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Abstract 

Cardiac fibrosis accompanies a number of pathological conditions and results in altered 

myocardial structure, biomechanical properties and function.  The signaling networks 

leading to fibrosis are complex, contributing to the general lack of progress in identifying 

effective therapeutic approaches to prevent or reverse this condition.  Several studies 

have shown protective effects of emodin, a plant-derived anthraquinone, in animal 

models of fibrosis.  A number of questions remain regarding the mechanisms whereby 

emodin impacts fibrosis.  TGF-β1 is a potent stimulus of fibrosis and fibroblast 

activation.  In the present study, experiments were performed to evaluate the effects of 

emodin on activation and function of cardiac fibroblasts following treatment with TGF-

β1.  We demonstrate that emodin attenuates TGF-β1-induced fibroblast activation and 

collagen accumulation in vitro.  Emodin also inhibits activation of several canonical 

(SMAD2/3) and non-canonical (Erk1/2) TGF-β signaling pathways, while activating the 

p38 pathway.  These results suggest that emodin may provide an effective therapeutic 

agent for fibrosis that functions via specific TGF-β signaling pathways. 
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Introduction 

Fibrosis, characterized by excessive accumulation of extracellular matrix and 

matricellular proteins, is a hallmark of adverse myocardial remodeling and accompanies 

many pathological conditions of the heart (Spinale et al., 2016; Frangogiannis, 2019a).  

In the heart, fibrosis results in altered ventricular structure, geometry and biomechanical 

properties, which contribute to the progression of heart failure.  Fibrosis in the heart can 

accompany massive loss of cardiomyocytes for instance following myocardial infarction 

in what has been termed “replacement fibrosis”.  Myocardial fibrosis can also occur as a 

consequence of the direct activation of fibroblasts in the absence of substantial 

cardiomyocyte death by several stressors including pressure overload, diabetes, alcohol 

abuse and others.  The progression of fibrosis often contributes to organ dysfunction 

and failure not only in the heart but in other organs as well.  Relatively recent studies 

suggesting that fibrosis may be reversible, at least in its early stages, have stimulated 

interest in identifying potential therapeutic targets of fibrosis and activation of 

extracellular matrix-producing cells (Kumar and Sarin, 2007; Frangogiannis, 2019b).   

The formation of specialized cells termed myofibroblasts is an important step in the 

progression of fibrosis.  These cells are important mediators of normal wound healing 

but are also involved in pathogenesis of fibrosis and other conditions (Hinz, 2016; Shu 

and Lovicu, 2017; Pakshir and Hinz, 2018).  As their name suggests, myofibroblasts 

have properties of smooth muscle cells and fibroblasts. They have enhanced synthetic 

activity producing extracellular matrix components, cytokines and growth factors and 

generate contractile force on their extracellular matrix (Carthy, 2018; Pakshir and Hinz, 

2018).  In the heart, these cells are potentially derived from multiple sources including: 

1) resident fibroblasts that transform or differentiate in response to cardiac injury or 

stress, 2) epicardial or endothelial cells that undergo epithelial- or endothelial-to-

mesenchymal transition, respectively or 3) potentially extra-cardiac stem cells 

(Kanisicak et al., 2016; Travers et al., 2016).  Despite their origin, recent studies 

targeting these cells have conclusively identified their roles in myocardial fibrosis and 

have provided substantial insight into the molecular mechanisms of this process (Khalil 

et al., 2017; Bhandary et al., 2018). 
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TGF-β and its signaling pathways are important contributors to fibrosis generated by a 

number of stressors (Branton and Hoop, 1999; Biernacka et al., 2011; Leask and 

Abraham, 2004; Khalil et al., 2017).  TGF-β is a multifunctional growth factor that 

modulates diverse cellular processes including proliferation, gene expression, migration, 

cell death and others (Derynck and Budi, 2019).  Due to its pleiotropic cellular effects, it 

is not surprising that dysregulation of TGF-β signaling is involved in a number of 

disease processes including not only fibrosis, but cancer, autoimmunity and others.  

The canonical TGF-β signaling cascade is initiated by ligand binding to its receptor 

complex and recruitment of receptor-activated SMAD proteins (SMAD2 and SMAD3).  

