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Background-—Inflammation and fibrosis play an important role in the pathogenesis of atrial fibrillation (AF) after myocardial
infarction (MI). CTRP9 (C1q/tumor necrosis factor-related protein-9) as a secreted glycoprotein can reverse left ventricle
remodeling post-MI, but its effects on MI-induced atrial inflammation, fibrosis, and associated AF are unknown.

Methods and Results-—MI model rats received adenoviral supplementation of CTRP9 (Ad-CTRP9) by jugular-vein injection. Cardiac
function, inflammatory, and fibrotic indexes and related signaling pathways, electrophysiological properties, and AF inducibility of
atria in vivo and ex vivo were detected in 3 or 7 days after MI. shCTRP9 (short hairpin CTRP9) and shRNA were injected into rat and
performed similar detection at day 5 or 10. Adverse atrial inflammation and fibrosis, cardiac dysfunction were induced in both MI
and Ad-GFP (adenovirus-encoding green fluorescent protein)+MI rats. Systemic CTRP9 treatment improved cardiac dysfunction
post-MI. CTRP9 markedly ameliorated macrophage infiltration and attenuated the inflammatory responses by downregulating
interleukin-1b and interleukin-6, and upregulating interleukin-10, in 3 days post-MI; depressed left atrial fibrosis by decreasing the
expressions of collagen types I and III, a-SMA, and transforming growth factor b1 in 7 days post-MI possibly through depressing
the Toll-like receptor 4/nuclear factor-jB and Smad2/3 signaling pathways. Electrophysiologic recordings showed that increased
AF inducibility and duration, and prolongation of interatrial conduction time induced by MI were attenuated by CTRP9; moreover,
CTRP9 was negatively correlated with interleukin-1b and AF duration. Downregulation of CTRP9 aggravated atrial inflammation,
fibrosis, susceptibility of AF and prolonged interatrial conduction time, without affecting cardiac function.

Conclusions-—CTRP9 is effective at attenuating atrial inflammation and fibrosis, possibly via its inhibitory effects on the Toll-like
receptor 4/nuclear factor-jB and Smad2/3 signaling pathways, and may be an original upstream therapy for AF in early phase of
MI. ( J Am Heart Assoc. 2019;8:e013133. DOI: 10.1161/JAHA.119.013133.)
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A trial fibrillation (AF) is an increasingly common and
serious healthcare problem that has shown to be related

to increase in-hospital stays and mortality rates.1 AF is the
most common supraventricular rhythm interference following
the arrhythmia complication of acute coronary syndrome

(ACS), with an estimated incidence of 6.8% to 21%, especially
in ST-segment elevation acute myocardial infarction.2,3 Clin-
ical research has prompted that there is a similar incidence of
AF in the acute phase of MI compared with beyond 30 days
after MI.4 The reason for new-onset AF in MI is multifactorial,
including elevated left ventricular end-diastolic (LVED) pres-
sure, deteriorated cardiac function, increased atrial overload,
atrial ischemia, inflammation, oxidative stress, and neurohor-
monal activation of the sympathetic nervous system.5,6

Increasing evidence approves the role of cardiac inflamma-
tion and consequential interstitial fibrosis as the pathophysi-
ology of AF in the early phase of MI.7–9 Acute myocardial
infarction leads to an intensive inflammatory response that is of
utmost importance for the process of cardiac wound healing.10

Whereas the occurrence and persistence of AF has been shown
to increase inflammation.7,11 Early inflammatory activation is
an essential process for the transition to the later proliferative
stage of interstitial fibrosis (3–7 days).12,13 Inflammation-
mediated interstitial fibrosis, which leads to adverse atrial
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remodeling, is one of the important mechanisms in the
pathogenesis of AF. Thus, early and selective targeting therapy
of injurious proinflammatory and fibrosis signals are conducive
to decreasing the incidence of AF post-MI.

The CTRPs (C1q tumor necrosis factor [TNF]-related
proteins) are a highly conserved family of adiponectin paralogs.
Among the CTRPs, CTRP9 as a secreted glycoprotein is highly
expressed in the heart.14 Some research studies found that
CTRP9 expression in plasma and ventricular tissue is signifi-
cantly reduced in ischemic, LPS-induced and high-fat diet-
induced diabetic cardiac injury, inflammation may be a cause of
CTRP9 reduction, and demonstrate that CTRP9 plays an
important role in improving ventricular remodeling by sup-
pressing inflammatory reactions and ameliorating cardiac
fibrosis, partially related to the effects of CTRP9 on cardiomy-
ocytes and macrophages.15–18 Excessive Toll-like receptor 4
(TLR4) and Smad2/3 activation, and increased expression of
proinflammatory cytokines, such as interleukin-1b (IL-1b) and
interleukin-6 (IL-6), and fibrosismediators in the downstream of
TLR4 and Smad2/3 signaling have been demonstrated in heart
from humans and animal models with acute myocardial
infarction.19,20 Meanwhile, CTRP9 can prevent activation of
the TLR4-NF-jB p65 pathway to inhibit a cholesterol-induced
vascular smooth muscle cell phenotype switch.21 Based on
these findings and evidences, whether CTRP9 can regulate
atrial inflammatory responses and fibrosis in the early stage of
post-MI by affecting TLR4 and Smad2/3 pathways remains
unknown.

Therefore, the purpose of this study was to validate the
hypothesis that CTRP9 may play a vital role in atrial
remodeling and could depress atrial inflammatory and profi-
brotic properties and related signaling pathways, and
decrease vulnerability to AF in a rat MI model.

Methods
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Construction of Adenoviral Vector
Recombinant adenovirus (Ad)-encoding rat full-length CTRP9
(fCTRP9) gene (Ad-CTRP9, PubMed No. NM_001191891), or
green fluorescent protein as a control transgene (Ad-GFP),
were constructed and amplified. After confirming the
sequence, we purified the recombinant replication-defective
adenovirus and measured the final plaque-forming units (pfu)
(Hanbio, Shanghai, China).

