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Signal Transducer and Activator of Transcription
3/MicroRNA-21 Feedback Loop Contributes to
Atrial Fibrillation by Promoting Atrial Fibrosis

in a Rat Sterile Pericarditis Model

Zhengrong Huang, MD, PhD*; Xiao-jun Chen, MD*; Cheng Qian, MD*; Qian Dong, MD, PhD;
Dan Ding, MD; Qiong-feng Wu, MD; Jing Li, MD; Hong-fei Wang, MD, PhD;
Wei-hua Li, MD, PhD; Qiang Xie, MD, PhD; Xiang Cheng, MD, PhD; Ning Zhao MD, PhD;
Yi-mei Du, MD, PhD; Yu-hua Liao, MD

Background—Postoperative atrial fibrillation is a frequent complication in cardiac surgery. The aberrant activation of signal
transducer and activator of transcription 3 (STAT3) contributes to the pathogenesis of atrial fibrillation. MicroRNA-21
(miR-21) promotes atrial fibrosis. Recent studies support the existence of reciprocal regulation between STAT3 and miR-
21. Here, we test the hypothesis that these 2 molecules might form a feedback loop that contributes to postoperative atrial
fibrillation by promoting atrial fibrosis.

Methods and Results—A sterile pericarditis model was created using atrial surfaces dusted with sterile talcum powder in
rats. The inflammatory cytokines interleukin (IL)-1f, IL-6, transforming growth factor-f3, and tumor necrosis factor-a.,
along with STAT3 and miR-21, were highly upregulated in sterile pericarditis rats. The inhibition of STAT3 by S31-201
resulted in miR-21 downregulation, which ameliorated atrial fibrosis and decreased the expression of the fibrosis-related
genes, a-smooth muscle actin, collagen- 1, and collagen-3; reduced the inhomogeneity of atrial conduction; and attenuated
atrial fibrillation vulnerability. Meanwhile, treatment with antagomir-21 decreased STAT3 phosphorylation, alleviated
atrial remodeling, abrogated sterile pericarditis—induced inhomogeneous conduction, and prevented atrial fibrillation
promotion. The culturing of cardiac fibroblasts with IL-6 resulted in progressively augmented STAT3 phosphorylation and
miR-21 levels. S3I-201 blocked IL-6 induced the expression of miR-21 and fibrosis-related genes in addition to cardiac
fibroblast proliferation. Transfected antagomir-21 decreased the IL-6—induced cardiac fibroblast activation and STAT3
phosphorylation. The overexpression of miR-21 in cardiac fibroblasts caused the upregulation of STAT3 phosphorylation,
enhanced fibrosis-related genes, and increased cell numbers.

Conclusions—Our results have uncovered a novel reciprocal loop between STAT3 and miR-21 that is activated after heart
surgery and can contribute to atrial fibrillation. (Circ Arrhythm Electrophysiol. 2016;9:e003396. DOI: 10.1161/
CIRCEP.115.003396.)

Key Words: arrhythmia B atrial fibrillation ® microRNA B signal transduction

Atrial fibrillation (AF) is the most common sustained
arrhythmia in clinical practice and is a well-known com-
plication after cardiac surgery. The incidence of postoperative
AF (POAF) varies between 10% and 60%. POAF is associated
with an increased risk of congestive heart failure, renal insuf-
ficiency, and stroke, all of which prolong hospital stays and
increase expenses after heart surgery.! In many clinical stud-
ies, higher levels of inflammatory markers (such as C-reactive

protein and interleukin [IL]-6) and elevated white blood cell
counts have been reported to be associated with POAF.>* The
role of inflammation in POAF has been further confirmed
in canine sterile pericarditis (SP), an experimental model of
POAF in humans.* This model is characterized by the atrial
infiltration of neutrophils, significant fibrosis, and increased
levels of C-reactive protein and IL-6.¢ Indeed, elevated IL-6
induces cardiac fibrosis, myocardial hypertrophy,” and AF.*10
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WHAT IS KNOWN

® The aberrant activation of STAT3 and the increased
expression of miR-21 contribute to fibrotic process-
es linked to AF.

® The reciprocal regulation between STAT3 and
miR-21 has been demonstrated in malignant
disease.

WHAT THE STUDY ADDS

® The inhibition of STAT3 or miR-21 ameliorated
atrial fibrosis and prevented inducible AF in SP
rats.

® A novel reciprocal loop between STAT3 and
miR-21 that is activated after heart surgery can
contribute to AF by promoting atrial fibrosis.

However, the exact molecular mechanism of POAF remains
incompletely understood.!!

