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Abstract Bacterial lipopolysaccharide (LPS) is a known

ligand of Toll-like receptor 4 (TLR4) which is expressed in

cardiac fibroblasts (CF). Differentiation of CF to cardiac

myofibroblasts (CMF) is induced by transforming growth

factor-b1 (TGF-b1), increasing alpha-smooth muscle actin

(a-SMA) expression. In endothelial cells, an antagonist

effect between LPS-induced signaling and canonical TGF-

b1 signaling was described; however, it has not been

studied whether in CF and CMF the expression of a-SMA

induced by TGF-b1 is antagonized by LPS and the

mechanism involved. In adult rat CF and CMF, a-SMA,

ERK1/2, Akt, NF-jb, Smad3, and Smad7 protein levels

were determined by western blot, TGF-b isoforms by

ELISA, and a-SMA stress fibers by immunocytochemistry.

CF and CMF secrete the three TGF-b isoforms, and the

secretion levels of TGF-b2 was affected by LPS treatment.

In CF, LPS treatment decreased the protein levels of a-
SMA, and this effect was prevented by TAK-242 (TLR4

inhibitor) and LY294002 (Akt inhibitor), but not by BAY

11-7082 (NF-jb inhibitor) and PD98059 (ERK1/2 inhi-

bitor). TGF-b1 increased a-SMA protein levels in CF, and

LPS prevented partially this effect. In addition, in CMF a-
SMA protein levels were decreased by LPS treatment,

which was abolished by TAK-242. Finally, in CF LPS

decreased the p-Smad3 phosphorylation and increased the

Smad7 protein levels. LPS treatment prevents the CF-to-

CMF differentiation and reverses the CMF phenotype

induced by TGF-b1, through decreasing p-Smad3 and

increasing Smad7 protein levels.
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Introduction

Bacterial lipopolysaccharide (LPS) is an essential compo-

nent of the cell wall in pathogenic gram-negative bacteria.

LPS is an important mediator in septic shock secondary to

infection as well as in cardiac disease [30]. LPS is also a

well-known agonist of Toll-like receptor 4 (TLR4), a

receptor expressed by innate immune system cells as well

as non-immune system cells [41]. This ligand’s interaction

with TLR4 activates the NF-jb, ERK1/2, Akt, and other

intracellular signaling pathways that promote early

inflammatory responses, inducing the expression of

cytokines and other pro-inflammatory mediators [29, 30]

and triggering an immediate response to restore home-

ostasis [17]. In addition, TLR4 recognizes damage-asso-

ciated molecular patterns (DAMPs) [26], including heat

shock proteins such as HSP60 and HSP70 [6]; surfactant

protein A; high-mobility group box 1 protein (HMGB1);

fibrinogen; fibronectin-EDA [28]; and polysaccharides,

such as heparan sulfate (HS) [18]. It has recently been

shown that TLR4-KO mice are protected against isopro-

terenol-induced cardiac fibrosis, which is associated with
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cardiac fibroblast autophagy [14]. In addition, TLR4 pro-

motes left ventricular fibrosis and maladaptive remodeling

[37], lung fibroblast proliferation [21], and cytokine release

[49].

Cardiac fibroblasts (CF) are cells of mesenchymal origin

that play an important role in cardiac remodeling, a process

that typically occurs after a damaging stimulus to cardiac

tissue. CF are considered ‘‘sentinel cells,’’ as they are key

cellular elements in repairing damaged tissue [11]. The

purpose of remodeling is to replace damaged areas and

restore heart function [16]. If the repair process is pro-

longed due to the persistent presence of a harmful stimulus,

it becomes chronic and pathological, resulting in increased

risk of heart dysfunction [45]. All of these changes trigger

local inflammatory responses, which mediate resolution of

the fibrotic process with the help of the immune system,

synthesizing cytokines and growth factors such as trans-

forming growth factor beta 1 (TGF-b1). In response to

TGF-b1, CF differentiates into cardiac myofibroblasts

(CMF). CMF are characterized by high levels of alpha-

smooth muscle actin (a-SMA), a contractile protein marker

for this phenotype that provides sufficient mechanical

tension to contract and close the wound, forming scar tissue

[5]. Thus, CMF have an active role in the pathogenesis of

fibrosis, given their ability to secrete high levels of extra-

cellular matrix proteins and fibrogenic cytokines.

Currently, there is evidence for a role of TLR involve-

ment with fibroblasts in diseases like asthma, where TLR3

stimulation by a synthetic analog of double-stranded RNA

significantly increases the amount of active TGF-b1 and

thus induces differentiation into myofibroblasts [35]. A

model of lung fibroblasts and myofibroblasts demonstrated

that autocrine effects of TGF-b1 induce secretion of hya-

luronic acid, an extracellular matrix component that is an

endogenous ligand of TLR4 and is essential for myofi-

broblast phenotype maintenance [44]. In contrast, NF-jb
activation is known to have an antagonistic effect on a-
SMA in vascular smooth muscle cells [32]. Finally, evi-

dence suggests an ambiguous role of TLR4 in the myofi-

broblast differentiation process and phenotype

maintenance. Despite extensive literature on the pro-in-

flammatory and pro-fibrotic cytokines released by CF and

CMF after cardiac tissue damage, it is not known exactly

how the TLR4 receptor contributes to the secretion of these

proteins, or how activation regulates the transition from an

inflammatory to a fibrotic phase. The effects of TLR4 on

cardiac fibroblast a-SMA expression and modulation of

myofibroblast differentiation are also yet to be described.

