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Abstract. Atrial fibrosis is the fundamental characteristic 
of the structural pathology associated with atrial fibrillation 
(AF). Inflammation can contribute to atrial fibrosis, engen-
dering AF. The present study aimed to investigate the role of 
macrophage migration inhibitory factor (MIF), a pleiotropic 
cytokine, in the regulation of proliferation and function of 
cardiac fibroblasts (CFs). Biochemical assays were performed 
to examine the expression of extracellular matrix (ECM) in 
human atrial tissues, and the proliferation and regulation 
of ECM induced by MIF in CFs. The expression of ECM, 
including collage type 3, α1 (Col‑3A1), matrix metallopro-
teinase (MMP)‑2/-9 and transforming growth factor (TGF)‑β 
was higher in patients with permanent AF, compared with 
patients in sinus rhythm (SR), and the expression levels 
of MIF were also increased in AF. Treatment of CFs with 
mouse recombinant MIF (rMIF; 40 nM) for 48 h was found 
to promote the proliferation of CFs. The MIF‑induced CF 
proliferation was completely inhibited by tyrosine kinase 
inhibitor‑PP1. rMIF treatment also stimulated the activation 
of Src kinase in CFs. In addition, MIF treatment upregulated 
the expression levels of fibrosis‑related proteins, Col‑1, Col‑3, 
MMP‑2/-9 and TGF‑β, in the CFs. These results suggested 
that MIF was involved in the structural remodeling that 
accompanies AF, possibly by promoting the proliferation 
of CFs and increasing the expression of ECM. These data 
implicate inflammation as a potential driver of CF.

Introduction

Increasing data have revealed that atrial fibrosis is the funda-
mental characteristic of the structural pathology associated 
with atrial fibrillation (AF) (1‑3). Fibrosis is a consequence of an 
imbalance between the degradation and deposition of cardiac 
extracellular matrix (ECM). Fibroblast proliferation and differ-
entiation into collagen‑secreting myofibroblasts contribute to 
atrial fibrosis via excess ECM deposition, which promotes 
re‑entry and enhances automaticity (4,5). Although it is clear 
that fibrosis is associated with AF, the precise role of fibrosis in 
the pathogenesis of AF remains to be fully elucidated.

Following decades of investigations, increasing evidence 
has revealed that inflammation is important the pathogenesis 
of AF. Markers of pro‑inflammatory cytokines, including 
C‑reactive protein, tumor necrosis factor‑α (TNF‑α), inter-
leukin‑6 (IL‑6) and macrophage migration inhibitory factor 
(MIF), are increased in patients with AF (6‑9). This increases 
the possibility that inflammation may contribute to atrial 
fibrosis and atrial structural remodeling, which contribute to 
AF. Previous studies have demonstrated that inflammation is 
associated with atrial fibrosis. The number of immune cells 
resident in tissues and higher levels of serum inflammatory 
markers are associated with extensive left atrium fibrosis and 
enlargement in patients with AF (10‑12).

In the authors' previous study, it was demonstrated that 
MIF, an important pro‑inflammatory cytokine, is involved 
in the electrical remodeling of atrium myocytes through 
regulating the L‑ and T‑type calcium channel current (8,13). 
However, the role of MIF in atrial fibrosis remains to be fully 
elucidated. The present study aimed to investigate whether 
MIF affects the proliferation and secretory functions of 
cardiac fibroblasts (CFs).

Materials and methods

Patients. The present study was performed in accordance with 
the principles outlined in the Declaration of Helsinki and was 
approved by the research Ethics Committee of Guangdong 
General Hospital, Guangdong Academy of Medical Sciences 
(no.  GDREC2013047H; Guangzhou, China). All patients 
provided written informed consent (version no. 20130307). 
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Patients with pneumonia or other infectious diseases were 
excluded from the study. Left atrial appendages were 
obtained from patients undergoing open‑heart surgery (from 
March 2013 to March 2016) in Guangdong General Hospital in 
Guangzhou (Guangdong, China). The specimens were collected 
prior to initiation of cardiopulmonary bypass, immediately 
snap‑frozen in liquid nitrogen, and stored at ‑80˚C until the 
day of the experiments. Tissues from 11 patients with chronic 
AF (from 32‑67 years) and a control group of 10 patients (from 
30‑61 years) with sinus rhythm (SR) were also used in the 
present study. Patient data are presented in Table I.

