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A B S T R A C T

Cardiac fibroblasts (CFs) are necessary to maintain extracellular matrix (ECM) homeostasis in the heart.
Normally, CFs are quiescent and secrete small amounts of ECM components, whereas, in pathological conditions,
they differentiate into more active cells called cardiac myofibroblasts (CMF). CMF conversion is characteristic of
cardiac fibrotic diseases, such as heart failure and diabetic cardiomyopathy. TGF-β1 is a key protein involved in
CMF conversion. SMADs are nuclear factor proteins activated by TGF-β1 that need other proteins, such as
forkhead box type O (FoxO) family members, to promote CMF conversion. FoxO1, a member of this family
protein, is necessary for TGF-β1-induced CMF conversion, whereas the role of FoxO3a, another FoxO family
member, is unknown. FoxO3a plays an important role in many fibrotic processes in the kidney and lung.
However, the participation of FoxO3a in the conversion of CFs into CMF is not clear. In this paper, we de-
monstrate that TGF-β1 decreases the activation and expression of FoxO3a in CFs. FoxO3a regulation by TGF-β1
requires activated SMAD3, ERK1/2 and Akt. Furthermore, we show that FoxO1 is crucial in the FoxO3a reg-
ulation induced by TGF-β1, as shown by overexpressed FoxO1 enhancing and silenced FoxO1 suppressing the
effects of TGF-β1 on FoxO3a. Finally, the regulation of TGF-β1-induced CMF conversion was enhanced by
FoxO3a silencing and suppressed by inhibited FoxO3a degradation. Considering these collective findings, we
suggest that FoxO3a acts as a negative regulator of the CMF conversion that is induced by TGF-β1.

1. Introduction

Cardiac fibroblasts (CFs) maintain the homeostasis of the extra-
cellular matrix (ECM) by secreting ECM components such as collagen I
and fibronectin [1]. In pathological conditions, such as hypertension,
myocardial infarction or diabetes, CFs differentiate into more active
cells called cardiac myofibroblasts (CMF) [2–4]. CMFs secrete large
amounts of profibrotic proteins, such as collagen type I and connective

transforming tissue factor (CTGF). CMFs have an important role in
cardiac tissue healing, for which they express contractile proteins, such
as smooth muscle actin type α (α-SMA) [5]. Normally, CMFs are
eliminated by apoptosis after tissue healing occurs. However, under
pathological conditions, CMFs remain in the injury zone and cause
tissue fibrosis [6]. The determination of the molecular mechanisms and
regulators of CMF conversion will enable the identification of new
molecular targets against cardiac fibrosis.
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TGF-β1 is a cytokine involved in several fibrotic processes, such as
pulmonary, renal and cardiac fibrosis [7]. TGF-β1 is the main protein
that regulates CF differentiation into CMF. To realize this function,
TGF-β1 actives its specific receptors and induces the formation and
activation of the SMAD complex, which localizes to the nucleus and
regulates gene transcription [8,9]. SMAD3-regulated TGF-β1 is in-
volved in CMF conversion, requiring the regulation of gene transcrip-
tion in conjunction with other necessary other proteins, such as the
forkhead box type O (FoxO) family [10–12]. The FoxO family is in-
volved in several biological processes, such as apoptosis and cell dif-
ferentiation [13]. The FoxO family comprises 4 proteins, being FoxO1
and FoxO3a the more studied in heart. Both proteins are involved in
physiological and pathological processes, such as aging, cancer and
cardiovascular diseases [14]. Further, it has been shown that CFs ex-
press FoxO1 and FoxO3a [15,16]. We previously demonstrated that
TGF-β1 requires FoxO1 to promote CF differentiation into CMF; how-
ever, whether FoxO3a participates in this crucial physiopathological
mechanism remains unknown.

The evidence that FoxO3a has a role in CF is limited. FoxO3a reg-
ulates the proliferation and the antioxidant response of CFs [16,17].
FoxO3a has a role in fibrotic pathologies. The silencing of FoxO3a af-
fects pulmonary fibroblast differentiation and lung fibrosis [18]. In
contrast, FoxO3a is involved in heart pathologies as shown by its ne-
cessary inactivation to induce cardiac fibrosis due to pressure overload
[19]. These data suggest that FoxO3a would act negatively in cardiac
fibrosis; however, the role of FoxO3a in CMF conversion has not been
studied.

The TGF-β1-induced regulation of FoxO3a has been studied in
several tissues and cells. TGF-β1 induces the inactivation of FoxO3a in
pulmonary fibrosis [20], whereas an inhibitor of TGF-β1 prevents
kidney fibrosis and FoxO3a inactivation [21]. However, the TGF-β1-
induced regulation of FoxO3a in CFs is unknown. The activity of
FoxO3a is regulated mainly by posttranslational modifications. The
phosphorylation of FoxO3a induces its localization to the cytosol,
proteasomal degradation and transcriptional activity suppression [22].
The main proteins that regulate the FoxO3a activity through phos-
phorylation are ERK1/2 and AKT [22,23], both of which are activated
by TGF-β1 and are involved in CMF conversion [24–26]. The activation
of FoxO3a increases the expression of catalase and SOD2 [27]. In ad-
dition, inhibited FoxO3a expression promotes high levels of ROS in
cardiac tissue, whereas ROS is crucial for CMF conversion induced by
TGF-β1 [28].

FoxO1 and FoxO3a act together in many situations, whereas under
other some conditions, FoxO1 and FoxO3a have contradictory functions
[14]. In T-regulatory cells, FoxO1 and FoxO3a are important for the
regulation of FoxP3 expression [29]; however, in human endometrial
stromal cells, FoxO1 and FoxO3a regulate oxidative stress differently
[30]. Cross-talk between FoxO family proteins has not been extensively
studied. The nature of the cross-talk between FoxO3a and FoxO1 in CFs
and its role in TGF-β1-induced CMF conversion are unknown.

In this work, we hypothesize that TGF-β1 decreases the expression
and activity of FoxO3a, requiring SMAD3, ERK1/2, AKT and FoxO1. In
addition, we analyzed the role of FoxO3a in the TGF-β1-induced dif-
ferentiation of CFs into CMFs.

2. Materials and methods

2.1. Materials

TGF-β1 and Accutase® were obtained from Millipore. 488 Alexa
Fluor® conjugated secondary antibodies, actinomycin D, cyclohex-
imide, MG132, Bradford solution, propidium iodide, and primary an-
tibodies (against GAPDH, β-tubulin, α-SMA) were obtained from
Sigma-Aldrich. Primary antibodies (against p-SMAD3, SMAD3, FoxO1,
p-ERK1/2, ERK1/2, p-AKT, AKT, Catalase, SOD2, FoxO3a and p-
FoxO3a) were obtained from Cell Signaling Technologies. Primary

antibodies (against lamin A/C, pro-collagen I, and CTGF) were obtained
from Abcam. Secondary antibodies conjugated with horseradish per-
oxidase were obtained from Calbiochem. Collagen rat tail solution,
RNAse, Trypan blue, lipofectamine, Opti-MEM®, and the siRNAs were
obtained from Life Technologies. All adenoviruses used in this work
were a kind gift from Dr. Joseph A Hill, University of Texas,
Southwestern Medical Center (Dallas, Texas). The ECL Advance
Western Blotting Detection kit was obtained from GE Healthcare
Europe GmbH.