Signal transducer and activator of transcription 3 (STAT3)
is an important transcription factor that regulates many biologi-
cal processes.” Its activation by cytokines and growth factors
induces STAT3 tyrosine-705 phosphorylation and cytoplasmic-
to-nuclear shuttling, the recognition of STAT3-specific DNA-
binding elements, and the transcriptional activation of its target
genes.'*'* Aberrant STAT3 activation often occurs after IL-6
stimulation, which is involved in the pathogenesis of various
cardiovascular diseases.'*'* Recently, the activation of STAT3 by
IL-6 was found to promote cell proliferation and differentiation
and the synthesis of collagens in cardiac fibroblasts (CFs).!>!3
Furthermore, increased STAT3 activation has been reported in
response to inflammatory changes and atrial fibrosis both in
AF animal models' and in patients.!”” Moreover, the inhibition
of STAT3 by S3I-201, a novel selective inhibitor of STAT3,'
significantly suppressed the expression of o-smooth muscle
actin (a-SMA), decreased IL-6—induced collagen synthesis, and
effectively reduced the fibrosis process.!” Therefore, the activa-
tion of STAT3 might contribute to the pathophysiology of POAF.

MicroRNAs (miR) are a class of small noncoding RNAs
that repress gene expression at the post-transcriptional level by
targeting mRNA. Accumulating evidence implicates miR-21
in a variety of disorders and indicates that it is highly upregu-
lated during cardiac fibrosis.?** The expression of miR-21 is
also increased in atrial tissues®*?® and plasma samples from
patients with AF.?® Importantly, atrial miR-21 knockdown
with antagomir-21 suppresses atrial fibrosis and reduces AF
promotion in rats after chronic myocardial infarction,”” mak-
ing this molecule an effective target for AF treatment. Recent
studies have demonstrated that STAT3 can regulate miR-21
expression®=%; moreover, miR-21 also modulates the STAT3
signaling pathway.’'* In addition, given the importance of
both STAT3 and miR-21 in the fibrotic processes linked to AF,
we hypothesized that they might form a reciprocal positive
loop that contributes to POAF by promoting atrial fibrosis.

In this study, we first assessed the changes in atrial pro-
fibrillatory remodeling and inflammatory cytokines with the
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expression of STAT3 and miR-21 in the rat model of SP. We
then explored the anti-AF effects of S31-201 and antagomir-21
in the same model. In addition, the interaction between STAT3
and miR-21 was investigated in cultured CFs to elaborate on
their roles in atrial fibrosis. Our data reveal, for the first time,
that the STAT3/miR-21 positive feedback loop might contrib-
ute to AF by promoting atrial fibrosis in SP rats.

Materials and Methods

For additional details, please see Materials and Methods section in
the Data Supplement.

Preparation of the SP

A total of 176 adult male Sprague-Dawley rats weighing 180 to 220
g were purchased from the Animal Center, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China. The
study was approved by the Animal Research Ethics Committee of Tongji
Medical College, Huazhong University of Science and Technology, in
compliance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publication, revised 2011).

The SP model was induced as described in our previous study.*
Briefly, rats were anesthetized by intraperitoneal injection of sodium
pentobarbital (40 mg/kg), intubated, and ventilated. The chest skin
was shaved and sterilized with 75% alcohol. The heart was exposed
through the left second intercostal space. After a pericardiotomy, the
atrial surfaces were generously dusted with sterile talcum powder and
then covered by a single layer of gauze. Sham-operated animals were
subjected to the same procedure without pericardiotomy.

In Vivo Electrophysiology

In vivo electrophysiology was performed as previously described.**
Briefly, a 6F 10 pole coronary sinus electrode catheter (ten 0.5-mm
circular electrodes; interelectrode distance 2.0 mm; and electrode pair
spacing 6.0 mm) was inserted into the esophagus for recording and
stimulation. The ECG was continuously monitored. To induce AF,
5 consecutive 30-second bursts of rapid stimulation (25, 30, 40, 50,
and 83 Hz) were performed at 3-minute intervals. AF was defined as
rapid and fragmented atrial electrograms with irregular atrioventricu-
lar nodal conduction and ventricular rhythm for at least 2 seconds.
The AF duration was measured until the ECG showed a sinus rhythm
again. The total time of the AF episodes was defined as the sum of the
AF duration of each episode. The probability of induction of AF was
determined by calculating the number of AF episodes divided by the
number of total procedures.

Epicardial Activation Mapping

Atrial epicardial activation mapping in isolated Langendorff-perfused
hearts was performed using a multielectrode array containing 32 elec-
trodes (Figure IA and IB in the Data Supplement; 0.2-mm electrode
diameter; 0.36-mm interelectrode distance).* Activation times were
determined as the point of maximal negative slope and displayed in
a grid representing the layout of the original recording array (Figure
IC in the Data Supplement). All activation times were related to the
timing of the first detected waveform and then used to draw activation
maps in MATLAB. The maximal vectorial conduction velocity and the
index of inhomogeneity were calculated as previously described.**’

Experimental Protocols In Vivo

To examine the role of STAT3/miR-21 in postoperative AF in SP rats,
the STAT3 inhibitor S31-201 (5 mg/kg, dissolved in 50 pL dimethyl
sulfoxide, Selleck) was administered intraperitoneally once daily
for 3 days, and 5 pL antagomir-21 (7.5 nmol, Ribobio, Guangzhou,
China) was injected with a Hamilton microsyringe (33-gauge needle)
into the left atrial wall at 5 separate injection points immediately after
the pericardiotomy. Control rats were injected with the same volume
of the vehicle.
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CF Isolation

Primary cultures of rat CFs were isolated from the hearts of 1- to
2-day-old (neonatal) Sprague-Dawley rats or the atria of 8- to
14-week-old (adult) Sprague-Dawley rats using an enzymatic di-
gestion solution containing 0.1% collagenase (type II, Worthington
Biochemical, NJ) and 0.25% trypsin (Amresco, Cleveland, OH) at 37
°C. The second- or third-generation CFs were used in all subsequent
experiments.