Culture of primary CFs. The experiments using CFs were 
approved by the research Ethics Committee of Guangdong 
General Hospital, Guangdong Academy of Medical Sciences 
(no.  GDREC2013047A). The CFs were isolated from 
1‑3‑day‑old Wistar rats (n=24, 14:10 male:female) which were 
provided by Sun Yat‑sen University and fed at 20‑25˚C (12‑h 
light/dark cycle), as previously described (14). Briefly, the heart 
tissues were finely minced and mechanically digested with 
0.25% Trypsin + EDTA (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) using a rotor in a flask. The cell 
suspensions were plated in a cell culture flask for 90 min to 
separate the fibroblasts and cardiomyocytes. The majority of 
CFs adhered to the flask. The cells were cultured in Dulbecco's 
modified Eagle's medium (Gibco; Thermo Fisher Scientific, 
Inc.) containing 4.5 g/l D‑glucose, 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), penicillin (100 U/ml) 
and streptomycin (100 µg/ml) in a humidified atmosphere 
(95% humidity, 37˚C) composed of 95% O2, 5% CO2. The CFs 
were used at passages 3‑6.

Cell treatments. The cells were treated according to three 
experimental designs. In the first, the cells (50‑60% conflu-
ence) were treated with different doses of mouse recombinant 
MIF at  37˚C (rMIF; 20 and  40  nM; R&D Systems Inc., 
Minneapolis, MN, USA) for 24 or 48 h. In the second, the cells 
were pretreated with PP1 (5 µM; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) for 1 h. The MIF treatment groups 
were pretreated with an equal quantity of dimethyl sulfoxide 
(DMSO) and were stimulated with 40 nM MIF for 48 h. In the 
third, the cells were treated with 40 nM MIF for 15, 30, 45 and 
60 min, or with 20 and 40 nM MIF for 24 h.

Cell proliferation assay. The CFs were plated into a 96‑well 
plate at a density of 4,500/well and proliferation was 
measured using the cell proliferation reagent (WST‑1) kit 
(cat. no. 11644807001; Roche Diagnostics GmbH, Mannheim, 
Germany) according to the manufacturer's instructions. The 
signal in optical density was read at 450 nm on a plate reader 
(Mutiskan GO; Thermo Fisher Scientific, Inc.). The experi-
ment was repeated three times.

Western blot analysis. The cells were lysed in 0.05  M 
Tris‑HCl buffer (pH 8.0), containing 0.15 M sodium chlo-
ride, 0.02% sodium azide, 0.1% sodium dodecyl sulfate 
(SDS), 1% Nonidet P-40 (NP‑40), and a protease inhibitor 
cocktail set (Calbiochem; EMD Millipore, Billerica, MA, 
USA). The cell lysates were centrifuged at 12,000 x g for 
15 min at 4˚C and protein concentrations were determined by 