2.2. Cell culture and treatments

CFs were isolated from the left ventricle (LV) of 3-day-old Sprague-
Dawley rats. Briefly, LVs were harvested, cut into small pieces
(~1–2 mm), and placed in a culture dish. A total of 10 mL Dulbecco's
modified Eagle's medium containing 10% fetal bovine serum (FBS) and
antibiotics were added to culture dishes. The homogenized cells were
maintained at 37 °C in a 5% CO2humidified incubator until they
reached 70% confluence. Adherent cells were cultivated. Cells from
passage 1 were used for all experiments. For experimental conditions,
the cells were maintained in DMEM-F12 medium for 18 h. CFs were
stimulated with TGF-β1 (1–10 μg/mL) for different durations in the
experiments (2 to 72 h). For the inhibition experiments, the cells were
incubated with actinomycin D (transcription inhibitor, 2 μg/mL), cy-
cloheximide (translation inhibitor, 1 μM), MG132 (proteasome in-
hibitor, 10 nM), PD98056 (MEK/ERK1/2 signaling inhibitor, 10 μM), or
LY294002 (PI3K/AKT signaling inhibitor, 10 μM), AS1842856 (FoxO1
inhibitor, 100 nM) for 1 h before TGF-β1 incubation.

2.3. Western blot analysis

After the respective treatments, the cells were lysed in 50 mM Tris,
300 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA, 20% gly-
cerol, 1% NP40, 0.5 mM DTT, and inhibitor cocktail. The lysates were
vigorously vortexed for 10 s and centrifuged at 10,000 rpm for 10 min,
and the total protein content was determined using the Bradford assay.
Equivalent amounts of protein (30 μg) were subjected to SDS-PAGE.
Western blotting was performed by transferring proteins to ni-
trocellulose membranes, which were subsequently blocked with 5% fat-
free milk (w/v) in TBS-Tween for 1 h at room temperature. The
membranes were probed with the appropriate primary antibody over-
night at 4 °C and then with a peroxidase-conjugated secondary antibody
for 2 h at room temperature. Finally, the ECL Advance Western Blotting
Detection kit was used for immunodetection in a blot scanner (Li-COR).
The protein levels were determined by densitometric analysis using
ImageJ software (NIH, Bethesda, MD, USA) and normalized to the
corresponding GAPDH level.

2.4. Immunofluorescence assay

A total of 150,000 cells was fixed in 4% paraformaldehyde solution
for 20 min at room temperature and permeabilized in 0.1% TritonX-100
for 10 min at room temperature. Nonspecific proteins were blocked
with 3% bovine serum albumin solution for 30 min at room tempera-
ture. Cells on the coverslips were incubated with the appropriate pri-
mary antibody overnight at 4 °C and then with an appropriate fluor-
ophore-conjugated secondary antibody for 2 h at room temperature.
Images were obtained using a spinning-disk microscope (Olympus
BX43).

2.5. Subcellular fractionation

A total of 500,000 cells were lysed in 10 mM HEPES, 1.5 mMMgCl2,
10 mM KCl, 0.5 mM DTT, and 0.05% NP40 (pH 7.9), kept on ice for
10 min, and centrifuged at 300 rpm for 10 min at 4 °C. The supernatants
corresponded to the cytosol samples. The pellets were resuspended in
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5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 26%
glycerol (v/v) (pH 7.9). NaCl was added to obtain a 300 mM NaCl final
concentration; the mixture was maintained on ice for 30 min and then
centrifuged at 24,000g for 20 min at 4 °C. The pellets were discarded,
and the supernatants corresponded to nuclear extracts. Protein content
was analyzed using the Bradford assay. The purity of the subcellular
fractions was assessed using β-tubulin for the cytosol and lamin A/C for
the nucleus.

2.6. Cell proliferation

CF proliferation was induced with FBS at 10% in DMEM-F12
medium for 24 h. To evaluate cell proliferation, the CFs were detached
from culture dishes with Accutase®. After detachment, 100% FBS was
added to ensure cell integrity and inhibit further Accutase® action. The
cell number was determined by the trypan blue exclusion method with
a Neubauer chamber. The cells were counted in quadruplicate.

2.7. Cell cycle analysis

The cells detached by Trypsin-EDTA 1× were centrifuged at
2000 rpm for 5 min at 4 °C, resuspended in cold methanol, and stored at
−20 °C overnight. The cells were centrifuged at 2000 rpm for 5 min at
4 °C, and the pellet was resuspended in PBS solution containing RNAse
(1 μg/mL) and kept at room temperature for 2 h. The cells were in-
cubated with propidium iodide solution (10 μg/mL) for 1 min at room
temperature. Finally, the cell cycle was analyzed in a flow cytometer
(Becton Dickinson). Data were expressed as the percentage of cells in
G0/G1 and S/G2/M.

2.8. FoxO1 and FoxO3a silencing

CFs were seeded in 35 mm dishes at 80% confluence and serum-
deprived overnight. Lipofectamine and Opti-MEM® (100 μL) and spe-
cific siRNA and Opti-MEM® (100 μL) were prepared, incubated for
15 min at room temperature, mixed, and then incubated for an addi-
tional 15 min. Opti-MEM 800 μL was added and the mixture added to
the cells. After incubation for 16 h at 37 °C, the medium was changed to
DMEM-F12 for an additional 24 h. Scramble siRNA (Silencer® negative
control) was used as a control.

2.9. Adenoviral transduction

CFs were plated at 70% confluence and deprived of serum over-
night. Three different adenoviruses were used: wild-type FoxO1 (Ad-
FoxO1-wt), constitutively active FoxO1 (Ad-FoxO1-ca), and adenovirus
green fluorescent protein (Ad-GFP) as a control. Adenoviruses at 50 and
100 multiplicity of infection (MOI) were added and incubated for 24 h.

2.10. Collagen gel contraction assay

The 24-well plates were coated with 3% BSA solution and main-
tained overnight. Then, in each well, 400 μL of collagen gel solution
(1 mg/mL in PBS) and 100 μL of cell suspension (50,000 cells per well)
were added, gently homogenized, and maintained at 37 °C for 2 h. Gels
were detached from the edge of the well with a sterile pipette tip, and
500 μL of DMEM-F12 was added. Gel contraction was determined after
48 h and expressed as the ratio between the initial and final area of
collagen gel.

2.11. Measurement for gene expressions

Briefly, Total RNA was isolated by using Trizol reagent (Invitrogen,
Carlsbad, CA), followed by DNAse treatment and purification using
RNAmini column kit (Thermofisher, PureLink RNA Mini Kit). cDNA was
synthesized using miScript PCR Starter Kit (Qiagen, Valencia, CA) in a

20 μL reaction mixture. qPCR was performed on the iQ5 Gradient Real
Time PCR system (Bio-Rad) using the protocol of miScript PCR Starter
Kit (Qiagen, Valencia, CA). The primers for qPCR were synthesized as
follows: catalase I forward primer: 5′-CCCAGAAGCCTAAGAATG
CAA-3′; reverse primer: 5′-TCCCTTGGCAGCTATGTGAGA-3′; SOD2
forward primer: 5′-CTGGCCAAGGGAGATGT-3′, reverse primer:
5′-GGCCTGTGGTTCCTTGC-3′ and GAPDH forward primer: 5′-TCTGA
CGTGCCGCCTGGAGA-3′, reverse primer: 5′-TGGGCCCTCAGATGCCT
GCT-3′. The relative expression level between treatments was then
calculated using the following equation: relative gene
expression = 2 − (ΔCt,sample − ΔCt,control).

2.12. Statistical analysis

Data are presented as the mean ± SEM from at least four in-
dependent experiments. Statistical analysis was performed using one-
way ANOVA and, for multiple comparisons, Tukey's test with GraphPad
Prism 5.0 software. p < 0.05 was considered statistically significant.
Shapiro-Wilk test was performed to verify the normal distribution of
data.

