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Highlights
What are the main findings?

e Cardiac oxidative stress and inflammation are suspected to trigger arrhythmias after
cardiac surgery.

e  Unresolved inflammation leads to the development of atrial fibrosis, an irreversible
substrate for AF.

What are the implications of the main findings?

e  Resorption of atrial fibrosis might help prevent and cure POAF.
e New anti-inflammatory and antifibrosis strategies have emerged as potential therapies
against POAF.

Abstract: Atrial fibrillation (AF) is the most common cardiac arrhythmia. AF can lead to
severe complications, including stroke, myocardial infarction, and sudden death. AF risk
factors include pathological aging and conditions such as obesity, diabetes, and hyper-
tension. Clinical data revealed that cardiothoracic and non-cardiothoracic surgeries are
also important risk factors for AF. Post-operative AF (POAF) is associated with important
public health costs caused by increased hospitalization, frequent emergency room visits,
and enhanced healthcare utilization, which altogether lead to a low quality of life for the
patients. Hence, POAF is a major clinical challenge, and there is an urgent need for the
development of novel therapeutic strategies. Interestingly, evidence from clinical and
fundamental research converges to identify cardiac oxidative stress and atrial inflammation
as the common denominators of all AF risk factors. Unresolved inflammation is suspected
to provoke cardiac fibrosis, which is an important contributor to cardiac arrhythmias and
AF. Antioxidant, anti-inflammatory, and pro-resolution strategies may help to combat
post-operative cardiac remodeling and POAF. This article aims to review the current sci-
entific evidence supporting the role of inflammation in the pathogenesis of POAF and
explore potential novel therapeutic strategies to prevent and mitigate inflammation in the
management of AF.
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1. Introduction

Atrial fibrillation (AF) stands as the most prevalent form of cardiac arrhythmia [1].
AF is characterized by irregular electrical activity occurring in the heart’s upper chambers,
the atria [2]. AF can lead to the formation of blood clots, stroke, heart failure, and sudden
death [3]. The management of AF varies based on multiple factors, such as age, symptom
severity, frequency of symptoms, and the presence of comorbidities [4]. The main goals
in treating AF include heart rate regulation, prompt restoration of normal heart rhythm,
and the mitigation of stroke risk [5]. Pharmaceutical approaches are essential in AF man-
agement, as they also contribute to managing heart rate, reinstating normal heart rhythm,
and averting blood clot formation [6]. Examples of these medications encompass beta-
blockers, calcium (Ca%*) channel blockers, and anti-coagulation drugs [4-8]. Furthermore,
electrophysiological radiofrequency catheter ablation (RFCA) stands out as a catheter-based
procedure that does not require surgery and is designed to isolate and potentially eradicate
abnormal electrical foci accountable for AF [9].

Ageing is the main AF risk factor, as 70% of AF patients are 65 and older [10]. AF
risk factors also include obesity, diabetes, hypertension, pulmonary hypertension, and
cardiomyopathy [11-13]. It is well established that a particular group of AF patients are
subjected to post-operative AF (POAF) [14]. Cardio-thoracic interventions are considered as
important risk factor for POAF with an incidence of 20—-40% [15,16]. POAF is common after
both cardiothoracic and non-cardiothoracic surgeries [16,17]. The incidence of AF following
non-cardiac surgeries ranges from 3% to 30%, with a notably higher occurrence following
thoracic procedures [18]. POAF is a common complication after valve surgery, with inci-
dence rates varying between 37% and 50% [19]. Specifically, patients undergoing aortic
valve replacement in conjunction with coronary artery bypass grafting (CABG) exhibit a
49% incidence of POAF [20]. Conversely, the occurrence of new-onset AF is lower following
trans-catheter aortic valve replacement (TAVR), with an incidence of 9.9%, and similarly
lower following post-transplantation, with an incidence of approximately 10.1% [21,22].

Inflammation has been proposed as a potential mechanism underlying the devel-
opment of the arrhythmogenic substrate to AF [23], particularly in the context of POAF
following cardiac surgery, where the timing of AF onset coincides with the peak activation
of the inflammatory response [24]. Moreover, RECA for atrial arrhythmias has been linked
to elevated levels of inflammatory markers, such as C-reactive protein (CRP), indicative
of inflammation and myocardial injury, which may contribute to an increased risk of
early thrombotic events following AF ablation [25]. Although the pathophysiology of
POAF is complex, evidence suggests that POAF patients are characterized by a specific
inflammatory profile marked by the overexpression of circulating cytokines, including
interleukin-(IL)-6 [26].

The mechanisms underlying the pathophysiology of AF remain incompletely eluci-
dated. Hence, the management of POAF is complex. New-onset POAF that reverts to sinus
rhythm prior to hospitalization discharge following cardiac surgery necessitates intensive
monitoring, as these patients are at high risk for POAF recurrence and stroke [15].

This narrative review discusses the evidence of pro-inflammatory and pro-fibrosis
signals in POAF and the relevance of anti-inflammatory approaches in managing this con-
dition. In addition, we speculate on the impact of pro-resolution strategies, recognizing the
growing evidence on the role of specialized pro-resolution mediators (SPMs) in promoting
the termination of chronic inflammation and potentially preventing cardiac fibrosis [27,28].

2. Incidence of Postoperative Arrhythmias After Cardiac Surgeries

The emergence of AF as a postoperative complication following surgical interventions
prompts an investigation into the complex relationships between these procedures and the
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development of AF. While the mechanistic underpinnings of this link remain intricate, this
part of the review seeks to delve into the nuanced relationship between surgical procedures
and the occurrence of AF, focusing on high-impact cardiac surgeries, thoracic interventions,
and congenital cardiac procedures.

AF frequently occurs following noncardiac thoracic surgeries such as lobectomy,
pneumonectomy, and esophagectomy [29]. It manifests in approximately 10% to 20% of
cases [30]. Numerous studies have highlighted the well-documented association between
cardiac surgeries and AF.

