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Abstract: The differentiation of cardiac fibroblasts to myofibroblasts is considered to be a critical step
in activation and progression of cardiac fibrosis in heart disease. TGF-f3 is one of the key cytokines
that promotes transition of fibroblasts to myofibroblasts. Dedifferentiation of formed myofibroblasts
or reversal of formed myofibroblasts to fibroblasts remains incompletely understood. Prostaglandin
E; (PGEp) has been shown to dedifferentiate human lung myofibroblasts. The role of activation of
the COX-2/PGE, pathway in dedifferentiation of cardiac myofibroblasts remains unknown. Here,
we show that phorbol 12-myristate 13-acetate (PMA) but not PGE, induces dedifferentiation of de
novo adult human cardiac myofibroblasts stimulated by TGF-f1 from human cardiac fibroblasts as
evidenced by reduced expression of x-smooth muscle actin (x-SMA). PMA remarkably increased
endogenous levels of PGE; in human cardiac myofibroblasts. Pretreatment of myofibroblasts with NS-
398, a selective COX-2 inhibitor, and PF-04418948, a selective PGE; receptor type 2 (EP2) antagonist,
had no effect on expression of x-SMA nor abolished the dedifferentiation induced by PMA. Our
results indicated that endogenous and exogenous PGE; has no effects on dedifferentiation of cardiac
myofibroblasts. PMA-induced dedifferentiation of cardiac myofibroblast is independent of activation
of COX-2 and PGE, pathway. The mechanism in PMA-induced reversal of cardiac myofibroblasts
needs to be explored further.
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1. Introduction

Cardiac fibrosis is the consequence of production and secretion of excessive extra-
cellular matrix (ECM) proteins, such as: collagens, fibronectin, and elastin, etc., in my-
ocardium. It causes cardiac remodeling and stiffness and deteriorates cardiac functions.
Cardiac fibrosis can proceed to cardiac dysfunction and ultimately to chronic heart fail-
ure. Cardiac fibrosis is one of the major factors causing high morbidity and mortality in
heart disease [1-3].

Cardiac fibroblasts are critical for keeping heart shape and elasticity as well as normal
cardiac function [4]. Under pathophysiological circumstances, myofibroblasts differentiated
from fibroblasts secrete collagens and other ECM proteins that limit cardiac functions and
underlie the basis of cardiac fibrosis because of myocardial infarction or other non-ischemic
risk factors, such as: diabetes, hypertension, or valvular diseases [5]. Transforming growth
factor 3 (TGF-p) is highly expressed in patients with heart failure or dilated cardiomy-
opathy and plays a critical role in cardiac hypertrophy and dysfunction [6-8]. TGF-f is
recognized to be the predominant cytokine to trigger differentiation from fibroblasts to
myofibroblasts via Smad2/3-dependent or independent pathway [9]. Inhibition of TGF-3
receptor activation and subsequent signaling pathway prevents formation of myofibrob-
last and reduces fibrosis [9]. Cardiac fibrosis usually precedes the occurrence of cardiac
functional change and symptoms. Strategies to reverse myofibroblasts to fibroblasts or
dedifferentiation of formed myofibroblasts, which is a process to revert to an inactive
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phenotype characteristic of myofibroblast precursor cells, to resolve fibrosis have emerged
recently and have clinical relevance [10-12].

Myofibroblasts were traditionally considered to be terminally differentiated cells and
were not reversible. Accumulating evidence indicates that myofibroblasts have capacity
for dedifferentiation, a process which is defined as the loss of x-SMA, the hallmark for
myofibroblasts [9]. Promotion of myofibroblast dedifferentiation may represent a novel
mechanism for fibrosis resolution [10-15].

Some molecules have been demonstrated to dedifferentiate myofibroblasts. Both
prostaglandin E; (PGE,) and fibroblast growth factor 2 (FGF2) are molecules that ded-
ifferentiate lung myofibroblasts and corneal myofibroblast, respectively [16,17]. PGE,
induces dedifferentiation of human lung myofibroblasts via cAMP/PKA pathway whereas
FGF?2 utilizes MEK/ERK1/2 pathway to dedifferentiate myofibroblasts [13]. The dediffer-
entiated myofibroblasts induced by the two molecules have distinct transcriptomic and
phenotypic transitions. FGF2 promotes cell proliferation and survival but PGE, suppresses
proliferation and survival [13].

Phorbol 12-myristate 13-acetate (PMA) is a potent protein kinase C (PKC) activator
that binds to the C1 domain of classical and novel PKC enzyme isoforms [18]. PMA also
enhances activity of COX-2 and stimulates production of PGE,; in neonatal rat cardiac
myocytes via PKC and MAPK activation [19]. PMA induces NK-kB-dependent gene
expression in a reporter assay [20].

The effect of COX-2/PGE, pathway on dedifferentiation of human cardiac myofibrob-
lasts remained unknown. In the present study, we investigated this by utilizing de novo
myofibroblasts differentiated from human cardiac fibroblasts with TGF-f31 (Figure 1). The
expression of a-SMA, a marker for myofibroblasts, was determined by using immunos-
taining and Western blotting. Our results indicated that TGF-31 stimulates differentiation
of human cardiac fibroblasts to myofibroblast and PMA but not PGE, down-regulates
expression of x-SMA from cardiac myofibroblasts, indicating dedifferentiation of de novo
human cardiac myofibroblasts. Activation of COX-2/PGE, pathway is not involved in
PMA-induced dedifferentiation of myofibroblasts. Both endogenous and exogenous PGE,
has no effect on dedifferentiation of human cardiac myofibroblasts.
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Figure 1. Protocol of studies on dedifferentiation of de novo human cardiac myofibroblasts and
activation of COX-2/PGE,. TGF-$1 at 2 ng/mL was added into medium for 48 h to differentiate
human cardiac fibroblasts to myofibroblasts. After changing medium withoutTGF-f1, cells were
treated with PMA, PGE;, or DMSO as vehicle control. To investigate the involvement of COX-2/PGE,
activation in dedifferentiation of myofibroblasts, NS-398 (a selective COX-2 inhibitor) or PF-04418948
(a selective EP2 receptor antagonist) was added 1 hour before the treatment. The protein expression
of x-SMA was detected at the end of 48 hours after treatment of the above agents. HCF: Human
cardiac fibroblast.
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2. Results
2.1. PMA but Not PGE, Dedifferentiates De Novo Human Cardiac Myofibroblasts

