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Abstract: Ang Il/JAK/STAT3 signaling pathway is known to be involved in atrial remodeling associated with develop-
ment and progression of atrial fibrillation. In the present study, we used in vivo animal model and human atrial spec-
imens to further characterize the role of this pathway in the atrial structural remodeling. We observed an elevated
level of Ang Il in the atrial samples of AF patients. This increase in Ang Il was accompanied by increased expression
of collagens | and Ill, MMP1, MMP2 and elevated phosphorylation of STAT3. Using rat models, we demonstrated
that Ang Il infusion induced profound changes in the level of apoptosis, expression of collagen subtypes | and I,
caspase-3, caspase-8, MMP1, MMP2 and redistribution of cytochrome C. The data further support the key role of
Ang Il in the development of AF and highlight the specific mechanisms and changes associated with this process.
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Introduction

Atrial fibrillation (AF) is the most commonly
encountered arrhythmia in clinical practice and
one of the major causes of mortality [1].
Multiple studies revealed that AF is associated
with functional and anatomical obstacles
encountered by propagating atrial ectopic beat.
These obstacles cause re-entry of the excita-
tion wavefront [2]. “Leading circle” theory and
cardiac electric rotors theory are two major
schools of thoughts that attempt to explain the
phenomena observed in AF [3].

Self-perpetuation of arrhythmia in persistent
AF appears to be the result of atrial remodeling,
the process that includes multiple structural
and electrical changes in cardiomyocytes, such
as alterations of ion channels, gap-junctions
and extracellular matrix (ECM), and neurohu-
moral dysregulation, particularly in renin-angio-
tensin-aldosterone system (RAAS).

Structural remodeling is considered to be the
main contributing mechanism and the hallmark
in the progression of AF [4]. Changes in cellular
and non-cellular components of the atrial tis-
sue lead to heterogeneity in local conduction.
Structural remodeling was extensively studied

in the recent decade, with particular emphasis
on the atrial fibrosis.

Atrial fibrosis occurs as a reparative process
aimed at the replacement of the degenerating
myocardial parenchima, Tissue fibrosis leads to
the accumulation of deposits of fibrillar colla-
gen [5] produced by atrial fibroblasts [6].
Volume and composition of ECM correlates with
the persistence of AF [7]. Collagen produced in
pathological conditions differs from that in nor-
mal myocardium and has altered ratio of sub-
types [7, 8]. ECM remodeling in atrium is accom-
panied by down-regulation of TIMP-2 and
up-regulation of MMP-2 and CVF-I [7]. Disor-
ganized collagen fibers physically separate
myocytes and create barriers for impulse prop-
agation [9].

Atrial fibrosis is a result of complex interaction
between several profibrotic signaling pathways,
infammation and oxidative stress [10]. Atrial
fibrosis is promoted by RAAS, with angiotensin
Il (Ang Il) acting on AT-1 receptors and aldoste-
rone acting on the mineralocorticoid receptors,
and SMAD pathway, which mediates the stimu-
lation of collagen production in response to
TGF-B1 [6, 11-14].
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Table 1. Primers used in RT-PCR

Gene (size of amplicon)

Primers

MMP-1 (297 bp) forward
reverse
MMP-2 (243 bp) forward
reverse
Collagen | (175 bp) forward
reverse
Collagen Il (336 bp) forward
reverse
B-actin (320 bp) forward
reverse

5’ TCTGCCAGGTAAACTTGATGC 3’
5’ ATTCCAGGGAAATCTTCTGCT 3’
5’ TGGAAGCATCAAATCGGACTG 3’
5" GAAAGTAGCACCTGGGAGGGA 3’
5’ GGTCCCAAAGGTGCTGATGG 3’
5" GACCAGGCTCACCACGGTCT 3’
5’ CGAGGTGACAGAGGTGAAAGA 3’
5" AACCCAGTATTCTCCGCTCTT 3
5" GCATCCATGAAACTACATTCA 3’
5" ACAGTCCGCCTAGAAGCATTT 3’

