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Aims: Atrial fibroblasts and macrophages have long been thought to participate in atrial fibrillation (AF).
However, which specific mediator may regulate the interaction between them remains unclear.
Methods and results: We provided the evidence for the involvement of Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF), an important inflammation-related molecule, in the patho-
physiology of AF. Patients with AF showed higher levels of angiotensin II (Angll) and TRIF expression and
larger number of macrophages infiltration in left atria appendage than individuals with sinus rhythm (SR).
) In the cell study, Angll induced chemokines expressions in mouse atrial fibroblasts and Angll-stimulated
Atrial fibroblasts . . . .
Macrophages atrial fibroblasts induced the chemotaxis of macrophages, which were reduced by losartan and TRIF
TRIF siRNA. Meanwhile, Angll-stimulated atrial fibroblasts proliferation was enhanced by macrophages.
Conclusions: Our data demonstrated that TRIF may be a crucial factor promoting the interaction between
atrial fibroblasts and macrophages, leading to atrial fibrosis.
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1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia [1],
however, its underlying pathophysiology remains incompletely
understood. An increasing number of findings show that atrial
fibrosis and inflammation are important components in AF path-
ophysiology [1—3]. Meanwhile, atrial fibroblasts play a vital role in
atrial fibrosis and AF, both by inducing arrhythmogenesis caused by
fibroblast-cardiomyocyte electric interactions and by promoting
collagen production [1]. Besides, study also provides the evidence
that macrophages infiltrate in endocardium in the process of AF [4].
Thus, atrial fibroblasts and macrophages contribute greatly to AF.
However, the mechanisms underlying the interaction between fi-
broblasts and macrophages are largely unknown.

Abbreviations: AF, atrial fibrillation; TRIF, Toll/IL-1 receptor domain-containing
adaptor inducing IFN-B; Angll, angiotensin II; TRAF6, tumor necrosis factor recep-
tor associated factor 6; SR, sinus rhythm; LA, left atrial appendage.
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Our previous study shows that Toll/IL-1 receptor domain-
containing adaptor inducing IFN-B (TRIF) is an important mole-
cule in Angiotensin II(Angll)-induced atrial fibrosis and atrial fi-
broblasts proliferation [5]. Tumor necrosis factor receptor
associated factor 6 (TRAF6) is an important inflammation-related
molecule [6]. And TRIF, an upstream cascade of TRAF6, associates
with TRAF6 directly with or without Angll stimulation [5,7]. Thus,
we believe that TRIF may be the key mechanistic link in the cross-
talk between atrial fibroblasts and macrophages.

To test this hypothesis, we evaluated the TRIF expression,
fibrosis and macrophages infiltration in atria of patients with first-
time mitral/aortic valve replacement surgery. Besides, we also
assessed the role of TRIF in the cross-talk between macrophages
and fibroblasts in the presence of Angll.

2. Materials and methods
2.1. Study population

The study protocol was approved by the local ethics com-
mittee and informed consent was obtained from all patients. The
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study was performed conforming the declaration of Helsinki. The
study population consisted of consecutive patients (n = 82) with
rheumatic heart disease who underwent mitral/aortic valve
replacement in the Shanghai Chest Hospital during the period
from February 1, 2013 to October 30, 2013, excluding those with
hyperthyroidism, coronary heart disease, dilated cardiomyopathy,
diabetes or chronic pulmonary heart disease. 35 patients were
diagnosed with permanent AF (AF group) and 47 patients
without AF (sinus rhythm [SR] group). Tissue samples of left
atrial appendage (LA) were obtained from all patients during
surgery. Patients did not receive drugs at least 12 h before
surgery.

2.2. Angll concentrations

The experimental procedure to determine Angll concentrations
in LA by ELISA (Assay Max, Assay Pro, USA) was previously
described [8].