SMAD2 and SMAD3 are activated by the receptor complex and associate with the co-

SMAD (SMAD 4).  The SMAD2/3/4 complex is translocated to the nucleus where, with 

cofactors, it alters expression of numerous genes including profibrotic genes such as 

collagens type I, III and V, plasminogen activator inhibitor -1 and connective tissue 

growth factor (Verrecchia et al., 2001; Chen et al., 2002).  TGF-β receptor engagement 

can also result in activation of non-canonical signaling pathways including mitogen 

activated protein kinases, Rho-like GTPases and phosphatidylinositol-3-kinase (PI3K)/ 

Akt.  The downstream biological outputs of TGF-β signaling are highly dependent on the 

pathological and physiological cellular context (Morikawa et al., 2016).  The diverse 

effects of TGF-β and the pathophysiological context-dependent responses present 

hurdles in targeting TGF-β signaling therapeutically. 

Emodin is an anthraquinone derivative that is found primarily in several Chinese herbs.  

Emodin appears to possess an array of biological activities including modulation of 

immune and inflammatory processes, protection against neurological damage, and 

suppression of tumor growth and metastasis (Cha et al., 2015; Fang et al., 2019).  

Studies have illustrated that emodin treatment attenuates fibrosis in animal models 

including bleomycin-induced fibrosis of the lung (Chen et al., 2009), carbon 

tetrachloride-induced liver steatosis and fibrosis (Dong et al., 2009) and pressure 

overload-induced myocardial fibrosis (Xiao et al., 2019).  Despite the spectrum of 

beneficial effects attributed to emodin, the underlying cellular and molecular 

mechanisms of these effects are not clear.  In order to gain a better appreciation for the 
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potential therapeutic use of emodin in myocardial fibrosis, studies were performed with 

isolated cardiac fibroblasts to assess the effects of emodin on activation, function and 

signaling of these cells in response to TGF-β1.   
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Materials and Methods 

Cell isolation and culture – Adult (8-10 weeks of age) male Sprague Dawley rats (Harlan 

Laboratories, www.envigo.com) were used for isolation of cardiac fibroblasts (Stewart et 

al., 2010).  All experiments with animals were performed in accordance with institutional 

guidelines and were approved by the University of South Carolina Institutional Animal 

Care and Use Committee (IACUC).  Following acclimation in the University of South 

Carolina School of Medicine animal facility for 1 to 2 days, rats were anesthetized by 

inhalation of isoflurane and euthanized by cervical dislocation.  Hearts were removed, 

rinsed in sterile saline and cardiac tissue was minced into 2-3 mm3 pieces.  Cardiac 

tissue was digested with Liberase (Roche Life Sciences, www.lifescience.roche.com) at 

37oC.  Cells were allowed to adhere to culture dishes and fibroblasts purified by 

differential adhesion.  Cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% fetal bovine serum (GE Healthcare Life Sciences, 

www.cytivalifesciences.com) and antibiotics (hereafter referred to as “normal fibroblast 

medium”).  Fibroblasts were passaged at 70 to 80 percent confluence, following 

incubation in trypsin/ ethylenediaminetetraacetic acid solution.  Only fibroblasts at low 

passage number (less than 5) were used in assays as fibroblast phenotype diverges at 

high passage numbers (Stewart et al., 2010).  Prior to treatment, culture medium was 

changed to DMEM containing 1.5% fetal bovine serum (low serum medium) for 24 h to 

reduce spontaneous conversion to a myofibroblast phenotype in response to serum 

components. 

Collagen gel contraction – Following culture for 24 h in low serum medium, cells were 

trypsinized and resuspended in low serum medium.  Three-dimensional collagen 

hydrogels were formed by the addition of fibroblasts to bovine collagen type I (PureCol; 

Advanced BioMatrix, Inc., www.advancedbiomatrix.com) at a ratio of 50,000 cells per 

milliliter of collagen (1.2 mg/ml collagen concentration).  Following polymerization at 