Adenovirus-mediated slience of CTRP9 was performed as
described previously.22 Brief, knockdown of CTRP9 was
performed using adenoviral vectors carrying CTRP9 short
hairpin RNAs (Ad-shCTRP9-GFP, shCTRP9), which were gen-
erated by Hanbio (Shanghai, China), scrambled shRNA-GFP
(shRNA) was used as the control.

Animals and Ethics
All adult male Sprague-Dawley rats in vivo and ex vivo
experiments (weighing 180–220 g) were purchased from the
Animal Center of the Renmin Hospital of Wuhan University.
This study conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (the Eighth Edition, National Research Council 2011).
All specific pathogen-free animals were housed separately
and were kept in a light-controlled environment with a 12-
hour light/dark cycle, temperature and humidity control, and
free access to standard rat food and water.

Experimental Protocol and Cardiac Function
The rat MI model was induced by ligating the left anterior
descending coronary artery as previously described.23

Evidence of MI was determined by ST segment elevation
and the occurrence of Q wave on an ECG. All Sprague-
Dawley rats were randomly divided into 4 groups: (1) sham;
(2) MI; (3) Ad-GFP+MI; and (4) Ad-CTRP9 +MI. Then, the
rats were given a jugular-vein injection of Ad-CTRP9 or Ad-
GFP at a dose of 39109 pfu per rat 5 days before MI. Rats
were anesthetized with an intraperitoneal injection of 3%
pentobarbital sodium (40 mg/kg). According to previously
described procedures,24 transthoracic echocardiography was
performed at day 7, and the left ventricular end-diastolic
diameter, left ventricular ejection fraction, and left
ventricular fractional shortening were measured. The
rats were euthanized by intracardiac injection of KCl to
induce diastolic arrest of cardiac activity at 3 or 7 days
post-MI.

shCTRP9 and shRNA were prepared, and we injected
2.591010 pfu of adenovirus into rats through the jugular vein.
Rats were euthanized at day 5 or 10 after adenovirus
injection.

Clinical Perspective

What Is New?

• CTRP9 (C1q/tumor necrosis factor-related protein-9) can
reduce the occurrence of atrial fibrillation in the early stage
of myocardial infarction by inhibiting the formation of atrial
arrhythmogenic substrate, such as atrial fibrosis and inflam-
mation, especially promoting macrophages polarization.

What Are the Clinical Implications?

• CTRP9 may act as a novel therapeutic target for the
upstream prevention of atrial fibrillation in infarcted hearts.
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Masson Trichrome Staining
Rat hearts were divided into atria and ventricles, and isolated
left atria (LA) were fixed in 4% paraformaldehyde for 24 hours,
embedded in paraffin, and sectioned transversely at 5 lm.
Masson trichrome staining was used to evaluate interstitial
fibrosis. Images were visualized by light microscopy (ECLIPSE
80i; Nikon, Japan). The LA fibrotic area was analyzed at 9400
magnification as the percentage of area of positive fibrotic
staining divided by total myocardial tissue areas by using
image analysis system software (Image-Pro Plus version 6.0).

Immunofluorescence Staining
Three atrial sections from each rat were incubated with
individual primary antibodies to inducible nitric oxide synthase
(iNOS) (1:500; Servicebio Technology, Wuhan, China) or
CD163 (1/500; Abcam, Cambridge, MA) and CD68 (1:3000;
Servicebio Technology, Wuhan, China), collagen I (1:500;
Abcam) or collagen III (1:1000; Abcam) and a-actinin (1:100;
Abcam) overnight at 4°C. Subsequently, secondary antibodies
conjugated with fluorescein (FITC/CY3) were incubated for
1 hour at room temperature while avoiding light. The slides
were washed 3 times with PBS, incubated in 4, 6-diamino-2-
phenylindole (DAPI; 1:1; Servicebio Technology, Wuhan,
China), and then dried and cover-slipped for evaluation.
Fluorescent signals of 5 random non-overlapping fields were
captured with a fluorescence microscope (Nikon Eclipse C1,
Tokyo, Japan). All images were analyzed by Image-Pro Plus 6.0
software. Quantification of macrophages and collagen volume
fraction (CVF) was calculated as the percentage of positively
stained area to total area at 9400 magnification.

Cytokine Quantification
Following treatment, cytokine CTRP9 (Baolai, Jiangsu, China)
levels from plasma and IL-1b (Elabscience, Wuhan, China)

levels in LA tissue were measured using rat ELISA kits
according to the manufacturer’s instructions. Protein levels
were calculated from a cytokine standard curve. Tissue ELISA
measurements were normalized to the protein content of the
homogenates (pg/mg of proteins).

Real-Time Polymerase Chain Reaction Analysis
The real-time polymerase chain reaction (RT-PCR) procedure
was performed as previously described.25 Total RNA was
extracted from atrial tissue using a Trizol (Invitrogen, Carls-
bad, CA) as directed by the manufacturer. The RNA (2 lg of
each sample) was reverse-transcribed into cDNA using oligo
(DT) primers, and single-stranded cDNA was transcribed with
the help of the PrimeScript RT reagent Kit with gDNA Eraser
(Takara, Dalian, China). Quantitative RT-PCR was performed
using SYBR Premix Ex TaqII (TaKaRa) in StepOne Real-Time
PCR detection System (Invitrogen). The transcript level was
measured relative to that of GAPDH that was obtained from a
standard curve. The primer sequences used are listed in
Table.