2.3. Histological analysis

Fixed atrial samples from patients were cut into 4—5 mm sec-
tions. To measure fibrotic areas, sectioned samples were stained
with masson trichrome. The fibrotic areas were calculated as the
ratio of total fibrosis area to total section area. Sections underwent
immunohistochemical staining with the antibodies against CD68
(1:200) and TRIF (1: 200) (both Abcam, Cambridge, MA). Images
were captured by an Olympus microscope attached to a comput-
erized imaging system and analyzed by Image-Pro Plus 5.0.

2.4. Isolation and culture of mouse atrial fibroblasts and peritoneal
macrophages

The experimental procedure to isolate mouse atrial fibroblasts
was performed as we previously described [5]. Fibroblasts in pas-
sages 2—3 were placed in serum-free medium for 24 h before Angll
(1 pM) stimulation.

C57BL/6] mice were injected intraperitoneally with 1 mL sterile
10% thioglycollate medium (Scharlaus, Barcelona, Spain). Three
days later, macrophages were collected by PBS intraperitoneal
lavage [9]. After collection, macrophages were being passaged for
experiment the next day. The animal study was approved by the
local ethics committee and relevant procedures were followed the
Guide for the Care and Use of Laboratory Animals (National In-
stitutes of Health, USA).

2.5. Quantitative real time PCR and small-interfering RNA (siRNA)
transfection

The experimental procedures of quantitative real time PCR and
siRNA transfection were performed as we previously described
[10]. Primers used for the amplification of mice CCL2, CCL7, CCL12,
CXCL10 and GAPDH genes were as follows: CCL2, °‘5-
GCCAACTCTCACTGAAGCC-3’ (forward), ‘5-GCTGGTGAATGAGTAGC
AGC-3' (reverse); CCL7, ‘5-GCTGCTTTCAGCATCCAAGTG-3’ (for-
ward), ‘5-CCAGGGACACCGACTACTG-3’ (reverse); CCL12,'5-TCCTCA
GGTATTGGCTGGAC-3’ (forward), 5-TGGCTGCTTGTGATTCTCCT-3
(reverse); CXCL10, ‘5-CGTCATTTTCTGCCTCATCCT-3’ (forward), ‘5-
TGGTCTTAGATTCCGGATTCAG-3’ (reverse); GAPDH, 5'-TGACCA-
CAGTCCATGCCATC-3' (forward), 5'-GACGGACACATTGGGGGTAG-3'
(reverse). GAPDH was used as internal control. The siRNA targeting
mice TRIF was as follows: TRIF (sense:5-GCUAUGUAACA-
CACCGCUGTT-3, antisense:5-CAGCGGUGUGUUACAUAGCTT-3').

2.6. Western blot analysis

Proteins were extracted from mouse atrial fibroblasts or human
atria and underwent western blot analysis as we previously
described [11]. Primary antibodies were as follows: TRIF (1:1000,
Abcam, Cambridge, MA) and GAPDH (1:5000, Cell Signaling Tech-
nology). And GAPDH was used as internal control.

2.7. Transwell

Model transwell assays were performed as previously described
[12]. In brief, mouse atrial fibroblasts were plated in the bottom
chamber of 24-well plate and incubated at 37 °C 5% CO, overnight.
Then fibroblasts were stimulated by Angll (1 uM) after cultured in
serum-free medium for 24 h. At the same time, mouse peritoneal
macrophages were harvested and added (1 x 10° cells/ml) into
transwell inserted with a polycarbonate membrane containing
8.0 um pores (Millipore, USA); Next, macrophages were allowed to
migrate for 24 h in the presence of Angll (1 uM) in the 37 °C, 5% CO,
incubator. After that, transwell insert was removed from the
chamber and submerged in PBS to remove unattached cells. Then
macrophages were fixed by 10% formalin for 15 min and stained by
hematoxylin for 30min. At last, 5 high power fields ( x 200) were
counted to determine the average macrophage number migrated
per high power field.