TGF-B1-untreated human cardiac fibroblasts (HCFs) manifested typical morphology
of cultured fibroblasts with stellate shape and dendritic extension (Figure 2A). TGF-31
at 2ng/mL for 48 h induced changes of cell morphology, which became flattened with
irregular shape and larger size than HCFs (Figure 2A). These de novo cardiac myofibroblasts
became more three-dimensional shapes after treatment with PMA at 50 ng/mL for 48 h
than fibroblasts or myofibroblasts in the control group. PGE,; at 500 nM exhibited no effect
on the shapes of de novo human cardiac myofibroblasts (Figure 2A).
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Figure 2. PMA but not PGE, dedifferentiates de novo human cardiac myofibroblasts induced by
TGF-B1 from human cardiac fibroblasts (HCFs). (A). Phase-contract images of HCFs or human
cardiac myofibroblasts treated with PMA or PGE; were shown. Magnification: 100x. (B). Double
immunostaining of x-SMA (green) and DAPI (blue) in HCFs or human cardiac myofibroblasts
was performed. Increased expression of x-SMA was demonstrated in cardiac myofibroblasts after
exposure to TGF-B1 at 2 ng/mL for 48 h. PMA at 50 ng/mL reduced expression of x-SMA. PGE, at
500 nM did not affect the increased x-SMA expression in cardiac myofibroblasts. Scale bar = 20 pm.
(C). Representative images of protein expression of x-SMA in cardiac myofibroblasts were shown.
Beta-actin was used as a loading control. (D). Inmunoblot analysis showed increased protein levels
in cardiac myofibroblasts treated with TGF-1. PMA reduced expression of x-SMA. PGE, did not
affect increased x-SMA expression in cardiac myofibroblasts. n: independent samples per group. Bar:
mean £ SEM. ** p < 0.01, ** p < 0.001.

As shown in Figure 2B, there was barely detectible amount of x-SMA in the vehicle
control group indicating low numbers of human cardiac myofibroblasts without stimulation
of TGF-31. After exposure of HCFs to TGF-31 2 ng/mL for 48 h, the expression of x-SMA
was increased indicating differentiation of HCFs to cardiac myofibroblast. Treatment of
human cardiac myofibroblasts with PMA at 50 ng/mL for 48 h reduced the expression of
a-SMA, signifying the reduction of human cardiac myofibroblasts. Treatment of human
cardiac myofibroblast with exogenous PGE; at 500 nM for 48 h had no effects on expression
of x-SMA in human cardiac myofibroblasts compared to the TGF-31 group. Similar results
were obtained in protein expression of x-SMA of human cardiac myofibroblasts using
Western blotting (Figure 2C,D).

2.2. PMA Enhances PGE, Content from Human Cardiac Myofibroblasts

PGE; is the direct enzymatic product of COX-2. PMA increases activity of COX-2
and production of PGE; from cardiac myocytes [19]. Exogenous PGE; has been shown to
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stimulate dedifferentiation of fetal and adult lung myofibroblasts [13,15,16]. The content of
PGE; released from human cardiac myofibroblasts was determined by using PGE; ELISA
kit in the presented studies. As shown in Figure 3, PMA remarkably increased formation of
PGE; (p < 0.001). NS-398, a selective COX-2 inhibitor, attenuated PMA-induced increase of
PGE; (p < 0.05). PF-04418948, a potent and selective EP2 receptor antagonist, exerted no
effects on increased formation of PGE; induced by PMA. Exogenous addition of PGE; had
no effect on the formation of PGE,.
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Figure 3. PGE, content in human cardiac myofibroblasts treated with PMA or other indicated agents.
Levels of PGE; in the culture medium of cardiac myofibroblasts were measured using PGE, ELISA
Monoclonal Kit. Samples and standards were assayed in parallel. All assays were performed in
duplicate plates. The results were calculated according to the standard curve of PGE; and expressed
as pg/mL. PMA: phorbol 12-myristate 13-acetate; NS: NS-398 (a selective COX-2 inhibitor); PF:
PF-04418948 (a selective EP2 receptor antagonist). Data were expressed as mean = S.E.M. n = 4/per
group. *p <0.05, * p < 0.01, *** p < 0.001.

2.3. PMA-Induced Dedifferentiation of Human Cardiac Myofibroblasts Does Not Depend on
Activation of COX-2/PGE, Pathway

To investigate the mechanism of PMA-induced dedifferentiation of human cardiac
myofibroblasts and association of dedifferentiation on myofibroblasts with activation of
COX2/PGE, pathway, N5-398 or PF-04418948 was added into cell medium prior to addition
of PMA (Figure 1). As shown in Figure 4, both NS-398 and PF-04418948 had no effects
on PMA-reduced expression of x-SMA. These results indicated that activation of COX-2
enzyme and PGE, receptor was not involved in PMA-induced dedifferentiation of human
cardiac myofibroblasts.

