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Abstract: 3,3-Diindolylmethane (DIM) is a natural component of cruciferous plants. Previous studies have shown
that DIM has multiple physiological effects including anti-angiogenic, anti-inflammatory and anti-cancer effect. How-
ever, little is known about the role of DIM on myofibroblast differentiation and extracellular matrix (ECM) production.
This study investigated the effect of DIM on myofibroblast differentiation and ECM production in neonatal rat cardiac
fibroblasts induced by transforming growth factor B1 (TGF-1). We found that DIM blunted TGF-B1 induced conver-
sion of cardiac fibroblast into myofibroblast, and reduced the mRNA and protein expressions of a-smooth muscle
actin (a-SMA). Furthermore, DIM also significantly decreased the mRNA expression of fibrosis markers (Collagen |,
Collagen lll, connective tissue growth factor (CTGF) in neonatal rat cardiac fibroblasts induced by TGF-B1. DIM atten-
uated the phosphorylation AKT and glycogen synthase kinase-3f (GSK-3[) induced by TGF-B1. Our results showed
that DIM was a potential drug to attenuate myofibroblast differentiation and excessive ECM production induced by
TGF-B1 through down-regulated AKT/GSK-3 signaling pathways.
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Introduction

Cardiac fibrosis is characterized by accumula-
tion of cardiac fibroblasts and excessive depo-
sition of extracellular matrix (ECM) [1].
Pathological cardiac fibrosis can lead to abnor-
mal myocardial stiffness, and is involved in
almost all the cardiac diseases, predisposing
patients to the risk of heart failure [2]. Cardiac
fibroblasts are the main determinant of cardiac
fibrosis [3]. Following cardiac injury, cardiac
fibroblasts release cytokines, which are
involved in a feed-forward loop that lead to the
increased proliferation of cardiac fibroblasts,
re-expression and up-regulation of the markers
initially expressed in the embryonic and homeo-
static cardiac fibroblasts, and eventually myofi-
broblast accumulation [4]. Cardiac fibroblasts
activation is characterized by increased prolif-
eration, transformation into myofibroblast,
which subsequently leads to cardiac fibrosis [5,
6]. The major source of pro-fibrotic cytokine

TGF-B1 are cardiac fibroblasts and myofibro-
blasts in the heart [7], and TGF-B1, secreted by
cardiac fibroblasts, can stimulate myofibroblast
differentiation and excessive ECM production,
which then drive cardiac fibrosis progression
[8]. Recent studies pay more attention to the
role of myofibroblast in cardiac fibrosis [9, 10].
It is widely acknowledged that cardiac fibro-
blasts and myofibroblast are major targets for
treating cardiac disease [3], Therefore the
effective therapies and new molecular target to
inhibit myofibroblast differentiation is urgent
need.

DIM (3,3-Diindolylmethane ), derived from
Brassica plants, is a major metabolic product of
indole-3-carbinol (I3C), which is also widely
used as pharmaceutical intermediate [11].
Previous studies showed that DIM had a num-
ber of physiological effects, including anti-
angiogenic [12], anti-inflammatory [13], and
anti-cancer effect [14]. Moreover, recent stud-
ies have found that DIM has the effect on car-
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diac hypertrophy and fibrosis. Cardiac hypertro-
phy and fibrosis induced by pressure overload
in mice was attenuated by DIM, which could
contribute to the activation of 5-adenosine
monphosphate-activated protein kinase-a2
(AMPKa) and attenuate mammalian target of
the rapamycin (MTOR) signaling pathways [15].

In animal experiment, previous study suggest-
ed that DIM could protect against cardiac
hypertrophy and fibrosis induced by pressure
overload. Moreover it was of remarkably clinical
relevance that DIM could reverse pre-estab-
lished cardiac dysfunction induced by chronic
pressure overload. However, it was unclear that
the effect of DIM on cardiac fibrosis was direct-
ly acted on cardiac fibroblasts. Therefore in this
study, we established a valid model of cardiac
fibroblasts proliferation and myofibroblast dif-
ferentiation in neonatal rat cardiac fibroblasts
induced by TGF-B1 to observe the effect of DIM
on myofibroblast differentiation and ECM pro-
duction, and meanwhile elucidated its molecu-
lar mechanisms.