bicinchoninic acid Protein Assay kit (Pierce; Thermo Fisher 
Scientific, Inc.). The samples were diluted with 4X loading 
buffer (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
and heated at 95˚C for 5 min. The proteins (30 µg) were 
fractionated on 8% SDS‑polyacrylamide gels for Src, phos-
phorylated (p‑)Src, collagen type 1, α1 (Col‑1A1), collagen 
type 3, α1 (Col‑3A1), matrix metalloproteinase (MMP)‑2/-9 
and transforming growth factor (TGF)‑β or 10% SDS 
polyacrylamide gels for MIF. The proteins were then trans-
ferred onto nitrocellulose membranes (GE Healthcare Life 
Sciences, Chalfont, UK) according to standard protocols. The 
membranes were blocked with dried skimmed milk powder 
in TBS-Tween-20 (TBST) for 1 h at room temperature, prior 
to overnight incubation at 4˚C with primary rabbit polyclonal 
antibodies against Src (1:1,000, cat. no. ab47405; Abcam, 
Cambridge, UK), p‑Src Tyr416 (1:1,000, cat. no. 2101; Cell 
Signaling Technology, Inc., Danvers, MA, USA), Col‑1A1 
(1:1,000, cat. no. ab34710), Col‑3A1 (1:1,000, cat. no. ab7778) 
(both from Abcam), MMP‑9 (1:1,000, cat. no.  AB19016; 
EMD Millipore, Billerica, MA, USA) and TGF‑β (1:1,000, 
cat. no. 3711; Cell Signaling Technology, Inc.) and MMP‑2 
(1:2,000, cat. no. AB19015; EMD Millipore;). The signals 
were normalized to the protein levels of GAPDH (1:1,000, 
cat. no. 2118) or β‑actin (1:3,000, cat. no. 3700) (both from 
Cell Signaling Technology, Inc.). Following washing in 
TBST, the membranes were incubated for 1 h with horse-
radish peroxidase‑conjugated anti‑rabbit or anti‑mouse IgG 
(1:5,000‑1:10,000; Abcam) in blocking solution. The protein 
bands were visualized using electrochemiluminescence 
reagents (Pierce; Thermo Fisher Scientific, Inc.), and images 
were evaluated densitometrically using ImageJ 1.39 U soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Drugs. The rMIF was dissolved in sterile PBS containing 
0.1% bovine serum albumin (Sigma‑Aldrich; Merck KGaA). 
PP1 was purchased from Sigma‑Aldrich; Merck KGaA. The 

Table I. Baseline characteristics of patients.

Characteristic	 SR	 AF

Patients (n)	 10	 11
Men (n)	 4	 4
Age (years)	 42.8±11.1	 46.9±14.4
LAD (mm)	 48.2±8.4	 50.1±4.4
EF (%)	 65.0±7.3	 62.1±6.3
AVR (n)	 5	 5
MVR (n)	 5	 6
β‑blocker (n)	 1	 2
Digitalis (n)	 1	 6

Left atrial appendages were obtained during open‑heart surgery from 
patients with rheumatic valvular disease with chronic AF (≥6 months) 
or SR. Age, sex distribution, type of valve disease and left ventricular 
function were matched. AF, atrial fibrillation; SR, sinus rhythm; 
LAD, left atrial diameter; EF, ejection fraction; AVR, aortic valve 
replacement; MVR, mitral valve replacement. Age, LAD and EF are 
presented as the mean ± standard deviation.
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kinase inhibitor was dissolved in DMSO (Sigma‑Aldrich; 
Merck KGaA). The concentration of DMSO in the working 
solutions did not exceed 1.0%.

Statistical analysis. All data are expressed as the 
mean ± standard error of the mean. Student's t‑test was used 
as evaluate pairwise statistical significances of differences 
between two group means, and one‑way analysis of variance 
was used for multiple groups with SPSS 21 statistical software 
(IBM Corp, Armonk, NY, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Expression of Col‑1A1, Col‑3A1, MMP‑2/-9, TGF‑β and MIF 
in left atrial homogenates of patients with SR and AF. The 
protein levels of Col‑1A1, Col‑3A1, MMP‑2/-9, TGF‑β and 
MIF were detected in left atrial homogenates from patients 
with AF and SR controls (for patient characteristics; Table I). 
The protein expression levels of Col‑1A1, Col‑3A1, MMP‑2/-9, 
TGF‑β and MIF were normalized to those of GAPDH in each 
sample. With the exception of Col‑1A1, the protein levels 
of Col‑3A1, MMP‑2/9, TGF‑β1 and MIF were significantly 
higher in the left atrial tissues from patients with AF (n=11), 

compared with the SR (n=10) group (Col‑1A1, 0.81±0.12, 
vs. 0.51±0.09, P=0.062; Col‑3A1, 0.88±0.12, vs. 0.32±0.06, 
P=0.001; MMP‑2, 1.06±0.09, vs.  0.73±0.05, P=0.036; 
MMP‑9, 1.06±0.15, vs. 0.57±0.09, P=0.013; TGF‑β, 0.55±0.11, 
vs.  0.30±0.04, P=0.049; MIF, 1.20±0.15, vs.  0.76±0.14, 
P=0.044), as shown in Fig. 1A‑G. These results indicated 
that, as an important proinflammatory cytokines, MIF may be 
involved in the regulation of the atrial fibrosis, which contrib-
utes to the onset of AF.