Cell Treatments

Cells were incubated with 20 ng/mL recombinant rat IL-6 (Pepro
Tech, Rocky Hill, NJ) for the indicated time periods. To elucidate
the role of miR-21 in cardiac fibrosis, we transfected synthesized
miR-21 mimics (5-UAGCUUAUCAGACUGAUGUUGA-3’ or an-
tagomir-21 (5-UCAACAUCAGUCUGAUAAGCUA-3"; Ribobio)
into CFs using ribo FECT CP (Ribobio) according to the manufac-
turer’s protocol. Control oligonucleotides (Ribobio) were transfected
into the negative control samples. Twenty-four hours after transfec-
tion, the transfected cells were incubated with IL-6 (20 ng/mL) or
S31-201 (50 umol/L) for another 24 hours.

Western Blot Analysis

Total protein samples were extracted from tissues or whole cells
by the standard procedure. Samples (20 pg) were run on a 10%
SDS-PAGE gel followed by blotting to a nitrocellulose membrane.
After blocking, the membranes were probed with anti-Tyr’% phos-
phorate STAT3 (P-STAT3) or total STAT3 (T-STAT3; diluted
1:1000; Cell Signaling Technology) overnight at 4°C. The band
intensity was assessed using the Image Lab software (Bio-Rad,
Richmond, CA) and referenced to GAPDH (diluted 1:500; Aspen,
Wuhan, China).

Real-Time Polymerase Chain Reaction

Real-time polymerase chain reaction (PCR) was performed as previ-
ously described®® using gene-specific primer pairs (Table I in the Data
Supplement).
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Atrial Histology and Immunohistochemical Staining
Tissue samples from the atria were fixed with 4% paraformaldehyde,
embedded in paraffin, and sliced into 4-um-thick sections, which
were stained with hematoxylin—eosin and Masson trichrome.

A separate group of sections was immunostained with pri-
mary antibodies against rat P-STAT3 (diluted 1:50; Cell Signaling
Technology) and a-SMA (diluted 1:50, Boster, Wuhan, China), fol-
lowed by incubation with biotin-conjugated secondary antibodies,
then treated with avidin—peroxidase. The reaction was developed us-
ing the DAB substrate kit (BioSci, Wuhan, China), and the sections
were counterstained with hematoxylin—eosin.

Determination of Cell Proliferation

Cell proliferation was measured using the Cell Counting Kit-8 (CCK-
8; Dojindo Molecular Technologies, Tokyo, Japan).

Statistical Analysis

Results are reported as the mean+SEM. An unpaired 7 test or Welch
t test was used for 2-group comparisons. Group comparisons were
conducted by analysis of variance using Tukey post-test. Statistical
analyses were performed using SPSS version 18.0, and P<0.05 was
considered statistically significant.

Results

Characterization of the Model

The basic ECG parameters and the cardiac electrophysiol-
ogy data are presented in Table 1. No significant differences
were observed in the parameters examined. Typical ECG
recordings before and after transesophageal burst pacing
are presented in Figure 1A and 1B. The analysis results
for the total AF duration and the probability of induction
of AF at day 3 after surgery are depicted in Figure 1C and
1D. Similarly to our previous report,* the total AF dura-
tion was significantly longer and the probability of AF
significantly higher in the SP rats (n=10) than in the sham

Table. Evaluation of Surface ECG Parameters, Transesophageal Recording, and Atrial Epicardial Activation Mapping

Control Sham SP S31-201 Antagomir-21
RR, ms 135+3.36 137+3.43 137+2.86 137.43+2.66 136.67+2.36
P, ms 19.93+0.73 20.83+0.83 21+0.37 20.6+0.31 20.33+0.42
PR, ms 46.33+1.44 46.83+1.45 46.83+1.45 46.13+1.94 46.33+2.14
QRS, ms 19+0.52 19.5+0.72 19.33+0.61 19.13+0.87 19.23+0.92
QT, ms 78.67+1.97 79.33+2.17 77+2.44 78.47+2.83 77.34+2.94
CSNRT, ms 38+2.59 38.5+2.63 43.83+4.92 41.13+5.12 41.33+5.22
WCL, ms 87.07+1.71 87.67+1.91 88.33+1.69 87.33+1.99 87.33+1.89
AVERP120, ms 69.33+2.28 70+2.78 71.33+0.99 71.13+1.20 70.93+1.34
AVERP110, ms 70.67+2.27 71+2.67 72+1.03 71.33+2.33 71.16+1.63
AVERP100, ms 71.33+£2.27 72+2.97 73.33+1.33 72.13+1.96 72.63+1.93
CV, mm/ms 0.45+0.01 0.51+0.03 0.56+0.04 0.41+0.10 0.43+0.01
Index 1.26+0.10 1.17+0.10 2.66+0.20* 2.03+0.13t 1.25+0.15%