2.4. Activation of COX-2/PGE; Does Not Induce Dedifferentiation of Human
Cardiac Myofibroblasts

PGE; increases expression of both EP2 and EP4 receptors. EP2 receptor activation
enhances expression of TGF-{31, collagen I and III in H9C2 cardiac myocytes [21]. PGE,
is the direct enzymatic product of COX-2. Exogenous PGE, has been shown to dediffer-
entiate fetal and adult lung myofibroblasts in recent studies [13]. To investigate effects of
endogenous PGE, in myofibroblast dedifferentiation, COX-2 inhibitor and antagonist of
prostaglandin EP2 receptor were utilized in the presented studies. As shown in Figure 4.
TGF-f1 enhanced formation of x-SMA. Both NS-398 and PF-04418948 had no effect on TGF-
B1-induced increased expression of x-SMA in human cardiac myofibroblasts. Addition of
exogenous PGE, directly to the cell culture medium of cardiac myofibroblasts had no effects
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on TGF-p1-induced increased expression of a-SMA (Figure 2). These results indicated that
both exogenous and endogenous PGE; is not associated with dedifferentiation of human
cardiac myofibroblasts.
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Figure 4. PMA-induced dedifferentiation of cardiac myofibroblasts does not depend on activation of
COX-2/PGE; pathway. (A). A representative image of Western blotting results of protein expression
of x-SMA was shown. Beta-actin (42 kDa) was used as a load control. (B). Immunoblot analysis
showed a marked increase in x-SMA protein levels in human cardiac myofibroblasts treated with
TGF-1. PMA at 50 ng/mL reduced protein expression of x-SMA. Pretreatment with NS-398 or PF-
04418948 had no effect on reduced expression of x-SMA induced by PMA. PMA: phorbol 12-myristate
13-acetate; NS: NS-398; PF: PF-04418948. n: independent samples per group. Bar: mean & SEM.
*p <0.05,** p <0.01, *** p < 0.001.

3. Discussion

The major finding of the present study unravels that PMA induces dedifferentiation
of de novo human cardiac myofibroblasts and enhances formation of PGE; from these my-
ofibroblasts. PMA-induced dedifferentiation of myofibroblasts is independent of activation
of COX-2/PGE; pathway.

During cardiovascular disease or if the heart is subjected to injury such as ischemic
insult, cardiac fibroblasts undergo a transition from fibroblasts to myofibroblasts, which
is the dominant cell type to generate ECM proteins in cardiac fibrosis. Cardiac fibroblasts
are usually associated with the heart with normal functions whereas myofibroblasts are
increased in patients with heart failure [11]. Myofibroblasts isolated from patients with
cardiomyopathy up-regulate expression of TGF-f31 and profibrotic molecules, such as:
collagen I and III. Myofibroblasts TGF-{31 is the essential molecule to promote differen-
tiation of fibroblast into myofibroblasts. Agents to prevent formation of myofibroblasts
from fibroblasts have been studied extensively. An effective way to dedifferentiate formed
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myofibroblasts for fibrosis resolution is a novel approach as cardiac fibrosis with formed my-
ofibroblasts often precedes symptoms of heart disease. Molecules and related mechanism
of dedifferentiation of myofibroblasts remain incompletely understood [10]. Molecules
targeting TGF-p1 receptor kinase or statins promote dedifferentiation of myofibroblasts
isolated from patients with heart failure [11,12].

PMA is a potent activator of PKC, which enhances activation of COX-2/PGE, pathway:.
PMA has been shown to increase activity of COX-2 and production of PGE; in neonatal rat
cardiac myocytes and human pulmonary epithelial cells [19,22]. In the present study, PMA
induced dedifferentiation of de novo human cardiac myofibroblasts generated from human
cardiac fibroblasts after stimulation of TGF-31. Both endogenous and exogenous PGE,
did not exhibit any effect on dedifferentiation of human cardiac myofibroblasts. PGE; is
the direct enzymatic product of COX-2 in varieties of cell types and plays regulatory roles
through activation of PGE; receptors. Selective inhibition of COX-2 with NS-398 down-
regulates the formation of endogenous PGE; [23]. PF-04418948 is a selective and potent
prostaglandin EP2 receptor antagonist that antagonizes the bioactive effects of PGE; [24].

In the presented study, PMA increased synthesis of PGE; in human cardiac myofibrob-
lasts. COX-2 inhibition attenuated this effect whereas PGE, receptor EP2 antagonist had no
effect on PGE, formation. The results suggested that PMA activates COX-2 and increases
synthesis of PGE; in cardiac myofibroblasts. Nevertheless, both COX-2 inhibitor and EP2
receptor antagonist had no effects on PMA-induced dedifferentiation of myofibroblast or
augmented expression of ®-SMA in human cardiac myofibroblasts stimulated by TGF-31.
Direct addition of exogenous PGE; to cell culture medium had no effects on expression
of «-SMA from myofibroblasts. These results indicates that both endogenous and exoge-
nous PGE; is not involved in dedifferentiation of de novo human cardiac myofibroblasts
(Figure 5).
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Figure 5. PMA-induced dedifferentiation of human cardiac myofibroblasts does not depend on
activation of COX-2/PGE, pathway. A schematic outlines dedifferentiation of cardiac myofibroblasts
induced by PMA and the role of COX2/PGE, activation in dedifferentiation of myofibroblasts. TGF-
B1 and/or other factors, such as increased mechanical tension, inflammation, or oxidative stress
promote differentiation of human cardiac fibroblasts to myofibroblasts though active fibroblasts.
PMA dedifferentiates cardiac myofibroblasts to fibroblasts and/or other unidentified cell type. PMA
increases activity of COX-2 and formation of PGE;. Deactivation of COX-2 and PGE, produces no
effects on PMA-induced dedifferentiation of cardiac myofibroblasts. (+) denotes increase.
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PGE; has been shown to dedifferentiate lung myofibroblasts [15,16]. Recent studies
indicated that cAMP /PKA activation is involved in PGE;-induced dedifferentiation [13].
This discrepancy with the presented study on cardiac myofibroblasts may be caused
by different organs that fibroblasts reside in or the regulatory role of COX-2/PGE; in
different cell lines and organs. It is the general assumption that all fibroblasts bear iden-
tical or similar genotypes and phonotypes in the living body. Nevertheless, a study has
shown that cardiac fibroblasts are different from fibroblasts residing in the skin and the
lungs [25]. Cardiac fibroblasts express significant amount of anti-apoptotic protein Bcl-2,
whereas no levels of Bcl-2 were detected in both skin and lung fibroblasts. This discrep-
ancy indicates that those cardiac fibroblasts are more resistant to apoptosis than dermal or
pulmonary fibroblasts [25].