Noteworthy research by Helgadottir et al. [31] and Mathew et al. [32] explores mecha-
nistic pathways and potential risk factors contributing to the heightened incidence of AF
following cardiac surgeries, including CABG. The incidence of AF following isolated CABG
ranges from 20 to 30%, while isolated valve surgeries have a higher incidence, around
35 to 40%. Both combined have a higher incidence of POAF, which has been reported in
various studies from 35% to greater than 60% [33,34]. Kohno et al. demonstrated that AF
recurrence was increased within six months following a first-time isolated aortic valve
replacement [35]. Furthermore, chronic inflammation has been associated with persistent
AF after mitral valve surgery [36]. Clinical studies have shown that patients undergoing
surgical aortic replacement (SAVR) or TAVR to treat severe aortic stenosis are vulnerable to
POAF [37,38]. A meta-analysis evaluated the risk of POAF after SAVR compared to TAVR
in patients from seven randomized clinical studies, including PARTNER1/2/3 [39-41],
CoreValve [42], SURTAVI [43], Notion [44], and Evolut [45]. It has also been shown that
patients receiving SAVR (3935 subjects) were significantly more susceptible to POAF (33.3%)
than those undergoing TAVR (9.7%; 3999 patients) [45,46].

Atrial arrhythmias pose the most common complication for adults diagnosed with
congenital heart disease (CHD), often leading to heightened morbidity rates and frequent
hospital admissions [47]. While intra-atrial reentrant tachycardias (IART) are typically
the predominant type of arrhythmia observed initially, the incidence of AF rises with
advancing age, surpassing IART rates among individuals aged 50 and older [48]. Notably,
AF tends to manifest at an earlier age in CHD patients, presenting a significantly elevated
risk compared to their counterparts without CHD [49].

Patients undergoing myocardial revascularization surgery (MRS) experience a reduced
occurrence of postoperative AF, typically ranging from 30% to 40%, in contrast to those
undergoing valve surgery, where the incidence is around 60% [50]. The utilization of
extracorporeal circulation (ECC) is also linked to a higher likelihood of AF, although some
studies suggest that there is no significant difference in incidence between cases where
ECC is used and cases where it is not [50].

In the management of end-stage heart failure, heart transplantation (HTx) remains the
gold standard treatment [51]. Cardiac arrhythmias are among the major early complications
observed among HTx patients [52,53]. In a study involving 639 HTx patients, it was shown
that 2.3% had no history of AF before HTx but developed AF after HTx. In addition, 34.3%
HTx patients had AF before the cardiac transplantation and did not develop POAF after
HTx. Interestingly, 11.4% of these HTx patients had AF before and after HTx [54].

These data suggest that although new-onset AF is non-negligible after HTx, pre-
existing substrate and vulnerability to AF are important contributors of POAF post-HTx.
(Table 1).
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Table 1. Summary of studies analyzing arrhythmia incidence after cardiac surgery.

Reference Surgery Study Outcome Risk AF
Type Sample Studied Group Incident Rate
Mitral Vélze Aged subjects, AF persisted in 85%
Jessurun et al. surge?;wﬁ ot 162 Long-term right ventricular of patients with
(2000) [36] co‘r/lvclorr?il’iant patients arrhythmia pressure, tricuspid preoperative
tricuspid surgery valve repair persistent AF
Advanced age, history
of AF, COPD, valve
surgery, postoperative
Mathew et al. CABG 1503 Ne;’:;?a?set withdrawal of a 32 39
(2004) [32] patients fibrillation beta-blocker/ACE ’
inhibitors/potassium
supplementa-
tion/NSAIDs
Lung cancer Aged, male, increasing
Onaitis et al. survery— 13,906 POAF extent of operation, 12.6%
(2010) [30] lobegcto}r]n patients non-black race, stage 2 ’
Y or greater tumors
Aged, female, lower
ejection fraction,
Helgadottir etal. ~CABG, OPCAB, 744 POAF higher EuroSCORE, 449
(2012) [31] AVR patients less likely with history
of smoking, more
likely to have CHF.
Advanced age
Kohno et al. First-time 157 New-onset (>7k()) years) fa nd 36.99%
(2017) [35] isolated AVR patients AF avsence o a o
postoperative
B-blocker
21.99 times higher in
21p9e18ti2e§’f_IS,D CHD .patients VS. ctr;
Mandalenakis Operative repair 219816 AF Patients with atrial dsofegﬁai&%ricgﬁ%
etal. (2018) [49]  in CHD patients matched septal defect .
control pat-1 ents h.ad
subjects 3.56 times higher
risk of AF
.. Lower risk of POAF
élg;‘(‘)‘) e[ig% TAVR p:fizi s POAF after TAVR compared 9.7%
to SAVR
Altaii et al. 3935 Symptomatic severe o
(2020) [46] SAVR patients POAF aortic stenosis 33.3%
2.3%—No AF before
Advanced donor age but had AF after HTx
Darche et al. HTx 639 AF before and extended 34.3%—AF before
(2021) [54] subjects and after HTx ischemic duration and not after HTx
11.4%—Had AF
before and after HTx

Abbreviations from Table 1. ACE: angiotensin-converting enzyme; AF: atrial fibrillation; AVR: aortic valve
replacement; CABG: coronary artery bypass grafting; CHD: congenital heart disease. CHF: chronic heart failure;
COPD: chronic obstructive pulmonary disease; CTR: control; HTx: heart transplantation; NSAIDs: nonsteroidal
anti-inflammatory drugs; OPCAB: off-pump coronary artery bypass grafting; POAF: postoperative atrial fibrilla-
tion; TAVR: transcatheter aortic valve replacement; SAVR: surgical aortic valve replacement.
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3. Paradox of Catheter Ablation in the Management of POAF

Ectopic foci linked to the onset of AF are often identified near the pulmonary vein
ostia within the left atrium (LA) [55]. Precise localization of such sites of archaic electrical
automaticity enables targeted and optimizing ablation interventions [56]. Radiofrequency
catheter ablation (RFCA) is based on pulmonary vein (PV) isolation (PVI) and involves
cauterizing the atrial myocardium around the PV to electrically isolate them and re-establish
the normal propagation of the electrical influx in the atria [57]. Ultimately, RFCA is
a crucial strategy for rhythm control in the treatment of paroxysmal AF that does not
respond to medication [56,57]. RFCA is among the most frequently performed cardiac
ablation procedures globally [58]. Ablation therapy is considered for patients with refractory
AF who remain symptomatic or those who are unable to tolerate drug therapy. This
consideration is especially applicable to younger individuals without structural heart
disease, as well as those aged 65 and older [10]. Catheter ablation is a beneficial treatment
for individuals experiencing symptomatic AF, aiming to enhance their quality of life and
minimize morbidity. Nonetheless, the sustained success of AF catheter ablation over the
long term is not yet optimal, as AF recurrence rates have been reported to be between 20%
and 50% at one year [59].