3. Results

3.1. TGF-β1 decreases FoxO3a expression

First, we studied the effects of TGF-β1 on FoxO3a expression. TGF-
β1 decreased FoxO3a expression in a concentration-dependent manner,
which was statistically significant at a TGF-β1 concentration of 5 ng/
mL at 48 h (Fig. 1A). Additionally, using a single concentration of TGF-
β1 (10 ng/mL) at different times in the experiment, we observed a time-
dependent decrease in FoxO3a protein levels. The effects of TGF-β1
were significant starting at 24 h and reaching a maximum effect at 48 h
(Fig. 1B). The TGF-β1-induced decrease in FoxO3a expression was
corroborated by immunofluorescence staining against FoxO3a
(Fig. 1C), for which similar results were observed. To evaluate the
mechanism involved in the TGF-β1 regulation of FoxO3a, CFs were
preincubated for 1 h with inhibitors of transcription (actinomycin D),
translation (cycloheximide) and proteasomal degradation (MG132).
MG132 blocked the decrease of FoxO3a expression induced by TGF-β1,
whereas actinomycin D and cycloheximide enhanced TGF-β1 effects
(Fig. 1D). These results suggest that TGF-β1 decreases the protein level
of FoxO3a through the proteasomal degradation mechanism.

3.2. TGF-β1 decreases FoxO3a activity

The phosphorylation of FoxO3a at serine 253 promotes its in-
activation and degradation through the proteasome system [22]. The
stimulation of CFs with TGF-β1 at 10 ng/mL increased the phosphor-
ylation of FoxO3a in a time-dependent manner, being significant at 4 h
(Fig. 2A). The phosphorylation of FoxO3a promotes its recognition by
14-3-3 proteins, which maintain FoxO3a in the cytosol and outside the
nucleus [22]. Therefore, we sought to evaluate the intracellular loca-
lization of FoxO3a by subcellular fractionation. TGF-β1 induced in-
crease of FoxO3a protein expression in the cytosol and decreased it in
the nucleus (Fig. 2B), a finding that was corroborated by immuno-
fluorescence. The images show that, under basal conditions, FoxO3a is
localized mainly in the nucleus, whereas TGF-β1 induced its translo-
cation into the cytosol (Fig. 2C). Once in the nucleus, FoxO3a induces
the regulation of several genes. A specific transcriptional targets are
catalase and SOD2 [31]. TGF-β1 decreased catalase and SOD2 expres-
sion, both mRNA (Fig. 2D) and protein (Fig. 2E), in a manner parallel to
the decrease in FoxO3a nuclear localization. These results suggest that
TGF-β1 decreases the transcriptional activity of FoxO3a in CFs.

R. Vivar, et al. BBA - Molecular Cell Research 1867 (2020) 118695

3



3.3. TGF-β1 requires the activation of SMAD3, AKT and ERK1/2 to
regulate FoxO3a

It is well known that ERK1/2 and AKT regulate the activation and
expression of FoxO3a [32], whereas SMAD3 role is unknown. To model
this fact in our study, we analyzed the participation of these proteins in
the TGF-β1-induced regulation of FoxO3a. The phosphorylation (acti-
vation) of SMAD3, ERK1/2 and AKT increased with TGF-β1 stimulation
(Fig. 3A). To demonstrate the importance of SMAD3, ERK1/2 and AKT
activation in the TGF-β1-induced regulation of FoxO3a activity and
expression in the CFs, SMAD3, ERK1/2 and AKT expression was in-
hibited with SIS3, PD98059 and LY294002, respectively, for 48 h. The
decrease in FoxO3a expression was prevented by SIS3, PD98059 and
LY294002 (Fig. 3B). On the contrary, the phosphorylation and cytosolic
relocation of FoxO3a induced by TGF-β1 were only prevented by the
addition of PD98059 and LY294002, whereas SIS3 not affected this
effect induced by TGF-β1 (Fig. 3C–D). Finally, the TGF-β1-induced
decrease in catalase and SOD2 expression, used as markers of FoxO3a

transcriptional activity, was suppressed by SMAD3, ERK1/2 and AKT
inactivation (Fig. 3E). Collectively, these results suggest that TGF-β1
regulates the activation and expression of FoxO3a through the activa-
tion of SMAD3, ERK1/2 and AKT.

3.4. TGF-β1-induced FoxO3a downregulation requires FoxO1

We previously showed that FoxO1 is crucial to the CMF conversion
induced by TGF-β1 [15], whereas the role of FoxO1 in decreasing TGF-
β1-induced FoxO3a expression is unknown. To elucidate this me-
chanism, we used AS1842856, a specific inhibitor of the FoxO1 tran-
scriptional activity, to determine whether FoxO1 regulates FoxO3a le-
vels and activity. Fig. 4A shows that AS1842856 prevented the increase
of FoxO3a phosphorylation and decrease in FoxO3a, catalase and SOD2
expression levels, whereas inhibited FoxO1 suppressed the nuclear lo-
calization of FoxO3a induced by TGF-β1 (Fig. 4B). To complement
these results, CFs were transfected with FoxO1 siRNA (siFoxO1) or
FoxO3a siRNA (siFoxO3a). The TGF-β1-induced decrease in FoxO3a

Fig. 1. TGF-β1 decreases FoxO3a expression. FoxO3a level protein was analyzed by western blotting. Cardiac fibroblasts were stimulated with (A) TGF-β1 in a
concentration-dependent manner for 48 h and (B) with TGF-β1 10 ng/mL in a time-dependent manner. (C) Immunofluorescence against FoxO3a in cardiac fibroblasts
incubated with TGF-β1 10 ng/mL in a time-dependent manner. FoxO3a was evaluated by labeling cells with anti-FoxO3a antibodies and then with Alexa Fluor 488-
coniugated secondary antibodies (green staining) and cells was incubated with anti-α-SMA antibody and then with Alexa Fluor 566-coniugated secondary antibodies
(red staining). (D) Cardiac fibroblast were incubated with actinomycin D (ACT) 2 μg/mL, cycloheximide (CHX) 10 μM or MG132 (MG) 10 nM for 1 h, then the cells
were incubated with TGF-β1 10 ng/mL for 24 h. FoxO3a level protein was analyzed by western blotting. *p < 0,05, **p < 0,01 and ***p < 0,001 vs C; #
p < 0,05 vs TGF-β1. All of these results represent the average of four different experiments.
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Fig. 2. TGF-β1 decreases FoxO3a activity. A) Cardiac fibroblasts were incubated with TGF-β1 10 ng/mL in a time-dependent manner. p-FoxO3a and FoxO3a level
protein was analyzed by western blotting. Bar graph shows level protein obtained from the ratio between the phosphorylated and total FoxO3a and reported as fold
over the control. GAPDH was used as a load control. B) Cardiac fibroblasts were stimulated with TGF-β1 10 ng/mL in a time-dependent manner. FoxO3a level protein
in nuclei was determined by western blotting. Lamin A/C was used as a nucleus control and GAPDH as a cytosol control. C) Cardiac fibroblast were seeded on
coverslips and then stimulated with TGF-β1 10 ng/mL for 8 h. Nuclear localization of FoxO3a was evaluated by labeling the cells with anti-FoxO3a antibodies and
then with Alexa Fluor 488-coniugated secondary antibodies (green staining). Cardiac fibroblast shape was evaluated by labeling the cells with anti-α-SMA antibody
and then with Alexa Fluor 566-coniugated secondary antibodies (red staining). D) Cardiac fibroblast was incubated with TGF-β1 10 ng/mL for 48 h and catalase and
SOD2 mRNA was analyzed by RT-qPCR. GAPDH was used as a load control. E) Cardiac fibroblast was incubated with TGF-β1 10 ng/mL for 48 h and catalase and
SOD2 protein was analyzed by western blot. GAPDH was used as a load control. *p < 0,01, **p < 0,01 and ***p < 0,001 vs C; ###p < 0,001 vs C (nucleus). All
of these results represent the average of four different experiments.
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expression was prevented by siFoxO1, whereas FoxO3a silencing en-
hanced the effects of TGF-β1 on FoxO3a expression (Fig. 4C). Ad-
ditionally, wild-type FoxO1 adenoviruses or constitutively active forms
of adenoviruses were used to overexpress FoxO1. Overexpressed FoxO1
enhanced the FoxO3a decrease induced by TGF-β1, and the differences
in the ability of the adenoviruses to induce overexpression were not
significantly different (Fig. 4D). Collectively, these results suggest that
FoxO1 is necessary for FoxO3a downregulation induced by TGF-β1.