Western Blot Analysis
Western blot analysis was performed as previously
described.25 Proteins were extracted from atrial tissue and
resolved by SDS-PAGE (10% gels) and transferred to
polyvinylidene difluoride (Millipore, Hong Kong, China) mem-
branes. After blocking, the membranes were incubated with
the following the primary antibodies: anti-a-SMA rabbit
antibody (1:500; Abcam), anti-transforming growth factor b1
rabbit antibody (1:1000; Abcam), anti-TLR4 rabbit antibody
(1:1000; Affbiotech, Cincinnati, OH), anti-p-NF-jB p65 (1:500;
Abcam), anti-NF-jB p65 rabbit antibody (1:3000; Abcam),
anti-p-Smad2/3 (1:100; Abcam), anti-Smad2/3 (1:100;
Abcam) rabbit antibody, and anti-GAPDH rabbit antibody

Table. Information of Primers for RT-PCR

Gene Name Forward Sequence (50–30) Reverse Sequence (50–30)

Rat-CTRP9 GGCTTCTACTGGTTATGGACGC GGAGCCTGGATCACCTTTGAT

Rat-CD68 ACCCGGAGACGACAATCAAC CTTGGTGGCCTACAGAGTGG

Rat-iNOS AGCATCCACGCCAAGAACG GTCTGGTTGCCTGGGAAAAT

Rat-IL-1b GTGGCAGCTACCTATGTCTTGC CCACTTGTTGGCTTATGTTCTGT

Rat-IL-6 TGGAGTTCCGTTTCTACCTGG GGTCCTTAGCCACTCCTTCTGT

Rat-IL-10 TGCAACAGCTCAGCGCA GTCACAGCTTTCGAGAGACTGGAA

Rat-Collagen I CCGTGACCTCAAGATGTGCC GAACCTTCGCTTCCATACTCG

Rat-Collagen III GACCTCCTGGAAAAGATGGATC AAATCCATTGGATCATCCCC

Rat-GAPDH CGCTAACATCAAATGGGGTG TTGCTGACAATCTTGAGGGAG

CTRP9 indicates C1q/tumor necrosis factor-related protein-9; IL, interleukin; iNOS, inducible nitric oxide synthase.
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(1:10000; Abcam). After washing, membranes were incubated
with horseradish peroxidase-goat anti-rabbit-conjugated sec-
ondary antibodies (1:10000; ASPEN, Massachusetts, USA),
and protein bands were visualized by enhanced chemilumi-
nescence (ASPEN). The protein expression levels were
normalized to GAPDH protein.

ECG Analysis
The rats were lightly anesthetized with isoflurane vapor (1.5%
isoflurane in 98% O2) and observed to sustain the lightest
anesthesia. Three subcutaneous wires were positioned to
simulate ECG limb lead II. ECG was recorded for 5 minutes,
and ECG parameters (P wave duration, and PR interval) were
measured 3 times as the average from these images that
exceeded a 30-second interval at baseline reaching a steady
state. The data were analyzed using LabChart 7 Pro (AD
Instruments, Australia).26

Electrophysiological Studies
All electrophysiological studies of atrium in ex vivo were tested
according to previously reported methods.27,28 After 7 days of
MI, hearts were isolated and perfused retrogradely using a
Langendorff apparatus with HEPES-buffered Tyrode’s solution
(mM: NaCl 130; KCl 5.4; CaCl2 1.8; MgCl2 1; Na2HPO4 0.3;
HEPES 10; glucose 10; pH adjusted to 7.4 with NaOH)
equilibrated with a 95% O2 to 5% CO2 gas mixture at 37.0°C
and constant pressure of 60 mm Hg. Isolated hearts were
stabilized for 10 minutes by perfusion at a constant flow rate
before programmed electrical stimulation. Teflon-coated (ex-
cept at their tips) silver bipolar electrodes were placed on the
right atria (RA) appendage, LA appendage, and LV. The inter-
electrode distance between the RA and LA was set at 10 mm to
measure the interatrial conduction time (IACT) during right atrial
pacing. The left and right atrial effective refractory periods
(AERPs)weremeasured by the S2 extrastimulusmethod using 8
regularly paced beats with cycle lengths of 150, 120, and
90 ms. Burst RA pacing (cycle lengths of 50 ms, pulse duration
of 10 ms) for 3 seconds with twice the threshold voltage was
used to test for AF vulnerability in all groups of rats. AF was
defined as a rapid irregular atrial rhythm with irregular R-R
intervals lasting at least 1 second. The duration of AF was
measured from the end of burst pacing to the first P wave
detected after the rapid irregular atrial rhythm.

Statistical Analysis
Statistical analysis was performed using SPSS 22.0 or
GraphPad Prism 5.01 software. Continuous data were eval-
uated for normality using the Shapiro-Wilk test. One-way
ANOVA followed by the Bonferroni-Dunn test was used for

multiple comparisons of normally distributed data expressed
as mean�SEM, and the Kruskal-Wallis test was used for non-
repeated measures of non-normally distributed variables.
Moreover, a student independent t-test was conducted to
compare results between the 2 groups. AF incidence across
groups was expressed as percentages and analyzed using the
Fisher exact test. Pearson (normally distributed data) or
Spearman (non-normally distributed data) correlation analysis
was used to determine the relationship between the levels of
plasma CTRP9 and LA tissue IL-1b and AF duration. A value of
P<0.05 was considered significant.

Results

Adenoviral Supplementation of CTRP9
Ameliorates Cardiac Function Following MI
Because cardiac function is related to new-onset AF following
acute myocardial infarction, we evaluated whether overpro-
duction of CTRP9 attenuates MI-mediated LV dysfunction. As
shown in Figure 1A, rats were systemically treated with Ad-
CTRP9 or Ad-GFP via jugular-vein injection before the MI model
operation. Adenoviral production of CTRP9 was markedly
increased in plasma levels of CTRP9 at 3 and 7 days after MI
compared with Ad-GFP-treated MI rats. Meanwhile, we mea-
sured the expression of CTRP9 mRNA levels in atrial and
ventricular tissue after MI. Compared with the sham group, we
found that CTRP9 gene expression was significantly downreg-
ulated in the MI and Ad-GFP+MI groups, and CTRP9 was
markedly increased in the Ad-CTRP9-treated MI group (Fig-
ure 1B and 1C). Among the echocardiographic parameters,
larger left ventricular end-diastolic diameter, and reduced EF
and FS were observed in the MI and Ad-GFP group compared
with the sham group, but MI rats receiving Ad-CTRP9 had
improved the adverse effects at 7 days after MI (Figure 1E
through 1G).