37oC for 1 h, the 3-dimensional collagen hydrogels containing fibroblasts were 

dislodged from the plastic wells.  Culture was continued for 24 h in low serum medium 

with 0 or 5 ng/ml TGF-β1 (R&D Systems, www.rndsystems.com) with emodin (0, 10 or 

20 μM).  After 24 h, the perimeter of the collagen gels was measured.  Data are 

presented as the degree of collagen hydrogel contraction relative to untreated controls. 
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Immunoblotting – Fibroblasts were cultured for 24 h in low serum medium as indicated 

above and culture then continued an additional 24 h in low serum medium containing 0 

or 5 ng/ml TGF-β1 and emodin (0, 10 or 20 μM).  Following treatment, cells were 

extracted in RIPA solution (150 mM sodium chloride, 1% Triton X 100, 0.5% 

deoxycholate, 0.1% sodium dodecyl sulfate, 1.5 mM ethylenediaminetetraacetic acid, 

50 mM Tris, pH 8.0) containing protease inhibitors (Protease Inhibitor Tablets; 

ThermoFisher Scientific,  www.thermofisher.com).  Fibroblast lysates were centrifuged 

to remove insoluble material and protein concentration of the supernatants determined 

with the bicinchronic acid (BCA) protein assay (ThermoFisher Scientific, 

www.thermofisher.com).  Following separation by sodium dodecyl sulfate – 

polyacrylamide gel electrophoresis (SDS-PAGE), proteins were transferred to 

nitrocellulose.  Nitrocellulose membranes were rinsed in tris-buffered saline containing 

TWEEN 20 (TBS-T) and nonspecific binding blocked by incubation in TBS-T containing 

5% powdered milk.  Nitrocellulose was incubated in primary antisera overnight at 4oC, 

rinsed in TBS-T and incubated in secondary antibodies conjugated to horseradish 

peroxidase.  Primary antisera included anti-alpha 1 integrin (RRID:AB_91199), anti-

alpha 2 integrin (RRID:AB_11212896) and anti-beta 1 integrin (RRID:AB_91150) all 

from Millipore (MilliporeSigma, St. Louis, MO, www.emdmillipore.com). Immunoblots 

were rinsed in TBS-T, developed with the Pierce SuperSignal western blot detection 

reagent (ThermoFisher Scientific, www.thermofisher.com) and exposed to x-ray film.  

Images of x-ray films were taken using a BioRad GelDoc system and quantified with 

Alpha Innotech AlphaView software.  Quantitative data from proteins of interest were 

normalized to glyceraldehyde phosphate dehydrogenase (RRID:AB_641107, Santa 

Cruz Biotechnology, Dallas, TX www.scbt.com) and data presented as fold of vehicle-

treated controls.  

 

For analyses of collagen type I and collagen type III accumulation, fibroblasts were 

treated as above and conditioned medium collected after 24 h of treatment.  Media were 

centrifuged to remove cellular debris and the protein concentration was determined with 

the bicinchronic acid (BCA) protein assay (ThermoFisher Scientific, 

www.thermofisher.com).  Following separation of proteins by SDS-PAGE, western blots 
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were carried out as described above with antibodies against collagen type I 

(RRID:AB_638601, Santa Cruz Biotechnology, Dallas, TX, www.scbt.com) and collagen 

type III (RRID:AB_2082354, Santa Cruz Biotechnology, Dallas, TX, www.scbt.com).  

Immunoblots were rinsed in TBS-T, developed with the Pierce SuperSignal western blot 

detection reagent (ThermoFisher Scientific, www.thermofisher.com) and exposed to x-

ray film.  Images of x-ray films were taken using a BioRad GelDoc system and 

quantified with Alpha Innotech AlphaView software (ProteinSimple, San Jose, CA 

www.proteinsimple.com).  Since extracellular collagen was assessed in the present 

studies, quantification of collagen proteins was normalized to total protein via fast 

green-stained blots (Alsridge et al., 2008; Gomes et al., 2014) and data presented as 

fold of vehicle-treated controls.  