3.5. FoxO3a is a negative regulator of cardiac myofibroblast conversion
induced by TGF-β1

Given that TGF-β1 is crucial to CMF conversion and that we de-
monstrated that TGF-β1 regulates FoxO3a, we sought to analyze the
role of FoxO3 in the CMF conversion induced by TGF-β1. Procollagen I,
α-SMA and CTGF expression levels and total protein content were used
as markers of CMF conversion. It has been demonstrated that these
markers are increased when CFs differentiate into CMFs. These results
were complemented with an immunofluorescence against α-SMA. We
demonstrated that the TGF-β1-induced increase in procollagen I, α-
SMA and CTGF expression levels, the total protein content and CFs size
was enhanced by FoxO3a silencing. In contrast, preventing FoxO3a
downregulation using FoxO1 siRNA prevented the CF differentiation
induced by TGF-β1 (Fig. 5A–C). In order to determinate the mechanism
of TGF-β1 inhibition induced by FoxO3a, we evaluated the activation of
SMAD3. Fig. 5D shows that TGF-β1 increased the phosphorylation of
SMAD3, whereas the activation of this protein was enhanced by FoxO3a
silencing and was decreased by FoxO3a downregulation prevent. We
obtained similar results with an immunofluorescence against SMAD3.
TGF-β1 increased SMAD3 nuclear localization and FoxO3a regulate
negatively this effect promoted by TGF-β1 (Fig. 5E). These results
suggest that FoxO3a acts as a negative regulator of the CMF conversion
induced by TGF-β1, at least in part, decreasing the activation of
SMAD3.

3.6. The negative role of FoxO3a in the antiproliferative and contractile
effects promoted by TGF-β1 in cardiac fibroblasts

TGF-β1 induces CMF conversion, which increases the contractile
capacity and decreases the proliferative capacity of CF [15]. However,
the participation of FoxO3a in these cellular effects promoted by TGF-
β1 is unknown. First, we demonstrated that TGF-β1 increased the
contractile capacity of CFs by analyzing the results of a contraction
collagen gel assay. TGF-β1 decreased the collagen gel area compared
with that of the control (Fig. 6A). In addition, we analyzed the pro-
liferative capacity of CFs by counting cells and determining the popu-
lation of cells in G0/G1 and G2/S stages. Fetal bovine serum (FBS) was
used as an inductor of proliferation. TGF-β1 prevented the increase in
total cell number and the number of cells in the G2/S stage, whereas it
decreased the number of FBS-treated cells in the G0/G1 stage
(Fig. 6B–D). The effects induced by TGF-β1 on contractile and pro-
liferative capacities of CFs were enhanced by FoxO3a silencing. The
opposite result was observed when FoxO3a downregulation was pre-
vented (Fig. 6A–D). These results suggest that FoxO3a is a crucial

component in the contractile and proliferative capacity of the CFs
regulated by TGF-β1.

4. Discussion

Taken together, our results suggest that TGF-β1 requires FoxO1,
SMAD3, ERK1/2 and AKT to decrease the expression and activity of
FoxO3a, whereas FoxO3a has a negative role in the CMF conversion
induced by TGF-β1.

TGF-β1 regulates the expression of FoxO family members. We have
previously demonstrated that TGF-β1 increases the expression of FoxO1
in CFs [15], whereas data regarding the regulation of FoxO3a by TGF-
β1 are contradictory. Our results indicate that TGF-β1 induced the
degradation of FoxO3a through the proteasome mechanism. Similar
results have been shown in mesangial cells obtained from diabetic rats,
where TGF-β1 decreased the expression of FoxO3a [33]; however, in
patients with liver fibrosis induced by the hepatitis C virus, TGF-β1 was
shown to increase the expression of FoxO3a [34]. Therefore, the reg-
ulation and degradation of FoxO3a induced by TGF-β1 appear to be
dependent on both the species and the tissue analyzed.

The mechanism by which TGF-β1 induces a decrease in the FoxO3a
protein is unclear. There is evidence that shows that FoxO3a degrada-
tion is induced by regulation of its expression, whereas other results
indicate that the decrease in FoxO3a expression is the result of pro-
teasome complex activation [22]. It has been described that the de-
gradation of FoxO3a requires the activation of ERK1/2, AKT and the
proteasomal system [35,36]. In this regard, the results obtained in this
work indicate that the TGF-β1 regulation of FoxO3a levels depends on
both mechanisms. MG132, an inhibitor of the proteasome pathway,
blocked the degradation of FoxO3a induced by TGF-β1, whereas the
inhibition of transcription with actinomycin and inhibition of transla-
tion with cycloheximide enhanced the TGF-β1-promoted effects on
FoxO3a, suggesting that TGF-β1 regulates FoxO3a expression.

TGF-β1 is crucial to CMF conversion and cardiac fibrosis and evi-
dence show that SMAD3 is crucial to these effects of TGF-β1 [37].
However data regard FoxO3a regulation by TGF-β1 is unclear. Our
results demonstrate that TGF-β1 decreases FoxO3a expression and the
inhibition of SMAD3, using SIS3, prevents FoxO3a knockdown induced
by TGF-β1. On the contrary, Bollinger et al. showed that FoxO3a and
SMAD3 collaborate in the expression of MURF1 in human embryonic
kidney cells [38]. Nevertheless data demonstrate that FoxO3a has an
antifibrotic role, whereas TGF-β1 regulates in a negative manner to
FoxO3a [33], however these authors do not show the mechanism of
FoxO3a regulation by TGF-β1.

Evidence obtained from rats with diabetic nephropathy and isolated
mesangial cells showed that TGF-β1 increased the phosphorylation and
cytosolic localization of FoxO3a in a finding that correlated with de-
creased FoxO3a transcriptional activity [33]. In contrast, in hepatic
cells obtained from rat hepatoma, it has been shown that TGF-β1 in-
creases FoxO3a transcriptional activity [39]. This latest evidence sug-
gests that the TGF-β1 effects on FoxO3a regulation could be tissue-
dependent. Our results indicate that TGF-β1 induces FoxO3a phos-
phorylation and that this posttranscriptional modification promotes the
cytosolic localization of FoxO3a, which is correlated with a decrease in

Fig. 3. TGF-β1 requires the activation of SMAD3, ERK1/2 and AKT to regulate FoxO3a. A) Cardiac fibroblasts were stimulated with TGF-β1 10 ng/mL for 0,5, 1 and
2 h and p-SMAD3, SMAD3, p-ERK1/2, ERK1/2, p-AKT and AKT were analyzed by western blotting. GAPDH was used as a control. B) Cardiac fibroblasts were
stimulated with TGF-β1 10 ng/mL for 48 h in presence or absence of SIS3, PD98056 (PD) or LY294002 (LY) all of them at 10 μM and FoxO3a was analyzed by
western blotting. GAPDH was used as a load control. C) Cardiac fibroblast were stimulated with TGF-β1 10 ng/mL for 8 h in presence and absence of SIS3, PD98056
(PD) or LY294002 (LY) all of them at 10 μM. p-FoxO3a and FoxO3a were analyzed by western blotting. D) Cardiac fibroblast were seeded on coverslips and then
stimulated with TGF-β1 10 ng/mL for 8 h in presence and absence of SIS3, PD98056 (PD) or LY294002 (LY) all of them at 10 μM. Nuclear localization of FoxO3a was
evaluated by labeling the cells with anti-FoxO3a antibodies and then with Alexa Fluor 488-coniugated secondary antibodies (green staining). Cardiac fibroblast shape
was evaluated by labeling the cells with anti-α-SMA antibody and then with Alexa Fluor 566-coniugated secondary antibodies (red staining). E) Cardiac fibroblast
were stimulated with TGF-β1 10 ng/mL for 48 h in presence and absence of SIS3, PD98056 (PD) or LY294002 (LY) all of them at 10 μM. Catalase and SOD2 protein
were analyzed by western blot. GAPDH was used as a load control. *p < 0,05, **p < 0,01 and ***p < 0,001 vs C; #p < 0,05, ##p < 0,01 and ###p < 0,001
vs TGF-β1. All of these results represent the average of four different experiments.
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FoxO3a transcriptional activity. This last result is confirmed by the
reduced expression of catalase and SOD2 mRNA, specific targets of
FoxO3a. The transcriptional activity of FoxO3a is regulated mainly
through phosphorylation, in which ERK1/2 and AKT are crucial. In
HeLa cells, IGF-1 increases AKT activation, FoxO3a phosphorylation
and FoxO3a degradation [40], whereas, in human tenocytes, dex-
amethasone stimulates increased FoxO3a expression and activity, ef-
fects prevented by insulin through the activation of ERK1/2 and AKT
[41]. Our data demonstrate that the enzymatic inhibition of AKT and
ERK1/2 prevents the phosphorylation and cytosolic localization of
FoxO3a and the TGF-β1-induced decrease in catalase and SOD2 ex-
pression. These results suggest that TGF-β1 decreases the activity and
expression of FoxO3a by regulating the phosphorylation induced by
ERK1/2 and AKT.