Materials and methods
Materials

The Dulbecco’s Modified Eagle’s medium/F12
(DEME/F12) was obtained from Corning
(GIBCO, C113305). The fetal bovine serum
(FBS) was purchased from Hyclone (Logan, UT,
USA). The cell counting kit-8 (CCK-8) was
Dojindo (Kumamoto, Japan). TRIzol reagent
(Invitrogen, 11667-165). The primary antibod-
ies against total and phosphorylated AKT, GSK-
3B and GAPDH were purchased from cell sig-
naling technology (Danvers, MA, USA) and the
secondary antibodies were from LI-COR
Biosciences (Lincoln, NE, USA). DIM (98% purity
as determined by HPLC analysis) was pur-
chased from Shanghai Medical Technology
Development Co., Ltd, Harmony.

Isolation and culture of cardiac fibroblasts

The neonatal rat cardiac fibroblasts were
obtained from the Sprague-Daw rats born with-
in three days. The neonatal rats were sacrificed
because the hearts were taken. Firstly, the
hearts were placed in a 100 mm dish with cold
DMEM/F12, and mined to approximately 1
mm? with scissors. The heart tissues were
digested in 0.125% tryspin for 15 min at 34°C
when gently shaking all the time, and the diges-
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tion was repeated five times to get single cells.
All digestive fluid was collected and centrifuged
at 1000 rpm for 8 minutes. The cells were
resuspended and filtered through 75 pm cell
strainer. Finally isolated cardiac fibroblasts
were seeded on 100 mm plates for 90 min,
after removing pre-seeding medium containing
cardiomyocytes, the left were the cardiac fibro-
blasts which could be adhere to the culture
plates. The cardiac fibroblasts were cultured in
DMEM/F12 containing 10% FBS, penicillin
(100 IU/ml)y and streptomycin(100 mg/ml)
stayed at 37°C in a humidified incubator
(SANYO 18 M) with 5% CO,. According to experi-
ment need, cells were seeded different densi-
ties. 96-well plates were 5x10* cells/ml,
24-well plates were 5x1032 cells/ml, Cells were
seeded in six-well plates and 100 mm plates at
a density of 1x10%/ml. All neonatal rat cardiac
fibroblasts in this study were treated within
three passage cultures. Before treated with
TGF-B1 and DIM, Cells were cultured in 1% FBS
for 12 h.

CCK-8

Cell Counting Kit-8 (CCK-8) was used to exam-
ine the cardiac fibroblast viability treated with
DIM and the ability of cardiac fibroblast prolif-
eration induced by TGF-B1. Firstly in order to
test the cell toxicity of DIM, Cells (5%x10* cells/
ml) were seeded in 96 wells and cultured for 48
h, every concentration has 6-well microplates.
The cells were cultured in 1% FBS for 12 h, and
then treated with different concentrations of
DIM (10 pmol/I, 20 ymol/I, 30 ymol/I and 60
pumol/l) for 48 h. Each well was added 10 ul of
CCK-8 reagent for another 4 h incubation, and
examined the absorbance read with a
microplate reader (Bio-Tek, Synergy HT) at 450
nm (the absorption wavelength) and 630 nm
(the reference wavelength). According to the
same protocol, examining the ability of cardiac
fibroblasts proliferation treated with TGF-f1
and (or) DIM was needed.

Immunofluorescence staining

To examine the percentage of positive cardiac
fibroblasts which expressed a-SMA protein, we
stained neonatal rat cardiac fibroblasts for the
marker a-SMA. The cells treated as experiment
design were washed three times with warm
PBS, fixed with 4% paraformladehyde
(Sinopharm Chemical Reagent Co., Ltd, 41533)
for 15 min, permeabilized in 0.2% Triton X-100
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Figure 1. The viability of neonatal rat cardiac fibro-
blasts. A: The effect of DIM on the cell viability. Low
dose of DIM (10, 20, 30 pymol/I) has no cell toxicity on
neonatal rat cardiac fibroblasts, however, high dose
of DIM (60 pmol/l) has remarkable cell toxicity. B:
The proliferative response of neonatal cardiac fibro-
blasts induced by TGF-1 (10 ng/ml) for 48 h have
promoted, and DIM can attenuate the increased pro-
liferative response of cardiac fibroblasts induced by
TGF-B1. T is TGF-B1, OD value is examined in 450
nm (the absorption wavelength) and 630 nm (the ref-
erence wavelength), each dot represents the mean
and SD.

(Amresco, 0694) in PBS, blocked with 8% goat
serum, and then stained with anti-a-SMA anti-
body (Abcam, ab7817) at a dilution of 1:100
with 1% goat serum (GeneT-ex, GTX27481) for
overnight. The cells were incubated for 1h with
the secondary antibody, goat anti-Mouse 1gG
Alexa Fluor 488, and then mounted onto glass
slides with Slow Fade Gold anti-fade reagent
with DAPIL. The number of positive cells was
measured with a quantitative digital image
analysis system (Image Pro-Plus, version 6.0).