In this work, we demonstrate the effect of LPS-induced

TLR4 activation on a-SMA protein expression in CF, as

well as the signaling pathways involved in reversing CMF

differentiation. Additionally, we determine the cellular

signaling pathways used by TLR4 to inhibit TGF-b1-

induced fibrosis. Our hypothesis is that TLR4 activation

prevents TGF-b1-induced differentiation of CF into CMF.

Methods and Materials

Reagents

The following reagents were obtained from Sigma Chem-

ical Co (St. Louis, MO, USA): trypan blue, selective

inhibitor of MAP kinase kinases, PD98059 (PD), PI3k

inhibitor, LY294002 (LY), NF-jb inhibitor, BAY 11-7082

(BAY), ketamine, collagenase, Triton X-100, the primary

antibodies for a-SMA, and GAPDH. Trypsin/EDTA, pre-

stained molecular weight standards, fetal bovine serum

(FBS), and fetal calf serum (FCS) were obtained from

Gibco BRL (Carlsbad, CA, USA). 488 Alexa Fluor�-con-

jugated secondary antibodies was obtained from Sigma-

Aldrich. Anti-Smad7 was obtained from Santa Cruz

Biotechnology (Dallas, USA). LPS and TAK-242 (TLR4

inhibitor) were obtained from InvivoGen (San Diego,

USA). All organic and inorganic compounds were from

Merck (Darmstadt, Germany). The primary antibodies for

ERK1/2 (#9102), p-ERK1/2 (#9101), Akt (#9272), p-Akt

(#9271), Smad3 (#9515), and p-Smad3 (#9520) were pur-

chased from Cell Signaling Technology (Boston, MA,

USA). The enhanced chemo-luminescence reagent was

from PerkinElmer Life Sciences, Inc. (Boston, MA, USA).

TGF-b1 was from Millipore (Billerica, MA, USA). Sec-

ondary antibodies conjugated with horseradish peroxidase

were obtained from Calbiochem. The sterile plastic mate-

rial used for CF cultures was purchased from Falcon�.

Animals

Male adult Sprague Dawley rats were obtained from the

animal breeding facility of the Faculty of Chemical and

Pharmaceutical Sciences at the University of Chile. The

animals were housed in cages (12-h light/dark cycles) with

access to rat chow and water ad libitum. All studies were

performed in compliance with the NIH Guide for the Care

and Use of Laboratory Animals, updated in 2011 (http://

grants.nih.gov/grants/olaw/Guide-for-the-Care-and-Use-of-

Laboratory-Animals), and experimental protocols were

approved by our Institutional Ethics Review Committee.

Cell Culture and Treatments

CF were isolated from the left ventricle (LV) of adult

Sprague Dawley rats. Briefly, LV were harvested, cut into

small pieces (*1–2 mm), and placed in a petri dish. A

total of 10 mL Dulbecco’s modified Eagle’s medium

containing 10% fetal bovine serum (FBS) and antibiotics
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was added to petri dishes. Petri dishes were maintained at

37 �C under 5% CO2 in a humidified incubator until

reaching 70% confluence. Adherent cells were cultivated.

Cells from passage 1 were used for all experiments. Cells

were maintained in M199 medium for 18 h until experi-

ments were performed. Immunocytochemical staining was

used to evaluate the extent of cell purity achieved in our

cell culture preparations. Monoclonal antibodies directed

against sarcomeric (striated muscle) actin and desmin

(Sigma Chemical Co, St Louis, Mo) were used to posi-

tively identify cardiac myocytes and smooth muscle cells,

whereas a polyclonal antibody directed against human

factor VIII was used for endothelial cells (Dako Corp.,

Carpinteria, Calif). Positive staining with a polyclonal anti-

vimentin antibody (Santa Cruz Biotech, CA) and negative

for the above-mentioned factors characterized cardiac

fibroblasts.

Differentiation from Cardiac Fibroblasts to Cardiac

Myofibroblasts

Primary CF cultures were stimulated with TGF-b1 (5 ng/

mL) for 96 h and characterized as CMF (a-SMA positive),

as described by Copaja et al., 2011 [8].

Western Blot Analysis

After respective treatments, cells were lysed in 50 mM

Tris, 300 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA,

0.1 mM EGTA, 20% glycerol, 1% NP40, 0.5 mM DTT,

and inhibitor cocktail. Lysates were vigorously vortexed

for 10 s and centrifuged at 15,000 rpm for 10 min, and

total protein content was determined using Bradford assay.