Changes of Atrial Macrophage Infiltration and
Inflammatory Responses at 3 Days or 7 Days
Post-MI
As presented in Figure 2A, cells expressing macrophage
CD68 marker in the atrium were barely detectable after sham
surgery, and increased at day 3 and 7 post-MI, but CD68-
positive (CD68+) cells were more abundant at day 3 post-MI
than at day 7. Similar results were obtained by detecting the
mRNA levels of macrophage markers (CD68, iNOS) and
inflammatory cytokines (IL-1b, IL-6, and IL-10), we found that
except for IL-6 and IL-10, the mRNA levels of other indexes
were higher at day 3 post-MI than at day 7 (Figure 2B and
2C). The results showed that atrial inflammation was more
significant at day 3 post-MI than at day 7.
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CTRP9 Promotes M2 Macrophage Polarization in
the LA After MI

Inflammation is involved in the formation of AF. The inflam-
mation level after MI is related to the time progression.
According to the results of Figure 2, we observed the effect of
CTRP9 on atrial inflammation at 3 days post-MI, instead of the
effect at 7 days post-MI. To clarify the effect of CTRP9 on
macrophage infiltration and M1 to M2 macrophage polariza-
tion transition, immunostaining was performed to assess
macrophage infiltration by quantifying the percentage of
CD68-positive (CD68+) macrophages in the LA at 3 days post-
MI; meanwhile, to identify the subtype of infiltrated macro-
phages in the atrium, the markers for M1 (iNOS+/CD68+) and
M2 (CD163+/CD68+) were examined.29 We found that CD68+

and iNOS+/CD68+ macrophages were increased from the MI
and Ad-GFP groups compared with the sham group, whereas
there was no significant difference in the slightly increased
proportion of CD163+/CD68+ at 3 days post-MI compared
with the sham group. CTRP9 treatment significantly reduced
the accumulation of CD68+ cells and the transition of M1
macrophages and promoted M2 polarization by upregulating
the percentage of CD163+/CD68+ after MI (Figure 3A and
3B). Similar results were obtained for quantitative analysis of
mRNA expression of CD68, iNOS and CD163 (Figure 3C
through 3E). The upregulation of IL-1b and IL-6 mRNA were
seen in the atria of vehicle-treated MI and Ad-GFP-treated MI
rats at day 3 after MI, IL-10 slightly increased in the 2 groups,
but there was no significant difference, CTRP9 can inhibit the
upregulation of IL-1b and IL-6 and increase the expression of

Figure 1. CTRP9 improves cardiac function on day 7 post-myocardial infarction. Ad-CTRP9 or Ad-GFP was injected into the jugular vein of rats
5 days before myocardial infarction. A, Effects of adenoviral CTRP9 supplement on plasma CTRP9 level by ELISA kit analysis (n=7 per group).
B and C, CTRP9 mRNA levels were determined in left atria and left ventricle tissue of rats by real-time polymerase chain reaction methods (n=4
per group). D, Representative M-mode echocardiograms for rats in 7 days. E through G, Quantitative analysis of echocardiography evaluated LV
function in 7 days (n=7 per group). The data are expressed as mean�SEM. *P<0.05, **P<0.01, the connection represents a comparison
between the 2 groups. Ad-CTRP9 indicates adenoviral CTRP9 constitutively overexpression; CTRP9, C1q/TNF-related protein-9; EF, ejection
fraction; FS, fractional shortening; GFP, green fluorescent protein; LA, left atria; LV, left ventricle; LVEDD, left ventricular end-diastolic diameter;
MI, myocardial infarction.
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IL-10 (Figure 3F through 3H). CTRP9 administration partially
inhibited atrial proinflammatory response by promoting M1 to
M2 macrophage polarization after MI.

CTRP9 Inhibits LA Interstitial Fibrosis Post-MI
To investigate the effect of CTRP9 on AF to AF substrate
formation at 7 days after MI, the production and deposition of

collagen, and the differentiation of cardiac fibroblasts to
myofibroblasts, were estimated using Masson trichrome stain-
ing, collagen immunofluorescence staining, RT-PCR, western
blot analysis. The Masson trichrome-stained sections identified
that MI increased fibrosis-positive areas in the LA, and CTRP9
decreased the fibrotic areas post-MI (Figure 4A and 4D). As
indicated by immunofluorescent staining (Figure 4B and 4E; 4C
and 4F), MI increased the deposition of collagen I and III types,

