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1. Atrial Remodeling

Atrial fibrillation is a common clinical arrhythmia. According to the latest survey, the prevalence of AF world-
wide is 2%, and this figure is still rising [1]. Anxiety, fatigue and other discomfort caused by atrial fibrillation affect
the physical and mental health of patients; The formation of cardiogenic thrombus seriously threatens the life safety
of patients. At present, the pathogenesis of atrial fibrillation is not clear, and atrial remodeling is the pathological
basis for the occurrence and maintenance of atrial fibrillation and plays an important role in many aspects such as
complications, recurrence and prognosis of atrial fibrillation [2-3]. Matrix metalloproteinases (MMPs) are degrada-
tion enzymes related to extracellular matrix remodeling and play an important role in the heart of patients with atri-
al fibrillation. In this paper, the role of MMPs in the pathogenesis of atrial fibrillation was discussed to further cla-
rify the pathogenesis of atrial fibrillation and provide new research ideas for the treatment of atrial fibrillation.

1.1. Introduction to matrix metalloproteinases

Matrix metalloproteinases are a degrading enzyme activatedby Zn**. The MMPs discovered and encoded by hu-
mans are divided into six categories [4]: collagenase, gelatinase, lysozyme, matrix lysin, membrane type (MT) -
MMP and other MMPs that have not been named yet. Among them, MMP-1 in collagenase, MMP-2 and MMP-9 in
gelatinase are closely related to atrial fibrillation. Different types of MMPs have slightly different domain arrange-
ment, but they are roughly composed of five domains: signal peptide, propeptide, catalytic domain, heme binding
protein like C-terminal domain and hinge region connecting the latter two. MMPs are usually derived from fibrob-
lasts, endothelial cells, vascular smooth muscle, macrophages, cytotrophoblasts and other tissues and cells. By dis-
solving and renewing various extracellular matrix (ECM) proteins, MMPs maintain the normal structure and func-
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tion of ECM and tissues. In addition, MMPs play an important role in the regulation of remodeling tissues and in-
tercellular soluble factors, and participate in angiogenesis, apoptosis, immune response and other physiological and
pathological processes.

The endogenous inhibitor of MMPs is named tissue inhibitor of metalloproteinases (TIMPs), and the amino ter-
minus contained in its structure can specifically bind to the catalytic Zn** of MMPs, thereby inhibiting its activity.
In addition, it also assists MT-MMP to activate proMMPs. There are only four kinds of TIMPs, and one TIMP can
inhibit multiple MMPs at the same time. Therefore, it is not easy to regulate a single MMP with TIMPs as a target.
More and more evidences show that TIMPs have diverse biological functions and may also regulate the growth and
apoptosis of cardiac fibroblasts [5]. The ratio of MMP / TIMP is a measure of ECM protein degradation and tissue
remodeling [4].

2. Significance of atrial remodeling in the development of atrial fibrillation.

Atrial remodeling is the pathological basis of the occurrence and maintenance of atrial fibrillation, including
electrical remodeling, structural remodeling and autonomic nerve remodeling. Atrial fibrillation can lead to abnor-
mal function of various ion channel proteins related to electrical conduction, such as K*, Ca?* and gap junction
protein, and then abnormal myocardial electrical conduction, formation of reentrant loops in the atrium, electrical
remodeling finally; Repeated atrial electrical remodeling can lead to abnormal metabolism of myocardial extracel-
lular matrix and the formation of atrial fibrosis, which becomes the structure for the occurrence and maintenance of
atrial fibrillation. At the same time, it may be accompanied by the disordered arrangement and accumulation of
collagen fibers, stimulate the activation of surrounding profibrotic factors, and aggravate atrial fibrillation. As an
adverse factor, the autonomic nervous system participates in the pathogenesis of AF, which is triggered by AF and
further accelerates the progress of AF [1, 2, 6].

3. Relationship between MMPs and myocardial remodeling in atrial fibrillation.
3.1. MMPs and atrial electrical remodeling.