Tsai and co-authors have demon-
strated for the first time that atrial
structural remodeling is mediated
by Ang II/JAK/STAT3 pathway [15].
They found that Ang Il activates
STAT3 via Racl in both atrial myo-
cytes and fibroblasts, and can be
blocked by both losartan (AT-1
receptor antagonist) and simvas-
tatin  (HMG-CoA inhibitor). Rats
subjected to log-term infusions of
Ang Il exhibited higher levels of
activated Racl, phospho-STAT3,

Time (days) 3 7 14 3 7 14
Angll (2 mg/kgd) - - -+ + +
Losartan ( 10 mg/kg.d) - - - - = =

Figure 1. Rat atrial tissue apoptosis detection with the TUNEL proce-
dure. Upper panel show representative photograph of TUNEL. Nuclei
of normal cell were stained blue, while nuclei of apoptotic cell were

collagen synthesis, and atrial fibro-
sis in the atria. The levels of Ang Il
and phospho-STAT3 were also ele-
vated in human atrial tissues from
patients with AF. The authors
hypothesized that losartan might
be useful in reversing the Ang
ll-induced structural remodelling in
atrium. The analysis of the avail-
able data on the prevention of AF
recurrence by the inhibitors of
renin-angiotensin system do not
support this assumption [16], thus
emphasizing the need for further
research into the mechanism of
structural remodelling in AF.

In the present study, we used in
vivo animal model and human atri-
al specimens to further character-
ize the status of Ang II-STAT signal-
ing pathway in the atrial structural
remodeling. We found that Ang Il
activated STAT3 in atria, induced

" " apoptosis, collagen production

and expression of matrix metallo-
proteinases in atria which may con-
tribute to the structural changes in
the atrium.

stained brownish black. Bottom panel shows quantification by percent-

age. Ang Il infusion group demonstrated higher level of apoptosis com-

Materials and methods

pared to the control group. This increase in apoptosis was attenuated
in Ang Il + losartan group. n = 3 animals per group; data are mean +

SD. "P < 0.05 vs control group, “*P < 0.05 vs Ang Il infusion group.

The molecular processes involved in structural
remodeling are not fully understood at present
time. Better understanding of these processes
may provide the venues for therapeutic inter-
ventions and help in designing new strategies
for preventing of structural remodeling underly-
ing the AF development and progression.
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Rat models and angiotensin I
infusion

All experimental procedures were performed
according to the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23,
revised 1996) and were in compliance with the
guidelines specified by the Chinese Heart
Association policy on the use of research ani-
mals and the Public Health Service policy on

Am J Transl Res 2015;7(6):1021-1031



Angiotensin Il and atrial structural remodeling

Caspase - 8 — - - — D G —— — —

B-tbun o o o cm S a-E G-

Caspase - 8 / - tubulin

Time(days) 3 7 14 3 7 14 3 7 14

Angll 2 mgkgd) - - - t + : : +
Losartan ( 10 mg’kg.d) - - - - - . i }

Cytochrome — _— —— e —
B - tubulin _— — o — P
Cytoplasm T S e
Mitochondria -+ -+ -+ -+ -+
= 14 = Cytoplasm = Mitochondria
2= 12 .
52 T e
2 2 08
2o (]‘ +
£ =04l I I
oo ol *
©o 07 . . . . .
Time (days) 3 7 14 3 7

Angll (2 mgkgd) - - -
Losartan ( 10 mg/kg.d) - - - -

Caspase - 3 e - e ————— —

P - tubulin s D T D S R T S

Caspase - 8 / B - tubulin

Time (days) 3 7 14 3 7 14 3 7 14
Angll 2 mgkgd) - - - + + 4 + 4 :