MIF promotes the proliferation of CFs. The proliferation of 
CFs is important in myocardial fibrosis. The present study 
investigated the proliferation of CFs using CCK‑8 assays, 
and it was found that 24‑h MIF treatment had no effect on 
the proliferation of CFs, whereas cells exhibited rapid growth 
following stimulation for 48 h with 40 nM MIF (Fig. 2A).

Src kinase inhibitor alleviates the promoting effect of MIF 
on CF proliferation. Src, a member of the protein tyrosine 
kinase (PTK) family, has been suggested to be involved in 
cell proliferation. The present study examined whether Src 
kinases were involved in MIF‑induced CF proliferation using 
a specific Src antagonist (PP1). The CFs were pretreated with 
PP1 (5 µM) for 1 h prior to rMIF stimulation. PP1 completely 

Figure 1. Expression of ECM and MIF in left atrial appendages from patients with chronic AF and SR. (A) Representative immunoblots and protein levels of 
ECM (Col‑1A1, Col‑3A1, MMP‑2/-9 and TGF‑β) and MIF in left atrial appendages from patients with AF and SR. GAPDH was used as an internal control. 
Densitometric analysis of protein levels of (B) Col‑3A1, (C) Col‑1A1, (D) MMP‑9, (E) MMP‑2, (F) TGF‑β and (G) MIF in patients with AF and SR controls 
(n=10 in SR group, n=11 in AF group). **P<0.01 and *P<0.05 vs. SR. AF, atrial fibrillation; SR, sinus rhythm; ECM, extracellular matrix; Col‑1A1, collagen 
type 1, α1; Col‑3A1, collagen type 3, α1; MMP‑2/-9, matrix metalloproteinase‑2/-9; TGF‑β, transforming growth factor‑β; MIF, migration inhibitory factor.
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inhibited the MIF‑induced CF proliferation (Fig. 2B). These 
results suggested that MIF induced cell proliferation through 
Src kinase‑dependent mechanisms in CFs.

Effect of rMIF on the expression of Src in CFs. The results 
reported above suggested that the Src kinase signaling pathway 
may be responsible for the proliferation of CFs induced by 
rMIF. To confirm the specificity of the signaling pathways 
involved in the proliferation of CFs induced by rMIF, western 
blot analysis was performed to analyze the levels of Src and 
p‑Src in CFs following treatment with MIF. The CFs were 
treated with 20 or 40 nM of rMIF for 24 h, or 40 nM rMIF 
for 0, 15, 30, 45 and 60 min, and the levels of Src and p‑Src 
were measured. The higher concentration of rMIF (40 nM) 
was found to produce a marked increase in the protein levels 

of Src, compared with those in the unstimulated cells and the 
20 nM rMIF‑treated group of cells, and Src was activated by 
40 nM rMIF at 30 min (Fig. 3A and B).

MIF increases the levels of Col‑1A1, Col‑3A1, MMP‑2/-9 and 
TGF‑β in CFs. To investigate the role of MIF on the secretion 
function of CFs, the present study also examined the effects 
of MIF on collagen deposition, and the expression of MMP 
and profibrotic TGF‑β in CFs. The MIF dose‑response was 
assessed using concentrations of 20 and 40 nM for 24 h, and 
it was found that the expression levels of Col‑1A1, Col‑3A1, 
MMP‑2/-9 and TGF‑β increased significantly in the 40 nM 
rMIF treatment group, but not in 20 nM rMIF treatment group, 
with the exception of MMP‑9 which did increase significantly 
at 20 nM (Fig. 4A‑F).