Equivalent amounts of protein were subjected to SDS–

PAGE. Western blotting was performed by transferring

proteins to nitrocellulose membranes and blocking with

10% fat-free milk (w/v) in TBS-Tween for 1 h at room

temperature. Membranes were probed with the appropriate

primary antibody overnight at 4 �C and then with peroxi-

dase-conjugated secondary antibody for 2 h at room tem-

perature. Finally, the ECL Advance Western Blotting

Detection kit was used for immunodetection. Protein levels

were determined by densitometric analysis using ImageJ

(NIH, Bethesda, MD, USA) and normalized to the corre-

sponding GAPDH level.

Immunofluorescence Assay

The images by immunocytochemistry were obtained with

confocal microscopy. FCs were grown on coverslips. After

completion of the corresponding stimuli, the cells were

washed with 10% PBS and fixed for 20 min with 4%

paraformaldehyde. They were then washed and

permeabilized with 0.1% Triton X-100 for 10 min. After

the time was over, they were washed with 10% PBS and

blocked with 3% BSA for 1 h. They were then washed

again and incubated with primary antibody to a-SMA

(1:50) in BSA overnight. The next day, the cells were

washed and the Alexa Fluor� 566-conjugated secondary

antibody (red staining), in addition to Hoechst (1:100) for

nuclear labeling, was placed for 2 h. Quantification of the

total relative fluorescence of the images obtained by con-

focal microscopy was performed using the ImageJ pro-

gram, 109 magnification images, scale bar of 50 lm.

Identical exposure-time were used to capture images.

TGF-b Luminex Immunobead Assay

Total TGF-b1, TGF-b2, and TGF-b3 levels in CF and

CMF were measured using Luminex bead assay (Upstate-

Millipore) with HCl activation. Cell samples were acti-

vated by adding 1 N HCl to each tube. Tubes were then

incubated for 1 h at room temperature, and samples were

neutralized by adding 1 N NaOH. Cell samples were

pipetted into a 96-well plate and incubated overnight with

25 lL of 1 9 beads coupled to TGF-b1, TGF-b2, and

TGF-b3, protected from light. Controls included assay

buffer and recombinant human TGF-b1 and TGF-b2.
Serial dilutions of TGF-b1 and TGF-b2 were added to

wells in the same plate to generate a standard curve. After

overnight incubation, 25 lL of biotinylated secondary

cytokine antibody mixture was applied for 1.5 h in the dark

at room temperature. The reactions were detected with

streptavidin–phycoerythrin conjugate with a Luminex 100

IS 2.3 system (Merck).

Statistical Analysis

Data are presented as mean ± SEM from at least n inde-

pendent experiments. Statistical analysis was performed

using one-way ANOVA and Tukey’s test for multiple

comparisons with GraphPad Prism 5.0 software. p\ 0.05

was considered statistically significant.

Results

Cardiac Fibroblasts and Myofibroblasts Secrete

TGF-b (1, 2, and 3) Isoforms

First, as shown in Fig. 1a–c both CF and CMF secreted

TGF-b1, TGF-b2, and TGF-b3, respectively, into the cul-

ture medium. However, CMF secreted significantly higher

levels of the three TGF-b isoforms than CF (15 vs. 45 pg/

mL for TGF-b1; 131 vs. 762 pg/mL for TGF-b2; and 11

vs. 26 pg/mL for TGF-b3, CF vs. CMF, respectively). It is
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noteworthy that both CF and CMF released significantly

higher levels of TGF-b2 than TGF-b1 or 3 in all study

groups. Furthermore, to determine the ability of LPS to

modulate of TGF-b1, 2, and 3 expressions through TLR4,

CF and CMF were stimulated with LPS for 48 h in the

presence or absence of TAK-242 (a TLR4 signaling path-

way inhibitor). The results show that LPS significantly

reduced TGF-b2 and TGF-b3 levels to 48 h in CMF, but

not in CF, as compared to baseline (762 vs. 466 pg/mL for

TGF-b2; 26 vs. 15 pg/mL for TGF-b3) but had no signif-

icant effect on TGF-b1. On the other hand, TAK-242

completely inhibited the effect triggered by LPS (762 vs.

656 pg/mL and 26 vs. 27 pg/mL for TGF-b2 and 3,

respectively).

LPS Decreases a-SMA Expression in CF

We determined the effect of LPS on a-SMA protein levels

in CF. Cells were stimulated with LPS (1 lg/mL) for 24,

48, 72, and 96 h. Figure 2a shows that from 24 h, LPS

decreased a-SMA protein levels relative to the control, and

that this difference reached significance by 48 h. For

immunofluorescence assay, cells were stimulated with LPS

(1 lg/mL) for 24 and 72 h. Figure 2b shows that treated

cells had lower a-SMA expression and stress fiber assem-

bly rates. This result was similar, after quantifying the

relative fluorescence of anti a-SMA. In addition, these cells

were smaller and showed reduced stress fiber assembly as

compared to control CF.