Atrial electrical remodeling is the first factor driving atrial abnormal pacing, which is mainly related to impaired
calcium processing, enhanced inward rectifier potassium current and gap junction abnormalities. It has been found
that MMP-2 can directly affect calcium and potassium channels, inhibit calcium influx and myocardial contraction
[4]. The influx of Ca2 + caused by MMP acting on venous tissue may lead to hyperpolarization and relaxation of
venous tissue [7], which may cause abnormal blood supply and oxygen supply of cardiomyocytes and further affect
the electrical conduction in the atrium. Some studies have shown that MMP-2 can degrade a series of myofilament
proteins related to contractility, resulting in decreased sensitivity of myofilaments to Ca2 +, and subsequent con-
tractile dysfunction [8]. This change in contractile function is irreversible when severe. Gap link is a low resistance
channel of myocardial electrical conduction, which enables electrical signals to reach the whole heart quickly and
synchronously. Cx45 is mainly expressed in the sinoatrial node, and Cx40 and Cx43 are also contained in atrial
cells [9]. Atrial fibrillation causes abnormal expression of gap link protein, hinders electrical conduction, and pro-
motes the formation of reentrant waves and fibrosis in atrial tissue. This further indicates that MMPs play an im-
portant role in the process of myocardial electrical remodeling.

3.2. MMPs and atrial structural remodeling

MMPs participate in the fibrosis and remodeling of atrialtissue, and then affect the occurrence and development
of atrial fibrillation. MMPs are encoded, transcribed and expressed in the extracellular matrix in the heart. When
stimulated, MMPs activate, cleave collagen to rearrange them, or promote myocardial fibrosis to repair myocardial
necrosis. The elevation of MMPs before and after the onset of AF represents the persistence of remodeling of car-
diac extracellular matrix [10]. Jia, M. et al. found that the level of MMP-7 in myocardial cells of dogs with atrial
fibrillation was increased, negatively correlated with left ventricular ejection fraction and positively correlated with
myocardial fibrosis [11]. A study found that compared with the sinus rhythm group, the contents of collagen VI,
MMP-2, MMP-9 and TIMP-1 in the left atrial tissue of the atrial fibrillation group were significantly increased [12].
The newly discovered MMP-28 content in patients with atrial fibrillation is significantly higher than that in sinus
rhythm and is related to the left atrial diameter [13]. However, in the study of inhibiting the activity of MMP in
atrial tissue of dogs with atrial fibrillation, it was found that the susceptibility to atrial fibrillation was weakened
and cardiomyocyte hypertrophy and fibrosis were reduced [14]. TIMP as a natural inhibitor of MMPs, also has sim-
ilar effects. Some studies suggest that the decreased expression of TIMP-2 may be the cause of ECM abnormal de-
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position, structural remodeling and atrial fibrosis [15]. MMPs interfere with the process of atrial remodeling in
many ways and affect the occurrence and maintenance of atrial fibrillation. In recent years, through in-depth re-
search on MMPs, it has been found that MMPs not only have the role of promoting fibrosis, but also play the role
of anti fibrosis. When Foronjy et al implanted MMP-1 in mice with ventricular remodeling caused by hypertension,
the myocardial fibrosis in the mouse model was alleviated, and the specific mechanism is still unclear [16].

3.3. MMPs and autonomic nerve remodeling

Autonomic nerve remodeling intervenes the electrical conduction and structural remodeling of atrial remodeling
through the neural regulatory system, and stimulates the process of atrial remodeling by regulating some cytokines,
thus playing an important role in the occurrence and development of atrial fibrillation. Some studies have shown
that the atrial sympathetic nerve in the canine model of persistent atrial fibrillation is significantly increase [17, 18].
Also, vagal tension can shorten the time of action potential and stabilize the reentry related rotor by affecting ace-
tylcholine dependent potassium current [19]. It can be seen that the tension of the vagus nerve has a positive rela-
tionship with the occurrence of atrial fibrillation. Avoiding the stimulation of the vagus nerve may reduce the onset
of atrial fibrillation. One study found that,  Adrenergic receptor activation can increase the permeability of Ca2 +
channels in diastole, leading to Ca2 + loss, delay depolarization and stimulate ectopic beats, which is similar to
Receptor blockers have the same purpose of controlling ventricular rate. Other trials suggest that inhibition of au-
tonomic nerve signals can improve the effect of pulmonary vein isolation in a specific population with AF, which
provides a new entry point for the prevention and treatment of AF. TIMP-3 is thought to be an upstream mediator of
neuronal apoptosis and may lead to neuronal loss in ALS patients [20]. Coincidentally, it has been found that mul-
tiple MMPs are related to the pathophysiology of various neurons. Their expression and activation may affect the
function of local nerves, may be related to the degradation of extracellular matrix by MMPs, and the inflammatory
reaction caused by MMPs may cause irreversible effects on nerve cells [21, 22, 23]. Therefore, the complex rela-
tionship between MMPs and TIMPs and autonomic nerve reflects the complexity of MMPs participating in the
progression of AF. Therefore, we can also think that we can achieve our goal by regulating one party and control-
ling the change of the other.