Losartan ( 10 mg/kg.d) - - - - - - + 4

Cytochrome C — e ——— —— —

B - tubulin — — —_— =

Cytoplasm + = + = + = + - 4 -
Mitochondria -+ + = + - o+ - +

. f.‘_nol)lasm » Mitochondria
*

Cytochrome
C /P - tubulin
cC oo

o koo —
——
. -

’ :
*
*
¥
¥

Time (days) 14 7 14 3
Angll (2 mgkgd) + + + +

Losartan ( 10 mgkg.d) . + +

Figure 2. Rat atrial apoptosis-related factors caspase-3, caspase-8 and cytochrome C were measured by Western
blot. Ang Il infusion increased expression of caspase-3 and caspase-8, and promoted release of cytochrome C from
the mitochondria to the cytoplasm in rat atria. These changes were attenuated by losartan infusion. n = 3 animals
per group; data are mean + SD. P < 0.05 vs control group, “*P < 0.05 vs Ang Il infusion group.

the use of laboratory animals. Wistar rats
(weight 300 * 20 g) were randomly divided into
3 groups (n = 9 in each group): normal control
group, Ang Il group, Ang Il + losartan group.
Rats were subcutaneously infused with either
0.9% sodium chloride (control) or Ang Il (2
mgekgled?) or/and losartan (10 mgekgled?)
for 3 days, 7 days and 14 days. Upon finishing
the Ang Il treatment, the rats’ hearts were rap-
idly excised and retrogradely perfused in a
Langendorff apparatus with HEPES-buffered
Tyrode solution. The perfusate was oxygenated
and maintained at 37 + 0.2°C. After perfusion
for 5 min, the atria were excised for subsequent
studies.

Human atrial samples

Consecutive patients with valvular heart dis-
ease who underwent mitral or aortic valve
replacement were recruited. Patients taking
angiotensin converting enzyme inhibitors
(ACEls) and/or angiotensin Il-receptor blockers
(ARB) were excluded from the study. Overall, a
total of 9 patients with chronic persistent atrial
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fibrillation (AF group) and 9 patients without the
history of AF (sinus rhythm, SR group) were
recruited. All patients underwent echocardiog-
raphy before the surgery. Samples of right atrial
appendages were obtained during the open
heart surgery. The samples were quickly frozen
in liquid nitrogen and maintained at -80°C until
used for the mRNA and protein analysis. The
study protocol was approved by the Ethics
Committee of 5™ Central Hospital of Tianjin,
China. The research protocol was registered
through the audit of Chinese Clinical Trial
Registry (registration number: ChiCTR-CCC-
14004220). The study subjects gave the
informed consent.

Western blot

The extraction of cytosolic and cytoskeleton
proteins was performed according to the manu-
facturer’sinstructions (Chemicon Compartment
Protein Extraction Kit, Millipore, MA, USA).
Western blotting was performed according to
the standard protocols. Low-molecular-weight
marker (Cell Signaling Technology) and 50 ug of

Am J Transl Res 2015;7(6):1021-1031
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Figure 3. Synthesis of collagen in rat atria was evaluated by Picric acid Sirius red staining. Ang Il infusion enhanced the production of collagen in rat atria. The effect
was decreased by addition of losartan.
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Figure 4. Rat atrial transcripts of collagen |, collagen Ill, MMP1 and MMP2 were measured by RT-PCR. Ang Il infu-
sion increased the rat atrial expression of collagen I, collagen lll, MMP1 and MMP2. The level of expression of these
genes was attenuated by losartan infusion. n = 3 animals per group; data are mean + SD. "P < 0.05 vs control group,

“*P < 0.05 vs Ang Il infusion group.

proteins from the samples were separated by
10% or 12% SDS-PAGE. Separated proteins
were transferred to a PVDF (polyvinylidene
difluoride) membrane that was blocked at room
temperature for 1 hour in Tris-buffered saline
(pH 7.4) with 0.2% Tween 20 (TBS-T) containing
5% skim milk and probed with primary antibod-
ies overnight at 4°C. The diluted concentra-
tions of the primary antibodies (Abcam, Cell
Signaling Technology) were as follows: STAT3
(phospho Y705), 1:200; STAT3 (phospho S727),
1:250; STAT3, 1:200; caspase-3, 1:250; cas-
pase-8, 1:250; cytochrome C, 1:200; B-actin,
1:500. Secondary antibodies (Cell Signaling
Technology) labeled with horseradish peroxi-
dase were diluted 1:1000 with 0.2% TBS-T and
1% skim milk and incubated for 1 hour at room
temperature. Protein bands on Western blots
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were visualized using ECL Plus (Amersham,
Arlington Heights, IL). Relative band densities
of proteins in Western blots were normalized
against B-actin.