With significant advancements in ablation technologies, a randomized, single-blinded
trial comparing radiofrequency ablation and cryoballoon ablation demonstrated a reduction
in AF burden of greater than 98% [60]. However, the rate of first recurrence of AF remained
substantial, with a one-year efficacy rate of 53% [60]. The first 3 months following ablation
are critical. Approximately 25% of patients seek emergency care, with 10% requiring
hospitalization within 30 days after AF ablation [61,62].

The underlying mechanisms of early transient AF following ablation remain unclear.
Possible explanations include a temporary stimulating effect of radiofrequency (RF) energy
due to the inflammatory response post thermal injury and/or pericarditis; a transient
disruption in the autonomic nervous system balance, potentially serving as an arrhythmia
trigger; and a delayed impact of RECA, possibly due to the growth or maturation of ablation
lesions in the days following the procedure [63]. Another possible explanation for these
early recurrences of AF is that they may be associated with post-RFCA inflammation,
edema, and the healing process [64]. Early recurrence of atrial arrhythmia within the
initial month post-ablation is likely influenced by transient factors such as inflammation,
temporary autonomic imbalances, and the time required for lesion formation. Conversely,
recurrence occurring after the first month is more likely indicative of ablation failure and
pulmonary vein reconnection [65,66].

Hence, while ablation is an effective technique for addressing AF, and while it might
be an option to treat POAF, it is still associated with a recurrence of AF in some cases. There
is a risk that the procedure may not permanently eliminate AF, and the condition may recur
shortly after the procedure or several months later.

4. Electrophysiological Mechanisms of POAF

The understanding of the electrophysiological mechanisms underlying the develop-
ment of POAF is complex and remains incompletely elucidated. However, the knowledge
is constantly progressing. Clinical and preclinical studies have helped to identify some of
the major contributing factors that may provoke the development of the arrhythmogenic
substrate for POAF.

In POAF, it has been suggested that the substrate for AF is developed due to (i) alter-
ations of the atria induced by the surgery (myocardial insult) and (ii) preexisting cardiac
abnormalities (pathological aging, arrhythmogenic cardiac condition), which are both
responsible for increased vulnerability to AF post-surgery [67].
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Among preexisting cardiac abnormalities predisposing to POAF, evidence has sug-
gested that genetic factors play a major role [68]. Genetic factors contribute to the risk of
POAF, with various variants influencing the development of the arrhythmogenic substrate
after surgery [69]. In a genome-wide association study (GWAS) utilizing data from the
UK Biobank, two variants, rs17042171 and rs17042081, located near the PITX2 gene, were
significantly associated with POAF [69]. The study analyzed 144,196 surgical samples
from patients who had undergone various surgical procedures [69]. The -174G/C variant
in the promoter region of the interleukin-6 (IL-6) gene has been identified as implicated
in the modulation of the inflammatory response to surgery, potentially influencing the
development of POAF [70]. In a smaller cohort, the R87Q and P307S polymorphisms in
the hKv1.5 gene were identified as potential contributors to POAF [71]. The G protein-
coupled receptor kinase 5 (GRK5) gene was significantly associated with POAF in patients
undergoing CABG, irrespective of perioperative 3-blocker treatment [72]. Additionally,
genetic polymorphisms in the intronic region of the lymphocyte antigen 96 (LY96) gene
were linked to a decreased risk of POAF in patients undergoing CABG surgery [73].

Surgeries, including cardiac, thoracic, and non-cardiac surgeries, are often associated
with cardiac alteration, including atrial stretching [17]. Atrial dilation affects the cardiomy-
ocytes’ (CMs) structure and function by decreasing the expression and increasing the
lateralization of gap junctions, including connexins (Cx) 40 and 43 [74]. Altered Cx40 and
Cx43 are associated with slowed atrial conduction and increased vulnerability to AF [75].
Studies have shown that low magnesium levels after cardiac surgery are an indication
for the onset of POAF [76]. Such hypomagnesemia is often observed in hospitalized pa-
tients who have received surgery [77]. In addition, it has been reported that patients with
serum potassium (K+) concentrations below 4.5 mmol/L are 1.43 times more likely to
develop POAF [78]. These data suggest that electrolyte disturbance during surgery might
increase the risk of POAF. In this context, ion channel malfunction has been described as
a major substrate for POAF [67,79]. Channelopathies involving inward K*-channels and
decreased Na*-currents were described as potential contributors to POAF [75,80]. During
cardiac surgery, alteration of CMs can be associated with decreased SERCA2a activity,
perturbed calcium (Ca?*)-handling machinery, and malfunctional L-type Ca?*-channels,
a phenomenon which has been described as highly arrhythmogenic in POAF [75,79,80].
Altered ion channels and gap-junction uncoupling provoke atrial conduction slowing,
prolong effective refractory period (ERP), and prolong action potential duration (APD) [74].

In addition, evidence has suggested that hyperactivity of the sympathetic nerve system
after surgery is an important contributor to POAF [81]. Altogether, these atrial electrical
conduction abnormalities contribute to re-entry, automaticity, and increased vulnerability
for the development and maintenance of POAF [67] (Figure 1).