Figure 2. Comparison of inflammatory response in the atrium at 3 and 7 days post-myocardial infarction.
A, Representative fluorescent immunostaining images. Left atria at 0, 3, and 7 days after myocardial
infarction were stained with anti-CD68 antibody (green) and DAPI (blue). (9400 magnification, scale bar:
20 lm). Quantitative analysis of CD68+ macrophage area. B and C, quantitative real-time polymerase chain
reaction analysis of mRNA change of CD68, inducible nitric oxide synthase, IL-1b,IL-6, and IL-10. The data
are expressed as the mean�SEM (n=4 per group). NS>0.05, *P<0.05, **P<0.01, the connection
represents a comparison between the 2 groups. iNOS, inducible nitric oxide synthase; DAPI, 4,6-diamino-2-
phenylindole; IL, interleukin.
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Figure 3. Anti-inflammatory effects of CTRP9 on myocardial infarction injury. A and B, Representative
fluorescent immunostaining images. Left atria at 3 days after myocardial infarction were stained with anti-
CD68 antibody (green), anti-inducible nitric oxide synthase and CD163 antibody (red), and DAPI (blue). Scale
bar: 20 lm. Quantitative analysis of the area of infiltrating CD68-positive and inducible nitric oxide synthase
(iNOS)-negative cells (CD68+) macrophages in left atria. Quantitative assessment of iNOS+ or CD163-positive
and CD68-positive (iNOS+/CD68+, CD163+/CD68+) area of cells (right column). (n=4 per group). C through
H, Expression of CD68, inducible nitric oxide synthase, CD163, interleukin-1b, interleukin-6, and interleukin-
10 mRNA in left atria, respectively (n=4 per group). The data are expressed as the mean�SEM. NS, P>0.05,
*P<0.05, **P<0.01, the connection represents a comparison between the 2 groups.
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and CTRP9 treatment significantly reduced these productions.
Consistent effect of CTRP9 on gene expression of collagen I and
III was also demonstrated through RT-PCR analysis (Figure 4I
and 4J). Considering that previous studies have suggested that
the ratio of type I CVF to type III CVF (CVF I/III ratio) is closely
related with AF duration,30 we evaluated the correlation
between CVF I/III ratio and AF duration, a significant positive
correlation was evident (Spearman r=0.714, P=0.047; Fig-
ure 4G), but it was further observed that CTRP9 had no effect on
CVF I/III ratio (Figure 4H). The expressions of a-smoothmuscle
actin (a-SMA), amarker for over-proliferation ofmyofibroblasts,
and transforming growth factor b1 (TGF-b1) were found to be
significantly higher in theMI and Ad-GFP +MI groups than those
in the sham group and markedly lower in the Ad-CTRP9+MI
group using western blot analysis (Figure 4K and 4L).

Effects of CTRP9 on Atrial Electrophysiology and
AF Inducibility
Figure 5A shows representative examples ECG, LA, and LV
electrogram traces in a rat with induced AF through atrial burst
pacing ex vivo using isolated perfused hearts at 7 days after MI.
After termination of the burst, the irregular atrial rhythm with
irregular ventricular response was presented as a typical
electrogram of AF. As shown in Figure 5B, RA burst-stimuli
transiently induced AF in 8.3% (1 of 12) of animals in the sham
group. MI aggravated the vulnerability to AF, and the results
showed induced AF in 7 of 12 (58.3%) of MI and 8 of 12 (66.6%)
of Ad-GFP+MI rats that was suppressed by CTRP9 administra-
tion (2 of 10, 20%). Average AF duration was longer in the MI
and Ad-GFP+MI groups than those in the sham group
(28.10�15.05 s, 30.21�13.69 s versus 0.31�0.31 s).
CTRP9 administration shortened AF duration (1.05�0.73 s)
(Figure 5C).

In addition, there were no differences between the 4
groups in the duration of P wave (Figure 5D). The PR interval
was increased significantly in MI and Ad-GFP+MI groups
compared with the sham group; however, CTRP9 markedly
reduced the PR interval (Figure 5E). In addition, compared
with the sham group, IACT in the MI and Ad-GFP groups was
prolonged at all the basic cycle lengths tested, and MI-
induced prolongation of IACT was attenuated by CTRP9
administration (Figure 5F). The AERP of the LA or RA at any of
the basic cycle lengths tested was significantly longer in MI
and Ad-GFP rats compared with the sham rats. No significant
differences in AERP were observed among Ad-GFP and Ad-
CTRP9 groups; notwithstanding, ERP in the Ad-CTRP9 group
had a shortened trend (Figures 5G and 5H).

The atrial levels of IL-1b were significantly and positively
correlated with AF duration (Spearman r=0.93, P<0.001;
Figure 5I), and negatively correlated with CTRP9 (Pearson
r=0.79, P<0.001; Figures 5J); the plasma levels of CTR9 were

negatively correlated with AF duration (Spearman r=0.86,
P<0.001; Figure 5K).

Down-Regulation of CTRP9 Deteriorates Atrial
Inflammation and Fibrosis, Without Affecting LV
Cardiac Function
To obtain more evidence to support our hypothesis, we
knocked down CTRP9 by adenovirus mediated shCTRP9 in rat.
The plasma and atrial CTRP9 levels after shCTRP9 delivery
were evaluated quantitatively by Elisa and by PCR analysis.
The results were shown in Figure 6A and 6B. Treatment with
shCTRP9 but not shRNA significantly decreased the expres-
sion of CTRP9 at day 10 after shCTRP9 injection in rat.
Reduced CTRP9 did not cause significant LV cardiac dysfunc-
tion (Figure 6C through 6E). As expected, silencing of CTRP9
induced atrial inflammation, the atrial CD68+and iNOS+/
CD68+ ratio was significantly higher in shCTRP9 rat than
shRNA rat (Figure 6F through 6H), moreover, shCTRP9
resulted in significantly higher elevations of CD68, iNOS, IL-
1b and IL-6 mRNA levels (Figure 6I through 6J). Atrial sections
stained by Masson trichrome staining shown that downreg-
ulation of CTRP9 lead to interstitial fibrosis (Figure 6K through
L); the mRNA levels relating to cardiac fibrosis, collagen I and
III and TGF-b1,were significantly higher in shCTRP9 rat than
shRNA rat, there was no apparent difference of a-SMA under
silencing CTRP9 (Figure 6M).

Silencing CTRP9 Aggravates Occurrence of AF
and Prolongs IACT
AF can be significantly induced after 10 days of shCTRP9
treatment, there was more induction of AF in shCTRP9 group
(8/11, 72.3%) compared with shRNA group (2/10, 20%)
(Figure 7A and 7B). AF duration was also significantly
increased in shCTPP9 rats (17.30�7.74 s versus
0.85�0.57 s) (Figure 7C). IACT was significantly longer in
shCTRP9 group (Figure 7D). However, there was no significant
differences in ERP of LA between the 2 groups (Figure 7E).