ECG and transesophageal recording from control (n=8), sham (n=10), and SP rats (n=10), S3I-301 (n=5) and Antagomir-21 (n=>5). Epicardial activation mapping
from control (n=6), sham (n=9), and SP rats (n=11), S3I-301 (n=6) and Antagomir-21 (n=4). AVERP indicates atrioventricular nodal refractory period; CSNRT, corrected
sinus node recovery time; CV, conductive velocity; Index, inhomogeneity index; Sham, sham-operated rats; SP, rats with sterile pericarditis; and WCL, Wenckebach

cycle length.
*P<0.001 vs sham.
1P<0.05.
$P<0.01 vs SP.
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Figure 1. A typical tracing of ECG and esophageal electrogram during sinus rhythm (A). A typical time course of induced atrial fibrillation
(AF) followed by burst pacing (B). ECG showing induced AF after burst pacing and spontaneous AF termination. Mean duration of AF
episodes (C) and probability of induced AF (D). The mRNA levels of AF-related proinflammatory cytokines interleukin (IL)-14, IL-6, trans-
forming growth factor (TGF)-f and tumor necrosis factor (TNF)-a in the atria (E). *P<0.01, 1P<0.001 vs sham. Representative examples
of spontaneous conduction properties of epicardial activation mapping in sham (left) and sterile pericarditis (SP; right) rats analyzed by
multielectrode array (F). aVR indicates rightarm augmented unipolar lead; and Eso, esophagus.

rats (n=10). Real-time PCR showed that the expression
of proinflammatory cytokines IL-1f, IL-6, transforming
growth factor-f, and tumor necrosis factor-o. was highly
upregulated in the SP rats compared with the sham rats
(Figure 1E). To evaluate the atrial conduction properties,
we performed epicardial multielectrode array mapping in

isolated Langendorff-perfused hearts. Figure 1F and Figure
IC in the Data Supplement show representative examples of
right atrium activation during sinus rhythm from a sham rat
(left) and a SP rat on postoperative day 3 (right). In contrast
to the atrial activation patterns in sham rats, the maps from
SP rats were characterized by inhomogeneous conduction.
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Figure 2. Representative Western blots for total and Tyr’®-phosphorylated signal transducer and activator of transcription 3 (STAT3; A),
quantification of total and phosphorylated STAT3 relative to GAPDH (B), and the ratio of P-STAT3/T-STAT3 (C) from sham (n=5) and sterile
pericarditis (SP) rats 1 d (n=4), 3 d (n=4), and 5 d (n=3) after surgery. D, The mRNA expression of miR-21 in atria from sham (n=5) and SP
rats during postoperative days 1 to 14 (n=4 for each group). Representative histological sections stained with Masson trichrome (E) and
percentage of left atrial interstitial fibrosis (F) from Sham and SP rats at 1 d (n=5), 3 d (n=4), 5 d (n=4), 7 d (n=3), and 14 d (n=4) after sur-
gery. Original magnification x400. *P<0.05, 1P<0.01, £P<0.001 vs sham.

The atrial conduction velocity and index of inhomogeneity
calculated from the isochrone map are shown in Table 1.
The index of inhomogeneity was significantly greater in SP
rats than in sham animals, but no difference was found in
the conduction velocity (Table 1).

Expression of STAT3 and miR-21 in SP Rats

Several studies have shown that the action of proinflam-
matory cytokines, particularly IL-6, on STAT3 can posi-
tively regulate miR-21 transcription.?=%* The combination

of STAT3/miR-21 has been implicated in amplifying the
fibrogenic process. Thus, we measured the time-dependent
changes in the expression levels of STAT3 and miR-21 in
the atria after surgery. Western blot analysis (Figure 2A-2C
; Figure II in the Data Supplement) was applied to examine
the protein level of T-STAT3 and P-STAT3, and real-time
PCR (Figure 2D) was used to measure the miR-21 expres-
sion. The maximum P-STAT3 expression was observed
on day 1 after surgery, when miR-21 expression began to
increase, and remained present at high levels after day 5
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Figure 3. Results from sterile pericarditis (SP) rats treated with S31-201 (n=5 for each group). Original Western blot (A) and quantification
of total and phosphorylated signal transducer and activator of transcription 3 (STAT3) and the ratio of P-STAT3/T-STAT3 (B) in rats 3 days
after surgery. C, Examples of phosphorylated STAT3 immunohistochemical staining. Total time of atrial fibrillation (AF) episodes (D) and
probability of induced AF (E). F, The mRNA expression of interleukin (IL)-1p, IL-6, transforming growth factor (TGF)-, and tumor necrosis
factor (TNF)-a by real-time polymerase chain reaction (PCR). G, The mRNA expression of miR-21, a-SMA, collagen-1, and collagen-3

by real-time PCR. H, Examples of a-smooth muscle actin (a-SMA) immunohistochemical staining. I, Representative histological sections
stained with Masson trichrome. *P<0.05, 1P<0.01, $P<0.001 vs sham; §P<0.05, ||P<0.01, #P<0.001 vs control.