Antioxidants 2025, 14,414

7 of 28

Cardiac Surgery
Cardiopulmonary  Organ reperfusion Surgical
bypass injury trauma

Oxidative stress Apoptosis
Endothelial hypoxia Cardiomyocyte death
ROS production Dysfunctional gap-junctions
Mitochondrial dysfunction DAMP signals

v v

Atrial Inflammation
v

Chemotaxis

Leukocytes, Neutrophils recruitment
Proinflammatory macrophage polarization
NLRP3 inflammasome assembly and activity
Proinflammatory cytokines and interleukines (CRP, IL-6, IL-18)

Y

Atrial Fibrosis

v v v

Electrical Fibroblast Myocardial
remodeling reactivity remodeling
Re-entry circuits FBs proliferation Collagen deposit
Weak Ca?*-handling Fibrosis markers ECM proteins
Slowed conduction TGFp, aSMA Low voltage zone

y v v

Post-Operative Atrial Fibrillation

Figure 1. Pathophysiological cascade from cardiac surgery to POAF. During and after a cardiac
intervention, the heart undergoes myocardial insults, which result in an immediate development of
oxidative stress. Cardiac cells, including cardiomyocytes, will be affected by apoptosis, leading to the
formation and circulation of damage-associated molecular pattern (DAMP) signals. Oxidative stress-
induced cardiac hypoxia and the production of DAMP signals are major initiators of inflammation.
Cardiac inflammation is characterized by the secretion of pro-inflammatory cytokines, interleukins,
and cells in the myocardial environment. If unresolved, inflammation can become chronic, leading
to the development of cardiac fibrosis and loss of function. In the atria, cardiac fibrosis leads to
perturbation of the conduction, abnormal rhythm, re-entrant circuits, and refractoriness. Altogether,
these events constitute a fertile arrhythmogenic substrate associated with an increased risk of AF.
Abbreviations from Figure 1. «a-SMA: alpha-smooth muscle actin; Ca?*: calcium; CRP: C-reactive
protein; DAMP: damage-associated molecular pattern; ECM: extracellular matrix; FBs: fibroblasts;
IL1p3: interleukin 1§3; IL6: interleukin 6; ROS: reactive oxygen species; NLRP3: NOD-like receptor
family, pyrin domain containing 3; TGF3: transforming growth factor beta.
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5. Impact of Inflammation in POAF Pathophysiology

Inflammation is a biological response triggered by cardiac injury or infection. It aims to
repair the damaged tissue and restore normal physiological functions [82]. If left unresolved,
inflammation can trigger excessive production of cytokines and reactive oxygen species,
potentially resulting in various disease states, including AF [83]. Inflammatory processes
contribute to mechanisms like fibrosis, cellular apoptosis, and hypertrophy, which increase
the susceptibility to AF when they occur within the atria [28]. Furthermore, reduced blood
flow promotes microinjury or dysfunction of the endothelium in the atrial endocardium,
facilitating the migration of immune cells into the atrial tissue [84].

In the pathogenesis of AF, it is hypothesized that both inflammation and the remod-
eling of the left atrium contribute significantly [85]. Indeed, atrial structural remodeling
is a fundamental and important aspect in the development and progression of AF, with
fibrosis in the left atrium being a key contributor to the manifestation of the condition [86].
Atrial fibrosis develops when there is an accumulation of collagen into the atrial extracellu-
lar matrix (ECM), leading to impaired atrial contraction [87]. In other words, perturbed
atrial contractility results from an imbalance between fibrosis deposits and breakdown of
the ECM components within the cardiac tissue [87]. Studies indicate a direct correlation
between the degree of fibrosis and the persistence of AF [88].

Patients with lone AF, occurring in otherwise healthy adults without underlying heart
disease, have been observed to exhibit higher levels of collagen deposition compared to
individuals with sinus rhythm [89]. This increased collagen deposition is also observed in
patients with AF secondary to mitral valve disease, as opposed to those in sinus rhythm [90].
The inflammatory response triggered by cardiac surgery predominantly arises from the
trauma inflicted during the operation, which includes the surgical procedure itself, the use
of cardiopulmonary bypass (CPB), and the injury caused by organ reperfusion [91]. Patients
undergoing these open-heart surgeries often also have pre-existing chronic inflammatory
conditions, including atherosclerosis, myocardial infarction, and AF [92] (Figures 1 and 2).

Surgical trauma leads to oxidative stress and the production of proinflammatory
molecules and reactive oxygen species generation [93]. Various studies have revealed a
correlation between systemic inflammation, oxidative stress, and the onset of POAF [94]. In
POAF, there is a growing body of evidence suggesting that acute inflammation related to
surgery plays a significant role in the development of pathogenesis [95]. Furthermore, pa-
tients with elevated postoperative leukocyte counts are notably more prone to developing
POAF [96,97], and patients developing POAF tend to have a greater degree of monocyte ac-
tivation [98]. Additionally, the heightened pre- and post-operative neutrophil /lymphocyte
ratio in patients undergoing CABG may also be linked to a higher occurrence of POAF [99].

Previous studies using animal models have shown that activated neutrophils, upon
adhering to cardiac myocytes, can induce alterations in myocyte electrical activity, which
may contribute to arrhythmogenesis [100,101]. Another proinflammatory component of
interest that has been shown to play an essential role in the development of AF is the
NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome [102]. The
activity of the NLRP3 inflammasome has been observed to increase in the atria of patients
with both paroxysmal and long-standing persistent AF [102] (Figure 1).
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Inflammation Fibrosis

Predisposing factors Long-term
and comorbidities fibrosis status
(genetic mutations, y (Low Voltage Zones
aging, obesity) Cardiac loss of function)
"y Oy
Chronic inflammation | Conduction slowing
(Systemic and cardiac _J) (Connexins lateralization
inflammatory status) Re-entrant circuits)
Surgery-induced Surgery-induced
Atrial stress Atrial insult
(Oxidative stress, (Acute ischemia and
DAMPs signals) myocardial scarring)

g [ T
Acute inflammation |Pro-fibrosis processes
(Activation of pro- _ (FBs and CMs death

inflammatory signals)  and collagen deposits)

POAF

Delayed / Chronic Peri- & post-surgery-

inflammatory signals induced fibrosis
(Chronic response to 0 (Repair and replacement
peri-operative insults) fibrous areas)

. g . J
Inflammatory Status Atrial Malfunction
(atrial accumulation of _) (Impaired contractility,

pro-inflammatory Automaticity,
cells and cytokines) Vulnerability to AF)

‘ Post-operative Peri-operative Pre-operative

Figure 2. Proposed chronological implication of inflammation and fibrosis in POAF. Inflammation
and fibrosis are suspected to play an important role in the development of POAF. Predisposing factors,
peri-operative myocardial stress, or/and post-operative myocardial remodeling might be accompa-
nied by the activation and maintenance of pro-inflammatory and pro-fibrosis signals, which partic-
ipate in the development of arrhythmogenesis and POAF. Abbreviations from Figure 2. AF: atrial
fibrillation; CMs: cardiomyocytes; DAMPs: damage-associated molecular patterns; FBs: fibroblasts;
POATF: postoperative atrial fibrillation.
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6. Classical Anti-Arrhythmogenic Approaches in POAF Management

The clinical management of POAF is complex because it requires a rigorous approach
to treat AF in the context of the specific surgery received by the patient [103]. The hemody-
namic status is crucial to adopting the appropriate treatment for POAF [104]. In patients
with hemodynamic instability, rhythm control strategies aiming for prompt restoration
of sinus rhythm and cardioversion are required [105]. In patients with hemodynamic
stability, rate and rhythm control are solicited [105]. Medications such as atrioventricular
nodal blockers (calcium channel blockers, beta-blockers, digoxin) can be used to promote
rate control [106].