Effects of CTRP9 on Expression of Atrial
Inflammatory and Fibrosis Protein Markers of
Signaling Pathways
To explore the molecular mechanisms underlying the protec-
tive action of CTRP9 for atrial inflammation and fibrosis, we
assessed the levels of TLR4/NF-jB and Smad2/3 that were
critical in the pathogenesis of atrial inflammation and fibrosis.
As shown in Figure 8A through 8C, compared with the sham
group, the expression of TLR4, phospho-NF-jB p65/NF-jB
p65, and phospho-Smad2/3/Smad2/3 was upregulated in
the MI and Ad-GFP groups, respectively. However, CTRP9
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Figure 4. Therapeutic effects of CTRP9 on left atrial interstitial fibrosis post-myocardial
infarction. A through C, Representative images of left atrial tissues at 7 day post-
myocardial infarction stained with Masson trichrome staining, collagen I or collagen III
(green)/a-actinin (red) immunofluorescence staining. Scale bar: 50 lm. D through F,
Quantitative analysis of fibrosis, type I and III collagen volume fraction. Correlation
between collagen volume fraction-I/III ratio with AF duration (G) and collagen volume
fraction-I/III ratio levels comparison (H). I and J, ThemRNA levels of collagen I and collagen
III were examined by real-time polymerase chain reaction. K and L, The protein levels of
aSMA and transforming growth factor-b1 were measured by western blot analysis. The
data are expressed as the mean�SEM (n=4 per group). *P<0.05, **P<0.01, the
connection represents a comparison between the 2 groups. ASMA indicates a smooth
muscle actin; CVF, collagen volume fraction; MI, myocardial infarction; TGF-b1,
transforming growth factor-b1.
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Figure 5. Recordings of atrial electrophysiological characteristics post-myocardial infarction under CTRP9 intervention. A, Representative
atrial fibrillation episodes after atrial burst pacing observed in isolated perfused heart at 7 day post-myocardial infarction. B and C, Inducibility of
atrial fibrillation and atrial fibrillation duration (n=12, 12, 12, 10 per group, correspondingly). D and E, The duration of P-wave and PR interval
from in vivo ECG were analyzed (n=8 per group). F through H, Interatrial conduction time and ERP of the right atria and left atria were measured
at basic cycle lengths of 150, 120, and 90 ms (n=7 per group). I and J, The relationship between interleukin-1b and atrial fibrillation duration,
CTRP9 is shown (n=15). K, The relationship between CTRP9 and AF duration is shown (n=21). NS, P>0.05, *P<0.05, **P<0.01, the connection
represents a comparison between the 2 groups. Ad-CTRP9 indicates adenoviral C1q/TNF-related protein-9 constitutively overexpression; Ad-
GFP, adenovirus-encoding green fluorescent protein; AF, atrial fibrillation; BCL, basic cycle lengths; ERP, effective refractory period; IACT,
interatrial conduction time; LA, left atria; LV, left ventricle; MI, myocardial infarction; PR interval, the time interval from beginning of the P-wave
to the beginning of the R-wave; SR, sinus rhythm.
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treatment notably suppressed the expression and activation
of these proteins. To understand further role of CTRP9 in atrial
inflammation and fibrosis, we tested these markers in the
shRNA and shCTRP9-treated rat. Partial silencing of CTRP9
can significantly increase the expression of TLR4 and p-NF-jB
p65/NF-jB p65 in rat atrium (Figure 8D and 8E), whereas
such upregulation of p-Smad2/3/Smad2/3 was not observed
in shCTRP9-treated rats (Figure 8F).

Discussion
In the present study, we provided the first direct evidence to
demonstrate the potential protective role of CTRP9 in the
pathogenesis of atrial inflammation, fibrosis, and AF in the
early phase after MI. Our results confirmed that CTRP9
overexpression ameliorated cardiac LV function and the
arrhythmogenic substrate in atria by partially reversing
inflammation, especially the infiltration of macrophages, and

Figure 6. Effects of Ad-shCTRP9 on cardiac function, atrial inflammation, and fibrosis. Ad-shCTRP9 (shCTRP9) or Ad-
shRNA (shRNA) was injected into the jugular vein of rats. Alteration of plasma CTRP9 levels by ELISA kit analysis (A) and
atrial CTRP9 mRNA levels by real-time polymerase chain reaction methods (B) at day 5 or 10 after shCTRP9 injection. C
through E, Quantitative analysis of echocardiography evaluated LV function at day 10 after shCTRP9 treatment. F,
Representative fluorescent immunostaining images. Left atria at day 10 after shCTRP9 treatment were stained with CD68
(green), inducible nitric oxide synthase (red), and DAPI (blue). Scale bar: 20 lm. Quantitative analysis of the area of
infiltrating CD68+ (G) and iNOS+/CD68+ (H) macrophages in left atria. I and J, Expression of CD68, inducible nitric oxide
synthase, interleukin-1b and interleukin-6 mRNA in left atria. K, Representative images stained with Masson trichrome
staining. Scale bar: 50 lm. L, Quantitative analysis of atrial fibrosis at day 10 after shCTRP9 treatment. M, The mRNA
levels of collagen I, collagen III, a-SMA and transforming growth factor-b1 were detected by real-time polymerase chain
reaction. The data are expressed as the mean�SEM (n=4 per group). NS, P>0.05, *P<0.05, **P<0.01, the connection
represents a comparison between the 2 groups. shCTRP9, CTRP9 short hairpin RNAs; shRNA indicates control group.
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fibrosis possibly by inhibiting the TLR4/NF-jB and Smad2/3
signaling pathways, meanwhile, reduced susceptibility to AF
and the atrial conduction function in rat MI models.
Conversely, silencing CTRP9 in normal rats aggravated these
effects, without affecting the cardiac function. These results
point to the involvement of CTRP9 in the pathogenesis of
atrial inflammation, fibrosis and AF, and suggest that CTRP9
will be a prospective therapeutic target for the upstream
prevention of AF in post-MI hearts.