4. Relationship between MMPs and related factors of atrial remodeling
4.1. MMPs and inflammatory response

The injury and necrosis of myocardial tissue must be accompanied by local inflammatory reaction, while the
whole process of myocardial remodeling in atrial fibrillation is accompanied by the occurrence of inflammatory
reaction. Some people have even studied the prevention and treatment of atrial fibrillation by inhibiting the in-
flammatory reaction. The inflammatory response will stimulate the body to secrete a large number of MMPs and
other enzymes to phagocytize myocardial necrotic tissue. However, continuous inflammatory stimulation will lead
to excessive MMPs, destroy the stability of ECM [5], and promote atrial remodeling. Many studies have directly or
indirectly shown that MMP-2 and MMP-9 have pro-inflammatory and anti-inflammatory properties; The level of
MMP-9 is also directly related to the activities of C-reactive protein, fibrinogen and IL-6, and is considered as a
novel inflammatory marker of coronary heart disease [24]. TIMP-3 is involved in the pathogenesis of vascular in-
flammation [25]. Even some MMPs are secreted by inflammatory cells and stimulated by inflammatory factors to
accelerate the secretion process [4]. This series of evidence shows that MMPs are closely related to the inflamma-
tory response. They promote each other and participate in the process of fibrosis and remodeling of atrial tissue.

4.2. MMPs and oxidative stress

At present, people have clearly recognized the importance of oxidative stress in the occurrence and development
of atrial fibrillation. Combined with the current research results, it is speculated that the mechanism may be related
to the interference of electrical remodeling, atrial remodeling and fibrosis, and the damage of oxidative stress to
myocardial protein, lipid, DNA, etc. In addition, oxidative stress can stimulate inflammatory response, induce tis-
sue damage and aggravate atrial fibrillation. In the myocardium of atrial fibrillation, it is often found that the oxida-
tive stress products are significantly increased, the mitochondria are damaged and even the expression of redox
genes is dysregulated. It has been found that hypoxia can promote the mRNA expression of MMP-2 and MMP-9
[26], and tissue inhibitors of MMPs favors Collagen accumulation. Oxidative stress produced in vascular endo-
thelial cells leads to increased expression and activity of MMP-9 and so on [27]. In short, oxidative stress can sti-
mulate MMPs and promote the occurrence of atrial fibrillation by participating in the fibrosis of atrial tissue.
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4.3. MMPs and other factors

The transcription, expression and activation of MMPs in vivo are affected by various cytokines such as plate-
let-derived growth factor DD, epidermal growth factor (EGF), tumor necrosis factor [4], which play an important
role in the pathogenesis, maintenance and prognosis of AF. MMPs and its inhibitor TIMPs regulate the activation of
many inflammatory cells, cytokine release, cardiomyocyte proliferation and apoptosis, and participate in the occur-
rence and development of atrial fibrillation.