In the context of POAF, the use of beta-blockers and calcium channel blockers must be
administrated cautiously [107]. Catheter ablation is commonly used to promote rhythm
control in AF, but this approach is complex in patients with POAF because catheter-based
procedures and surgical interventions are often contraindicated due to prohibitive risk of
complications [108].

According to guidelines from the American College of Cardiology/American Heart
Association/Heart Rhythm Society and the European Society of Cardiology (ESC), the
use of long-term oral anticoagulation is convenient after POAF complicating non-cardiac
surgery (Class of Recommendation Ila, Level of Evidence B) and cardiac surgery (Class of
Recommendation Ilb, Level of Evidence B), given informed patient preferences [109,110].

7. Potential of Antioxidant, Anti-Inflammatory, and Pro-Resolution
Strategies in POAF Management

The presence of a pro-inflammatory and pro-fibrosis environment before, during, or
after cardiac surgery or ablation is believed to play a role in the emergence of POAF or early
recurrence of AF post-ablation [111,112] (Figure 2). Consequently, numerous researchers
have investigated the effectiveness of anti-inflammatory agents in averting POAF induced
by inflammation [111,113]. Therefore, anti-inflammatory drugs may reduce the rate of
AF incidence in post-surgery conditions [114]. Although mounting evidence suggests
that inflammation plays a central role in the arrhythmogenesis of POAF [115,116], more
investigations are required to consolidate the understanding of the beneficial mechanisms
and effects of anti-inflammatory treatments. In this context, in June 2023, colchicine was
the first anti-inflammatory medication approved by the US Food and Drug Administration
(FDA) for the prevention of cardiac and cardiovascular events in adult patients with
atherosclerotic cardiovascular disease (ASCVD) [117].

7.1. Colchicine

Recent years have witnessed a growing body of evidence highlighting the significant
role of inflammation in the development of cardiovascular conditions. Colchicine, known
for its potent anti-inflammatory properties, acts by inhibiting microtubule growth at low
doses and supporting microtubule depolymerization at higher doses [118]. This disruption
of microtubule proteins by colchicine inhibits the activity of the NLRP3 inflammasome,
leading to a decrease in the secretion of pro-inflammatory cytokines and the formation
of neutrophil extracellular traps (NETs) [119]. Consequently, colchicine has emerged as a
promising therapeutic option for managing cardiovascular diseases [120]. It is approved
for treating and preventing acute gout, as well as other inflammatory conditions like peri-
carditis [121]. Postsurgical inflammation, characterized by elevated levels of inflammatory
biomarkers like C-reactive protein (CRP) and interleukin-6 (IL-6), is among the numer-
ous potential contributors to POAF [122]. In recent studies, colchicine has demonstrated
efficacy in lowering the incidence of POAF and early recurrence of AF following PVI.
Additionally, it has been observed to decrease the levels of proinflammatory biomarkers
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such as CRP and IL-6 [123,124]. Administering colchicine at a dosage of 0.5 mg twice
daily for a period of 90 days resulted in a reduction of both early and late recurrence of
AF following catheter radiofrequency ablation [100,124]. Studies have also shown that
initiating colchicine therapy perioperatively may lower the occurrence of postoperative
AF [125]. In June 2023, low-dose colchicine 0.5 mg, with the branded name LODOCO,
was approved by the FDA as the first anti-inflammatory atheroprotective cardiovascular
treatment [126,127]. FDA approval of low-dose colchicine treatment aims to reduce the risk
of MI, stroke, coronary revascularization, and cardiovascular death in adult patients with
ASCVD or with multiple risk factors for CVD [117]. However, although the knowledge is
constantly advancing about the mechanisms through which colchicine exerts its beneficial
anti-inflammatory effects against cardiovascular diseases, the elucidation of the precise
underlying biological processes involved in its potential role against POAF remains a
high-interest area of investigation [115,116].

7.2. Immunosuppressant Agents

IL-6 plays a critical role in cardiovascular diseases, including AF [128,129]. Observa-
tional studies have reported a positive correlation between IL-6 levels and the incidence of
AF [128,129]. In a recent study, Li et al. showed that the selective blockade of IL-6 trans-
signaling by sgp130Fc on transverse aortic constriction (TAC)-challenged mice prevented
AF inducibility [130]. The study demonstrated that the prevention of AF resulted from the
improvement in slow conduction and conduction heterogeneity, which were induced by
structural changes in the atria, including dilation and fibrosis, in addition to the reduction
in connexin 40 along with the redistributed connexin 43 [130]. The implication of IL-6 in the
new onset of AF amid COVID-19 raises interest in exploring IL-6 receptor antagonists, like
tocilizumab, as potential preventive measures [131]. Notably, a meta-analysis conducted
by the World Health Organization Rapid Evidence Appraisal for COVID Therapies (RE-
ACT) Working Group revealed that IL-6 receptor antagonists reduce all-cause mortality in
COVID-19 patients compared to standard care or placebo [132]. Although this analysis did
not directly demonstrate the preventive efficacy of IL-6 receptor antagonists against AF, the
observed mortality benefits may indirectly suggest a potential link to AF prevention [132].
Since AF is a recognized risk factor for mortality in COVID-19 patients, preventing its
occurrence could improve survival rates [131]. Additionally, a multicenter cohort study
found a lower incidence of AF in COVID-19 patients treated with tocilizumab compared
to those who did not receive the treatment. This implies that tocilizumab administration
might reduce atrial fibrillation risk, potentially contributing to the observed mortality
benefits [133]. A study by Yao et al. investigated the causal link between the NLRP3 in-
flammasome and AF [102]. This study demonstrated that increased activity of the NLRP3
inflammasome in atrial cardiomyocytes activates caspase-1 (Caspl), which subsequently
stimulates the conversion of pro-inflammatory cytokines, such as pro-IL-1f3 and pro-IL-18,
into their biologically active forms, thereby promoting AF. This development of AF was
attenuated by genetic inhibition of NLRP3 [102]. Studies have demonstrated that resolvin
D1 (RvD1) reduces the co-localization of NLRP3 with its subunits [134]. Additionally, RvD1
inhibits Casp-1 activation and IL-1$ production [134,135].