TLR4 Participates in the Decreased a-SMA

Expression Induced by LPS

To determine the role of TLR4 in the LPS-induced

decrease in a-SMA expression, cells were pre-treated for

30 min with TAK-242 (4 lM/mL), a TLR4 signaling

pathway inhibitor, and then stimulated with LPS (1 lg/
mL). Figure 3a shows that after 48 h, TAK-242 had

reverted the decreased a-SMA expression induced by LPS

to control levels, whereas TAK-242 alone did not alter a-

Fig. 1 Effect of LPS on TGF-b (1, 2 and 3) expression in cardiac

fibroblasts and myofibroblasts. CF and MCF were stimulated for 48 h

with LPS (1 lg/mL) in the presence or absence of TAK-242 (4 lM/

mL). Quantification of the total levels of TGF-b1 (a), TGF-b2 (b),

and TGF-b3 (c) normalized by the number of cells. ???p\ 0.001

myofibroblasts vs fibroblasts; #p\ 0.05 versus control CF; *p\ 0.05

versus control CMF. The results are means (±SEM) of 5 independent

experiments
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SMA levels. For immunofluorescence assay, the cells were

pre-treated for 30 min with TAK-242, stimulated with LPS

for 48 h, and fixed in coverslips. Figure 3b shows that LPS

reduced both a-SMA expression and assembly into stress

fibers; however, TAK-242 inhibited these LPS-induced

effects. This result was similar, after quantifying the rela-

tive fluorescence of anti a-SMA.

LPS Activates NF-jb, ERK1/2, and Akt Through

TLR4 to Decrease a-SMA Levels

After characterizing the involvement of TLR4 in a-SMA

expression in CF, we determined whether the NF-jb,
ERK1/2, and Akt signaling pathways were involved in

these effects. Figure 4a shows that LPS (1 lg/mL) signif-

icantly increased p65-NF-jb phosphorylation from 5 to

30 min. ERK1/2 was phosphorylated significantly from

30 min, peaking at 60 min (Fig. 4b), whereas Akt was

phosphorylated significantly from 60 min, with levels

holding steady to 120 min (Fig. 4c). However, despite

these findings, it remained unclear whether these proteins

were involved in the LPS-induced decreases in a-SMA

protein expression. To this end, CF were stimulated for

48 h with LPS in the presence or absence of the respective

inhibitors. BAY 11-7082 (10 lM, an NF-jb inhibitor)

alone reduced a-SMA protein levels as compared to con-

trol. However, NF-jb inhibition did not prevent the LPS-

induced effect on a-SMA expression (Fig. 4d). PD98059

Fig. 2 LPS inhibits the expression of a-SMA in CF. a CF were

stimulated with LPS (1 lg/mL) for 24, 48, 72, and 96 h. a-SMA

protein levels were quantified by western blotting. GAPDH was used

as a load control. *p\ 0.05 versus control 48 h; **p\ 0.01 versus

control 72 and 96 h. The results are means (±SEM) of 5 independent

experiments. b CF were stimulated with LPS (1 lg/ml) for 24 and

72 h. a-SMA was detected by immunofluorescence using anti-a-SMA

antibody, Alexa Fluor� 566-conjugated secondary antibody (red

staining), and Hoechst for the nuclei (blue). c Quantification of the

total relative fluorescence of the images obtained by confocal

microscopy, 10x magnification images, scale bar of 50 lm. Identical

exposure-time were used to capture images. The intensity of staining

obtained with anti-a-SMA antibody was measured in each unaltered

cell. **p\ 0.01 versus control 24 h; ??\ 0.01 versus control 72 h.

The results are means (± SEM) of 5 independent experiments

Fig. 3 Participation of TLR4 a-SMA protein levels in CF. A) CF

were stimulated with LPS (1 lg/ml) for 72 h in the presence or

absence of TAK-242 (4 lM/mL). a-SMA protein levels were

quantified by western blotting. GAPDH was used as a load control.

***p\ 0.001 versus control. The results are means (± SEM) of 5

independent experiments. b CF were stimulated with LPS (1 lg/ml)

for 72 h in the presence or absence of TAK-242 (4 lM/mL). a-SMA

was detected by immunofluorescence using anti-a-SMA antibody,

Alexa Fluor� 566-conjugated secondary antibody (red staining), and

Hoechst for the nuclei (blue). c Quantification of the total relative

fluorescence of the images obtained by confocal microscopy,

10x magnification images, scale bar of 50 lm. Identical exposure-

time were used to capture images. The intensity of staining obtained

with anti-a-SMA antibody was measured in each unaltered cell.

**p\ 0.01 versus control; ???p\ 0001 versus LPS. The results

are means (± SEM) of 5 independent experiments
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(10 lM, an ERK1/2 inhibitor) alone did not affect a-SMA

expression levels nor prevent the LPS-induced effect on a-
SMA expression (Fig. 4e). Finally, LY294002 (10 lM, an

Akt inhibitor) alone did not reduce a-SMA expression

compared to control, whereas the effect of LPS (1 lg/mL)

was blocked by LY294002 (Fig. 4f).