Figure 3. Expression and activation of Src in CFs following rMIF treatment. (A) Protein levels of Src in CFs following 24 h of rMIF treatment (20 and 40 nM). 
Representative western blot analysis (above) of Src kinase protein in treated cells; β‑actin was used as the internal control. Densitometric analysis (below) 
of Src protein in treated cells and controls. (B) Activation of Src following treatment of cells with 40 nM rMIF for 0, 15, 30, 45 and 60 min. Representative 
western blot analysis (above) of p‑Src protein in treated cells and controls; β‑actin was used as the internal control. Densitometric analysis (below) of p‑Src 
protein in treated cells and controls. *P<0.05 vs. control. Each blot represents one of three or four experiments. CFs, cardiac fibroblasts; rMIF, recombinant 
migration inhibitory factor; p, phosphorylated.

Figure 2. Effect of PP1 on the proliferation of CFs induced by rMIF. (A) Proliferation of CFs 24 or 48 h following rMIF treatment (20 or 40 nM). The Cell 
Counting Kit‑8 assay results demonstrated that rMIF regulated cell proliferation. Cell viability was markedly increased in the 48 h rMIF (40 nM) treatment 
group (P=0.017). (B) Results indicated that the proliferation of CFs induced by rMIF was depressed by PP1, the protein tyrosine kinase inhibitor. Data are 
presented as the mean ± standard deviation of three independent experiments. **P<0.01 and *P<0.05 vs. control cells; #P<0.05 vs. rMIF‑treated cells; &&P<0.01 
vs. PP1‑treated cells. CFs, cardiac fibroblasts; rMIF, recombinant migration inhibitory factor.
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Discussion

The results of the present study demonstrated the following: 
i) Expression levels of collagen, MMP‑2/-9 and TGF‑β were 
significantly increased in the left atrial tissues of patients 
with AF; ii)  long‑term treatment of rMIF promoted the 
proliferation of CFs; iii) PTK inhibitor inhibited the prolif-
eration of CFs and reversed the increase in cell proliferation 
induced by rMIF; and iv) rMIF promoted the secretory func-
tion of CFs.

Atrial fibrosis is an important factor in initiating and 
maintaining AF, which is characterized by marked altera-
tions in Col 1 and Col 3 synthesis/degradation, associated 
with disturbed MMP/tissue inhibitors of MMP systems and 
increased levels of TGF‑β. Previous studies have revealed that 
the ECM changes are more severe in patients with permanent 
AF, compared with those in patients with SR (3,15). In the 
present study, it was also found that, compared with the SR 
controls, the protein levels of Col‑1A1/3A1, MMP‑2/-9 and 
TGF‑β were significantly increased in the left atrial tissues of 
patients with AF.

It has been established in previous years that inflamma-
tion contributes to the atrial fibrosis and structural remodeling 
of AF. In the left atrium of patients with AF, the regions 
infiltrated by immune cells are positively correlated with left 
atrial fibrosis and left atrial dimension (10). In vitro, the direct 
cell‑cell interaction between human monocytes and CFs can 
stimulate TGF‑β‑mediated myofibroblast activity and increase 
the local ECM remodeling (16). Certain inflammatory markers 
are indicators for the degree of left atrial fibrosis. As a novel 
marker of inflammation, high serum levels of YKL‑40 are 
associated with the presence and more extensive left atrial 
fibrosis in patients with lone AF (12). In post‑operative AF in 
rats with sterile pericarditis, anti‑interleukin‑17A monoclonal 
antibody has been shown to alleviate the inflammation and 
fibrosis, prolong refraction and markedly suppress the devel-
opment of AF (17).

MIF, an important pro‑inflammatory cytokine, is known to 
be involved in the inflammatory cardiovascular diseases. MIF 
can cause progress and instability of atherosclerotic plaques, 
increases the expression of intercellular adhesion molecule‑1, 
and markedly induces the expression of MMP‑9  (18,19). 