FoxO1 and FoxO3a act together in several cellular processes, such as
apoptosis and antioxidant defense, suggesting that they have over-
lapping functions in the cellular regulation. However, Zhu et al. de-
monstrated that, in human neoplastic cells, FoxO3a promotes a de-
crease in FoxO1 expression [42], whereas Essaguir et al. showed that
FoxO3a induces the FoxO1 expression in human fibroblasts [43].
However, whether FoxO3a expression is regulated by FoxO1 remains
unknown. Our results suggest that FoxO1 is necessary for the regulation
of FoxO3a by TGF-β1, as indicated by overexpressed FoxO1 enhancing
and silenced FoxO1 preventing the TGF-β1-induced decrease in FoxO3a
in CFs. However, FoxO3a is not involved in the TGF-β1-induced reg-
ulation of FoxO1 in CFs. We speculate that FoxO1 activated by TGF-β1
localizes to the FoxO3a promoter and inhibits the expression of FoxO3a.
In this regard, it has been described that the promoter of FoxO3a has
sites of recognition for FoxO family members, called FHRE (ForkHead
Box Element Response) [43]. However, whether FoxO1 localizes to the
FoxO3a promoter in CFs is unknown. To our knowledge, this is the first
time it has been shown that FoxO1 regulates FoxO3a in a negative
manner and that TGF-β1 induces cross-talk between these two members
of the FoxO family.

TGF-β1 induces fibroblast differentiation into myofibroblasts in
many tissues in correlation with fibrotic diseases [44]. In this regard,
our data show that TGF-β1 promotes CMF conversion, as demonstrated
by the total protein content; the level of α-SMA, procollagen I and CTGF
proteins; the increase of CFs size; and cellular contractile ability. In this
work, we suggest that FoxO3a acts as an inhibitor of the CF differ-
entiation induced by TGF-β1 because the silencing of FoxO3a enhances
the effects of TGF-β1, whereas the blocking FoxO3a degradation by
silencing FoxO1 inhibits the CMF conversion that is induced by TGF-β1.
To our knowledge, this is the first time that the role FoxO3a in CMF
conversion has been demonstrated. In addition, FoxO3a has been
shown to have antifibrotic effects in several models. In this respect, Al-
tamari et al. showed that fibroblasts in fibrotic lungs isolated from rats
that had been treated with bleomycin have decreased FoxO3a expres-
sion [18], whereas Nho et al. demonstrated that FoxO3a inactivation
induces the progression of idiopathic pulmonary fibrosis disease [45].
In addition, in a model of kidney fibrosis induced by ischemia-re-
perfusion injury, cyclic helix B peptide prevented FoxO3a degradation
in a process parallel with the decrease in α-SMA expression [46], sug-
gesting that FoxO3a inhibits the epithelial-mesenchymal transition in
the kidney. Nevertheless evidence about FoxO3a role in cardiac fibrosis

is scarce. To this regard, Skurk et al. showed that transaortic constric-
tion performed on mice increased cardiomyocyte size and decreased
FoxO3a activity, whereas the gene transfer of FOXO3a leads to reduc-
tion in cardiac cell size in mice [47]. In addition, Chang et al. de-
monstrated that the cardiac injury and heart fibrosis induced by para-
quat was enhanced by FoxO3a knockdown, which suggest the
importance of FoxO3a as a protector of heart [48]. Collectively, these
data suggest that FoxO3a is an antifibrotic protein in the heart, lung and
kidney that is being recognized as an important regulator of cardiac and
pulmonary fibrosis. Moreover, our data indicate a possible molecular
mechanism explaining how FoxO3a could be regulating in a negative
manner the fibrosis process. In this regard, our results show that
FoxO3a decreases the activation of SMAD3 induce by TGF-β1, ameli-
orating the phosphorylation and nuclear localization of FoxO3a in-
duced by TGF-β1. The silencing of FoxO3a enhanced the activation of
SMAD3 induced by TGF-β1, whereas the FoxO3a degradation preven-
tion decreased the activation of SMAD3. The molecular mechanism of
this regulation is unclear. The phosphatase PP2a is the main protein
that regulates the activation of SMAD3 [49], whereas evidence show
that PP2a increase the activity of FoxO3a [50]. However, if FoxO3a
regulates the expression or activity of PP2a is unknown.

It has been demonstrated that FoxO3a decreases cellular prolifera-
tion and promotes apoptosis. In rat pulmonary fibroblasts, FoxO3a
decreases cellular proliferation by inducing proteins that inhibit the cell
cycle [45], whereas in human neoplastic cells, FoxO3a induces apop-
tosis by increasing proapoptotic proteins, such as Bim [51]. Our results
showed that TGF-β1 inhibits the proliferation of CF induced by FBS,
which was enhanced by the silencing of FoxO3a, suggesting that
FoxO3a regulates the proliferation of CFs. In this regard, Hui et al.
showed that chronic activation of FoxO3a induced by doxorubicin is
required for the acquisition of drug resistance and the proliferation of
leukemic cells [52]. Thus, in this work, we suggest that FoxO3a reg-
ulates the cytostatic effect of TGF-β1 in CFs.