The origin and functional heterogeneity of fibroblasts occur. In comparison to vas-
cular mural cells, recent single-cell transcriptomic data reveal extensive inter-organ and
intra-organ transcriptional diversity among fibroblasts. The fibroblast diversity primarily
reflects differences in ECM production in an organ- and location-specific manner [26].
Intrinsic mechanisms such as transcriptional regulatory networks and epigenetic processes
and extrinsic factors, including cell—cell signaling, soluble signaling mediators, or ECM
elements [27,28]. Disease states may also cause dynamic changes of fibroblasts [29].

COX-2/PGE, signaling plays a critical role in pulmonary fibrosis. PGE, limits lung
fibroblast proliferation, migration, and collagen secretion [30]. Inhibition of COX-2 with
NS398 reduces formation of PGE; and improves cardiac contractile force [31]. In contrary
to inhibition of lung fibroblast proliferation, PGE, stimulates cardiac fibroblast proliferation
and p42/44 MAPK pathway [32]. PGE, up-regulates expression of EP2 and EP4 as well
as levels of fibrosis-associated protein expression such as TGF-1, collagen I and III in
HOC2 cardiac myocytes [21]. Selective antagonism of EP2 receptor with AH6809 blocks
increased expression of TGF-f31, collagen I and III in both cardiac myocytes and a chronic
kidney disease-associated cardiac hypertrophy and fibrosis [20]. PGE; induces cardiac
fibrosis by promoting expression of a-SMA and CTGEF, fibronectin, and collagen I in
cardiac fibroblasts [33].

Although PMA exhibits diverse effects via COX-2-PGE; signaling transduction, the
dedifferentiation of cardiac myofibroblasts induced by PMA is COX-2/PGE;-independent.
The mechanism of PMA-induced dedifferentiation of cardiac myofibroblast needs to be
explored. FGF2 has been shown to dedifferentiate cultured corneal myofibroblasts and
human lung myofibroblasts [17,34,35]. MEK/ERK mediates FGF2-induced myofibroblast
differentiation [13]. It was reported that phorbol ester-sensitive PKC isoforms contribute
to the basic FGF-induced coronary smooth muscle cell mitogenesis [36]. The involvement
of FGF2 and the associated signaling pathway in PMA-induced cardiac myofibroblast
differentiation will be explored in future studies.

Recently, a transcriptional switch has been proposed to govern fibroblast activation
in heart disease. Transcriptional factor MEOX1 is especially expressed in activated fibrob-
lasts [37]. Blockage of TGF-31 signaling reverses the myofibroblast phenotype [11]. In the
future, animal model with heart injury and transcriptional profiles of cardiac myofibrob-
lasts will be explored for PMA-induced dedifferentiation of cardiac myofibroblasts. With
the exploration of novel mechanism of this action, molecules targeting on myofibroblast
dedifferentiation may be developed for antifibrotic therapy.

In conclusion, PMA induces dedifferentiation of de novo myofibroblasts generated
from human cardiac fibroblasts upon stimulation of TGF-31. Activation of COX-2/PGE,
pathway is not involved in PMA-induced dedifferentiation of myofibroblasts. Both endoge-
nous and exogenous PGE, has no effect on dedifferentiation of cardiac myofibroblasts.

4. Materials and Methods
4.1. Antibodies and Regeagents

Primary antibodies: Alpha-SMA (#14968) and anti-f3 actin (#4970) for Western blotting
were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-«-SMA (#A2547)
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for immunofluorescence staining was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Secondary antibody: Goat anti-rabbit IgG-HRP (#sc-2004) was purchased from Santa Cruz
Biotech (Dallas, TX, USA). Goat Anti-Mouse IgG (#31430), SuperSignalTM West PicoPLUS
Chemiluminescent Substrate (#34577), and Fluorochrome-conjugated secondary antibody
(Alexa Fluor® 488), were purchased from Thermo Fisher (Waltham, MA, USA).

Human cardiac fibroblasts (#6300) and culture medium-Fibroblast Medium-2 (#2331)
were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). All pharmaco-
logical agents were reconstituted in DMSO as stock solutions and stored at —20 °C with
the exception of TGF-f31 as indicated in the method. PMA (#1585) and DMSO (#8418)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). PGE,, NS-398 (#70590) and
PF-04418948 (#15016) were purchased from Cayman Chemical (Ann Arbor, MI, USA).
Recombinant human TGF-31 protein (#7754-BH) was purchased from R&D Systems, Inc
(Minneapolis, MN, USA). Cell lysis buffer (#9803S) was purchased from Cell Signaling
Technology (Danvers, MA, USA). BCA Protein Assay Kit-Pierce™ (#23225) was purchased
from Thermo Scientific (Waltham, MA, USA). PGE, ELISA Kit-Monoclonal (#514010) was
purchased from Cayman Chemical (Ann Arbor, MI, USA).