Figure 4. Expression levels of Col‑1A1, Col‑3A1, MMP‑2/-9 and TGF‑β in CFs following rMIF treatment (20 and 40 nM) for 24 h. (A) Representative 
western blot analysis of ECM protein in treated cells; β‑actin was used as the internal control. Densitometric analysis of protein expression of (B) Col‑1A1, 
(C) Col‑3A1, (D) MMP‑9, (E) MMP‑2 and (F) TGF‑β in treated cells and controls. **P<0.01 and *P<0.05 vs. control. Each blot represents one of four experi-
ments. rMIF, recombinant migration inhibitory factor; Col‑1A1, collagen type 1, α1; Col‑3A1, collagen type 3, α1; MMP‑2/-9, matrix metalloproteinase‑2/-9; 
TGF‑β, transforming growth factor‑β.
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MIF is also involved in the pathological process of myocar-
ditis (20), and in cardiac dysfunction following burn injury and 
sepsis (21). It has also been demonstrated that the increased 
expression of MIF contributes to the development of electrical 
remodeling of atrial myocytes through downregulating the 
protein expression of L‑ and T‑type calcium channels, and 
impairing the channel function (8,13). However, the role of 
MIF in atrial fibrosis, and the proliferation and function of 
CFs remains to be fully elucidated. To investigate whether 
MIF is involved in the pathogenesis of atrial fibrosis, the 
present study detected the protein expression levels of MIF in 
left atrial homogenates from patients with AF or SR controls. 
It was demonstrated that the protein expression of MIF was 
significantly elevated in the atrial tissues from patients with 
AF, which was positively correlated with the increased expres-
sion of ECM. These data implicate MIF in the upregulation of 
ECM in AF.

In addition to excess ECM deposition, fibrosis is associ-
ated with fibroblast proliferation and differentiation into 
collagen‑secreting myofibroblasts. To confirm whether 
MIF regulates the proliferation and function of CFs, and 
to address the possible mechanisms, the effects of rMIF on 
the proliferation and function of CFs were examined in the 
present study. These experiments indicated that treatment 
with human rMIF (40 nM) for 48 h significantly promoted 
the proliferation of CFs.

Src, one of the proto‑oncogenes encoding a membrane‑ 
associated, non‑receptor PTK, has been implicated in the 
regulation of a wide range of cellular functions, including cell 
proliferation, survival and migration (22). The activation of 
Src can result in the promotion of survival and proliferation 
pathways, and even induce malignant tumors (v‑src)  (23). Src 
can be activated by several factors, including high glucose and 
inflammatory factors TNF‑α, IFN‑γ and MIF (8,24‑26). In 
the present study, it was found that the specific Src antagonist, 
PP1, inhibited MIF‑induced CF proliferation. In addition, 
40 nM rMIF was found to produce a marked increase in the 
levels of Src and the activation of Src kinase, compared with 
that in cells of the unstimulated group and 20 nM rMIF treat-
ment group. These results indicated that MIF promoted the 
proliferation of CFs through the Src kinase signaling pathway.

The present study also investigated the effect of MIF on 
the function of CFs, and found that rMIF treatment (40 nM) 
for 24 h stimulated the production of fibrosis‑related factors, 
including Col‑1A1/3A1, MMP‑2/-9 and TGF‑β. Therefore, it 
was hypothesized that MIF, an important regulator of inflam-
mation, stimulates the expression of Src kinase, which in turn 
promotes the proliferation of CFs and the production of factors 
associated with fibrosis, which contributes to the atrial fibrosis 
observed in AF.

There were a number of potential limitations in the present 
study. Firstly, atrial fibroblasts behave differently to ventricular 
fibroblasts in vitro and in vivo, with atrial fibroblasts showing 
more marked fibrotic and oxidative responses than ventricular 
fibroblasts (27,28). In the present study, the cellular experi-
ments were performed with mouse CFs, which included atrial 
and ventricular fibroblasts, whereas the use of atrial fibroblasts 
is likely to be superior in investigations of AF. Secondly, with 
the increase of cell generation, the proportion of myofibroblasts 
increases, particularly for later passages (>7). Therefore, cells 

with a similar proportion of myofibroblasts (passages 3‑6) 
were preferable for use in the present study.
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