7.3. Non-Steroid Anti-Inflammatory Drugs (NSAIDs)

Non-selective nonsteroidal anti-inflammatory drugs (NSAIDs), which inhibit both
cyclooxygenase (COX)-1 and COX-2 as well as selective COX-2 inhibitors, are commonly
prescribed to reduce inflammation and fever and alleviate pain [136]. These drugs primarily
exert their effects by inhibiting COX enzymes, which are involved in the production of
pro-inflammatory mediators [137]. NSAIDs have been demonstrated to be effective for
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pain management in CABG patients. Notably, patients treated with diclofenac required
less morphine compared to the control group [138]. Administering NSAIDs during the
early postoperative period following CABG surgery has been shown to be relatively safe
and effective in reducing the occurrence of AF. Additionally, these medications may have
a beneficial impact on shortening the length of hospital stay for these patients [139]. A
network meta-analysis encompassing 85 trials that evaluated the occurrence of new-onset
POAF suggested that the use of NSAIDs and statins may reduce the risk of POAF when
compared to a placebo [140]. However, contrasting findings suggest that NSAID use may
also increase the risk of AF. A population-based case-control study utilizing a prescrip-
tion database demonstrated that the use of non-aspirin NSAIDs was associated with a
heightened risk of developing AF or atrial flutter [141]. Additionally, a mean follow-up of
12.9 years from the Rotterdam Study, which evaluated NSAID use in elderly individuals,
found that both current and recent use of NSAIDs were linked to a higher risk of AF
compared to individuals who had never used these medications [142]. In a study using
the United Kingdom primary care database, it was concluded that both steroidal anti-
inflammatory drugs (SAIDs) and NSAIDs were associated with persistent and permanent
AF. As these medications are commonly prescribed for inflammatory conditions, this asso-
ciation suggests that chronic inflammation may be a contributing factor in the development
of AF [143]. To avoid the bias that the condition treated by NSAIDs could be a risk factor
for AF and not the use of NSAIDs per se, the studies have attempted to select patients
with equivalent baseline conditions, treated with NSAIDs or not [141-143]. In terms of
arrhythmogenic mechanisms, it has been suggested that use of NSAIDs might decrease
renal function and provoke increased blood pressure, leading to left-ventricular remodeling
and AF [142]. Moreover, NSAID-induced nephrotic malfunction might lead to abnormally
elevated levels of circulating potassium, which might contribute to arrhythmogenesis [142].

7.4. Pro-Resolution Approaches

Studies have shown that unresolved inflammation is responsible for the progression
and aggravation of AF [135]. Clinical reports have revealed that POAF patients are charac-
terized by a particular inflammatory and fibrosis profile marked by the overexpression of
circulating inflammatory biomarkers, including IL6 and CRP [113]. Cardiac surgeries might
be accompanied by myocardial insults, leading to the development of atrial inflammation
and fibrosis [144]. On the other hand, evidence suggests that pro-resolution strategies are
efficient in preventing postoperative pain and curing myocardial inflammation [145,146].

The concept of “resolution” describes the active endogenous mechanisms involved
in the cessation of inflammation and mediated by specialized pro-resolution mediators,
including D- and E-series resolvins (RvD1, RvE1) [147,148]. In animal models of myocardial
infarction and fibrosis caused by perfusion-reperfusion and permanent ligation of the left
anterior descending coronary artery, and a rat model of right heart disease provoked by
pulmonary artery hypertension, RvD1 has been shown to decrease myocardial fibrosis
and reduce the vulnerability to AF if administrated early enough, supposedly before the
development of atrial fibrosis [82,135,149,150].

These data suggest that preventive strategies involving pro-resolution treatment ad-
ministrated in a prophylaxis manner could contribute to attenuating the risk of POAF.
However, more experimental and clinical studies are required to evaluate the benefits of
such approaches (Figure 3).
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Figure 3. Aim of antioxidant, anti-inflammatory, and anti-fibrosis approaches in POAF manage-
ment. The pathophysiological events from cardiac surgery to AF are marked by the secretion of
active biomarkers that have been identified in clinical and experimental studies. Targeting such
agents may contribute to preventing POAF. During cardiac surgery, the induced oxidative stress
is characterized by the production of mtDNA, NADPH oxidase, and MnSOD, which have been
associated with increased risk of AF. The atrial inflammation provoked by these signals is marked by
the important secretion of proinflammatory molecules including IL6, CRP, and NLRP3 inflamma-
some. Persistence of the inflammatory status can generate the formation of atrial fibrosis, typically
identified by elevated expression of a-SMA, TGF-f, and collagenase. Strategies aiming to prevent
POAF have tested the impact of various anti-inflammatory medications, including colchicine and
resolvins. Studies have revealed the ability of these drugs to attenuate myocardial inflammation and
fibrosis, but more investigations are required to confirm their role in preventing AF. * FDA-approved
medication; ** FDA-approved medication in the treatment of cardiac inflammation. Abbrevia-
tions from Figure 3. x-SMA: alpha-smooth muscle actin; BMP10: bone morphogenetic protein-10;
CD11c: cluster of differentiation 11c; CD68: cluster of differentiation 68; COL1A1: collagen lal;
COL3al: collagen 3al; CRP: C-reactive protein, GSDMD: gasdermin D; GSHt: glutathione transferase;
IL1B: interleukin 1f3; IL6: interleukin 6; iNOS: inducible nitric oxide synthase; MAO: monoamine
oxidase; miR-1: microRNA-1; miR-483-5p: microRNA-483-5p; MMPs: matrix metalloproteinases;
MnSOD: manganese-dependent superoxide dismutase; mtDNA: mitochondrial DNA; NADPH ox-
idase: nicotinamide adenine dinucleotide phosphate oxidase; NLRP3: NOD-like receptor family,
pyrin domain containing 3; TGFf3: transforming growth factor beta.
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7.5. Anti-Fibrosis Strategies