5. Conclusion

TGF-β1 decreases the activity and expression of FoxO3a by acti-
vating SMAD3, ERK1/2 and AKT. In addition, we showed that FoxO1 is
necessary for the FoxO3a expression decrease induced by TGF-β1.
Finally, the silencing of FoxO3a enhances the effects of TGF-β1 in CFs,
which suggests that FoxO3a negatively regulates the differentiation of
CFs into CMFs that is induced by TGF-β1.
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Fig. 4. TGF-β1-induced FoxO3a down-regulation requires FoxO1. Cardiac fibroblasts were incubated with TGF-β1 10 ng/mL in presence or absence of AS1842856
(FoxO1 inhibitor) 100 nM for 48 h. A) p-FoxO3a, FoxO3a, catalase and SOD2 protein were analyzed by western blot. GAPDH was used as a load control. B) Cardiac
fibroblast were seeded on coverslips and then stimulated with TGF-β1 10 ng/mL for 48 h. FoxO3a expression and nuclear localization were evaluated by labeling the
cells with anti-FoxO3a antibodies and then with Alexa Fluor 488-coniugated secondary antibodies (green staining). C) Cardiac fibroblasts were incubated with
FoxO3a or FoxO1 siRNA 10 nM for 16 h, then cells were stimulated with TGF-β1 10 ng/mL for 48 h. FoxO3a was evaluated by western blot using GAPDH as a load
control. A siRNA scramble was used as a transfection control. D) Wild-type FoxO1 adenoviruses or constitutively active forms of adenoviruses were used to
overexpress FoxO1. Adenoviruses was used at MOI 100 for 24 h, then cells were stimulated with TGF-β1 10 ng/mL for 48 h. FoxO3a protein was evaluated by western
blot using GAPDH as a load control. An adenovirus that expresses GFP (Ad-GFP) was used as a transduction control. *p < 0,05, **p < 0,01 and ***p < 0,001 vs
Control (−), SCR or Ad-GFP; #p < 0,05, ##p < 0,01 and ###p < 0,001 vs TGF-β1, SCR + TGF-β1 or Ad-GFP + TGF-β1. All of these results represent the
average of four different experiments.
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Fig. 5. FoxO3a is a negative regulator of cardia myofibroblast conversion induced by TGF-β1. Cardiac fibroblasts were incubated with FoxO3a or FoxO1 siRNA
10 nM for 16 h, then cells were stimulated with TGF-β1 10 ng/mL for 48 h. A) Procollagen I (Procol), CTGF and α-SMA protein were evaluated by western blot using
GAPDH as a load control. A siRNA scramble was used as a transfection control. B) An immunofluorescence against α-SMA was performed to evaluate cell size and
stress fibers. C) Total protein content was evaluated by Bradford protocol assay. D) p-SMAD3 and SMAD3 protein were analyzed by western blot, using GAPDH as a
load control. E) An immunofluorescence against SMAD3 was performed to evaluate SMAD3 nuclear localization. **p < 0,01 and ***p < 0,001 vs SCR; #p < 0,05
and ##p < 0,01 vs SCR + TGF-β1. All of these results represent the average of four different experiments.

Fig. 6. The negative role of FoxO3a in the antiproliferative and contractile effects promoted by TGF-β1 in cardiac fibroblasts. (A) Cardiac fibroblasts were incubated
with FoxO3a or FoxO1 siRNA 10 nM for 16 h and then stimulated with TGF-β1 10 ng/mL for 48 h. Cardiac fibroblast contractile ability was evaluated by collagen gel
contraction assay for 24 h. Representatives images of collagen gel contraction and bar graph shows the percentage of gel area reduction respect gel area initial. To
evaluate proliferation cardiac fibroblasts were incubated with FoxO3a or FoxO1 siRNA 10 nM for 16 h, then cells were stimulated with TGF-β1 10 ng/mL for 48 h.
Cardiac fibroblasts were stimulated with FBS 10% in DMEM-F12 for 24 h to induce proliferation. (B) Cell count was evaluated using trypan blue dye cell exclusion in
triplicate. Cardiac fibroblast cellular cycle was evaluated by flow cytometry. Flow cytometer histograms analysis shows percentage of cardiac fibroblast distribution
in G0/G1 phase (C) and S/M/G2 phase (D). **p < 0,01 and ***p < 0,001 vs Scr; ##p < 0,01 vs SCR-TGF-β1 (A) or SCR + FBS (B–D); &p < 0,05 vs
SCr + FBS + TGF-β1. All of these results represent the average of four different experiments.

R. Vivar, et al. BBA - Molecular Cell Research 1867 (2020) 118695

11



declare that all authors have read and approved the manuscript.

CRediT authorship contribution statement

Raúl Vivar: Methodology, Formal analysis, Writing - original
draft, Investigation. Claudio Humeres: Investigation. Renatto
Anfossi: Investigation. Samir Bolivar: Investigation. Mabel Catalán:
Investigation. Guillermo Diaz-Araya: Writing - review & editing.
Sergio Lavandero: Resources. Joseph Hill: Resources.

Declaration of competing interest

The authors declare no competing financial interest.

Acknowledgements

This work was supported by the following grants from the Consejo
Nacional de Ciencia y Tecnología (CONICYT: FONDECYT 11160531
(RV), FONDECYT 11160281 (MC), FONDECYT 1170425 (GDA), from
the Vicerrectoría de Investigación y Desarrollo, Universidad de Chile
(UI-15/16) (RV).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamcr.2020.118695.

References

[1] Z.G. Ma, Y.P. Yuan, H.M. Wu, X. Zhang, Q.Z. Tang, Cardiac fibrosis: new insights
into the pathogenesis, Int. J. Biol. Sci. 14 (2018) 1645–1657.

[2] R.M. Burke, J.K. Lighthouse, D.M. Mickelsen, E.M. Small, Sacubitril/valsartan de-
creases cardiac fibrosis in left ventricle pressure overload by restoring PKG sig-
naling in cardiac fibroblasts, Circ. Heart Fail. 12 (2019) e005565.

[3] D.J. Gorski, A. Petz, C. Reichert, S. Twarock, M. Grandoch, J.W. Fischer, Cardiac
fibroblast activation and hyaluronan synthesis in response to hyperglycemia and
diet-induced insulin resistance, Sci. Rep. 9 (2019) 1827.

[4] S. Huang, B. Chen, Y. Su, L. Alex, C. Humeres, A.V. Shinde, S.J. Conway,
N.G. Frangogiannis, Distinct roles of myofibroblast-specific Smad2 and Smad3
signaling in repair and remodeling of the infarcted heart, J. Mol. Cell. Cardiol. 132
(2019) 84–97.

[5] C.K.S. Wong, A. Falkenham, T. Myers, J.F. Legare, Connective tissue growth factor
expression after angiotensin II exposure is dependent on transforming growth
factor-beta signaling via the canonical Smad-dependent pathway in hypertensive
induced myocardial fibrosis, J. Renin-Angiotensin-Aldosterone Syst. 19 (2018)
1470320318759358.

[6] I. Russo, M. Cavalera, S. Huang, Y. Su, A. Hanna, B. Chen, A.V. Shinde, S.J. Conway,
J. Graff, N.G. Frangogiannis, Protective effects of activated myofibroblasts in the
pressure-overloaded myocardium are mediated through Smad-dependent activation
of a matrix-preserving program, Circ. Res. 124 (2019) 1214–1227.

[7] H.H. Hu, D.Q. Chen, Y.N. Wang, Y.L. Feng, G. Cao, N.D. Vaziri, Y.Y. Zhao, New
insights into TGF-beta/Smad signaling in tissue fibrosis, Chem. Biol. Interact. 292
(2018) 76–83.

[8] Y. Bai, J. Wang, Z. He, M. Yang, L. Li, H. Jiang, Mesenchymal stem cells reverse
diabetic nephropathy disease via lipoxin A4 by targeting transforming growth
factor beta (TGF-beta)/smad pathway and pro-inflammatory cytokines, Med. Sci.
Monit. 25 (2019) 3069–3076.

[9] L. Wang, P. Jiang, Y. He, H. Hu, Y. Guo, X. Liu, H. Qiu, Q. Ma, F. Ouyang, A novel
mechanism of Smads/miR-675/TGFbetaR1 axis modulating the proliferation and
remodeling of mouse cardiac fibroblasts, J. Cell. Physiol. 234 (2019) 20275–20285.

[10] E.C. Chan, G.J. Dusting, N. Guo, H.M. Peshavariya, C.J. Taylor, R. Dilley,
S. Narumiya, F. Jiang, Prostacyclin receptor suppresses cardiac fibrosis: role of
CREB phosphorylation, J. Mol. Cell. Cardiol. 49 (2010) 176–185.

[11] W. Gao, Y.S. Wang, E. Hwang, P. Lin, J. Bae, S.A. Seo, Z. Yan, T.H. Yi, Rubus idaeus
L. (red raspberry) blocks UVB-induced MMP production and promotes type I pro-
collagen synthesis via inhibition of MAPK/AP-1, NF-kappabeta and stimulation of
TGF-beta/Smad, Nrf2 in normal human dermal fibroblasts, J Photochem Photobiol
B, 185 (2018) 241–253.