4.2. Cell Culture and Treatment

Human cardiac fibroblasts (HCFs) were cultured and maintained in Fibroblast Medium-
2 supplemented with 10% FBS and 100 U/mL penicillin/streptomycin according to man-
ufacturer’s instructions (#6300, ScienCell Research Laboratories, Carlsbad, CA, USA).
Trypsin-EDTA solution (0.05%) was used for subculturing fibroblasts. All cell culture and
assays in the present study were performed at temperatures of 37 °C, 95% sterile air and
5% CO; in a saturation humidified incubator. Cells were starved with FM-2 without FBS
for 12 h then treated with 2 ng/mL of TGF-f1 for 48 h to induce formation of de novo
myofibroblasts [16]. NS398 at 3 uM or PF04418948 at 1 uM was added to the cell culture
medium 1 h prior to DMSO or PMA [23,24,36,38]. Then, myofibroblasts were treated with
DMSO at 0.05% (Vehicle control) or PMA at 50 ng/mL or PGE; at 500 nM for 48 h [16].

4.3. Western Blotting

After treatment with indicated agents, lysis of de novo myofibroblasts from HCFs was
prepared according to the manufacturer’s instructions (#9803S, Cell Signaling Technology,
Danvers, MA, USA). The concentrations of proteins were measured by using Pierce™
BCA Protein Assay Kit. Protein separation and detection were performed according to
the previous report [39]. In brief, proteins were loaded and separated with SDS-PAGE.
Proteins were electro-transferred to nitrocellular (NC) membrane. After transferring, the
NC membrane was incubated with primary antibodies (x-SMA 1:1000, #14968, Cell Signal-
ing Technology, Danvers, MA, USA) at 4 °C overnight. The membranes were incubated
with goat anti-rabbit IgG-HRP (1:5000, #sc-2004, Santa Cruz Biotech, Dallas, TX, USA) for
1 h at room temperature. NC membranes were incubated with LumGLO SuperSignal ™
West PicoPLUS Chemiluminescent Substrate (#34577 Thermo Fisher, Waltham, MA, USA)
for 1 min at room temperature. The membranes were exposed to FluorChem E System—
(ProteinSimple, San Jose, CA, USA). NIH Image] (1.53e) was used to quantify the density
of protein expression.

Since f3-actin, the loading control, has the same molecular weight with x-SMA, the NC
membranes were stripped in a mild stripping buffer (1.5 g glycine, 0.1 g SDS, 1 mL Tween
20 in 100 mL water with pH 2.2) and followed the protocol provided by abcam website.
The membranes were probed with (3-actin (#4970, Cell Signaling Technology, Danvers, MA,
USA) by using the same Western blotting protocol described above.

4.4. Immunofluorescence Co-Staining
Human cardiac fibroblasts were seeded and cultured in single-chamber slides (#154453,

Thermo Fisher Scientific, Waltham, MA, USA) followed by overnight serum starvation.
Human cardiac fibroblasts were incubated with TGF-p1 (2 ng/mL, #7754BH, R&D Systems,
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Minneapolis, MN, USA) for 48 h to generate de novo myofibroblasts, which was treated
with PMA for 48 h. Cells were washed briefly with PBS and fixed cells with —10 °C
methanol for 5 min at —20 °C and air dried immediately. Specimens were incubated with
2.5% normal goat serum in PBS for 20 min to block non-specific binding of IgG, then
washed with three changes of PBS 5 min each. Next, they were incubated with primary
antibodies (x-SMA at 1:400, #A2547, Sigma-Aldrich, St. Louis, MO, USA) for 60 min at
room temperature then washed with three changes of PBS for 5 min each. The slides were
incubated with fluorochrome-conjugated secondary antibody (Alexa Fluor® 488, Thermo
Fisher, Waltham, MA, USA). Mounting medium containing DAPI (#P36965, Invitrogen,
Waltham, MA, USA) was added. It was air dried and sealed with nail polish. Results
were examined using Olympus IX83 Inverted Microscope (Olympus Scientific Solutions
Americas Corp. Waltham, MA, USA) with appropriate filters.

4.5. Measurement of PGE, Content

After treatment of human cardiac myofibroblasts with PMA, NS-398, PF-04418948, or
PGE; for 24 h, the levels of PGE; in culture media of cardiac myofibroblast were measured
using the PGE; Monoclonal ELISA Kit (#514010, Cayman Chemical, Ann Arbor, MI, USA)
according to the manufacturer’s instructions. The results were calculated according to the
PGE, standard curve and expressed as pg/mL.

4.6. Statistical Analysis

Experimental data are presented as means + SEM. One-way ANOVA was used for
statistical analysis of data followed by the Tukey’s multiple comparison post hoc tests of
group means. Values of p < 0.05 were considered statistically significant.

Author Contributions: Conceptualization, Z.-Q.]J.; methodology, Z.-Q.J. validation, V.T.L., Z.-Q.J.,
S.P; formal analysis, Z.-Q.J., V.T.L.; investigation, V.T.L., S.P,, Z.-Q.J. data curation, V.T.L., S.P, Z.-
Q.J.; writing—original draft preparation, Z.-Q.J.; writing—review and editing, V.T.L., S.P;; funding
acquisition, Z.-Q.J. All authors have read and agreed to the published version of the manuscript.