Measurement of Ang Il concentration by ELISA

Aliquots of 50 ul of sample or standard (Ang Il
dissolved in DMSO containing 0.01% Triton
X-100-PBS, 1:1, v/v) per well were added. The
plates were incubated for 90 min and then
washed five times with PBST (phosphate-buff-
ered saline with 0.2% Tween 20). Goat anti-rab-
bit immunoglobulin G conjugated to horserad-
ish peroxidase (diluted 1:3,000 in PBST, 100 ul
per well) was added, and the plates were incu-
bated for 60 min at room temperature. After
another washing step with PBST (five times),

Am J Transl Res 2015;7(6):1021-1031
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Figure 5. Phosphorylation of STAT3 in rat atria was measured by Western blot. Ang Il infusion promoted the rat atrial
phosphorylation of STAT3. The effect was attenuated by losartan infusion. n = 3 animals per group; data are mean

+ SD. P < 0.05 vs control group, “*P < 0.05 vs Ang Il infusion group.
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Figure 6. TUNEL staining showed level of apoptosis in the atria of AF
patients was much higher than in SR patients. Upper panel shows rep-
resentative photograph of TUNEL. Nucleus of normal cell was stained
blue, while nucleus of apoptotic cell was stained brownish black. Bot-
tom panel shows quantification by percentage.

per well) after 10 to 20 min, and
absorbance was measured at 450
nm. Standard curves were ob-
tained by plotting absorbance
(A,5,) against the logarithm of Ang
Il concentration.

Immunohistochemistry staining
for p-STAT3

Paraffin blocks were sectioned at
4 um onto charged glass slides.
The slides were baked, deparaf-
finized through two changes of
xylene, and rehydrated through
graded ethanol to water, then
treated for 5 min in 3% hydrogen
peroxide to block endogenous per-
oxidase activity. Slides were sub-
jected to antigen retrieval by heat-
ing in Target Retrieval Solution, pH
6 (DAKO-Cytomation; Carpinteria,
CA), followed by a rinse with dis-
tilled H,0 and then Tris-buffered
saline (TBS). The primary antibod-
ies were diluted appropriately
(1:200 for STAT3 (phospho Y705),
1:200 for STAT3 (phospho S727))
in blocking buffer and incubated
overnight at 4°C. Following sever-
al TBS washes, sections were
blocked with 2% NDS before treat-
ment with biotin-conjugated don-
key anti-rabbit antibody (5 pg/mL;
Jackson ImmunoResearch) in

the substrate solution (TMB, 100 pl per well) PBS. After rinsing in PBS, sections were treated
was added. The blue color development was with Extravidin-peroxidase (0.4-0.5 ug/mL;
stopped by addition of 2 M sulfuric acid (50 ul Sigma, St Louis, MO, USA) and processed with
1026 Am J Transl Res 2015;7(6):1021-1031
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Figure 7. Synthesis of collagen in human atria was evaluated by Picric acid
Sirius red staining. Composition of collagen in the atria of AF patients was

higher than that in SR patients.

diaminobenzidine tetrahydrochloride (DAB).
Sections were then mounted on gelatin-coated
slides, air-dried, cleared with xylene, and cover-
sliped with DPX.

Picric acid sirius red staining
Sections were cut at 4 ym and mounted on

glass slides. The sections were dewaxed, rehy-
drated and stained with Weigert's haematoxy-
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SR group
Polarizing microscope

AF group
Polarizing microscope

lin for 10 min before washing in
running tap water. Sections
were then stained in Picrosirius
Red solution (0.5 g Sirius red
F3B in 500 ml saturated aque-
ous picric acid solution) for 1 h.
Sections were washed in two
changes of acidified water solu-
tion (5 ml acetic acid in 1 L of
water). Finally, sections were
dehydrated in three changes of
100% ethanol, cleared in xylene
and mounted in a resinous
medium. The slides were exam-
ined in polarized light. Picro-
sirius Red stains collagen red
on a pale yellow background in
bright field microscope, where-
as, under a polarization micro-
scope, collagen appears bright
orange-red and/or bright green.