5. Summary

The pathophysiological mechanisms of AF include electrical remodeling, structural remodeling, autonomic nerve
remodeling, excessive inflammatory environment, metabolic stress, chemokines and paracrine effect of epicardial
adipose tissue [28]. Among them, atrial remodeling is the main pathogenesis and pathological basis of atrial fibril-
lation. Starting with MMPs, this paper analyzes the pathological mechanism related to atrial remodeling layer by
layer in order to further clarify the decisive role of atrial remodeling in the development of atrial fibrillation and the
important role of inflammatory factors, oxidative stress and other factors in this process. Myocardial fibrosis affects
the occurrence, maintenance and recurrence of AF, and atrial structural remodeling is the main reason for the oc-
currence and maintenance of AF [29]. Studies have shown that the pro fibrotic pathway and inflammatory response
are considered to be the most likely factors to induce the recurrence of AF after catheter ablation [30]. At present,
many MMPs have been found to be biomarkers for predicting the risk of AF, recurrence after cardioversion and
prognosis, which still needs long-term and large-scale investigation and research in clinical practice. A clearer un-
derstanding of atrial remodeling can further clarify the pathogenesis of atrial fibrillation and help prevent and treat
atrial fibrillation earlier and more effectively. At present, there are many drugs targeting MMPs under research. At
present, there are many kinds of drugs used to treat atrial fibrillation in the domestic and foreign guidelines for atri-
al fibrillation. In further pharmacological studies, it is also found that there is a subtle relationship between these
drugs and MMPs. In conclusion, the role of matrix metalloproteinases in the pathogenesis of atrial fibrillation can-
not be ignored. However, with the in-depth and detailed study of MMPs, people find that the mechanism of action
is more complex, and this complexity brings new challenges and ideas. Therefore, in the future research, we need to
pay more attention to the meticulous factors such as temperature, environment and stimulation factors to make the
experiment more accurate and effective.

References

[1] Rahman F, Kwan GF, Benjamin EJ. Global epidemiology of atrial fibrillation. Nat Rev Cardiol. 2016 Jul 14;13(8):501.

[2] Heijman J, Algalarrondo V, Voigt N, et al. The value of basic research insights into atrial fibrillation mechanisms as a guide to
therapeutic innovation: a critical analysis. Cardiovasc Res. 2016;109(4):467-479.

[3] Zahid S, Cochet H, Boyle PM, et al. Patient-derived models link re-entrant driver localization in atrial fibrillation to fibrosis
spatial pattern. Cardiovasc Res. 2016;110(3):443-454.

[4] Cui N, Hu M, Khalil RA. Biochemical and Biological Attributes of Matrix Metalloproteinases. Prog Mol Biol Transl Sci.
2017;147:1-73.

[5] Spinale FG, Villarreal F. Targeting matrix metalloproteinases in heart disease: lessons from endogenous inhibitors.Biochem
Pharmacol. 2014;90(1):7-15.

[6] Li G, Yang J, Zhang D, Wang X, Han J, Guo X. Research Progress of Myocardial Fibrosis and Atrial Fibrillation. Front Car-
diovasc Med. 2022;9:889706. Published 2022 Jul 25.

[7] Raffetto JD, Ross RL, Khalil RA. Matrix metalloproteinase 2-induced venous dilation via hyperpolarization and activation of
K+ channels: relevance to varicose vein formation. J Vasc Surg. 2007;45(2):373-380.

[8] Gao L, Zheng YJ, Gu SS, et al. Degradation of cardiac myosin light chain kinase by matrix metalloproteinase-2 contributes to
myocardial contractile dysfunction during ischemia/reperfusion. J Mol Cell Cardiol. 2014;77:102-112.

[9]1 Pellman J, Sheikh F. Atrial fibrillation: mechanisms, therapeutics, and future directions. Compr Physiol. 2015;5(2):649-665.

[10] Wachtell, K., et al. Angiotensin Il receptor blockade reduces new-onset atrial fibrillation and subsequent stroke compared to
atenolol: the Losartan Intervention For End Point Reduction in Hypertension (LIFE) study. Journal of the American College of
Cardiology, 2005. 45(5): p. 712-719.

[11] Jia, M., et al. Role of matrix metalloproteinase-7 and apoptosis-associated gene expression levels in the pathogenesis of atrial
fibrosis in a Beagle dog model. Mol Med Rep, 2017.16(5): p.6967-6973.

[12] Polyakova V, Miyagawa S, Szalay Z, Risteli J, Kostin S. Atrial extracellular matrix remodelling in patients with atrial fibrilla-

DOI: 10.26855/ijcemr.2022.10.005 360 International Journal of Clinical and Experimental Medicine Research



Dan Li, Junru Zhang

[13]
[14]
[15]
[16]
[17]
(18]
[19]

[20]

[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]
[29]

[30]

tion. J Cell Mol Med. 2008; 12(1):189-208.

Zhan, G., et al. Potential roles of circulating matrix metalloproteinase-28 (MMP-28) in patients with atrial fibrillation. Life
Sciences, 2018. 204: p.15-19.