(Figure 2D), when the atria showed more extensive inter-
stitial fibrosis in SP rats (Figure 2E and 2F). T-STAT?3 also
increased but to a lesser extent than P-STAT3 (Figure 2B).
The other pathways, such as Spry-1/Erk-Mark® and the
endothelial-to-mesenchymal transition,** did not play
important roles in the fibrosis of SP rats (Figure III in the
Data Supplement).

STAT3 Inhibitor S3I-201 Reduced AF Vulnerability,
Decreased miR-21 Expression, and Suppressed
Fibrosis in SP Rats

To further investigate the role of STAT3 in POAF, we treated
the SP rats with the STAT3 inhibitor S3I-201 (at 5 mg/kg)
5 minutes before surgery. As shown in Figure 3A and 3B
and Figure IV in the Data Supplement, the administration of
S31-201 largely suppressed P-STAT3 on day 3 after pericar-
diotomy without significant effects on T-STAT3 expression.
Immunohistochemical staining also showed a significant
decrease in P-STAT3 in rat atrial tissue after S3I-201

treatment (Figure 3C). Meanwhile, the total AF duration and
the probability of AF induction were significantly lower in
rats treated with S31-201 than in rats treated with the vehi-
cle (Figure 3D and 3E). S31-201 administration reduced the
SP-induced inhomogeneous conduction (Table 1). In addi-
tion, most AF-related cytokines, IL-6, transforming growth
factor-f, and tumor necrosis factor-o. (but not IL-1f3), were
significantly reduced by S3I-201 treatment (Figure 3F).
Furthermore, the SP-induced mRNA expression of miR-21
was significantly decreased after S3I-201 treatment (Fig-
ure 3G). Notably, as shown in Figure 3I, treatment with
S31-201 markedly reduced the percentage of fibrosis area
(11.22+1.06% versus 17.73x1.32%; n=5; P<0.001). Con-
sistently, the mRNA expression of the fibrosis-related genes
a-SMA, collagen-1, and collagen-3 decreased significantly
after S31-201 administration (Figure 3G). The results of a-
SMA expression were confirmed by immunohistochemical
staining (Figure 3H).
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Figure 4. Results from sterile pericarditis (SP) rats treated with antagomir-21 (n=5, for each group). A, The mRNA expression levels of
microRNA-21 (miR-21), a-smooth muscle actin (a-SMA), collagen-1, and collagen-3 in rats 3 days after surgery. Total time of atrial fibril-
lation (AF) episodes (B) and probability of induced AF (C). D, Examples of a-SMA immunohistochemical staining. E, Representative histo-
logical sections stained with Masson trichrome. F, The mRNA expression of interleukin (IL)-1f, IL-6, transforming growth factor (TGF)-{3,
and tumor necrosis factor (TNF)-a by real-time polymerase chain reaction (PCR). Original Western blot (G) and quantification of total and
phosphorylated signal transducer and activator of transcription 3 (STAT3; H). I, Examples of phosphorylated STAT3 immunohistochemical
staining. *P<0.05, tP<0.01, $P<0.001 vs sham; §P<0.05, ||P<0.01, #P<0.001 vs control.

Treatment With Antagomir-21 Reduces AF
Vulnerability, Suppresses Fibrosis, and Decreases
STAT3 Phosphorylation in SP Rats

To further evaluate the role of miR-21 in POAF, we performed
an experiment in which antagomir-21 was injected into the
rat left atrial tissue during surgery. Atrial miR-21 expression
was repressed on day 3 after surgery, as shown by real-time
PCR (Figure 4A). Similarly to the effects of STAT3 inhibitor
S31-201 described above, treatment with antagomir-21 signifi-
cantly prevented AF promotion (Figure 4B and 4C), alleviated
atrial remodeling (Figure 4A, 4D, and 4E), and abrogated inho-
mogeneous conduction (Table 1) in SP rats. The percentage of
fibrosis area was reduced from 17.88+1.28% to 13.02+0.98%
(P<0.01; n=5). The SP-induced expression of proinflamma-
tory cytokines, namely IL-6, transforming growth factor-f3,
and tumor necrosis factor-o, was significantly decreased by
treatment with antagomir-21, but IL-13 was increased (Fig-
ure 4F). Importantly, P-STAT3 was also significantly inhibited
(Figure 4G, 4H, and 4I; Figure V in the Data Supplement).