[12] L. Wang, J. Wang, T. Jin, Y. Zhou, Q. Chen, FoxG1 facilitates proliferation and
inhibits differentiation by downregulating FoxO/Smad signaling in glioblastoma,
Biochem. Biophys. Res. Commun. 504 (2018) 46–53.

[13] R.R. Gomis, C. Alarcon, W. He, Q. Wang, J. Seoane, A. Lash, J. Massague, A FoxO-
Smad synexpression group in human keratinocytes, Proc. Natl. Acad. Sci. U. S. A.
103 (2006) 12747–12752.

[14] N. Tia, A.K. Singh, P. Pandey, C.S. Azad, P. Chaudhary, I.S. Gambhir, Role of
Forkhead Box O (FOXO) transcription factor in aging and diseases, Gene 648 (2018)

97–105.
[15] R. Vivar, C. Humeres, C. Munoz, P. Boza, S. Bolivar, F. Tapia, S. Lavandero,

M. Chiong, G. Diaz-Araya, FoxO1 mediates TGF-beta1-dependent cardiac myofi-
broblast differentiation, Biochim. Biophys. Acta 1863 (2016) 128–138.

[16] C.B. Chiribau, L. Cheng, I.C. Cucoranu, Y.S. Yu, R.E. Clempus, D. Sorescu, FOXO3A
regulates peroxiredoxin III expression in human cardiac fibroblasts, J. Biol. Chem.
283 (2008) 8211–8217.

[17] S. Pramod, K. Shivakumar, Mechanisms in cardiac fibroblast growth: an obligate
role for Skp2 and FOXO3a in ERK1/2 MAPK-dependent regulation of p27kip1, Am.
J. Physiol. Heart Circ. Physiol. 306 (2014) H844–H855.

[18] H.M. Al-Tamari, S. Dabral, A. Schmall, P. Sarvari, C. Ruppert, J. Paik, R.A. DePinho,
F. Grimminger, O. Eickelberg, A. Guenther, W. Seeger, R. Savai, S.S. Pullamsetti,
FoxO3 an important player in fibrogenesis and therapeutic target for idiopathic
pulmonary fibrosis, EMBO Mol. Med. 10 (2018) 276–293.

[19] H.H. Liao, N. Zhang, H. Feng, N. Zhang, Z.G. Ma, Z. Yang, Y. Yuan, Z.Y. Bian,
Q.Z. Tang, Oleanolic acid alleviated pressure overload-induced cardiac remodeling,
Mol. Cell. Biochem. 409 (2015) 145–154.

[20] W. Qian, X. Cai, Q. Qian, W. Zhang, D. Wang, Astragaloside IV modulates TGF-
beta1-dependent epithelial-mesenchymal transition in bleomycin-induced pul-
monary fibrosis, J. Cell. Mol. Med. 22 (2018) 4354–4365.

[21] Q. Lu, Y. Zhai, Q. Cheng, Y. Liu, X. Gao, T. Zhang, Y. Wei, F. Zhang, X. Yin, The Akt-
FoxO3a-manganese superoxide dismutase pathway is involved in the regulation of
oxidative stress in diabetic nephropathy, Exp. Physiol. 98 (2013) 934–945.

[22] X. Wang, S. Hu, L. Liu, Phosphorylation and acetylation modifications of FOXO3a:
independently or synergistically? Oncol. Lett. 13 (2017) 2867–2872.

[23] L. Zhang, X. Yang, X. Li, C. Li, L. Zhao, Y. Zhou, H. Hou, Butein sensitizes HeLa cells
to cisplatin through the AKT and ERK/p38 MAPK pathways by targeting FoxO3a,
Int. J. Mol. Med. 36 (2015) 957–966.

[24] J. Hong, M. Chu, L. Qian, J. Wang, Y. Guo, D. Xu, Fibrillar type I collagen enhances
the differentiation and proliferation of myofibroblasts by lowering alpha2beta1
integrin expression in cardiac fibrosis, Biomed. Res. Int. 2017 (2017) 1790808.

[25] J. Li, W. Zhang, R. Jiao, Z. Yang, Y. Yuan, Q. Wu, Z. Hu, S. Xiang, Q. Tang, DIM
attenuates TGF-beta1-induced myofibroblast differentiation in neonatal rat cardiac
fibroblasts, Int. J. Clin. Exp. Pathol. 8 (2015) 5121–5128.

[26] H. Wang, L.A. Leinwand, K.S. Anseth, Roles of transforming growth factor-beta1
and OB-cadherin in porcine cardiac valve myofibroblast differentiation, FASEB J.
28 (2014) 4551–4562.

[27] N. Wang, J. Zhang, M. Qin, W. Yi, S. Yu, Y. Chen, J. Guan, R. Zhang, Amelioration
of streptozotocininduced pancreatic beta cell damage by morin: involvement of the
AMPKFOXO3catalase signaling pathway, Int. J. Mol. Med. 41 (2018) 1409–1418.

[28] J. Bai, N. Zhang, Y. Hua, B. Wang, L. Ling, A. Ferro, B. Xu, Metformin inhibits
angiotensin II-induced differentiation of cardiac fibroblasts into myofibroblasts,
PLoS One 8 (2013) e72120.

[29] N. Ohkura, S. Sakaguchi, Foxo1 and Foxo3 help Foxp3, Immunity 33 (2010)
835–837.

[30] T. Kajihara, M. Jones, L. Fusi, M. Takano, F. Feroze-Zaidi, G. Pirianov, H. Mehmet,
O. Ishihara, J.M. Higham, E.W. Lam, J.J. Brosens, Differential expression of FOXO1
and FOXO3a confers resistance to oxidative cell death upon endometrial decid-
ualization, Mol. Endocrinol. 20 (2006) 2444–2455.

[31] M.E. Carter, A. Brunet, FOXO transcription factors, Curr. Biol. 17 (2007)
R113–R114.

[32] H. Daitoku, J. Sakamaki, A. Fukamizu, Regulation of FoxO transcription factors by
acetylation and protein-protein interactions, Biochim. Biophys. Acta 1813 (2011)
1954–1960.

[33] M. Kato, H. Yuan, Z.G. Xu, L. Lanting, S.L. Li, M. Wang, M.C. Hu, M.A. Reddy,
R. Natarajan, Role of the Akt/FoxO3a pathway in TGF-beta1-mediated mesangial
cell dysfunction: a novel mechanism related to diabetic kidney disease, J. Am. Soc.
Nephrol. 17 (2006) 3325–3335.

[34] T. Shirasaki, M. Honda, T. Shimakami, K. Murai, T. Shiomoto, H. Okada,
R. Takabatake, A. Tokumaru, Y. Sakai, T. Yamashita, S.M. Lemon, S. Murakami,
S. Kaneko, Impaired interferon signaling in chronic hepatitis C patients with ad-
vanced fibrosis via the transforming growth factor beta signaling pathway,
Hepatology 60 (2014) 1519–1530.

[35] H. Huang, D.J. Tindall, Regulation of FOXO protein stability via ubiquitination and
proteasome degradation, Biochim. Biophys. Acta 1813 (2011) 1961–1964.

[36] D.R. Plas, C.B. Thompson, Akt activation promotes degradation of tuberin and
FOXO3a via the proteasome, J. Biol. Chem. 278 (2003) 12361–12366.

[37] Q. Yuan, S. Cao, Q. Dong, Z. Wang, Y. Xu, Q. Han, J. Ma, S. Wei, J. Pang, F. Yang,
R. Zhang, B. Liu, S. Dai, L. Xue, J. Wang, M. Xue, T. Xu, W. Zheng, F. Xu, Y. Chen,
P. Guo, ALDH2 activation inhibited cardiac fibroblast-to-myofibroblast transfor-
mation via the TGF-beta1/Smad signaling pathway, J. Cardiovasc. Pharmacol. 73
(2019) 248–256.