2.8. Preparation of Angll-treated macrophage conditioned medium
and proliferation assay of fibroblasts

Mouse peritoneal macrophages were cultured in serum-
containing complete medium for 24 h after isolation from mouse.
Then macrophages were stimulated by Angll (1 uM) for 24 h. After
that, medium was collected.

Fibroblast proliferation was determined by cell counting kit-8
(CCK-8, Dojindo, Japan) according to the manufacturer's protocol.
Briefly, cells were plated in a 96-well plate. Atrial fibroblasts were
incubated with 1 uM Angll or macrophage conditioned medium for
24 h. After treatment, cell viability was determined by reading the
optical density at 450 nm.

2.9. Statistical analysis

Statistical analysis was performed by SPSS 19.0 software. The
data were expressed as means + SD or percentage. The differences
between groups were assessed by one-way ANOVA followed by
Dunnett post hoc test. A value of P < 0.05 was considered statisti-
cally significant.

3. Results
3.1. TRIF and atrial fibrosis

To test TRIF expression in atria, we performed immunohisto-
chemical studies in specimens derived from LA of patients under-
going mitral/aortic valve replacement (n = 82). The characteristics
of the two groups were statistically similar in all baseline variables
(data were not shown). However, individuals with concomitant AF
showed substantially higher TRIF expression (Fig. 1A and B) and
Angll concentration (Fig. 1C). To determine whether inflammation
responses contribute to AF, we detected infiltration of CD68™
macrophages in atria. As immunohistochemistry described, CD68
(Fig. 1A) expression was higher in AF group compared with SR
group, underscoring the concept that increased inflammation was a
reflection of AF. Meanwhile, as was shown in Fig. 1A and D, atria
fibrosis also increased significantly in AF group.
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Fig. 1. Fibrosis, Angll concentration, TRIF and CD68 expressions in LA of human. Representative samples of each group were shown in A&B. AF group (n = 35) showed increased
Angll concentration (C), fibrosis (D) and TRIF expression (E) compared with SR group (n = 47). Original magnification, x 100. Data represent the mean + SD. *P < 0.05 vs. SR.

3.2. TRIF and macrophages chemotaxis, fibroblasts proliferation

To further characterize the molecular mechanism of above
observation, we assessed TRIF expression in Angll-treated mouse
atrial fibroblasts in vitro by western blot. And the finding was that
Angll significantly increased the expression of TRIF, which was
partly reversed by AT1R antagonist (losartan) [5]. This observation
indicated that TRIF expression in atrial fibroblasts was partly Angll-
dependent. Besides, In consideration of infiltration of macrophages
in atria of AF patients, we performed transwell assays to explore the
underlying mechanisms. As was shown in Fig. 2A and B, AnglI-
treated fibroblasts induced chemotaxis of macrophages, which
was suppressed by losartan or TRIF siRNA. Taken together, these
observations reinforced the idea that chemotaxis of macrophages
induced by Angll-treated fibroblasts was TRIF-dependent.

In order to determine the role of infiltrated macrophages, we
tested the proliferation of atrial fibroblasts by CCK-8. As shown in
Fig. 2C, the proliferation of atrial fibroblasts after being treated with
Angll-treated macrophage conditioned medium became faster
compared to that of control cells with the stimulation of Angll
(1 pM).

3.3. TRIF and chemokine expression
Given that chemotaxis of macrophages was regulated by a va-

riety of chemokines, we determined the expressions of chemokines
in atrial fibroblasts. In support of above concept that Angll-

enhanced macrophages infiltration partly depended on TRIF, we
confirmed that Angll-induced CCL2 (Fig. 3A), CXCL10 (Fig. 3B), CCL7
(Fig. 3C) and CCL12 (Fig. 3D) expressions were partly reversed by
TRIF siRNA.