STAT3 and miR-21 Expression Levels Are
Upregulated During CF Activation

CF activation is critical in cardiac fibrosis. To confirm the STAT3
and miR-21 changes during CF activation, quiescent neonatal
CFs were harvested and stimulated with recombinant IL-6 (20
ng/mL), which mimics the in vivo activation process. The cultur-
ing of neonatal CFs with recombinant IL-6 resulted in a rapid
and transient increase in P-STAT3 levels, with a maximal STAT3
activation after 5 to 10 minutes (Figure 5B), confirming previ-
ous reports.” In contrast, miR-21 mRNA was augmented pro-
gressively over 24 to 48 hours (Figure 5D). Parallel incubation
with IL-6 induced CFs proliferation (Figure SE) and the mRNA
expression of a-SMA, collagen-1, and collagen-3 in a time-
dependent manner (Figure 5F). Similarly, we observed the robust
activation of STAT3 (Figure 5A and 5C ; Figure VI in the Data
Supplement) and the upregulation of miR-21 in addition to o-
SMA, collagen-1, and collagen-3 upregulation in adult CFs stim-
ulated with IL-6 (Figure 5G). Collectively, our results suggested
that STAT3 and miR-21 might be involved in CF activation.
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phorylated and total STAT3 were analyzed by Western blotting in adult CFs. B and C, Quantification of total and phosphorylated STAT3
in neonatal (n=6) and adult CFs (n=5), respectively. The density of P-STAT3 was first normalized with respect to the density of T-STAT3,
and the value after IL-6 stimulation was then normalized with respect to the basal value. D, Relative expression of microRNA-21 (miR-21)
was examined by real-time polymerase chain reaction (PCR) in neonatal CFs (n=6). E, Cell numbers were detected using Cell Counting
Kit-8, and the absorbance of the supernatant at 450 nm was measured spectrophotometrically in neonatal CFs (n=6). F, Relative expres-
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tive expression levels of miR-21, a-SMA, collagen-1, and collagen-3 examined by real-time PCR in adult CFs (n=5). *P<0.05, 1P<0.01,

$P<0.001 vs basal values.

STAT3 Inhibitor S3I-201 Decreased IL-6-Induced
miR-21 Expression and CF Activation

To confirm the role of STAT3 in IL-6—induced miR-21 expres-
sion and CF activation, we pretreated cultured neonatal CFs with
the STAT3 inhibitor S3I-201 2 hours before IL-6 (20 ng/mL)

stimulation. Figure 6A and Figure VII in the Data Supplement
show that S31-201 significantly inhibited P-STAT3 in both the
absence and presence of IL-6 stimulation. As expected, S31-201
blocked the IL-6—-induced expression of miR-21, a-SMA, colla-
gen-1, and collagen-3 (Figure 6B) in addition to CF proliferation
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Figure 6. Effects of S3I-201 on phosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3) and microRNA-21
(miR-21) and on cardiac fibroblast (CF) activation in the absence
and presence of interleukin (IL)-6. CFs were preincubated with
or without S31-201 (50 or 100 nmol/L) for 30 minutes and stimu-
lated with or without 20 ng/mL IL-6. A, Phosphorylated and total
STAT3 were analyzed by western blotting. B, Relative expression
levels of miR-21, a-smooth muscle actin (a-SMA), collagen-1,
and collagen-3 were examined by real-time polymerase chain
reaction (n=7). C, Cell numbers were detected using Cell Count-
ing Kit-8, and the absorbance of the supernatant at 450 nm

was measured spectrophotometrically (n=5). *P<0.05, 1P<0.01,
$P<0.001 vs control; §P<0.05, ||P<0.01, #P<0.001 vs IL-6.

(Figure 6C). We also observed reductions in the basal expression
of miR-21, a-SMA, collagen-1, and collagen-3 and decreased
cell numbers in CF cultures treated with 50 pmol/L S3I-201
(Figure 6B and 6C). Similar results were also obtained for adult
CFs (data not shown).

Antagomir-21 Decreases IL-6-Induced CF
Activation and STAT3 Phosphorylation

To test the role of miR-21 in IL-6—induced CF activation
and STAT3 phosphorylation, we transiently transfected
antagomir-21 into neonatal CFs, followed by treatment with
IL-6. Real-time PCR showed that miR-21 expression was sig-
nificantly decreased after transfection with antagomir-21 (Fig-
ure 7A) compared with untransfected control cells. There was
no difference between untransfected control cells and cells
transfected with a negative control oligonucleotide. At the
same time, the IL-6—induced expression of miR-21, a-SMA,

STAT3/miR-21, AF, and Atrial Fibrosis

collagen-1, and collagen-3 was completely blocked compared
with the negative control (Figure 7A). After 48 hours, trans-
fection with antagomir-21 resulted in decreased cell numbers
in either the absence or presence of IL-6 stimulation compared
with the negative control (Figure 7B). In addition, similarly to
the effects of S31-201, the knockdown of miR-21 in neonatal
CFs significantly blocked STAT3 phosphorylation, which was
also confirmed in adult CFs (Figure 7C and 7D; Figure VIII in
the Data Supplement).