Moe, G. W., et al. Matrix Metalloproteinase Inhibition Attenuates Atrial Remodeling and Vulnerability to Atrial Fibrillation in
a Canine Model of Heart Failure. Journal of Cardiac Failure, 2008. 14(9):p.768-776.

Gai X, Zhang Z, Liang Y, et al. MMP-2 and TIMP-2 gene polymorphisms and susceptibility to atrial fibrillation in Chinese
Han patients with hypertensive heart disease. Clin Chim Acta. 2010; 411(9-10):719-724.

Foronjy, R.F., et al. Transgenic Expression of Matrix Metalloproteinase-1 Inhibits Myocardial Fibrosis and Prevents the Tran-
sition to Heart Failure in a Pressure Overload Mouse Model. Hypertension Research, 2008. 31(4):p.725-735.

Gould PA, Yii M, McLean C, et al. Evidence for increased atrial sympathetic innervation in persistent human atrial fibrillation.
Pacing Clin Electrophysiol. 2006; 29(8):821-829.

Tan AY, Zhou S, Ogawa M, et al. Neural mechanisms of paroxysmal atrial fibrillation and paroxysmal atrial tachycardia in
ambulatory canines. Circulation. 2008; 118(9):916-925.

Kneller J, Zou R, Vigmond EJ, Wang Z, Leon LJ, Nattel S. Cholinergic atrial fibrillation in a computer model of a
two-dimensional sheet of canine atrial cells with realistic ionic properties. Circ Res. 2002;90(9):E73-E87.

Lee JK, Shin JH, Suh J, Choi IS, Ryu KS, Gwag BJ. Tissue inhibitor of metalloproteinases-3 (TIMP-3) expression is increased
during serum deprivation-induced neuronal apoptosis in vitro and in the G93A mouse model of amyotrophic lateral sclerosis: a
potential modulator of Fas-mediated apoptosis. Neurobiol Dis. 2008;30(2):174-185.

Lukaszewicz-Zajac M, Mroczko B, Stowik A. Matrix metalloproteinases (MMPSs) and their tissue inhibitors (TIMPSs) in amyo-
trophic lateral sclerosis (ALS). J Neural Transm (Vienna). 2014; 121(11):1387-1397.

Waldron, Ashley L et al. “Oxidative stress-dependent MMP-13 activity underlies glucose neurotoxicity.” Journal of diabetes
and its complications, vol. 32, 3 (2018): 249-257.

Staff, Nathan P, et al. “Pathogenesis of paclitaxel-induced peripheral neuropathy: A current review of in vitro and in vivo find-
ings using rodent and human model systems.” Experimental neurology, vol. 324 (2020): 113121.

Ferroni, Patrizia et al. “Serum metalloproteinase 9 levels in patients with coronary artery disease: a novel marker of inflamma-
tion.” Journal of investigative medicine: the official publication of the American Federation for Clinical Research vol. 51, 5
(2003): 295-300.

Fiorentino, Loredana, et al. “Loss of TIMP3 underlies diabetic nephropathy via FoxO1/STAT1 interplay.” EMBO molecular
medicine, vol. 5, 3 (2013): 441-55.

Elia C, et al. “Alcohol modulation of cardiac matrix metalloproteinases (MMPSs) and tissue inhibitors of MMPs favors collagen
accumulation.” Alcoholism, clinical and experimental research, vol. 38, 2 (2014): 448-56. doi:10.1111/acer.12239.

Uemura, S, et al. “Diabetes mellitus enhances vascular matrix metalloproteinase activity: role of oxidative stress.” Circulation
research, vol. 88, 12 (2001): 1291-8.

Papathanasiou, Konstantinos A, et al. “Molecular Insights in Atrial Fibrillation Pathogenesis and Therapeutics: A Narrative
Review.” Diagnostics (Basel, Switzerland) vol. 11, 9 1584. 31 Aug. 2021.

Polyakova, V., et al. Atrial extracellular matrix remodelling in patients with atrial fibrillation. Journal of cellular and molecular
medicine, 2008. 12(1): p. 189-208.

Kornej, J., et al. Addition of TGF-f1 to existing clinical risk scores does not improve prediction for arrhythmia recurrences
after catheter ablation of atrial fibrillation. International Journal of Cardiology, 2016. 221: p. 52-54.

DOI: 10.26855/ijcemr.2022.10.005 361 International Journal of Clinical and Experimental Medicine Research