Quantitative real-time PCR

Total RNA was extracted from neonatal rat car-
diac fibroblasts with TRIzol reagent, according
to the instructions, the concentrations were
detected by spectrophptpmeter and the puri-
ties were estimated using the A260/A230 and
A230/A260 ratios with a Smartspec Plus
Spectrophotometer (Bio-Rad). The RNA (2 ug of
each sample) was reverse transcribed into
cDNA using oligo (dT) primers and the Tran-
scrptor First Strand cDNA Synthesis Kit (Roche,
04887352001) in 20 ul reaction volume with a
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96-well thermal cycler (Applied Biosystems).
We used SYBR Green PCR Master Mix (Roche,
04897030001) to quantify PCR amplifications
with the Light Cycler 480 instrument (Software
version 1.5, Roche) and examined the relative
MRNA expression levels of Collagen I, Collagen
Ill, CTGF and a-SMA , which were normalized to
the glyceraldehydes-3-phosphate dehydroge-
nase (GAPDH) gene expression which was a
house keeping gene. The following were PCR
primers: Collagen | forward: 5-GAGAGAGCAT-
GACCGATGGATT-3’, and reverse: 5-TGGACAT-
TAGGCGCAGGAA-3’; Collagen Il forward: 5-GT-
GGTCCTCCAGGAGAAAATGGAAA-3’, reverse: 5'-
GCACCCGCACCGCCTGGCTCAC-3’; CTGF forwa-
rd: 5-GGAAGACACATTTGGCCCTG3’, and reve-
rse: 5-GCAATTTTAGGCGTCCGGAT-3’; a-SMA
forward: 5-GCTATTCAGGCTGTGCTGTC-3’, and
reverse: 5-GGTAGTCGGTGAGATCTCGG-3’; GA-
PDH: forward: TCGGTGAGATCTCGG-3’; GAPDH:
forward: 5-GACATGCCGCCTGGAGAAAC-3’, and
reverse: 5-AGCCCAGGATGCCCTTTAGT-3. The
reaction was run at 95°C for 10min, followed by
45 cycles of 10 sec at 95°C, 10 sec at 60°C
and 20 sec at 72°C.

Western blotting

The total proteins were extracted from neona-
tal rat cardiac fibroblasts, the protein concen-
trations were determined with the BCA protein
assay reagent (Thermo, 23225). Proteins sam-
ples (20 pg) in a gel were separated on 10%
SDS/PAGE under reducing conditions, and then
transferred onto an polyvinylidene fluoride
(PVDF) membrane (Millipore, Beijing, China)
using a Gel Transfer Device (Invitrogen). In order
to avoid the disturb of the non-specific antibody
binding, PVDF membranes were blocked with
5% skim milk for 1.5 h at room temperature.
After PVDF membranes were incubated with
primary antibodies against phosphorylated
AKT, total AKT, phosphorylated GSK3j, total
GSK3p, a-SMA and GAPDH for over-night at
4°C, secondary antibodies were conjugated
with primary antibodies for 1 h. The quantifica-
tion of Western blotting bands was performed
with the Odyssey infrared imaging system
(Li-Cor Biosciences). Specific protein expres-
sion levels were normalized to the GAPDH pro-
tein level which contained total cell lysate and
cytosolic proteins on the same PVDF mem-
brane.

Int J Clin Exp Pathol 2015;8(5):5121-5128



DIM attenuates TGF-B1-induced myofibroblast differentiation

A Control TGF-B1 B
Control
TGF-B 1
Control -~ E3 DIM 30umoll
) * D TGF-B 1+DIM 30umol/l
o 807 -
g SR #
B
=z S
o £ G
- - =
C E= Control D
E3 TG 1
E3 DIM 30umol/l
O TGF-B 1+DIM 10umol/I
“ * TGF-B 1+DIM 20umol/l : g)%it;umouu
- 39 *
o . # TGF-B 1+DIM 30umol/| (I TGF-B 1+DIM 30umol/]
= # & e "
© e
<, %
O Q
= £
3 [
! — °
o
0 AN
a-SMA
E Control TGF-£1 DIM TGF-5 1+DIM

37KD GAPDH

Figure 2. DIM attenuates cardiac myofibroblast differentiation induced by TGF-B1 for 48 h. A: DIM reduces the
number of TGF-B1 induced cardiac fibroblasts which express a-SMA protein. Cardiac fibroblasts are examined with
immunofluresent staining for a-SMA. Blue dot represents the nuclear of cardiac fibroblast, red represents a-SMA
protein. B: Quantitative analysis of the a-SMA positive cardiac fibroblasts. C: The level of a-SMA mRNA expression
is evaluated by RT-PCR. D: The image of a-SMA protein is assessed by Western blotting. E: The quantitative analysis
of a-SMA protein in neonatal rat cardiac fibroblasts, the relative value is represented as normalization to GAPDH
expression. The data are presented as the mean + SD. *P < 0.05 compared to control group; P < 0.05 compared

with TGF-B1 group.