 

Due to the rapidity of TGF-β1 signal transduction pathway activation, cells to be 

analyzed for signaling pathways were pretreated for 24 h with varying doses of emodin 

(0, 10 or 20 μM).  Fibroblasts were subsequently treated with 0 or 5 ng/ml of TGF-β1 for 

1 h in the continued presence of the respective emodin dose.  Cells were gently 

detached from culture plates and collected by centrifugation.  The cell pellets were 

rinsed in phosphate-buffered saline and dissolved in M-PER mammalian protein 

extraction reagent (ThermoFisher Scientific, www.thermofisher.com) containing mini 

protease inhibitor cocktail (Sigma Chemicals).  The cell lysate was centrifuged to 

remove insoluble material, the supernatant collected and total protein concentration 

determined.  Protein samples were resolved by SDS-PAGE, transferred 

electrophoretically to nitrocellulose membranes and subsequently probed with primary 

antisera to SMAD2, pSMAD2, SMAD3, pSMAD3, p38, pp38, ERK1/2 or pERK1/2 (all 

from Cell Signaling Technology Inc, Danvers, MA, www.cellsignal.com).  Nitrocellulose 

membranes were rinsed and incubated in horseradish peroxidase- conjugated anti-

rabbit or anti-mouse serum as appropriate.  Blots were developed in Clarity Western 

ECL detection reagent (BioRad Laboratories, www.bio-rad.com) and exposed to X-

OMAT AR films (Eastman Kodak, Rochester, NY, www.kodak.com).  Duplicate 

immunoblots were probed with anti-β-actin serum (RRID: AB_476697, Sigma-Aldrich, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2021. ; https://doi.org/10.1101/2021.01.07.425762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.07.425762


9 

 

St. Louis, MO, www.sigmaaldrich.com) as a loading control. Data are presented as the 

levels of the phosphorylated protein relative to its respective non-phosphorylated form.   

 

Migration - A wound healing assay (Liang et al., 2007) was utilized to assay the effects 

of TGF-β1 and emodin on heart fibroblast migration. Confluent cells grown in 6-well 

plates were cultured for 24 h in low serum medium. A scratch was made in the center of 

the confluent fibroblast culture with a 200-µl pipette tip. The cells were gently rinsed with 

sterile Moscona’s solution and culture continued in low serum medium containing 0 or 

5ng/ml TGF-β1 and emodin (0, 10 or 20 μM).  After 24 h of culture, images were 

captured on an inverted microscope and the relative migration of fibroblasts into the 

denuded area was measured using ImageJ (National Institutes of Health; Bethesda, 

MD).  

 

Proliferation – Proliferation of cardiac fibroblasts was assessed by a 5′-bromo-2′-

deoxyuridine (BrdU) incorporation assay.  Glass coverslips were coated with with 10 

μg/ml collagen I to promote cell adhesion (Advanced BioMatrix, Inc, 

www.advancedbiomatrix.com). Following culture in low serum medium, cells were 

incubated for 24 h with 0 or 5ng/ml TGF-β1 and emodin (0, 10 or 20 μM).   Culture 

medium contained BrdU (20 μM) during the treatment period.   Coverslips were rinsed 

and fixed in absolute ethanol containing 10 mM glycine (pH 2.0) at −20°C for 30 m. 

BrdU incorporation was detected by immunocytochemical staining (Roche Applied 

Science, www.lifescience.roche.com). Following immunocytchemical staining with anti-

BrdU, cells were co-stained with 4′-6-diamidino-2-phenylindole (DAPI) to visualize all 

cell nuclei. Cells were examined by using a Nikon E600 fluorescent microscope and the 

ratio of BrdU positive cells to total cell numbers were determined.  

 

Statistical Analysis - All experiments were repeated at least in triplicate with 

independent sets of fibroblasts as indicated in figure legends.  Quantitative data were 

plotted in GraphPad Prism and statistical analyses carried out by one-way ANOVA 

followed by post-hoc Dunnett's test (multi-group comparison).  
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Results 

Extracellular matrix expression – As mentioned above, emodin has been shown to 

reduce extracellular matrix accumulation in animal models of fibrosis.  To evaluate this 

in heart fibroblasts, cells were treated for 24 h with TGF-β1 (0 or 5 ng/ml) and varying 

concentrations of emodin (0, 10 or 20 μM) followed by examination of collagen type I  

and collagen type III protein levels in the conditioned medium by immunoblot analysis.  

These experiments illustrated a significant increase in the levels of collagen type I 

(Figure 1A) and a slight but insignificant increase in collagen type III (Figure 1B) in 

conditioned medium of cardiac fibroblasts following treatment with TGF-β1 alone.  The 

levels of both collagen types were reduced in a concentration-dependent manner by 

emodin relative to TGF-β1 treatment alone.  Treatment with emodin also significantly 

reduced the basal levels (in the absence of TGF-β1) of collagen type I in the 

conditioned medium with a slight but statistically insignificant reduction in collagen type 

III. 