Funding: This project was supported by the Seed Grant and faculty development funds from the
College of Pharmacy, California Northstate University (to Z.-Q.].).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wynn, T.A. Fibrotic disease and the Tyy1/Ty2 paradigm. Nat. Rev. Immunol. 2004, 4, 583-594. [CrossRef] [PubMed]

2. Travers, ].G.; Kamal, F.A.; Robbins, J.; Yutzey, K.E.; Blaxall, B.C. Cardiac Fibrosis: The Fibroblast Awakens. Circ. Res. 2016, 118,
1021-1040. [CrossRef] [PubMed]

3.  Frangogiannis, N.G. Cardiac fibrosis. Cardiovasc. Res. 2021, 117, 1450-1488. [CrossRef] [PubMed]

4. Litvinnukova, M.; Talavera-Lopez, C.; Maatz, H.; Reichart, D.; Worth, C.L.; Lindberg, E.L.; Kanda, M.; Polanski, K.; Heinig, M.;
Lee, M.; et al. Cells of the adult human heart. Nature 2020, 588, 466—472. [CrossRef] [PubMed]

5. Gibb, A.A.; Lazaropoulos, M.P.; Elrod, ].W. Myofibroblasts and Fibrosis: Mitochondrial and Metabolic Control of Cellular
Differentiation. Circ. Res. 2020, 127, 427-447. [CrossRef]

6. Li, RK,; Li, G.,; Mickle, D.A.; Weisel, R.D.; Merante, F,; Luss, H.; Rao, V.; Christakis, G.T.; Williams, W.G. Overexpression of
transforming growth factor-betal and insulin-like growth factor-I in patients with idiopathic hypertrophic cardiomyopathy.
Circulation 1997, 96, 874-881. [CrossRef] [PubMed]

7. Pauschinger, M.; Knopf, D.; Petschauer, S.; Doerner, A.; Poller, W.; Schwimmbeck, P.L.; Kiihl, U.; Schultheiss, H.P. Dilated
cardiomyopathy is associated with significant changes in collagen type I/1II ratio. Circulation 1999, 99, 2750-2756. [CrossRef]

8. Rosenkranz, S. TGF-betal and angiotensin networking in cardiac remodeling. Cardiovasc. Res. 2004, 63, 423-432. [CrossRef]

[PubMed]


http://doi.org/10.1038/nri1412
http://www.ncbi.nlm.nih.gov/pubmed/15286725
http://doi.org/10.1161/CIRCRESAHA.115.306565
http://www.ncbi.nlm.nih.gov/pubmed/26987915
http://doi.org/10.1093/cvr/cvaa324
http://www.ncbi.nlm.nih.gov/pubmed/33135058
http://doi.org/10.1038/s41586-020-2797-4
http://www.ncbi.nlm.nih.gov/pubmed/32971526
http://doi.org/10.1161/CIRCRESAHA.120.316958
http://doi.org/10.1161/01.CIR.96.3.874
http://www.ncbi.nlm.nih.gov/pubmed/9264495
http://doi.org/10.1161/01.CIR.99.21.2750
http://doi.org/10.1016/j.cardiores.2004.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15276467

Int. J. Mol. Sci. 2022, 23, 3023 10 of 11

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Khalil, H.; Kanisicak, O.; Prasad, V.; Correll, R.N.; Fu, X.; Schips, T.; Vagnozzi, R.].; Liu, R.; Huynh, T.; Lee, S.].; et al. Fibroblast-
specific TGF-B-Smad2/3 signaling underlies cardiac fibrosis. J. Clin. Investig. 2017, 127, 3770-3783. [CrossRef]

Jun, J.I; Lau, L.F. Resolution of organ fibrosis. J. Clin. Investig. 2018, 128, 97-107. [CrossRef] [PubMed]

Nagaraju, C.K.; Robinson, E.L.; Abdesselem, M.; Trenson, S.; Dries, E.; Gilbert, G.; Janssens, S.; Van Cleemput, J.; Rega, E;
Meyns, B.; et al. Myofibroblast Phenotype and Reversibility of Fibrosis in Patients with End-Stage Heart Failure. ]. Am.
Coll. Cardiol. 2019, 73, 2267-2282. [CrossRef]

Emelyanova, L.; Sra, A.; Schmuck, E.G.; Raval, A.N.; Downey, EX,; Jahangir, A.; Rizvi, F; Ross, G.R. Impact of statins on cellular
respiration and de-differentiation of myofibroblasts in human failing hearts. ESC Heart Fail. 2019, 6, 1027-1040. [CrossRef]
[PubMed]

Fortier, S.M.; Penke, L.R.; King, D.; Pham, T.X.; Ligresti, G.; Peters-Golden, M. Myofibroblast dedifferentiation proceeds via
distinct transcriptomic and phenotypic transitions. JCI Insight 2021, 6, e144799. [CrossRef] [PubMed]

Kato, K.; Logsdon, N.J.; Shin, Y.J.; Palumbo, S.; Knox, A.; Irish, ].D.; Rounseville, S.P.; Rummel, S.R.; Mohamed, M.; Ahmad, K,;
et al. Impaired Myofibroblast Dedifferentiation Contributes to Nonresolving Fibrosis in Aging. Am. J. Respir. Cell. Mol. Biol. 2020,
62, 633-644. [CrossRef] [PubMed]

Wettlaufer, S.H.; Scott, ].P.; McEachin, R.C.; Peters-Golden, M.; Huang, S.K. Reversal of the Transcriptome by Prostaglandin E2
during Myofibroblast Dedifferentiation. Am. J. Respir. Cell. Mol. Biol. 2016, 54, 114-127. [CrossRef] [PubMed]

Garrison, G.; Huang, S.K.; Okunishi, K.; Scott, ].P.; Kumar Penke, L.R.; Scruggs, A.M.; Peters-Golden, M. Reversal of myofibroblast
differentiation by prostaglandin E(2). Am. J. Respir. Cell. Mol. Biol. 2013, 48, 550-558. [CrossRef] [PubMed]

Maltseva, O.; Folger, P.; Zekaria, D.; Petridou, S.; Masur, S.K. Fibroblast growth factor reversal of the corneal myofibroblast
phenotype. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2490-2495.