4. Discussion

Our main findings of the present study were as follows: (1)
Compared with SR group, patients with AF showed higher degree of
fibrosis, higher TRIF expression, as well as larger number of mac-
rophages infiltration in LA. (2) Angll-treated atrial fibroblasts
induced the chemotaxis of macrophages, which could be reversed
by losartan or TRIF siRNA. (3) Chemokines expressions were
increased by Angll in atrial fibroblasts, which was reversed by
losartan or TRIF siRNA. (4) Angll-stimulated atrial fibroblasts pro-
liferation was enhanced by macrophages.

Clinical investigations reported multiple associations between
vulnerability to AF and circulating levels of cytokines, C-reactive
protein, complement [13—15]. Whether this inflammatory pheno-
type represented an epiphenomenon in AF or was causally linked to
the initiation and progression of AF remained unclear. Notably,
TRAF6, an important inflammation-related molecule [6], partici-
pated in Angll-stimulated activation of Ikappa B kinase, car-
diomyocyte hypertrophy and atrial fibroblasts proliferation
[10,16,17]. Since TRIF was an important upstream cascade of
TRAF6, we focused on its expression in AF specimens and our
exploration showed that the high expression of TRIF was
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Fig. 2. TRIF involved in Angll-induced cross-talk between atrial fibroblasts and macrophages. Atrial fibroblasts were pretreated with losartan (10 mmol/L) (AT1R antagonist) for
30 min and then stimulated with Angll for 24 h. Atrial fibroblasts were transfected with TRIF siRNA or NC siRNA for 48 h or pretreated with losartan, and then incubated with Angll
for 24 h. Transwell assays was performed to determine the number of migrated macrophages in the presence of atrial fibroblasts (A). Angll-induced migration of macrophages was
supressed by losartan or TRIFsiRNA (B). Angll-stimulated atrial fibroblast proliferation was enhanced by Angll-treated macrophage conditioned medium (C). Data represent
means + SD of three independent experiments. Original magnification, x 200.*P < 0.05 vs.control, **P < 0.05 vs. Angll or NCsiRNA.

accompanied with serious atrial fibrosis and large amount of
macrophages infiltration. In consideration of AngllI's central role in
subcellular mediators linking atrial inflammation and fibrosis, we
tested its concentrations in atria. And we found that patients with
AF showed substantially elevated Angll concentration compared
with SR group, which was consistent with previous study [8].

Despite above mechanism unrevealed, it was reported that, as a
downstream regulators of toll-like receptor 4, TRIF played a crucial
role in inflammation and cardiac fibrosis [18]. And in a study that
examined the TRIF mutated gene in LDLR /~mice, it was found that
LDLR~/~mice with lack-of-function mutations in TRIF were signif-
icantly protected from atherosclerosis, and the mice displayed
fewer observed lesional macrophages [19]. In addition, it was also
found that deleting TRIF in myeloid cells was sufficient to attenuate
vessel inflammation and protect against atherosclerosis, as shown
by reduced aortic inflammation [20]. And our previous study
showed the important role of TRIF in atrial fibrosis [5]. Taken
together, these findings underscored the role of TRIF as a mediator
of the observed atrial inflammation and fibrosis.

Besides, we also showed the strong interaction between mac-
rophages and atrial fibroblasts. Lots of researches reported that the
mutual interaction between macrophages and fibroblasts contrib-
uted to fibrosis. According to previous findings, macrophages were
found to accumulate in the perivascular space and co-localize with
fibroblasts, producing collagen in hypertrophied hearts of

spontaneously hypertensive rats and renovascular hypertensive
rats [21,22]. And it was demonstrated later that macrophages
accumulation played a crucial role as the upper stream event of
myocardial fibrosis in the later phase through transforming growth
factor B induction and fibroblast activation [23]. Furthermore, the
production of profibrotic cytokines by accumulated macrophages
was found as important contribution to fibrotic processes by acti-
vating fibroblast proliferation [24]. Then activated fibroblasts
expressed profibrotic substances, which self-amplified ongoing
fibrotic tissue formation [25]. Notably, in this study, we noticed that
atrial fibroblasts participated in the process of chemotaxis of
macrophages, then macrophages further promoted the prolifera-
tion of atrial fibroblasts. Taking above evidences together into
consideration, we believed that fibrotic process was related to the
activation of the positive feedback loop created by macrophages
and activated fibroblasts.