 

Fibroblast bioassays - Exposure of several types of cells to TGF-β1 results in 

transformation or differentiation to a myofibroblast phenotype (Carthy et al., 2015; 

Pattarayan et al., 2018).  Myofibroblasts have increased contractile activity, which we 

measured indirectly via their ability to contract 3-dimensional collagen hydrogels.  

Treatment of isolated adult heart fibroblasts with TGF-β1 resulted in enhanced 

contraction of three-dimensional collagen hydrogels (Figure 2).  This response to TGF-

β1 has been demonstrated previously (27, 68).  Simultaneous treatment with emodin 

attenuated TGF-β1-induced collagen hydrogel contraction.  The highest dose of emodin 

used in these studies had a slight but insignificant effect on basal collagen hydrogel 

contraction by cardiac fibroblasts (Figure 2). 

 

Remodeling and contraction of collagen hydrogels can be impacted not only by the 

contractility of the cells but also by migration and proliferation of cells within the 3-

dimensional collagen scaffold.  Bioassays were performed to evaluate the effects of 

TGF-β1 and emodin on these aspects of fibroblast function.  Scratch wound healing 
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assays were carried out to assess the effects of TGF-β1 and emodin on fibroblast 

migration.  Treatment of cells with 5ng/ml TGF-β1 had little effect on the ability of rat 

cardiac fibroblasts to repopulate a denuded area through a confluent culture (Figure 

3A).  Emodin treatment resulted in reduced ability of fibroblasts to repopulate the 

denuded area of the culture under basal conditions or when stimulated with TGF-β1 

(Figure 3A).  As repopulation of the wounded area of a confluent culture can occur 

through migration of the cells into the denuded area or proliferation of cells, the impact 

of TGF-β1 and emodin on fibroblast proliferation was assessed by BrdU incorporation.  

TGF-β1 treatment resulted in increased BrdU incorporation (Figure 3B) relative to 

untreated fibroblasts.  In contrast to studies with an alveolar epithelial cell line (Gao et 

al., 2017), simultaneous treatment of cardiac fibroblasts with emodin had no detectable 

effect on basal proliferation nor the proliferative response to TGF-β1 (Figure 3B).  

 

Fibroblast activation - The levels of α-smooth muscle actin and fibroblast activation 

protein, widely used as markers of myofibroblast phenotype, were evaluated by 

immunoblots following 24 h of treatment with 0 or 5 ng/ml TGF-β1 in the presence of 0, 

10 or 20 μM emodin.  Immunoblot analysis indicated increased levels of α-smooth 

muscle actin (Figures 4A and 4B) and fibroblast activation protein (Figures 4A and 4C) 

in fibroblast lysates following TGF-β1 treatment.  Similar to recent studies 

demonstrating that emodin attenuates angiotensin II-induced fibroblast activation (Xiao 

et al., 2019), simultaneous treatment of fibroblasts with emodin and TGF-β1 reduced α-

smooth muscle and fibroblast activation protein levels compared to treatment with TGF-

β1 alone.   Emodin treatment at the highest dose evaluated (20 μM) also significantly 

reduced α-smooth muscle actin protein levels under basal conditions.  

 

Integrin expression – As cell surface receptors for extracellular matrix components, 

integrins play pivotal roles in a number of cellular processes including remodeling and 

contraction of 3-dimensional collagen hydrogels (Gullberg et al., 1990; Carver et al., 

1995).  As previously illustrated (Fix et al., 2019), treatment of isolated adult rat heart 

fibroblasts with TGF-β1 resulted in significantly increased levels of α1 and α2 integrin 
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proteins in the cells (Figures 5A - 5C, respectively).  Treatment with TGF-β1 resulted in 

a slight but insignificant increase in β1 integrin protein in the cardiac fibroblasts (Figure 

5D).  Simultaneous treatment with emodin attenuated the TGF-β1-induced increases in 

α1 and α2 integrin protein levels and the highest dose of emodin reduced α1 integrin 

protein levels under basal conditions (Figures 5B and 5C). 