RNA extraction and real-time
reverse transcription poly-
merase chain reaction (RT-
PCR)

Total RNA was prepared by
using RNA isolation kit (Isogen)
and treated with DNase. First-
strand cDNA synthesis was per-
formed according to the manu-
facturer’s protocol. PCR was
carried out with 1.5 mM MgCl,,
1 mM dNTPs, 0.2 mM of each
primer and 0.04 U/ml Ex Taq
polymerase. The sequences of
primers and expected size of
amplification products are pro-
vided in Table 1. AACT method
was used to determine the rela-
tive expression level of the tar-
get genes compared with the
B-actin gene.

TUNEL assay

Apoptosis in the atrial tissue was determined
using an in situ apoptosis detection kit (Roche
Diagnostics, Indianapolis, IN, USA). Briefly, sec-
tions were cut from paraffin blocks at 44-um
thickness and mounted onto slides. Sections
were dewaxed in xylene and rehydrated through
a graded series of ethanol. Sections were
immersed in 0.1% TX-100 in 0.1% sodium

Am J Transl Res 2015;7(6):1021-1031
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Figure 8. Results of RT-PCR showed that the expression levels of collagen I, collagen Ill, MMP1 and MMP2 in atria
of AF patients were higher than those in SR patients. Upper panel: representative RT-PCR. Bottom panel: quantifica-

tion by densitometry.

citrate buffer for 8 min at room temperature.
Following rinsing, sections were incubated with
TUNEL buffer (containing 30 mM Tris, 0.7 M
sodium cacodylate, CoCl,, 10% BSA in water)
for 10 min at room temperature. Sections were
then incubated with the reaction mixture as
specified by the manufacturer’s instructions.
Subsequently, tissue sections were incubated
with anti-fluorescein antibody (labeled with
alkaline phosphatase) in a humidified chamber
for 1 h. Apoptotic cells were visualized with pre-
cipitating substrate Fast Red in 0.1 M Tris-HCI
(pH 8.2) for 15 min at room temperature.
Sections were counterstained with Lillie-
Mayer’'s haematoxylin and blued in lithium car-
bonate before being mounted in glycerol.
Apoptotic cells were viewed by light mi-
croscopy.

Results

Ang Il infusion activated STAT3 and induced
atrial fibrosis and apoptosis

To verify the results obtained previously from
cellular studies [15], we infused Ang Il and
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investigated structural changes and the activa-
tion of STAT3 in the atrium using an in vivo rat
model.

Infusion with Ang Il increased the number of
apoptotic cells in atria. This process was inhib-
ited by losartan (Figure 1). Ang Il infusion also
improved the expression of apoptosis-related
factors caspase-3 and caspase-8, and promot-
ed the transfer of cytochrome C from mitochon-
dria to cytoplasm in atria. These processes
were also attenuated by losartan (Figure 2).

Ang Il infusion enhanced the production of col-
lagen in atria, which was decreased by losartan
(Figure 3). Infusion with Ang Il also increased
the levels of collagen I, collagen Ill and related
metalloproteinases MMP1 and MMP2 in atria.
These changes were also attenuated by losar-
tan (Figure 4).

Ang Il infusion improved the tyrosine 705 phos-
phorylation and serine 727 phosphorylation of
STAT3. The phosphorylation of STAT3 was inhib-
ited by losartan (Figure 5).

Am J Transl Res 2015;7(6):1021-1031
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Figure 9. Expression of phosphorylated STAT3 was assayed by immunohistochemistry staining. There was more
phosphorylated STAT3 in atrial sample of AF patients than SR patients.