Statistical analysis

All quantitative data were expressed as mean +
SEM. The differences between two groups were
used the Independent-Samples T test. One-way
ANOVA test with a post hoc of Tukey’s test was
used to compare the difference among groups.
A P value of <0.05 was statistically different.

Results
The toxicity of DIM on cardiac fibroblasts

Firstly, in this study we performed different
doses response of DIM in neonatal rat cardiac
fibroblasts. As shown in Figure 1A, the cell tox-
icity of DIM was not significantly different under
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the concentrations of 30 umol/I (10, 20, 30
umol/Il). Compared to control group, the cell
viability in 30 umol/l group was reduced by
12.4%. The group in 60 uymol/l was reduced by
25.8%, it suggested that the concentration of
60 pmol/I on neonatal rat cardiac fibroblasts
had dramatical cell toxicity. Therefore, in this
study we chose the doses (10 umol/I, 20 ymol/I
and 30 umol/l) to study changes in cardiac
fibroblasts activation.

DIM attenuates TGF-B1 induced cardiac fibro-
blasts proliferation

Previous study reported that TGF-B1 could
increase proliferation in adult cardiac fibro-
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Figure 3. DIM blunts pro-fibrotic mRNA levels of Collagen I, Collagen Il and
CTGF in neoatal rat cardiac fibroblasts induced by TGF-B1. Quantitative data
of Collagenl, Collagen lll and CTGF in neonatal rat cardiac fibroblasts are
evaluated by real time PCR. *P<0.05, compared to control group; #P<0.05,

compared with TGF-B1 stimulation.

blasts [16]. In order to investigate the prolifera-
tive response in neonatal rat cardiac fibroblasts
induced by TGF-B1, the neonatal cardiac fibro-
blasts were incubated with TGF-B1 for 48 h. As
shown in Figure 1B, compared to control group,
the proliferative rate was increased by 38.6%.
DIM could blunt the increased proliferative
response induced by TGF-B1. Further analysis
let us identify that DIM with dose-dependence
could inhibit the proliferation of neonatal car-
diac fibroblasts.

DIM’s effect on myofibroblast differentiation

There was the evidence supporting a central
role for TGF-B1 in cardiac fibroblast activation
[3]. TGF-B1 could stimulate the transformation
of cardiac fibroblasts into myofibroblast [8],
and a-SMA was a typical molecular marker of
myofibroblast [17]. Therefore, we stained neo-
natal rat cardiac fibroblasts for the marker
a-SMA, and determined the percentage of car-
diac fibroblasts expressing a-SMA protein. As
shown in Figure 2, in control group, the per-
centage of cardiac fibroblasts expressing
a-SMA protein was 24.05%. It suggested that
the cultured neonatal rat cardiac fibroblasts in
vitro had the ability of spontaneous differentia-
tion. Compared with control group, the percent-
ages of cardiac fibroblasts which expressed
a-SMA protein were significantly increased in
TGF-B1 group, while DIM could reduce percent-
ages and the absolute cell number of cardiac
fibroblasts which expressed a-SMA protein
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Western blotting. Compared
to control group, the MRNA
and protein expressions of
a-SMA were promoted in the
presence of TGF-B1. However,
the increased levels of a-SMA
mRNA and protein expres-
sions in neonatal rat cardiac
fibroblasts induced by TGF-B1
were blunted by DIM. Addi-
tionally, there was no statisti-
cal difference between DIM
group and control group
(Figure 2).

Effect of DIM on pro-fibrotic gene expression

In cardiac fibroblasts, TGF-B1 directly induced
ECM gene expression, and resulted in ECM
deposition [18]. The increased mRNA levels of
Collagen |, Collagen lll and CTGF in cardiac fibro-
blasts were a hallmark of cardiac fibrosis, which
was considered as abnormal cardiac fibro-
blasts proliferation and transformation into
myofibroblasts. Cardiac fibroblasts were incu-
bation with TGF-B1 for 48 h, and there were a
significant increase in MRNA expression levels
of Collagen 1, Collagen Il and CTGF (P<0.05),
compared to control group (Figure 3). However,
the increased mMmRNA expression levels of
Collagen |, Collagen lll and CTGF were signifi-
cantly inhibited by DIM. In addition, compared
with control group, the mRNA expression levels
of cardiac fibroblasts treated with DIM has no
significant difference.