Steinberg, S.F. Structural basis of protein kinase C isoform function. Physiol. Rev. 2008, 88, 1341-1378. [CrossRef] [PubMed]
Schuette, R.; LaPointe, M.C. Phorbol ester stimulates cyclooxygenase-2 expression and prostanoid production in cardiac myocytes.
Am. ]. Physiol. Heart Circ. Physiol. 2000, 279, H719-H725. [CrossRef] [PubMed]

Hellweg, C.E.; Arenz, A.; Bogner, S.; Schmitz, C.; Baumstark-Khan, C. Activation of nuclear factor kappa B by different agents:
Influence of culture conditions in a cell-based assay. Ann. N. Y. Acad. Sci. 2006, 1091, 191-204. [CrossRef] [PubMed]

Wang, Y.; Zhang, T.; Cao, X.; Zou, J.; Ding, X.; Shen, B.; Lv, W. Prostaglandin E; induced cardiac hypertrophy through
EP2 receptor-dependent activation of 3-catenin in 5/6 nephrectomy rats. ESC Heart Fail. 2021, 8, 1979-1989. [CrossRef]
[PubMed]

Chang, M.S.; Chen, B.C.; Yu, M.T;; Sheu, J.R.; Chen, T.E; Lin, C.H. Phorbol 12-myristate 13-acetate upregulates cyclooxygenase-2
expression in human pulmonary epithelial cells via Ras, Raf-1, ERK, and NF-kappaB, but not p38 MAPK, pathways. Cell. Signal.
2005, 17,299-310. [CrossRef] [PubMed]

Liu, F; Mih, ].D,; Shea, B.S.; Kho, A.T.; Sharif, A.S.; Tager, A.M.; Tschumperlin, D.]J. Feedback amplification of fibrosis through
matrix stiffening and COX-2 suppression. J. Cell. Biol. 2010, 190, 693-706. [CrossRef] [PubMed]

Watanabe, Y.; Imanishi, Y.; Ozawa, H.; Sakamoto, K.; Fujii, R.; Shigetomi, S.; Habu, N.; Otsuka, K.; Sato, Y.; Sekimizu, M.;
et al. Selective EP2 and Cox-2 inhibition suppresses cell migration by reversing epithelial-to-mesenchymal transition and Cox-2
overexpression and E-cadherin downregulation are implicated in neck metastasis of hypopharyngeal cancer. Am. J. Transl. Res.
2020, 12, 1096-1113. [PubMed]

Mayorga, M.; Bahi, N.; Ballester, M.; Comella, J.X.; Sanchis, D. Bcl-2 is a key factor for cardiac fibroblast resistance to programmed
cell death. J. Biol. Chem. 2004, 279, 34882-34889. [CrossRef]

Muhl, L.; Genové, G.; Leptidis, S.; Liu, J.; He, L.; Mocci, G.; Sun, Y.; Gustafsson, S.; Buyandelger, B.; Chivukula, I.V,; et al.
Single-cell analysis uncovers fibroblast heterogeneity and criteria for fibroblast and mural cell identification and discrimination.
Nat. Commun. 2020, 11, 3953. [CrossRef] [PubMed]

Lynch, M.D.; Watt, EM. Fibroblast heterogeneity: Implications for human disease. . Clin. Investig. 2018, 128, 26-35. [CrossRef]
Plikus, M.V.; Wang, X,; Sinha, S.; Forte, E.; Thompson, S.M.; Herzog, E.L.; Driskell, R.R.; Rosenthal, N.; Biernaskie, J.; Horsley, V.
Fibroblasts: Origins, definitions, and functions in health and disease. Cell 2021, 184, 3852-3872. [CrossRef] [PubMed]

LeBleu, V.S.; Neilson, E.G. Origin and functional heterogeneity of fibroblasts. FASEB ]. 2020, 34, 3519-3536. [CrossRef]
[PubMed]

Bozyk, P.D.; Moore, B.B. Prostaglandin E2 and the pathogenesis of pulmonary fibrosis. Am. J. Respir. Cell. Mol. Biol. 2011, 45,
445-452. [CrossRef] [PubMed]

LaPointe, M.C.; Mendez, M.; Leung, A.; Tao, Z.; Yang, X.P. Inhibition of cyclooxygenase-2 improves cardiac function after
myocardial infarction in the mouse. Am. J. Physiol. Heart Circ. Physiol. 2004, 286, H1416-H1424. [CrossRef] [PubMed]

Harding, P.; LaPointe, M.C. Prostaglandin E; increases cardiac fibroblast proliferation and increases cyclin D expression via EP1
receptor. Prostaglandins Leukot. Essent. Fat. Acids. 2011, 84, 147-152. [CrossRef] [PubMed]

Ma, Y,;; Yue, Z.; Zhang, B.; Yang, M.; Lao, H.; Lai, W.; Zeng, Y.; Chen, S.; Liu, P. Calcium Signal Pathway is Involved in
Prostaglandin E2 Induced Cardiac Fibrosis in Cardiac Fibroblasts. J. Pharm. Pharm. Sci. 2018, 21, 326-339. [CrossRef]
[PubMed]