AF is an increasingly widespread healthcare problem that
produces many hazards, primarily adverse cardiovascular and
cerebrovascular events. Particularly, the occurrence of AF is
easier to further impair ventricular function and coronary
perfusion in the early stage of acute myocardial infarction.3

Therefore, we chose the early stage of MI disease model in
the present study. Deterioration of cardiac function after MI is
a cause of AF. Previous studies have shown that CTRP9
decreasing in post-MI attenuates LV remodeling and inhibits
the inflammatory reactions following MI and pathological
stimuli.15,16 Consistent with these data, our study shows that
atrial and ventricular CTRP9 levels also appeared to decrease
in 3-day and 7-day post-MI. Adenoviral supplementation of
CTRP9 restoring or increasing CTRP9 levels of the circulatory
system and heart was beneficial for the prevention of LV
cardiac dysfunction. Here, considering that there was no
significant change of left atrial diameter (LAD) at 7 day after
MI,31–33 we did not detect the effect of CTRP9 on the LAD. In
addition, we evaluated that effective downregulation of CTRP9
did not affect LV function of non-MI normal rats.

Atrial inflammation and fibrosis have emerged as important
pathogenic contributors to AF recurrence by altering electro-
physiological and structure remodeling, including disordered
calcium handling, potassium current abnormality, conduction

heterogeneity, apoptosis, and atrial dilatation.13,34,35 Targeting
the post-MI inflammation or fibrosis of the reparative phase at
the onset might represent an effective anti-arrhythmic
approach. The inflammatory response that accompanies the
rapid influx of neutrophils andmonocytes is primarily induced in
the ventricles. The inflammatory response begins within hours
after MI and peaks at 3 days post-MI. The predominant
inflammatory cells are monocyte-derived macrophages in the
phase, whereas proinflammatory M1 macrophages are the
major subtypes. Secreted proinflammatory cytokines, including
IL1b and IL-6, are related to systemic inflammation and affect
the atrial inflammation after MI that creates the substrate for
arrhythmia.34,36,37 The peak time of atrial and ventricular
inflammation is roughly similar at 3 days post-MI.37–39 The
current results showed that the proinflammatory cytokines and
total number of macrophages infiltrating the LA was markedly
higher at day-3 than day-7 post-MI. MI induced the production
and recruitment of M1 macrophages, releasing IL-1b and IL-6
and aggravating cardiac function.29,40 IL-10 secreted by M2
macrophages can ameliorate adverse LV remodeling and
inflammation post-MI.41,42 Moreover, previous studies also
have confirmed that promoting M1 to M2 polarization can
inhibit cardiac inflammation, fibrosis, and arrhythmias.43–45

Together with our findings, we considered that the analogous
benefit of CTRP9 on atriummay be relatedwith the promotion of
M2 macrophage polarization. However, silencing CTRP9 can
promote atrial inflammation, these results are consistent with
the previous observations that CTRP9-knockout leads to
inflammatory response in the LV myocardia.15

The activated TLR4/NF-jB signaling pathway is involved in
the increased M1 macrophage polarization and proinflamma-
tory responses after MI, and acute myocardial infarction
patients with new-onset AF have higher TLR4 expression in

Figure 6. Continued.
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peripheral blood mononuclear cells,46–48 combined with the
anti-inflammatory effect of CTRP9 and its effect on the TLR4/
NF-jB pathway.15,21 We found that MI also induced the levels
of TLR4 elevation and NF-jB p65 phosphorylation, whereas
CTRP9 overexpression could reverse these changes. Further-
more, considering adiponectin, as a paralog of CTRP family,
can reduce the expression of TLR4 in inflammatory cells by
binding TLR4 promoter.49 Hence, partial silencing CTRP9
upregulate the expression of TLR4 and NF-jB p65 phospho-
rylation, which may be related with the dissociation of TLR4
promoter, but further verification needed. These results
suggest that inhibiting the TLR4/NFjB signaling pathway is
involved in the anti-inflammatory effects of CTRP9.

Inflammation is considered to promote the consequential
formation of atrial fibrosis in various models, and in turn
recruit and activate reparative myofibroblasts, contributing to
collagen synthesis and the progress of interstitial fibrosis.50–52

Meanwhile, many fibrogenic factors also can cause cardiac
fibrosis.13 Therein, TGF-b1 is a central cytokine in post-MI

atrial interstitial fibrosis formation to enhance the accumula-
tion of the extracellular matrix and induce the differentiation
of fibroblasts into myofibroblasts by activating Smad2/3
signals.19,34,53,54 Atrial fibrosis is an important pathogenesis
of AF, especially with respect to electrical conduction
disturbance, and fibroblast ion channels abnormality involving
in Ca2+ entry pathways, inward rectifier K+ currents. These
increase the heterogeneity of impulse propagation and
enhance atrial re-entry, which may be directly related to the
mechanisms responsible for initiating and maintaining
AF.13,55,56 In the present study, CTRP9 markedly reduced
fibrotic areas, deposition of collagen I/III type, and production
of aSMA and TGF-b1 of the LA at 7 day after MI. However,
CTRP9 had no significant effect on CVF I/III ratio, which may
be inconsistent with previous studies in the type and course
of AF,30 and speculated that atrial fibrosis evaluated by
collagen in the early stage of MI may be involved in the
occurrence of AF in this study, and CVF I/III ratio may have a
greater influence on the maintenance and recurrence of