LPS Inhibits the Signaling Pathway Triggered

by TGF-b1 Through TLR4

According to our initial results, CF are able to secrete TGF-b
isoforms, which induce a-SMA expression through an

autocrine mechanism. Thus, we next tested whether LPS

could prevent the increased a-SMA expression induced by

the exogenous addition of TGF-b1. CFwere pre-treated with
LPS 1 (lg/mL), and 30 min later the cells were stimulated

with TGF-b1 (5 ng/mL). Figure 5a shows that TGF-b1
(48 h) significantly increased a-SMA expression levels

relative to the controls. However, LPS treatment inhibited

partially this TGF-b1-induced increase in a-SMA expres-

sion. Similarly, Fig. 5b shows the immunocytochemical

evidence of TGF-b1-induced a-SMA expression and

assembly into stress fibers. However, pre-treatment with

LPS reduced a-SMA expression and assembly, in both TGF-

b1-treated CF and untreated CF. This result was confirmed,

after quantifying the relative fluorescence of anti a-SMA.

In CF, TGF-b1 activates several signaling pathways,

including its canonical pathway (Smad3), to induce a-SMA

expression and assembly. Thus, we tested whether an LPS-

induced decrease in a-SMA expression would modify

Smad3 protein phosphorylation and Smad7 levels. As

shown in Fig. 5c, treating CF for 2 h with TGF-b1 (5 ng/

mL) significantly increased Smad3 phosphorylation rela-

tive to controls. LPS blocked this effect of TGF-b1 in CF.

We also studied the key negative regulator of TGF-b1
signaling, Smad7, which may be associated with the anti-

fibrotic effects of TLR4 activation. As shown in Fig. 5d,

CF treated with TGF-b1 did not show significantly altered

Smad7 protein levels. However, LPS treatment increased

Smad7 protein levels relative to the control. In addition, in

CF pre-treated with LPS for 1 h and then treated with TGF-

b1, Smad7 protein levels were partially reduced, although

they remained higher than control levels.

LPS Decreases a-SMA Expression Levels in CMF

It is well established that CF differentiation into CMF is

triggered by TGF-b1 and that this process is

Fig. 4 LPS through Akt decrease a-SMA protein levels in adult

cardiac fibroblast. CF were stimulated with LPS (1 lg/ml) for 5, 15,

30, 60, or 120 min, and a representative image of p-NF-jb (a),
p-ERK 1/2 (b) y p-Akt (c), and quantification of the p-NF-jb/NF-jb
total, p-Akt/Akt total, p-ERK/ERK total, ratio normalized as fold over

control were shown. The results are means (± SEM) of 6 independent

experiments. CF were stimulated with LPS (1 lg/ml) for 72 h in the

presence or absence of: d BAY 11-7082 (0,5 lM); e PD98059

(10 lM) or f LY294002 (1 lM). a-SMA protein levels were

quantified by western blotting. GAPDH was used as a load control.

*p\ 0.05 vs control, **p\ 0.01 versus control, and ***p\ 0001

versus control. The results are means (± SEM) of 5 independent

experiments
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characterized by a significant increase in a-SMA

expression and assembly, which is used as a marker for

the myofibroblast phenotype. Due to the high levels of a-
SMA production in CMF, we wanted to assess whether

LPS was able to reverse the myofibroblast phenotype and

if so, whether this reversal occurred via TLR4. To this

end, CF were treated with TGF-b1 for 96 h (to induce

CF-to-CMF differentiation) and then washed and main-

tained in DMEM for 24 h until the experiments. The

cells were pre-treated with TAK-242 (4 lM) for 1 h and

then stimulated with LPS (1 lg/mL) for 48 h. Figure 6a

shows that the CMF expressed significantly higher levels

of a-SMA levels and that treatment with TAK-242 did

not modify these levels. Pre-treatment with TAK-242

inhibited the LPS-induced decrease in a-SMA expres-

sion. CMF were prepared as described above for

immunofluorescence assays. Figure 6b shows that LPS

reduced both a-SMA expression and assembly in CMF.

TAK-242 alone did not affect a-SMA assembly, but the

inhibitor completely blocked the effect of LPS on a-
SMA assembly into stress fibers. This result was con-

firmed, after quantifying the relative fluorescence of anti

a-SMA in CMF.

To corroborate this effect, we treated CMF with

SB431542 (a TGF-b1R antagonist). This blocker

decreased a-SMA expression levels (Fig. 6c). According

to previous results, by quantifying the relative fluores-

cence of anti-SMA, it was confirmed that SB431542

reduced the expression of a-SMA and the assembly in

tension fibers. The size of the cell was also reduced

(Fig. 6d). TAK-242 did not significantly affect the

assembly of a-SMA.

Finally, Fig. 7 summarizes schematically that in CF the

treatment with LPS regulates expression of Smad7 and

Fig. 5 Inhibition of effects and signaling TGF-b by LPS. a and b CF

were pre-stimulated with LPS (1 lg/mL) for 30 min and then were

stimulated with TGF-b1 (5 ng/mL) for 72 h. a-SMA protein levels

were quantified by western blotting. GAPDH was used as a load

control. ***p\ 0.001 versus control; ?p\ 0.05 versus TGF-b1. The
results are means (± SEM) of 4 independent experiments. a-SMA

was detected by immunofluorescence using anti-a-SMA antibody,

Alexa Fluor� 566-conjugated secondary antibody (red staining) and

Hoechst for the nuclei (blue). Quantification of the total relative

fluorescence of the images obtained by confocal microscopy,

10x magnification images, scale bar of 50 lm. Identical exposure-

time were used to capture images. The intensity of staining obtained

with anti-a-SMA antibody was measured in each unaltered cell.