Also, we demonstrated the contribution of TRIF to macrophage
infiltration induced by atrial fibroblasts. As our previous study
showed, Angll stimulated atrial fibroblasts proliferation by
inducing TRIF expression [5]. It was reported that chemokine
neutralization significantly protected fibrosis formation by inhib-
iting fibrocyte recruitment [26]. Consistent with it, our data showed
that Angll-induced chemokines expressions of atrial fibrobalsts
were reversed by TRIF siRNA. As a result, macrophage infiltration
significantly reduced.
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Fig. 3. Chemokines expressions in Angll-treated mouse atrial fibroblasts. Atrial fibroblasts were pretreated with losartan or transfected with TRIFSiRNA or NCsiRNA and then
incubated with Angll for 24 h. Quantitative real time PCR was performed to detect mRNA level of chemokines. Angll-induced CCL2 (A), CXCL10 (B), CCL7 (C) and CCL12 (D) ex-
pressions were reduced by losartan or TRIFsiRNA. Data represent means + SD of three independent experiments. *P < 0.05 vs.control, **P < 0.05 vs. Angll or NCsiRNA.

POLLLLLLALLLIEL L LI ELL L L

...
-

affiakfibroblast

proliferation

atrial fibrosis

(SOOI s sus sRs SRR TEs R R TR ET s RTED,,

“

“teen.  atria ....................................\.....................

atria

.,
*s

Angll

*
»
(sasssssasssssans®

atria

chemotaxis

)
‘e

‘-acrop' age

Fig. 4. Cross-talk between atrial fibroblasts and macrophages in atria. Angll interacted with its receptor and then stimulated the activation of atrial fibroblasts, inducing the high
expression of TRIE. Then, TRIF enhanced the expression of chemokines, inducing the chemotaxis of macrophages in atria. Meanwhile, Angll activated macrophages. As a result,
macrophages further induced the proliferation of atrial fibroblasts, leading to atrial fibrosis.

Chemokines involved in above process had been studied a lot
with a lot of attention focused on CCI2. Kolattukudy et al. demon-
strated that targeted overexpression of CCL2 gene in adult mouse
heart muscle induced chronic diffuse infiltration of macrophages
[27]. This finding was consistent with the one showing that CCL2
induction was associated with adventitial macrophage accumula-
tion in the aortic wall of hypertensive rats treated with a contin-
uous infusion of Angll [28]. Besides CCL2, some additional factors

were required to recruit macrophages and activate inflammatory
process [29]. In this study, we found that chemotaxis of macro-
phages was accompanied by the inductions of CCL2, CCL7, CCL12
and CXCL10 expressions.

Taken together, we believed that TRIF promoted Angll-induced
cross-talk between atrial fibroblasts and macrophages, creating a
long-term positive feedback loop that contributed to atrial fibrosis
(Fig. 4).
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In short, the evidences provided here—TRIF played an impor-
tant role in Angll-induced cross-talk between atrial fibroblasts and
macrophages—suggest that TRIF was involved in atrial fibrosis and
inflammation, which were the pathophysiology of AF. Given that
current pharmacological strategies to treat AF are, for the most part,
of limited clinical efficacy and directed mainly at ion channels, TRIF
may serve as a potential new target of treatment in this disease.

5. Study limitations

Our current study had some limitations that need to be
mentioned. First, we did not verify the above phenomenon in vivo
by TRIF knock-out mice model. Second, we did not evaluate the
effect of TRIF on Angll-induced atrial inflammation in vitro by TRIF
overexpression.
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