eration is that expression of GJA1 in fibroblasts/
myofibroblasts could be influenced by the presence of car-
diac myocytes, which are not present in our system.
Additionally, our simplified in vitro system does not reca-
pitulate all the diverse cues present in vivo, which could
have a more substantial impact on GJA1 expression.

In many fibroblasts of non-cardiac origins, ECM rigidity
and TGF-b1 have been shown to jointly promote differen-
tiation to myofibroblasts. For example, freshly isolated rat
portal fibroblasts,28 rat hepatic stellate cells,65 and rat bron-
chial fibroblasts27 have the highest expression of myofibro-
blast markers when treated with TGF-b1 and cultured on
stiffer surfaces. In our study, we observed more subtle
effects of ECM rigidity. For example, a-SMA/actin cover-
age was significantly higher in TGF-b1-treated cells at our
earliest time point only on the most rigid substrate. Beyond
this first timepoint, TGF-b1 activated myofibroblast differ-
entiation equally on all substrates. However, the previous
studies mentioned above used rat fibroblasts at very early
passages, which was logistically impossible for our study
because we used primary human cardiac fibroblasts, which
are in extremely limited supply. Thus, we were forced to
expand our cells in polystyrene flasks prior to experiments,
which could have reduced their sensitivity to ECM rigidity.
Additionally, myofibroblast differentiation is likely distinct
in fibroblasts from different species and/or organs.

In general, myofibroblasts are thought to de-differentiate
into quiescent fibroblasts when differentiation stimuli, such
as TGF-b1 or mechanical stress, are removed. For example,
a-SMA expression decreased in cultured synovial

fibroblasts after removal of exogenous TGF-b1.35

However, in this study, expression levels were still higher
than quiescent fibroblasts, suggestive of an incomplete
reversal of phenotype. Similarly, valvular myofibroblasts
cultured on stiff surfaces reduced a-SMA expression
when matrix stiffness was decreased.23 Our data are con-
sistent with these studies, as we also observed a partial
reversibility in myofibroblast phenotype after we re-
plated TGF-b1-treated cells onto new substrates and
excluded TGF-b1 from the culture media. Our rationale
for transferring our cells to a new platform was two-fold.
First, the cells often detached from their substrates after
approximately one week, which is insufficient time to
treat cells with TGF-b1 to activate differentiation, withdraw
TGF-b1, and monitor de-differentiation. Second, we are
interested in controllably generating cardiac fibroblasts
and myofibroblasts in culture and then re-plating them
on new substrates for additional downstream experiments,
such as co-culture with cardiac myocytes. However, our
results suggest that TGF-b1 must be sustained to maintain
high levels of differentiated myofibroblasts.

As mentioned above, one limitation of our study is that
we did not incorporate cardiac myocytes that coexist with
fibroblasts in the native myocardium and likely have an
impact on fibroblast/myofibroblast phenotype. However,
for this study, our goal was to minimize the number of var-
iables and focus on how ECM rigidity and TGF-b1 specifi-
cally impact fibroblast differentiation. Future studies will
focus on investigating interactions between human cardiac
myocytes and fibroblasts/myofibroblasts. We also neglected
to investigate the impact of other cytokines, such as tumor
necrosis factors and interleukin proteins that are also secret-
ed by neutrophils during inflammation and likely also affect
human cardiac myofibroblast differentiation.66 These are
also important topics for follow-up studies.

In summary, we investigated the independent and com-
bined effects of ECM rigidity and TGF-b1 on the phenotype
of primary human cardiac fibroblasts. Our findings dem-
onstrate that differentiation to myofibroblasts is predomi-
nantly regulated by TGF-b1 treatment rather than ECM
rigidity. This suggests that targeting the TGF-b/Smad sig-
naling pathway could have therapeutic potential to mini-
mize fibrosis after an infarction, even in rigid, fibrotic
microenvironments. Additionally, fibroblasts and myofi-
broblasts are key players in many physiological and path-
ological process in the myocardium, but have been mostly
excluded from in vitro studies. Here, we established param-
eters for robustly generating human cardiac myofibroblasts
in vitro. This approach can be used for controlled in vitro
studies to further investigate the coupling between myo-
cytes, fibroblasts, and myofibroblasts, for example. By con-
trolling the phenotype of fibroblasts and myofibroblasts,
these cells can also be selectively incorporated into more
physiologically relevant in vitro models of healthy and dis-
eased myocardium “on a chip,” which have many applica-
tions for human disease modeling and drug screening.
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