 

Matrix metalloproteinase expression - Matrix metalloproteases (MMP) play critical roles 

in remodeling of the cardiac extracellular matrix (Lindsey, 2019).   Conditioned medium 

was analyzed to evaluate the effects of TGF-β1 and emodin on the major MMPs 

produced by cardiac fibroblasts.  Treatment of fibroblasts isolated from adult rat hearts 

with TGF-β1 had no apparent effect on MMP2 or MMP9 protein levels relative to 

untreated controls.  Treatment of cardiac fibroblasts with emodin resulted in enhanced 

MMP2 and MMP9 protein levels, regardless of the presence or absence of TGF-β1 

(Figures 6A and 6B).   

 

Activation of TGF-β-related signaling pathways – A number of signaling pathways are 

activated by exposure to TGF-β including the canonical SMAD2/3 pathway and non-

canonical pathways.  Immunoblots were utilized to evaluate the effects of emodin on 

activation of signaling pathways by TGF-β1 in heart fibroblasts.  These studies 

demonstrated that treatment of fibroblasts with 5 ng/ml of TGF-β1 resulted in enhanced 

activation of the canonical TGF-β signaling pathway indicated by increased 

phosphorylation of SMAD2 (Figure 7A) and SMAD3 (Figure 7B).  These were inhibited 

to approximately baseline levels by simultaneous treatment with emodin and TGF-β1.   

TGF-β1 treatment also activates non-canonical signaling pathways in cardiac fibroblasts 

indicated by significantly increased levels of phosphorylated forms of Erk 1/2 (Figure 

7C); however, TGF-β1 treatment had no effect on p38 phosphorylation (Figure 7D).  

Treatment of cardiac fibroblasts with emodin attenuated the activation of Erk 1/2 by 

TGF-β1.  Interestingly, simultaneous treatment of isolated heart fibroblasts with TGF-β1 

and emodin resulted in a dose-dependent increase in p38 phosphorylation relative to 

TGF-β1 or emodin alone.   
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Discussion 

Fibrosis is an essential hallmark of adverse cardiac remodeling and is characterized by 

excessive deposition of extracellular matrix (ECM) and matricellular proteins (Spinale et 

al., 2016; Frangogiannis, 2019a).  Cardiac fibrosis contributes to altered myocardial 

structure, geometry and compliance and has been implicated as an independent 

predictor of mortality in patients with non-ischemic heart failure (Aoki et al., 2011). 

Understanding the regulation of fibrosis has become increasingly important as it has 

been appreciated that in some settings the fibrotic response is reversible, at least in its 

early stages (Kumar and Sarin, 2007; Frangogiannis, 2019b).  This realization has 

made the myofibroblast and other ECM-producing cells important therapeutic targets in 

fibrosis.  Despite the substantial morbidity and mortality of fibrotic disease, only a 

handful of drugs have been approved by the FDA specifically for anti-fibrotic therapy. 

Recent reviews have highlighted some of the major hurdles to developing anti-fibrotic 

treatments which include the complexity of fibrotic signaling and undesirable side effects 

of therapeutics in non-diseased tissues. (Friedman et al., 2013).  The goal of the 

present study was to evaluate the potential of emodin, a plant-derived anthraquinone, to 

attenuate TGF-β1-mediated cardiac fibroblast activation and fibrosis.  

TGF-β and activation of its signaling pathways are leading contributors to fibrosis in 

multiple organs and in response to diverse stressors (Biernacka et al., 2011; Khalil et 

al., 2017).   TGF-β1 is secreted by many cell types in a latent complex that can be 

activated by multiple mechanisms.  Previous studies have illustrated that treatment with 

emodin reduces TGF-β1 expression in animal models of fibrosis (Chen et al., 2009; 

Dong et al., 2009; Ma et al., 2019).  Emodin treatment in vitro has also been 

demonstrated to attenuate canonical TGF-β signaling and SMAD transcriptional activity 

(Tian et al., 2018; Wang et al., 2018).  Similar to these latter studies, treatment of 

cardiac fibroblasts with emodin substantially reduced canonical TGF-β signaling 

illustrated by reduced SMAD 2 and SMAD 3 phosphorylation.  The specific roles of 

attenuated canonical TGF-β signaling in the anti-fibrotic effects of emodin remain to be 

determined.   