As suggested above, fibrosis is an important event contributing to the initiation and
aggravation of the arrhythmogenic substrate leading to POAF. Anti-fibrotic treatments
are expected to promote beneficial effects in preventing or/and curing cardiac fibrosis in
the context of POAF [151,152]. In a mouse model of myocardial infarction (MI), Kiinzel
et al. described that mesalazine, an anti-inflammatory drug used to treat inflammatory
bowel disease, could decrease perivascular myocardial collagen 1A1 (COL1A1) expression
and perivascular fibrosis [151]. Furthermore, Silva et al. have shown that alamandine,
a renin-angiotensin-aldosterone system (RAAS) modulator, could decrease collagen de-
position, reduce cardiac hypertrophy, and attenuate oxidative stress by altering critical
signaling pathways like the transforming growth factor beta (TGF-B) and 5'-Adenosine
monophosphate-activated protein kinase (AMPK), contributing to preventing cardiac re-
modeling induced by pressure overload [152]. In 2020, Gao et al. highlighted the efficacy
of oridonin, an NLRP3 inflammasome inhibitor, in reducing myocardial fibrosis, limiting
infarct size, and preventing cardiac inflammation through the downregulation of pro-
inflammatory cytokines (IL-1{3 and IL-18), positioning it as a promising therapeutic to treat
acute Ml-associated fibrosis [153]. Similarly, tetramisole, a tissue-nonspecific alkaline phos-
phatase (TNAP) inhibitor, was shown to improve cardiac function post-MI by mitigating
fibrosis through AMPK-TGEF-3 and Smads signaling pathways [154]. Valsartan and sacubi-
tril, which modulate PKG (protein kinase G) and Rho signaling, were shown to prevent
cardiac fibrosis provoked by chronic pressure overload and heart failure with preserved
ejection fraction (HFpEF) [155]. Hydrogen sulfide (H2S), which inhibits the Janus kinase
signal transducer and activator of transcription (JAK/STAT) pathways, has been shown to
be effective in reducing cardiac fibrosis in a rat model of diabetic cardiomyopathy [156]. In a
rat model of cardiac hypertrophy, inhibition of the JAK/STAT pathway using parthenolide
daily treatment was associated with decreased FBs-induced cardiac fibrosis and reduced
CMs hypertrophy, suggesting important FBs—CMs interactions in arrhythmogenic cardiac
remodeling [157]. The bone morphogenetic protein-7 (BMP-7) has been demonstrated
to counteract the pro-fibrotic effects of TGF-p by attenuating cardiac hypertrophy and
collagen deposition in patients and mice models of left-sided pressure overload [158].

In a rat model of aging, relaxin, an endogenous peptide hormone involved in vasodi-
lation, has been shown to reverse age-related atrial fibrosis and persistent AF by reducing
TGF-p1, decreasing collagen expression, and enhancing voltage-gated sodium channel
function [159]. Losartan, an angiotensin receptor blocker, has shown similar effects by
attenuating myocardial fibrosis and preventing cardiac hypertrophy in non-obstructive hy-
pertrophic cardiomyopathy by suppressing TGF-f and collagen signaling pathways [160].
Likewise, in the MI context, it has been shown that FT011, an antifibrotic compound, re-
duces macrophage infiltration, decreases collagen deposition, limits interstitial fibrosis, and
improves systolic function post-MI [161]. In addition, pirfenidone, a TGF-1 inhibitor, has
shown beneficial effects by reducing ventricular tachycardia rates, attenuating myocardial
infarct size, and decreasing cardiac fibrosis area [162]. Collectively, these findings empha-
size the importance of targeting cardiac fibrosis in the management of cardiac conditions
associated with arrhythmogenesis and AF (Table 2).

Strategies aiming to modulate specific molecular pathways, such as TGF-3, NLRP3,
AMPK, JAK/STAT, or/and transglutaminase 2 (TG2) have the potential to mitigate the
pathological remodeling underlying the development of the arrhythmogenic substrate for
atrial arrhythmias including AF [163].
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Table 2. Summary of research studies on different pharmacological drugs as anti-fibrotic therapies

for cardiac fibrosis through different mechanistic pathways.
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Table 2. Cont.
Drug Animal Induced Main Effects Conclusive
Reference or or/and Cardiac of the Selected Remarks
Inhibitor Cell Models Disease Treatment
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Burke et al. and overload HF signaling in cardiac FBs  induced cardiac
(2019) [155] neprilysin induced by Fibrosis and suppress Rho dysfunction and
inhibitor TAC in mice. activation that is fibrosis.Potential
(sacubitril) accompanied by antifibrotic drugs
myoFBs activation for HFpEF.
and proliferation.
Ameliorates
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Table 2. Cont.
Drug Animal Induced Main Effects Conclusive
Reference or or/and Cardiac of the Selected Remarks
Inhibitor Cell Models Disease Treatment
. Nonobstructive Decreased LV mass and Reduced cardiac
Shimada et al. ARB Hypertrophy collagen volume as well . .
HCM . : . fibrosis and
(2013) [160] Losartan . Fibrosis as the expression of
patients TGF-B and COL1-a. hypertrophy.
Improved cardiac
MI induced function and decreased Limits cardiac
by left collagen deposition fibrosis and
anterior upon FT011 treatment. improves
Zhang et al. FTO11 descending HF - Reduced interstitial systolic func-
(2012) [161] coronary Fibrosis infiltration of pro- tion.Potential for
artery macrophages, CMs the treatment of
ligation in hypertrophy, and cardiac fibrosis
rats mRNA expression of and heart failure.
COLI /111
- Decreased VT
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Nguyen et al. inhibi MI del hveard . dCvV infarct area and
(2010) [162] inhibitor rat mode tachycardia increased CV. post-MI
Pirfenidone Fibrosis - Decreased infarct dense .
a arrhythmias.
scar area and LV fibrosis.