**p\ 0.01 versus control; ?p\ 0.05 versus TGF-b1. The results are
means (± SEM) of 5 independent experiments. c CF were pre-

stimulated with LPS (1 lg/mL) for 1 h and then were stimulated with

TGF-b1 (5 ng/mL) for 2 h. p-Smad3 protein levels were quantified by

western blotting. Total Smad3 was used as a load control.

***p\ 0.01 versus control; ?p\ 0.05 versus TGF-b1. The results

are means (± SEM) of 4 independent experiments. D) CF were pre-

stimulated with LPS (1 lg/mL) for 1 h and then were stimulated with

TGF-b1 (5 ng/mL) for 2 h. Smad7 protein levels were quantified by

western blotting. GAPDH was used as a load control. ***p\ 0.001

versus control; ?p\ 0.05 versus LPS. The results are means

(± SEM) of 4 independent experiments
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p-Smad3, which triggers the decreases in a-SMA expres-

sion levels, whereas in CMF LPS triggers the regression of

this differentiated phenotype induced by TGF-b1.

Discussion

LPS is a well-known endotoxin with numerous effects on

cardiac function. In a murine model, chronic exposure to

subclinical LPS levels results in cardiac fibrosis and severe

cardiac dysfunction, increasing mortality after 2–3 months

[24]. In a human cardiac fibroblast model, LPS enhanced

mRNA expression of inflammatory cytokines such as

tumor necrosis factor-a (TNF-a) and IL-1b and caused

overproduction of nitric oxide [39]. In the heart, CF play a

central role in maintaining extracellular matrix homeostasis

and differentiation into CMF but also mediate inflamma-

tory and fibrotic myocardial remodeling in the diseased

heart [5]. Here, we show that in CF and CMF, LPS

decreases levels of a-SMA protein, which may be critical

in the wound healing process after cardiac injury.

TLR4 Differentially Modulates the TGF-b Isoforms

Released by Cardiac Fibroblasts and Myofibroblasts

Our results show that both CF and CMF secrete all three

TGF-b isoforms, and moreover, that CMF secrete higher

levels of each TGF-b isoform than CF. These results are

consistent with the increased a-SMA levels in both cells

and suggest that TGF-b secreted by CF and CMF can

increase a-SMA expression through an autocrine mecha-

nism, which are consistent with those described by Tiede

et al. [36]. The TGF-b family consists of 3 isoforms, TGF-

b1, TGF-b2, and TGF-b3, encoded by different genes; of

the three, TGF-b1 has been studied most extensively [27].

All three protein isoforms share similar affinities for the

cognate receptors. TGF-b1 is released primarily by plate-

lets in tissue repair events and is the main promoter

Fig. 6 TLR4 activation regulates a-SMA expression on cardiac

myofibroblasts. a CMF were stimulated with LPS (1 lg/mL) for 24 h

in the presence or absence of TAK-242 (4 lM/mL). a-SMA protein

levels were quantified by western blotting. GAPDH was used as a

load control. ***p\ 0.001 versus control; ###p\ 0.001 versus LPS.

The results are means (± SEM) of 4 independent experiments. c)
CMF were stimulated with LPS (1 lg/mL) for 24 h in the presence or

absence of TAK-242 (4 lM/mL) and SB431542 (10 lM/mL). a-
SMA protein levels were quantified by western blotting. GAPDH was

used as a load control. ***p\ 0.001 versus control. The results are

means (± SEM) of 4 independent experiments. In B) and d a-SMA

was detected by immunofluorescence using anti-a-SMA antibody,

Alexa Fluor� 566-conjugated secondary antibody (red staining), and

Hoechst for the nuclei (blue). The respective quantification of the

total relative fluorescence of the images obtained by confocal

microscopy is shown, 10x magnification images, scale bar of

50 lm. Identical exposure-time were used to capture images. The

intensity of staining obtained with anti-a-SMA antibody was

measured in each unaltered cell. *p\ 0.05 versus control;