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 7, 2021. ; https://doi.org/10.1101/2021.01.07.425762doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.07.425762


14 

 

TGF-β receptor engagement can also result in activation of several non-canonical 

signaling pathways including phosphatidylinositol-3-kinase (PI3K)/ Akt , mitogen 

activated protein kinases (MAPK) and Rho-like GTPases (Zhang, 2009; Yeganeh et al., 

2013).  Recent studies have demonstrated that treatment of a hepatic stellate cell line 

with emodin in vitro reduces constitutive activation of p38 MAPK, while having no effect 

on ERK 1/ 2 or JNK (Wang et al., 2018).  These effects on p38 activity were 

independent of SMAD signaling.  Emodin treatment also attenuates p38, JNK and NF-

κB activation following viral infection of MDCK cells with no effect on ERK 1/ 2 activity 

(19).  In contrast to these results, treatment of cardiac fibroblasts with TGF-β1 resulted 

in ERK 1/2 activation, which was prevented by pretreatment with emodin.   Interestingly, 

in the present study, emodin treatment, but only in the presence of TGF-β1, resulted in 

marked activation of p38.  Future studies will be required to evaluate the functional 

effects of p38 activation by emodin in cardiac fibroblasts.  Recent studies have shown 

that emodin can attenuate angiotensin II-induced fibroblast activation and that this is via 

upregulation of metastasis associated protein 3 (Xiao et al., 2019).  It will be intriguing to 

determine whether modulation of metastasis associated protein 3 by emodin involves 

p38 activation. 

There is debate regarding the effects of emodin on cell toxicity, proliferation and 

apoptosis.  Several studies have illustrated that treatment of various cancer cell lines 

with emodin results in decreased proliferation (Cha et al., 2015; Sugiyama et al., 2019).  

This is in contrast to our results illustrating an increase in proliferation of fibroblasts 

isolated from adult rat hearts following treatment with TGF-β1; however, emodin had no 

effect on basal proliferation nor proliferation induced by TGF-β1 in these cells.   A recent 

comparison of the effects of emodin on melanoma B16F10 and mouse embryonic 

fibroblasts suggests that emodin may have cell-specific effects as it inhibited 

proliferation of melanoma cells while having no effect on mouse embryonic fibroblast 

proliferation (Sugiyama et al., 2019).  Along the same lines, treatment of human 

vascular smooth muscle cells with emodin resulted in significant inhibition of 

proliferation while emodin had little effect on proliferation of human vascular endothelial 

cells (Xu et al., 2018).  Similar to the divergent effects on proliferation, differences exist 
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in the effects of emodin on apoptosis.  A number of studies have illustrated that emodin 

exposure induces apoptosis of HeLa, hepatocarcinoma, L02 liver cell line, fibroblasts 

and others (Ma et al., 2019; Xiong et al., 2019; Zheng et al., 2019).  In contrast, emodin 

treatment has been demonstrated to attenuate hypoxia-induced apoptosis in H9C2 

cardiomyocytes (Zhang et al., 2019) and apoptosis of podocytes induced by 

endoplasmic reticulum stress (Tian et al., 2018).  These studies suggest that the effects 

of emodin on specific cell types need to be carefully evaluated and use of emodin 

therapeutically may need to be accompanied by cell-specific targeting mechanisms. 

Emodin has been shown fairly consistently to inhibit migration and epithelial-to-

mesenchymal transition and this, in part, forms the basis for its anti-cancer effects.  

Most of these studies have been performed with diverse cancer cell lines (Lin et al., 

2016; Fang et al., 2019).  Our studies herein with primary cardiac fibroblasts also 

demonstrate an inhibitory effect of emodin on migration using an in vitro wound healing 

assay.  Diverse molecular mechanisms contributing to the inhibition of migration by 

emodin have been described suggesting the involvement of multiple pathways that may 

be cellular or context dependent.  Several studies have demonstrated that emodin 

treatment diminishes VEGF levels or VEGF receptor signaling and that this functionally 

contributes to impaired migration (Dai et al., 2019).  Other studies have illustrated that 

emodin treatment results in decreased expression of integrin linked kinase, an important 

player in migration and epithelial-to-mesenchymal transition (Lu et al., 2017).  Our study 

demonstrates reduced levels of collagen-binding integrins (α1 and α2) in cardiac 

fibroblasts following emodin treatment.  While functional studies were not performed, 

these integrins have been shown previously to be critical for fibroblast migration and 

extracellular matrix remodeling and are important intermediaries in cardiovascular 

disease (Carver et al., 1995; Chen et al., 2016).    