Koo, H.Y,; El-Baz, L.M.; House, S.; Cilvik, S.N.; Dorry, S.J.; Shoukry, N.M.; Salem, M.L.; Hafez, H.S.; Dulin, N.O.; Ornitz, D.M,;
et al. Fibroblast growth factor 2 decreases bleomycin-induced pulmonary fibrosis and inhibits fibroblast collagen production and
myofibroblast differentiation. J. Pathol. 2018, 246, 54-66. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI94753
http://doi.org/10.1172/JCI93563
http://www.ncbi.nlm.nih.gov/pubmed/29293097
http://doi.org/10.1016/j.jacc.2019.02.049
http://doi.org/10.1002/ehf2.12509
http://www.ncbi.nlm.nih.gov/pubmed/31520523
http://doi.org/10.1172/jci.insight.144799
http://www.ncbi.nlm.nih.gov/pubmed/33561015
http://doi.org/10.1165/rcmb.2019-0092OC
http://www.ncbi.nlm.nih.gov/pubmed/31962055
http://doi.org/10.1165/rcmb.2014-0468OC
http://www.ncbi.nlm.nih.gov/pubmed/26098591
http://doi.org/10.1165/rcmb.2012-0262OC
http://www.ncbi.nlm.nih.gov/pubmed/23470625
http://doi.org/10.1152/physrev.00034.2007
http://www.ncbi.nlm.nih.gov/pubmed/18923184
http://doi.org/10.1152/ajpheart.2000.279.2.H719
http://www.ncbi.nlm.nih.gov/pubmed/10924071
http://doi.org/10.1196/annals.1378.066
http://www.ncbi.nlm.nih.gov/pubmed/17341614
http://doi.org/10.1002/ehf2.13269
http://www.ncbi.nlm.nih.gov/pubmed/33822473
http://doi.org/10.1016/j.cellsig.2004.07.008
http://www.ncbi.nlm.nih.gov/pubmed/15567061
http://doi.org/10.1083/jcb.201004082
http://www.ncbi.nlm.nih.gov/pubmed/20733059
http://www.ncbi.nlm.nih.gov/pubmed/32269737
http://doi.org/10.1074/jbc.M404616200
http://doi.org/10.1038/s41467-020-17740-1
http://www.ncbi.nlm.nih.gov/pubmed/32769974
http://doi.org/10.1172/JCI93555
http://doi.org/10.1016/j.cell.2021.06.024
http://www.ncbi.nlm.nih.gov/pubmed/34297930
http://doi.org/10.1096/fj.201903188R
http://www.ncbi.nlm.nih.gov/pubmed/32037627
http://doi.org/10.1165/rcmb.2011-0025RT
http://www.ncbi.nlm.nih.gov/pubmed/21421906
http://doi.org/10.1152/ajpheart.00136.2003
http://www.ncbi.nlm.nih.gov/pubmed/14670812
http://doi.org/10.1016/j.plefa.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21342756
http://doi.org/10.18433/jpps29322
http://www.ncbi.nlm.nih.gov/pubmed/30075829
http://doi.org/10.1002/path.5106
http://www.ncbi.nlm.nih.gov/pubmed/29873400

Int. J. Mol. Sci. 2022, 23, 3023 11 of 11

35.

36.

37.

38.

39.

Skaletz-Rorowski, A.; Waltenberger, J.; Miiller, ].G.; Pawlus, E.; Pinkernell, K.; Breithardt, G. Protein kinase C mediates basic
fibroblast growth factor-induced proliferation through mitogen-activated protein kinase in coronary smooth muscle cells.
Arterioscler. Thromb. Vasc. Biol. 1999, 19, 1608-1614. [CrossRef] [PubMed]

Forselles, K.J.; Root, J.; Clarke, T.; Davey, D.; Aughton, K.; Dack, K.; Pullen, N. In vitro and in vivo characterization of
PF-04418948, a novel, potent and selective prostaglandin EP;; receptor antagonist. Br. ]. Pharmacol. 2011, 164, 1847-1856.
[CrossRef] [PubMed]

Alexanian, M.; Przytycki, P.F; Micheletti, R.; Padmanabhan, A.; Ye, L.; Travers, ].G.; Gonzalez-Teran, B.; Silva, A.C.; Duan, Q;
Ranade, S.S; et al. A transcriptional switch governs fibroblast activation in heart disease. Nature 2021, 595, 438-443. [CrossRef]
[PubMed]

Futaki, N.; Takahashi, S.; Yokoyama, M.; Arai, I.; Higuchi, S.; Otomo, S. NS-398, a new anti-inflammatory agent, selectively
inhibits prostaglandin G/H synthase/cyclooxygenase (COX-2) activity in vitro. Prostaglandins 1994, 47, 55-59. [CrossRef]
Abdullah, C.S,; Jin, Z.Q. Targeted deletion of T-cell S1P receptor 1 ameliorates cardiac fibrosis in streptozotocin-induced diabetic
mice. FASEB |. 2018, 32, 5426-5435. [CrossRef]


http://doi.org/10.1161/01.ATV.19.7.1608
http://www.ncbi.nlm.nih.gov/pubmed/10397677
http://doi.org/10.1111/j.1476-5381.2011.01495.x
http://www.ncbi.nlm.nih.gov/pubmed/21595651
http://doi.org/10.1038/s41586-021-03674-1
http://www.ncbi.nlm.nih.gov/pubmed/34163071
http://doi.org/10.1016/0090-6980(94)90074-4
http://doi.org/10.1096/fj.201800231R

	Introduction 
	Results 
	PMA but Not PGE2 Dedifferentiates De Novo Human Cardiac Myofibroblasts 
	PMA Enhances PGE2 Content from Human Cardiac Myofibroblasts 
	PMA-Induced Dedifferentiation of Human Cardiac Myofibroblasts Does Not Depend on Activation of COX-2/PGE2 Pathway 
	Activation of COX-2/PGE2 Does Not Induce Dedifferentiation of Human Cardiac Myofibroblasts 

	Discussion 
	Materials and Methods 
	Antibodies and Regeagents 
	Cell Culture and Treatment 
	Western Blotting 
	Immunofluorescence Co-Staining 
	Measurement of PGE2 Content 
	Statistical Analysis 

	References