Human atrial samples

Results from ELISA analysis indicated that Ang
Il concentration in atrial tissue is higher in AF
patients than that in the sinus rhythm patients.
TUNEL staining revealed that the percentage of
apoptotic cells in the atrial tissues of AF
patients is higher than in the sinus rhythm
patients (Figure 6).

Picric acid Sirius red staining results show that
there is more collagen synthesis in the atrial tis-
sues of AF patients compared to the sinus
rhythm patients (Figure 7).

Expressions of collagen |, collagen lll, MMP1
and MMP2 were higher in the atrial tissues of
AF patients than those of the sinus rhythm
patients (Figure 8).

Using immunohistochemistry staining, we
found that the level of phosphorylated STAT3
protein in patients with AF is much higher than
in those without AF (Figure 9).

Discussion

In the present study, by using in vivo rat models
and human samples we have demonstrated
that STAT3 played an important role in the regu-
lation of Ang ll-induced atrial structural chang-
es, which were attenuated by losartan. These
findings correspond well with previous observa-
tion and provide further insight into the influ-
ence of Ang Il on particular cellular processes
during atrial remodeling [15].
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Fibrosis and apoptosis are two important fea-
tures of structural remodeling [17-19], which
occur with alterations in connexin expression.
Structural remodeling delays conduction veloc-
ity (CV) by disrupting intermyocyte coupling [1,
20]. In the human sample assay, we observed
more significant structural changes in the AF
patients compared to SR patients. We found
that interstitial fibrosis (or collagen deposition)
increased to different extents in AF patients.
This result was consistent with previous stud-
ies [7, 15]. Meanwhile, TUNEL assays of human
specimens also revealed more apoptotic altera-
tions in the atria of AF patients. This apoptosis-
related loss of cells and fibrotic replacement
increased the space between cardiomyocytes,
caused conduction delays between the cells
and allowed alternate pathways of conduction.
In addition to the increase of apoptosis and
fibrosis in atria, a significant expression of col-
lagen |, collagen Ill, MMP1 and MMP2 were
also observed in the human atria samples in
our study. Production of ECM proteins is mainly
carried out by fibroblasts, while their degrada-
tion occurs primarily under the action of matrix
metalloproteinases (MMPs). Specific patterns
of MMP induction in patients with AF have pre-
viously been reported [21-23]. Generally, MMPs
contribute to matrix turnover and structural
remodeling by breaking down the physiological
collagens that are eventually replaced by
fibrous interstitial deposits of various unorga-
nized ECM proteins [24]. Enhanced synthesis
and deposition of ECM proteins can occur
either as the replacement fibrosis relating to

Am J Transl Res 2015;7(6):1021-1031
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the cell apoptosis, or as the reactive fibrosis
relating to the degradation of physiological col-
lagens. In particular, interstitial reactive fibrosis
has been identified to be highly pro-arrhythmic
in the atrial myocardium [25]. It also alters the
biophysical properties of the atrial tissue which
allows the initiation and perpetuation of AF.
Specific subtypes of collagen are linked to the
development and recurrence of AF and were
recently suggested as prognostic biomarkers in
the management of this condition [26, 27].

In the present study, we observed a much high-
er level of Ang Il in the atrial samples of AF
patients than in the patients without AF. In rat
model study, we demonstrated that Ang Il infu-
sion induced profound increases of collagen
synthesis and apoptosis in the atria, strongly
suggesting that Ang Il advances the progress of
atrial fibrosis and apoptosis.

In our study, Ang Il infusion in vivo significantly
improved the phosphorylation of STAT3, which
demonstrated the activation of STAT3 by Ang II.
Ang Il also increased the level of atrial apopto-
sis in in vivo trials, which was inhibited by AT1
receptor antagonist losartan. Our data demon-
strate that observed changes in the level of
apoptosis, expression of collagen subtypes |
and lll, caspase-3, caspase-8, MMP1, MMP2
and redistribution of cytochrome C are specifi-
cally triggered by the infusion of Ang II, thus
confirming the direct link between these
AF-associated changes in atria and Ang Il level.
These data once again confirm the key role of
Ang Il in the development of AF and highlight
the specific mechanisms and changes associ-
ated with this process.
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