Data Availability Statement:  All supporting data were illustrated and referred to in the 

manuscript as needed.  The data that support the findings of this study are available 

from the corresponding author upon request. 
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Figure Legends 

Fig. 1.  This illustrates relative quantification of the effects of TGF-β1 and emodin on 

collagen type I (Figure 1A) and collagen type III (Figure 1B) protein accumulation in 

conditioned medium of cardiac fibroblasts as determined by immunoblot analyses.  The 

insets illustrate representative immunoblots with the anti-collagen type I and anti-

collagen type III sera.  (* p<0.05 relative to untreated controls, # p <0.05 relative to 

TGF-β1 treatment alone as determined by ANOVA, n = 4). 

Fig. 2.  This figure demonstrates the effects of TGF-β1 and emodin on 3-dimensional 

collagen hydrogel contraction.  Data are presented as the size of the hydrogel perimeter 

relative to the starting size (shorter bars indicate greater contraction).  The inset shows 

representative images of collagen hydrogels.   (* p<0.05 relative to untreated controls, # 

p <0.05 relative to TGF-β1 treatment alone as determined by ANOVA, n = 4).  

Fig. 3.  This demonstrates the effects of TGF-β and emodin on fibroblast migration 

(Figure 3A) and proliferation (Figure 3B).  Data are presented as fold of the untreated 

controls.  (* p <0.05 relative to untreated controls, # p <0.05 relative to TGF-β1 

treatment alone as determined by ANOVA, n = 4). 

Fig. 4.  This figure illustrates the quantitative effects of TGF-β and emodin on the 

expression of α-smooth muscle actin (Figure 4B) and fibroblast activation protein 

(Figure 4C) levels as determined by immunoblots of cellular lysates.  Data are 

presented as fold of the untreated controls.  (* p <0.05 relative to untreated controls, # p 

<0.05 relative to TGF-β1 treatment alone as determined by ANOVA, n = 4).  Images of 

representative immnoblots are shown in Figure 4A (α-SMA is α-smooth muscle actin, 

FAP is fibroblast activation protein and GAPDH is glyceraldehyde phosphate 

dehydrogenase). 

Fig. 5.  This figure demonstrates the effects of TGF-β1 and emodin on the levels of α1 

integrin (Figure 5B), α2 integrin (Figure 5C) and β1 integrin (Figure 5D) protein levels as 

determined by immunoblots of cellular lysates.  Data are presented as fold of the 

untreated controls.  (* p <0.05 relative to untreated controls, # p <0.05 relative to TGF-
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β1 treatment alone as determined by ANOVA, n = 4).  Images of representative 

immunoblots are shown in Figure 5A. 

Fig. 6.  Graphic representation of the effects of TGF-β1 and emodin on the levels of 

matrix metalloprotease 2 (Figure 6A) and matrix metalloprotease 9 (Figure 6B) protein 

levels as determined by immunoblots of conditioned medium.  The insets illustrate 

representative immunoblots with the respective matrix metalloprotease antisera.  Data 

are presented as fold of the untreated controls.  (* p <0.05 relative to untreated controls, 

# p <0.05 relative to TGF-β1 treatment alone as determined by ANOVA, n = 4). 

Fig. 7.  Graphic representation of the effects of TGF-β1 and emodin on the activation of 

TGF-β signaling components including SMAD 2 (Figure 7A), SMAD 3 (Figure 7B), Erk 

1/ 2 (Figure 7C) and p38 (Figure 7D).  The insets illustrate representative immunoblots 

with the respective signaling component antisera.  Data are presented as the signal with 

antisera to the phosphorylated protein relative to antisera to total protein.  (* p <0.05 

relative to untreated controls, # p <0.05 relative to TGF-β1 treatment alone as 

determined by ANOVA, n = 3). 
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