Effect of miR-21 Overexpression on CF Activation
and STAT3 Phosphorylation

To determine whether miR-21 would mimic IL-6—-induced CF
activation and STAT3 phosphorylation, mimic-miR-21 was
transfected into neonatal CFs. The overexpression of miR-21
in the CFs enhanced the expression of miR-21, a-SMA, colla-
gen-1, and collagen-3 (Figure 8A); increased the cell numbers
(Figure 8B); and caused the upregulation of P-STAT3 (Fig-
ure 8C; Figure IX in the Data Supplement). The upregulation
of P-STAT3 was also observed in adult CFs overexpressing
miR-21 (Figure 8D). These results suggested that miR-21
also played a direct role in fibrogenesis and promoted STAT3
phosphorylation in CFs.

Discussion

Major Findings

In this study, we have uncovered a novel reciprocal loop
between STAT3 and miR-21 that is activated after heart sur-
gery and can contribute to AF by promoting atrial fibrosis. We
observed the upregulation of STAT3 and miR-21 in a model of
atrial profibrillatory remodeling in SP rats. The inhibition of
STAT3 by S31-201 resulted in the downregulation of miR-21,
which ameliorated atrial fibrosis and attenuated the inducibil-
ity and maintenance of AF in SP rats. Similarly, the knock-
down of miR-21 with antagomir-21 decreased the activation
of STAT3, ameliorated atrial fibrosis, and prevented inducible
AF in SP rats. In cultured CFs, IL-6 induced STAT3 phos-
phorylation, miR-21 expression, and CF activation, which
were inhibited by S3I-201 and antagomir-21. In addition,
miR-21 overexpression resulted in CF activation with higher
levels of STAT3 phosphorylation. Our study may provide new
insights into the pathophysiology of atrial fibrosis and innova-
tive therapies for POAF.

STAT3, miR-21, POAF, and Atrial Fibrosis

Atrial fibrosis, which can be activated by inflammation
pathways, plays an important role in the initiation and
maintenance of AF. Biopsies and autopsies from patients
and animal models with AF have displayed the pres-
ence of atrial fibrosis.*' There exist, however, controver-
sial opinions regarding whether structural changes in the
atria contribute to POAF.*>* In this study, we observed
that SP rats exhibited a significantly increased incidence
of inducible AF, extensive fibrosis, and high upregulation
of genes encoding fibrogenic factors (a-SMA, collagen-1,
and collagen-3) and proinflammatory cytokines (IL-1f3,
IL-6, transforming growth factor-f, and tumor necro-
sis factor-a). Although conduction velocity values in the



10 Huang et al

STAT3/miR-21, AF, and Atrial Fibrosis

Collagen-1

D ,.

Collagen-3

Negative control
| ]Antagomir-21

IL-8+Negative control
/7] L-6+Antagomir-21

A 6 = Lo Control
Negative control
5 - L] Antagomir-21

o~ .
Fs] IL-6+Negative control
il 4 - ]IL-6+Antagomir-21

N

=

=

=

w0

w

[}

—_

o

=

@

<

=

o

£

miR-21 a-SMA
B .. c
) —— Negative control
—(— Antagomir-21

g —&— |L-6+Negative control *
= J —®—IL-6+Antagomir-21

s 06 9 P-STAT3[=
>

[}

(5]

c 4

b 0.5

o]

A

2

O 0.41

©

=

=

o 0.3

w

<

0 24 48(h)

Phospho-ftotal STAT3

Neonatal CFs

Adult CFs

Figure 7. Effects of antagomir-21 on microRNA-21 (miR-21), cardiac fibroblast (CF), activation and phosphorylation of STAT3 in the
absence and presence of interleukin (IL-6). CFs were transfected with antagomir-21 or negative control oligonucleotide and stimulated
with or without 20 ng/mL IL-6. A, Relative expression of miR-21, a-SMA, collagen-1, and collagen-3 examined by real-time PCR in
neonatal CFs (n=7). B, Cell numbers were detected using Cell Counting Kit-8, and absorbance of the supernatant at 450 nm was mea-
sured spectrophotometrically in neonatal CFs (n=4). C and D, Phosphorylated and total signal transducer and activator of transcription 3
(STAT3) were analyzed by Western blotting in neonatal (n=6) or adult CFs (n=4). “*P<0.05, t1P<0.01, £P<0.001 vs negative control; §P<0.05,
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right atrium were similar across the groups, the index of
inhomogeneity was increased by SP. These findings are
consistent with previous studies in a canine SP model,**
suggesting that atrial fibrosis may disturb atrial conduc-
tion and contribute to the increased vulnerability to AF in
the SP model.