[38] L.M. Bollinger, C.A. Witczak, J.A. Houmard, J.J. Brault, SMAD3 augments FoxO3-
induced MuRF-1 promoter activity in a DNA-binding-dependent manner, Am. J.
Physiol. Cell Physiol. 307 (2014) C278–C287.

[39] B.C. Kim, FoxO3a mediates transforming growth factor-beta1-induced apoptosis in
FaO rat hepatoma cells, BMB Rep. 41 (2008) 728–732.

[40] T. Liu, W. Yi, B. Feng, Z. Zhou, G. Xiao, IGF-1-induced enhancement of PRNP ex-
pression depends on the negative regulation of transcription factor FOXO3a, PLoS
One 8 (2013) e71896.

[41] R.C. Poulsen, A.J. Carr, P.A. Hulley, Protection against glucocorticoid-induced da-
mage in human tenocytes by modulation of ERK, Akt, and forkhead signaling,
Endocrinology 152 (2011) 503–514.

[42] J. Zhou, W. Liao, J. Yang, K. Ma, X. Li, Y. Wang, D. Wang, L. Wang, Y. Zhang, Y. Yin,
Y. Zhao, W.G. Zhu, FOXO3 induces FOXO1-dependent autophagy by activating the
AKT1 signaling pathway, Autophagy 8 (2012) 1712–1723.

R. Vivar, et al. BBA - Molecular Cell Research 1867 (2020) 118695

12

https://doi.org/10.1016/j.bbamcr.2020.118695
https://doi.org/10.1016/j.bbamcr.2020.118695
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0005
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0005
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0010
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0010
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0010
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0015
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0015
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0015
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0020
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0020
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0020
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0020
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0025
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0025
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0025
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0025
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0025
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0030
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0030
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0030
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0030
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0035
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0035
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0035
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0040
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0040
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0040
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0040
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0045
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0045
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0045
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0050
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0050
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0050
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0055
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0055
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0055
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0060
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0060
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0060
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0065
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0065
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0065
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0070
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0070
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0070
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0075
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0075
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0075
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0080
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0080
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0080
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0085
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0085
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0085
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0085
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0090
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0090
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0090
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0095
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0095
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0095
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0100
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0100
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0100
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0105
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0105
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0110
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0110
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0110
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0115
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0115
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0115
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0120
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0120
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0120
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0125
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0125
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0125
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0130
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0130
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0130
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0135
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0135
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0135
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0140
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0140
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0145
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0145
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0145
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0145
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0150
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0150
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0155
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0155
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0155
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0160
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0160
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0160
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0160
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0165
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0165
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0165
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0165
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0165
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0170
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0170
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0175
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0175
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0180
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0180
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0180
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0180
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0180
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0185
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0185
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0185
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0190
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0190
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0195
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0195
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0195
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0200
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0200
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0200
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0205
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0205
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0205


[43] A. Essaghir, N. Dif, C.Y. Marbehant, P.J. Coffer, J.B. Demoulin, The transcription of
FOXO genes is stimulated by FOXO3 and repressed by growth factors, J. Biol. Chem.
284 (2009) 10334–10342.

[44] F. Klingberg, B. Hinz, E.S. White, The myofibroblast matrix: implications for tissue
repair and fibrosis, J. Pathol. 229 (2013) 298–309.

[45] R.S. Nho, P. Hergert, J. Kahm, J. Jessurun, C. Henke, Pathological alteration of
FoxO3a activity promotes idiopathic pulmonary fibrosis fibroblast proliferation on
type i collagen matrix, Am. J. Pathol. 179 (2011) 2420–2430.

[46] C. Yang, Y. Cao, Y. Zhang, L. Li, M. Xu, Y. Long, R. Rong, T. Zhu, Cyclic helix B
peptide inhibits ischemia reperfusion-induced renal fibrosis via the PI3K/Akt/
FoxO3a pathway, J. Transl. Med. 13 (2015) 355.

[47] C. Skurk, Y. Izumiya, H. Maatz, P. Razeghi, I. Shiojima, M. Sandri, K. Sato, L. Zeng,
S. Schiekofer, D. Pimentel, S. Lecker, H. Taegtmeyer, A.L. Goldberg, K. Walsh, The
FOXO3a transcription factor regulates cardiac myocyte size downstream of AKT
signaling, J. Biol. Chem. 280 (2005) 20814–20823.

[48] Z.S. Chang, J.B. Xia, H.Y. Wu, W.T. Peng, F.Q. Jiang, J. Li, C.Q. Liang, H. Zhao,
K.S. Park, G.H. Song, S.K. Kim, R. Huang, L. Zheng, D.Q. Cai, X.F. Qi, Forkhead box

O3 protects the heart against paraquat-induced aging-associated phenotypes by
upregulating the expression of antioxidant enzymes, Aging Cell 18 (2019) e12990.

[49] J. Batut, B. Schmierer, J. Cao, L.A. Raftery, C.S. Hill, M. Howell, Two highly related
regulatory subunits of PP2A exert opposite effects on TGF-beta/Activin/Nodal
signalling, Development 135 (2008) 2927–2937.

[50] A. Singh, M. Ye, O. Bucur, S. Zhu, M. Tanya Santos, I. Rabinovitz, W. Wei, D. Gao,
W.C. Hahn, R. Khosravi-Far, Protein phosphatase 2A reactivates FOXO3a through a
dynamic interplay with 14-3-3 and AKT, Mol. Biol. Cell 21 (2010) 1140–1152.

[51] A. Sunters, S. Fernandez de Mattos, M. Stahl, J.J. Brosens, G. Zoumpoulidou,
C.A. Saunders, P.J. Coffer, R.H. Medema, R.C. Coombes, E.W. Lam, FoxO3a tran-
scriptional regulation of Bim controls apoptosis in paclitaxel-treated breast cancer
cell lines, J. Biol. Chem. 278 (2003) 49795–49805.

[52] R.C. Hui, A.R. Gomes, D. Constantinidou, J.R. Costa, C.T. Karadedou, S. Fernandez
de Mattos, M.P. Wymann, J.J. Brosens, A. Schulze, E.W. Lam, The forkhead tran-
scription factor FOXO3a increases phosphoinositide-3 kinase/Akt activity in drug-
resistant leukemic cells through induction of PIK3CA expression, Mol. Cell. Biol. 28
(2008) 5886–5898.

R. Vivar, et al. BBA - Molecular Cell Research 1867 (2020) 118695

13

http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0210
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0210
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0210
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0215
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0215
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0220
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0220
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0220
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0225
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0225
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0225
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0230
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0230
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0230
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0230
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0235
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0235
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0235
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0235
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0240
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0240
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0240
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0245
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0245
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0245
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0250
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0250
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0250
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0250
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0255
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0255
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0255
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0255
http://refhub.elsevier.com/S0167-4889(20)30053-7/rf0255

	Role of FoxO3a as a negative regulator of the cardiac myofibroblast conversion induced by TGF-β1
	Introduction
	Materials and methods
	Materials
	Cell culture and treatments
	Western blot analysis
	Immunofluorescence assay
	Subcellular fractionation
	Cell proliferation
	Cell cycle analysis
	FoxO1 and FoxO3a silencing
	Adenoviral transduction
	Collagen gel contraction assay
	Measurement for gene expressions
	Statistical analysis

	Results
	TGF-β1 decreases FoxO3a expression
	TGF-β1 decreases FoxO3a activity
	TGF-β1 requires the activation of SMAD3, AKT and ERK1/2 to regulate FoxO3a
	TGF-β1-induced FoxO3a downregulation requires FoxO1
	FoxO3a is a negative regulator of cardiac myofibroblast conversion induced by TGF-β1
	The negative role of FoxO3a in the antiproliferative and contractile effects promoted by TGF-β1 in cardiac fibroblasts

	Discussion
	Conclusion
	Transparency document
	Ethics approval and consent to participate
	Consent to publish
	Availability of data and materials
	Authors' contributions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary data
	References