DIM’s effect on TGF-B1-induced AKT/GSK3[3
phosphorylation

Recent study found that GSK-33 was involved
in regulating the transformation of cardiac
fibroblast into myofibroblast [19], GSK-33 was
the downstream target of AKT. Therefore, AKT/
GSK3p signal pathways may be involved in the
effect of DIM on myofibroblast differentiation
induced by TGF-B1. Next, we investigated the
expression levels of AKT and GSK3. As shown
in Figure 4, compared with control group, the
results of western blot analysis suggested that

Int J Clin Exp Pathol 2015;8(5):5121-5128
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Figure 4. Effect of DIM on AKT/GSK3p signaling
pathways. A: The images of Western blot represent
the levels of phosphorylated, total AKT and GSK3j3
in neonatal rat cardiac fibroblasts. B: The quantita-
tive analysis of Western blot. “P<0.05 compared to
control group; #P<0.05 compared with TGF-B1 group.

the levels of phosphorylated AKT and GSK3 in
neonatal rat cardiac fibroblasts induced by
TGF-B1 were remarkably increased. While the
increased proteins induced by TGF-B1 were sig-
nificantly decreased by DIM. In addition, the
levels of phosphorylated AKT and GSK3[ be-
tween control group and DIM group was not sig-
nificantly different.

Discussion

In this study, the data demonstrated that DIM
could attenuate the cardiac fibroblast prolifera-
tion and myofibroblast differentiation induced
by TGF-B1. Moreover, DIM could reduce exces-
sive ECM production. We also found that the
effect of DIM on myofibroblast differentiation
and excessive ECM production was involved in
AKT/GSK-3p signaling pathways.

Recent studies had reported that TGF-31 could
promote myofibroblast differentiation, and
myofibroblast phenotype was characterized by
expression of aSMA protein [20]. The level of
a-SMA protein induced by TGF-$ was increased
[21]. However, DIM could reduce the increased
positive percentage of cardiac fibroblasts
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induced by TGF-B1, which expressed a-SMA
protein. Furthermore, DIM also could decrease
the increased protein and mRNA expressions
of a-SMA induced by TGF-B1. Collectedly, the
results implied that DIM could attenuate myofi-
broblast differentiation.

Profibrotic cytokines TGF-B1 was involved in
cell proliferation, differentiation and ECM pro-
duction. The synthesis of collagen was increas-
ed in cardiac fibroblasts induced by TGF-B1,
and ultimately leaded to deposition of ECM [22,
23]. Collagen 1, Collagen lll and CTGF, mainly
produced by fibroblasts, were the important
ECM proteins, and abnormal synthesis of these
proteins indicated cardiac fibroblast activation
[24]. Our data showed that the increased pro-
fibrotic MRNA levels of Collagen |, Collagen Il
and CTGF in neonatal rat cardiac fibroblasts
induced by TGF-B1 were reduced by DIM. Taken
together, the data in our study showed that DIM
could block the excessive deposition of extra-
cellular matrix, it was consistent with the ani-
mal experiment [15].

AKT/GSK-3p signaling pathways was associat-
ed with cardiac hypertrophy [25], epithelial to
mesenchymal transition [26, 27], and cell cycle
[28]. GSK-3B, the downstream target of AKT,
had proved that the roles of GSK-3p in cardiac
myocyte [29]. Recent the study found that GSK-
3B was involved in myofibroblast differentiation
has [30]. Therefore, AKT/GSK-3( signaling
pathways may be involved in regulating the
effect of DIM on myofibroblast differentiation,
and eventually improved cardiac fibrosis. In this
study, the phosphorylation of AKT and of GSK-
3B was increased in neonatal rat cardiac fibro-
blasts induced by TGF-B1, and DIM could obvi-
ously decrease the expression levels of
phosphorylation AKT and GSK-3B. The data
indicated that the role of DIM on myofibroblast
differentiation and ECM production was medi-
ated by AKT/GSK-3p signaling pathways, and
eventually achieved anti-fibrotic effect.

In conclusion, our studies showed that in-
creased activation of neonatal rat cardiac fibro-
blasts induced by TGF-B1 were attenuated by
DIM, AKT/GSK-3f signaling pathways was in-
volved in the effect of DIM on myofibroblast
differentiation and excessive ECM production,
strongly indicating the potential role of DIM on
cardiac fibrosis.

Int J Clin Exp Pathol 2015;8(5):5121-5128
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