The abnormal expression of STAT3 and miR-21 has been
found to promote atrial fibrosis.'”* In this study, we observed
higher expression levels of T-STAT3, P-STAT3, and miR-21
in SP rats than in sham rats. The inhibition of STAT3 (SI-301)
or knockdown of miR-21 (antagomir-21) ameliorated atrial
fibrosis, reduced inhomogeneous conduction, and prevented
inducible AF in SP rats. We also found increased expression
levels of P-STAT3 and miR-21 in cultured CFs in response to
IL-6, a known activator of fibrosis, associated with increased
cell numbers and enhanced expression levels of a-SMA, col-
lagen-1, and collagen-3. Moreover, IL-6—induced CF activa-
tion was completely abolished by S31-201 and antagomir-21.
Notably, transfected antagomir-21 also inhibited the basal
expression of fibrosis-related genes, indicating that miR-21
plays a direct fibrogenic role in normal unstimulated rat CFs;
however, the mechanisms require further study. Similar obser-
vations were made in the previous report.*® The overexpres-
sion of miR-21 also caused CF activation. Taken together, our

data demonstrated that STAT3 and miR-21 could contribute to
AF by promoting atrial fibrosis in SP rats.

S31-201, a cell-permeable amidosalicylic acid compound,
showed selective blocking of STAT3 DNA binding and gene
expression.'® In vitro, S3I-201 inhibited the proliferation and
survival of cancer cells. In vivo, the administration of S3I-
201 (at 5 mg/kg) inhibited tumor growth in xenograft models.
Subsequent investigation by other researchers demonstrated
that S3I-201 also exhibits antifibrosis activity.” All these
preclinical studies demonstrated that S3I-201 was well toler-
ated and exhibited no toxicity. Clinical trials of other STAT3
inhibitors showed that the most frequently reported treatment-
related adverse events were gastrointestinal and were primar-
ily of grade 1/2.%

STAT3 has been shown to bind to multiple sites in the
miR-21 promoter and to directly activate the transcription of
miR-21 on stimulation with IL-6 in many cell types.”® Here,
we found that the inactivation of STAT3 by S3I-201 signifi-
cantly decreased the expression of miR-21 in cultured CFs
stimulated with IL-6 and in the atria of SP rats. Considering
the role of STAT3 in atrial fibrosis, as discussed above, our
results suggested that STAT3 could act as an upstream regula-
tor of miR-21 in CFs, promoting atrial fibrosis through the
targets of miR-21 in SP rats.
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Figure 8. Effects of overexpression of microRNA-21 (miR-21) on cardiac fibroblast (CF) activation and signal transducer and activator of
transcription 3 (STAT3) phosphorylation. CFs were transfected with mimic miR-21 or negative control oligonucleotide. A, Relative expres-
sion levels of miR-21, a-smooth muscle actin (a-SMA), collagen-1, and collagen-3 were examined by real-time PCR in neonatal CFs
(n=6). B, Cell numbers were detected using Cell Counting Kit-8, and the absorbance of the supernatant at 450 nm was measured spec-
trophotometrically in neonatal CFs (n=6). C and D, Phosphorylated and total STAT3 were analyzed by Western blotting in neonatal (n=6) or

adult CFs (n=4). *P<0.05, tP<0.01, £P<0.001 vs negative control.

Conversely, miR-21 also regulates STAT3 in malignant
disease.** Thus, we evaluated the expression of P-STAT3 in
cultured CFs transfected with antagomir-21, miR-21 mimics,
and a negative control. The reduction or enhancement of miR-
21 levels was confirmed by real-time PCR. The data showed
that antagomir-21 inhibited the activation of STAT3 in the
absence or presence of IL.-6, whereas miR-21 mimics caused a
proportional increase in P-STAT3. Our data from SP rats also
suggested that miR-21 enhanced the STAT3 activity. Previous
studies demonstrated that miR-21 enhanced STAT3 signaling

by directly inhibiting the protein inhibitor of activated STAT3
(PIAS3) in U266 myeloma cells* and MCF-7 breast cancer
cells.”* PIAS3 is a known negative regulator of the STAT3
pathway.”® Thus, miR-21 might also indirectly upregulate
STAT?3 by inhibiting PIAS3 in CFs, which will require further
detailed investigation.

Study Limitations
This study was subject to certain limitations. Like all animal
models of human disease, the model we used here is not a
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perfect counterpart of any human condition. Further human
studies are needed to verify our results. In this study, we only
assessed the roles of STAT3 and miR-21 in atrial fibrosis;
additional studies focusing on electric remodeling and the
mechanisms of the STAT3/miR-21 feedback loop are also
warranted.

Conclusions

In summary, we have clearly shown that atrial fibrosis and AF
promotion in SP rats are associated with STAT3 and miR-21.
The inhibition of STAT3 or miR-21 ameliorated atrial fibrosis
and prevented inducible AF in SP rats. More importantly, treat-
ment with S31-201 significantly decreased miR-21 expression.
Meanwhile, the inhibition of miR-21 also decreased the acti-
vation of STAT3. The positive reciprocal loop between STAT3
and miR-21 and their roles in cardiac fibrosis were also con-
firmed in vitro using rat CFs. Our results suggested that the
STAT3/miR-21 positive feedback loop might contribute to AF
by promoting atrial fibrosis in SP rats.
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