??p\ 0.01 versus LPS (for (B). The results are means (± SEM)

of 5 independent experiments. ??p\ 0.01 vs control (d). The results
are means (± SEM) of 5 independent experiments
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fibroblast-to-myofibroblast differentiation [40]. Myofi-

broblasts are also able to secrete TGF-b1 into the extra-

cellular medium, which can activate the respective

receptors and self-perpetuate the phenotype via an auto-

crine mechanism [9]. To our knowledge, this is the first

evidence that TGF-b2 is the main isoform secreted by CF

and CMF. In light of our finding that these cells secrete

high levels of TGF-b2, we suggest that this isoform may be

key in maintaining the cardiac myofibroblast phenotype,

possibly serving as a target for inducing balanced a-SMA

mRNA and protein expression. Indeed, TGF-b1 and TGF-

b2 induce CF-to-CMF differentiation in vivo and in vitro,

whereas TGF-b3 acts as a negative regulator of myofi-

broblastic phenotype in vivo but not in vitro. Thus, while

the behavior of the three different TGF-b isoforms is

similar in vitro, TGF-b isoforms may play different, but

complementary, roles in vivo in myofibroblast modulation

during wound repair [33]. Further evidence from the lit-

erature is consistent with these findings on TGF-b isoform

secretion. In the rat heart, adrenergic stimulation [4] and

coronary artery ligation [10] alter cardiac TGF-b isoform

expression patterns, with increased secretion of TGF-b2
over TGF-b1. On the other hand, LPS reduces secretion of

TGF-b2 and 3, but not TGF-b1, in CMF, whereas this

effect was not significant in CF. There is parallel data

available on the effects of LPS on TGF-b secretion. In

human articular chondrocytes, LPS selectively decreases

expression of TGF-b2 and 3, but not TGF-b1 [2]. In this

sense, some authors argue that LPS sensitizes TGF-b-me-

diated actions [3], whereas another report indicates that

LPS desensitizes cytokine-mediated actions [32]. This

effect appears to be dependent on cell type. This finding

suggests that in CMF, LPS reduces the release of TGF-b
isoforms, possibly inducing a negative effect on healing

process, where CMF play a fundamental role. Thus, in our

model we cannot discard that probably the sum of three

different isoforms (total secreted TGF-bs) can be respon-

sible of observed effects.

TLR4 Activation by LPS Inhibit a-SMA Expression

The cultured CF showed time-dependent increases in a-
SMA expression levels. The literature suggests that TGF-b
isoforms secreted into the culture medium act via an

autocrine mechanism to induce a-SMA expression. Our

results confirm this idea, as CMF incubated with SB431542

(a TGF-b1R antagonist) showed decreased a-SMA levels,

whereas TAK-242 did not affect a-SMA levels. The LPS-

induced decrease in a-SMA expression suggests that TLR4

activation can inhibit fibroblasts differentiation into

myofibroblasts. These data are consistent with the litera-

ture, which provides evidence that in vascular smooth

muscle cells derived from human aorta, human coronary

artery, or rat aorta, LPS stimulation inhibits production of

Fig. 7 Schematic representation of LPS effects in CF and CMF on a-
SMA expression levels. (Left) Cardiac fibroblast. Mechanical stress

stimulates the secretion of TGF-bs (black lines), which in autocrine

manner (red arrow) stimulates the TGF-b1 receptor and activates

Smad3-dependent signaling pathway, increasing a-SMA expression

levels (red lines). LPS through TLR4/Akt/Smad7 signal transduction

pathway (blue lines) reduces the effects of TGF-b1 on a-SMA

expression levels. (Right) Cardiac myofibroblast. Exogenous TGF-b1
addition or TGF-bs secreted by mechanical stress stimulates (black

lines) the TGF-b1 receptor (red arrow), increasing a-SMA expression

levels (red lines) and their assembly into stress fibers. LPS via TLR4

(blue lines) reduces both expression levels, as well as a-SMA

assembly on stress fibers. Inhibition of TGF-b1 receptor signaling by

SB431542 reverses the effects of TGF-b1
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a-SMA triggered by endothelin-1 (ET1) and TGF-b1. This
inhibition occurs at a transcriptional level, since LPS

inhibits a-SMA mRNA and promoter activity [32, 38]. The

model mentioned above postulates that the a-SMA pro-

moter is controlled largely by regulatory elements (such as

CArG boxes), activated serum response factors (SRF), and

TGF-b control elements (TCE). The authors showed that

LPS is unable to alter SRF activity but potently inhibits

inducible TCE activity. In contrast, in a sepsis model using

human CF, LPS significantly increased a-SMA levels [39],

indicating that the effect of LPS on cardiac tissue may be

dependent on the animal model and cell type used.

TLR4 Activation Through PI3K/Akt Decreases a-
SMA Expression in CF

In this study, LPS acted via TLR4 to trigger the ERK1/2,

PI3K/Akt, and NF-jb signaling pathways in the CF, with

activation kinetics comparable to data in the literature

[34, 43]. We also found that the ERK1/2 intracellular

signaling pathway did not participate in decreasing a-SMA

expression. However, our results demonstrate that

LY294002 is capable of reversing the effect of LPS-in-

duced TLR4 activation, suggesting that PI3K/Akt intra-

cellular signaling cascade activation is related to decreased

a-SMA expression levels. Abdalla et al. demonstrated that

in rat embryo fibroblasts, TGF-b1 actives Akt1 and induce

a-SMA synthesis through transcription factors such as SRF

and myocardin, suggesting that Akt1 is an important

modulator of CF-to-CMF differentiation [1]; however, we

showed here that LPS operates via the TLR4/Akt signaling

pathway to decrease a-SMA protein levels. In addition, the

NF-jb inhibitor alone reduced a-SMA levels, and there

was no synergic effect between NF-jb inhibitor (BAY

11-7082) and LPS. Therefore, although LPS activates NF-

jb, our results cannot allow us to determine whether this

signaling pathway is involved in the decreased a-SMA

expression triggered by LPS. Future studies to elucidate the

participation of NF-jb in LPS-induced a-SMA decreases

would be worthwhile.