Figure 7. Silencing CTRP9 alters electrophysiological properties of atrium. A, Representative atrial
fibrillation episodes after atrial burst pacing observed in isolated perfused heart at day 10 after shCTRP9
treatment. B and C, Inducibility of atrial fibrillation and trial fibrillation duration (n=10, 11 per group). D and
E, interatrial conduction time and effective refractory period of the left atria were measured at basic cycle
lengths of 150, 120, and 90 ms (n=8 per group). NS, P>0.05, *P<0.05, **P<0.01, the connection
represents a comparison between the 2 groups. AF indicates atrial fibrillation; IACT, interatrial conduction
time; LA, left atrial; LV, left ventricle; shCTRP9 indicates CTRP9 small hairpin RNAs; shRNA, control group.
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persistent and permanent AF. Downregulation of CTRP9
resulted in atrial fibrosis, similar finding observed from a
previous study that adiponectin knockout can promote
cardiac fibrosis in mice.57 However, a recent study reported
that CTRP9 can promote cardiac hypertrophy and dysfunction
in transverse aortic constriction,14 and showed a diverse
CTRP9 effects that were different from our study. The
different disease models may be a suitable explanation
for the difference. Pathologically increased endogenous
CTRP9 levels in transverse aortic constriction are possibly
harmful, whereas decreased CTRP9 levels in MI have a
protective effect. Mechanistically, although the silencing
CTRP9 did not change the expression of smad2/3 phospho-
rylation, CTRP9 significantly attenuated MI-induced phospho-
rylation of Smad2/3 in LA tissues, suggesting that CTRP9
ameliorated atrial fibrosis at least partially by inactivating
the Smad2/3 pathway in the MI disease model, thereby
contributing to improving fibrosis-related arrhythmogenic
substrates.

Inhibiting the atrial inflammation and fibrosis can effec-
tively prevent AF susceptibility and IACT in different animal
models, and the degree of atrial fibrosis inhibited is closely
related to the duration of IACT shortened.20,28,58–60 Consid-
ering the proven effects of CTRP9 mentioned above, we
conducted a correlation study and found that CTRP9 was
negatively correlated with IL-1b and AF duration, further
proving that CTRP9 could reduce MI-caused higher vulnera-
bility to AF, which suggests CTRP9 can inhibit AF occurrence
partially by decreasing inflammation. Meanwhile, CTRP9 also
shorten prolonged IACT after MI. Prolonged P-wave, which
represented partial interatrial block, was chiefly caused by LA
enlargement.20 The duration of P wave had a slightly
prolonged trend after MI in the present study, but there was
no significant difference between the 4 groups. Inconsistent
with previous results in the chronic phase post-MI,20,59 our
findings measured lower incidence and duration of AF in the
early phase post-MI, and undifferentiated P-wave duration
may be attributed to shorter time in the MI model and

Figure 8. Effects of CTRP9 on expression of the Toll-like receptor 4/nuclear factor-jB and Smad2/3 signaling pathways. Representative image
for western blotting and protein expression levels of inflammatory markers Toll-like receptors 4, p-nuclear factor-jB p65/nuclear factor-jB p65 at
3 days post-myocardial infarction (A and B) and fibrosis markers p-Smad2/3/Smad2/3 at 7 days post-myocardial infarction (C). D through F,
Alteration of atrial protein levels of Toll-like receptors 4, p-nuclear factor-jB p65/nuclear factor-jB p65 and p-Smad2/3/Smad2/3 under shRNA
and shCTRP9-treated rats. The data are expressed as the mean�SEM (n=4 per group). NS, P>0.05, *P<0.05, **P<0.01, the connection
represents a comparison between the 2 groups. Ad-CTRP9 indicates adenoviral CTRP9 constitutively overexpression; Ad-GFP, adenovirus-
encoding green fluorescent protein; MI, myocardial infarction; TLR4, Toll-like receptor 4; NF-jB, nuclear factor-kappa B; p, phosphorylation.
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inapparently expanded atria. But, CTRP9 shortened PR interval
at 7 days post-MI. Moreover, consistent with AERP in the
long-term MI model, AERP was significantly prolonged in MI-
induced rats in this study,61 whereas the specific mechanism of
prolonging AERP in our MI model could not be elucidated in this
study. Moreover, as a therapeutic purpose, CTRP9 did not
notably reverse these effects. Indeed, compared with the long-
term chronic MI model, our early phase of MI may also have
some advantageswhich CTRP9 impacted AF occurrence,mainly
focusing on atrial inflammation, interstitial fibrosis without
markedly affecting AERP, independent of almost no expanded
effect of LAD in the period. Surprisingly, we found that directed
silence of CTRP9 can increase AF susceptibility, thereby
avoiding the interference by affecting LV function, which further
illustrated that CTRP9 itself is involved in thepathogenesis of AF.

We recognize that this study has some limitations. First,
we have not identified the CTRP9 components that play a
major role. Previous studies have demonstrated that the form
of gCTRP9, but not fCTRP9, is the active cardioprotective
isoform,17,62 while the adenoviral CTRP9 we constructed
immediately expressed fCTRP9. However, considering that
previous study suggest that cardiac tissue lysate has a strong
ability to cleave fCTRP9 into gCTRP9.63 Therefore, we can only
infer that the active component after adenoviral transfection
of CTRP9 into heart may still be gCTRP9, which needs to be
further confirmed. Second, we do not have a thorough study
on the specific mechanism of CTRP9 inhibiting atrial fibrosis
and inflammation via corresponding cell experiment to verify
it. Finally, Although AdCTRP9 and shCTRP9 treatment altered
the expression of CTRP9 in rats, but not highly effective. The
more exact clarification of the roles of CTRP9 on atrium,
including more atrial structural remodeling, especially, elec-
trical remodeling, will require a more specific and effective
atrial-specific knockout/overexpression mouse model.

Conclusions
In general, the present study illustrated that CTRP9 could
suppress atrial TLR4 elevation, p-NF-jB p65, and p-Smad2/3
activation caused by MI, followed by promoting M2 macro-
phage polarization and inhibiting the production of fibrosis-
related proteins, ameliorated cardiac function and decreased
AF vulnerability. Meanwhile, downregulation of CTRP9
enhanced atrial inflammatory response, fibrosis and AF
vulnerability. Therefore, CTRP9 could reduce arrhythmogenic
substrate formation, subsequently decrease the occurrence of
atrial arrhythmias post-MI.
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