LPS Interrupts the TGF-b1 Signaling Pathway

When TGF-b1 binds to its receptor, the canonical (Smad

proteins) and non-canonical (MAPK) intracellular path-

ways are activated [12, 13, 42]. In CF, Smad proteins,

particularly Smad3, regulate pro-fibrogenic responses and

CMF differentiation [25], whereas Smad7 is associated

with a negative feedback loop that halts or reduces the

intensity of a signal [46]. Pre-treating the CF with LPS

resulted in lower p-Smad3 but higher Smad7 protein

levels as compared to CF treated only with TGF-b1.
Taken together, these results suggest that LPS-induced

TLR4 activation inhibits the TGF-b1 signaling pathways

mediated by Smad proteins, leading to decreased

expression of a-SMA and secondly, that increased Smad7

levels pose an obstacle to TGF-b1R activation. Data from

our laboratory have shown that TGF-b1-induced activa-

tion of Smad2/3 in CF regulates collagen secretion and

cardiac myofibroblast differentiation (as evidenced by

increased a-SMA). Furthermore, the increased Smad7

levels in CF treated with LPS may be related to decrease

TGF-b1 signaling, via receptor internalization and pro-

motion of degradation. Ebisawa et al. showed that Smad7

interacts with Smurf1, an E3 ubiquitin ligase, which

induces Smad7 ubiquitination and translocation to the

cytoplasm [15]. This recruitment of Smad7 to Smurf1

facilitates binding and rapid degradation of the TGF-b1R.
These results demonstrate a new role for Smad7 in

inducing TGF-bR degradation, through recruitment of an

E3 ligase receptor [22]. Moreover, Hayashi et al. [20]

showed that Smad7 in the cytosol can bind to TGF-bR
directly or in a ternary complex with BAMBI (BMP and

activin membrane-bound inhibitor) to inhibit TGF-b1
signaling [46]. Other studies have shown that Smad7

inhibits TGF-b through multiple mechanisms [47]. At the

core, Smad7 can undergo epigenetic changes after binding

to histone deacetylases (HDAC) such as HDAC1, SIRT1,

and P300 acetyltransferase [19, 23]. It can also block

target gene induction by interfering with the binding of

Smads to activating promoters [48]. Likewise, Conery

et al. and Remy et al. showed that activated Akt interacts

directly with non-phosphorylated Smad3, sequestering it

outside the core and preventing its phosphorylation and

nuclear translocation [7, 31]. This results in the inhibition

triggered by TGF-b- and Smad3-mediated effects.

In CMF, LPS Reduces a-SMA Expression

Similar to the results in CF, LPS reduced a-SMA expres-

sion in CMF, and this effect was blocked by TAK-242,

indicating the involvement of TLR4. We hypothesize that

this process is carried out through the same mechanisms

described above, suggesting that in CF, LPS-induced TLR4

activation may modulate TCE activity, leading to altered

TGF-b1 stimulation and diminished a-SMA expression.

In conclusion LPS-induced TLR4 activation inhibits

cardiac fibroblast-to-myofibroblast differentiation. We also

propose that in CF, LPS-induced TLR4 activation inhibits

TGF-b1 signaling, characterized by decreased p-Smad3 but

increased Smad7 protein levels. The foregoing suggests

that TLR activation by LPS in CF has a double-edged

consequence; its anti-fibrotic effect may be beneficial, if

used to slow cardiac fibrosis through pharmacological

manipulation, or detrimental, impeding normal healing

after cardiac injury.
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Clinical Significance

The development of TLR4 receptor agonists could repre-

sent a promising pharmaceutical drug, which when used in

defined time windows could ensure correct scar formation

without leading to the development of cardiac fibrosis. CF-

to-CMF differentiation is a key process necessary for

proper cardiac repair after tissue damage. The early use of

TLR4 agonists to avoid or prevent CF differentiation in the

healing process, since it leads to an improper wound

healing and consequently decreased heart function. In this

regard, the use of TLR4 agonists in later stages of cardiac

repair could avoid cardiac fibrosis development due to a

decrease in the excessive extracellular matrix deposition by

CMF.

Limitations

This study was performed under in vitro conditions, which

only studies the effect of LPS in a single cell type. How-

ever, it should be noted that cardiac tissue is comprised of

several cell types: cardiomyocytes, vascular, and endothe-

lial cells, which may also respond to a stimulus like LPS as

a TLR4 agonist. Moreover, the presence of this receptor in

immune cells that extravasate to cardiac tissue after injury

makes it even more complex to study whether these effects

on CF-to-CMF equilibrium take place under in vivo

conditions.
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