Abbreviations from Table 2. AF: atrial fibrillation; AMPK«: 5’ adenosine monophosphate-activated protein kinase;
ARB: angiotensin-receptor blockers; AS: aortic stenosis; BMP-7: bone morphogenetic protein-7; CMs: cardiomy-
ocytes; COL1: collagen type I; COLIII: collagen type III; CV: conduction velocity; ERK1/2: phospho-p44/42
MAPK extracellular signal-regulated kinases; FBs: fibroblasts; H2S: hydrogen sulfide; HCM: hypertrophic car-
diomyopathy; HF: heart failure; HFpEF: heart failure with preserved ejection fraction; IL-18: interleukin (IL)-18;
IL-1B: interleukin (IL)-1§3; JAK1/2: Janus kinase 1/2; LV: Left ventricle; MI: myocardial infarction; MMP-2: matrix
metalloproteinase-2; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B; NLRP3: NACHT, LRR,
and PYD domain-containing protein 3; PKG: protein kinase G; RAAS: renin-angiotensin-aldosterone system;
STAT1/3/5/6: signal transducer and activator of transcription; STZ: streptozotocin; TAC: transverse aortic con-
striction; TGF-f: transforming growth factor béta; TIMP2: tissue inhibitor of metalloproteinases 2. TNAP: tissue
nonspecific alkaline phosphatase; TNF-«: tumor necrosis factor- «; VT: ventricular tachycardia.

7.6. Posterior Left Pericardiotomy

Clinical evidence suggests that cardiac surgery is commonly accompanied by peri-
cardial effusion, which contributes to arrhythmogenesis and vulnerability to POAF [164].
Recent investigation revealed that posterior left pericardiotomy consisting of the drainage
of pericardial effusion by posterior pericardial incision reduces the incidence of POAF [165].

These data from the PALACS (Effect of Posterior Pericardiotomy on the Incidence
of Atrial Fibrillation After Cardiac Surgery) randomized controlled trial (NCT02875405),
were obtained from 420 patients either treated or not treated with posterior left pericar-
diotomy [165]. In an observational study involving 2535 patients subjected to CABG and
AVR, posterior pericardial chest tube drainage was associated with a significant reduction
in POAF [166].

More investigations are required to improve and confirm the safety and beneficial
impact of posterior left pericardiotomy in the prevention of POAF.

8. Discussion and Limitations

In this narrative review, we aimed to understand the impact of inflammation on
the development of cardiac arrhythmias, including POAF, after cardiothoracic and non-
cardiothoracic surgeries [17]. Mounting evidence suggests that circulating and myocardial
inflammation play a crucial role in triggering the arrhythmogenic substrate responsible
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for the development and maintenance of POAF [167]. Such inflammatory signals may
occur (i) before the surgery when the patient is exposed to predisposing factors and
comorbidities; (ii) during the surgical procedure, mainly when the atria are affected during
the intervention; or (iii) after the surgery when cardiac remodeling occurs as a consequence
of the procedure [77,91,168] (Figure 2).

In response to insults, infections, or genetic abnormalities, the activation of inflam-
mation affects the diverse cell types of the heart, including the endothelial cells, the
macrophages, the FBs, and the CMs [169]. Various inflammatory pathways have been
identified as being potentially involved in the pathophysiology of post-surgery arrhyth-
mogenicity [170] (Figure 2). As described above, in the macrophage, FBs, and CMs, the
activation of the NLRP3 inflammasome has been shown to promote POAF [171]. Inhibi-
tion of the JAK/STAT pathway has been shown to decrease FBs proliferation and CMs
hypertrophy in response to pressure overload, and such phenomena are associated with
the development of AF [172] (Figure 4).

The constantly growing knowledge about the major role of inflammation in triggering
cardiac arrhythmias suggests that anti-inflammatory strategies must be taken into consider-
ation in the management of heart rhythm disorders and POAF [173]. The precise kinetic
of inflammation must be clarified to better prevent inflammation-associated arrhythmo-
genicity [174]. In this context, the choice of therapeutic strategy is complex and is between
prophylactic or curative approaches [104,175].

For curative approaches, the POAF patients would receive anti-inflammatory treat-
ment, starting peri- or post-surgery, in combination with the classic rate and rhythm control
treatment, as a complementary medication to treat POAF [174-176].

For prophylactic approaches, the patient might be treated with anti-inflammatory
medications in the long term, starting prior to the surgery and being maintained during
and after the surgery to prevent inflammation induced by predisposing conditions and/or
induced by the surgical procedure itself [177].

Among the prophylactic anti-inflammatory approaches, colchicine, an empiric medi-
cation known for its efficacy in treating gout, has recently been FDA-approved as the first
anti-inflammatory medication for the prevention of CVD complications in the management
of cardiac disorders [178].

Other anti-inflammatory approaches are mainly in the preclinical trial phase and need
additional proof of efficacy. As described above, these approaches might involve corticoids,
statins, NSAIDs, pro-resolution bioactive compounds, or antifibrosis strategies. In contrast,
it is very important to notice that utilization of these molecules must be performed with
caution because they are often accompanied by side effects [179]. In addition, some clinical
studies have reported no effects of anti-inflammatory approaches in the prevention of
POAF [180]. Overall, the treatment of POAF must be undertaken with caution with the
rigorous decision of the physician.
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Figure 4. Potential pathophysiological cascade and molecular pathways to be targeted by future
anti-inflammatory and anti-fibrosis treatments in POAF management. Cardiac and non-cardiac
surgeries may provoke alterations of the CMs and FBs, which activate the inflammatory response,
leading to production of further inflammatory biomarkers responsible for the remodeling of the
atrial tissue, the development of atrial fibrosis, and the installation of POAF. Abbreviations from
Figure 4. CaZ*: calcium; CMs: cardiomyocytes; COL1: collagen 1; COL3: collagen 3; Cx: connexin;
DAMPs: damage-associated molecular patterns; FBs: fibroblasts; IL13: interleukin 13; IL6: inter-
leukin 6; JAK/STAT: Janus kinase signal transducer and activator of transcription; K*: potassium;
M¢: macrophages; Mg2+: magnesium; MMPs: matrix metalloproteinases; MnSOD: manganese-
dependent superoxide dismutase; mtDNA: mitochondrial DNA; NFkB: nuclear factor kappa B;
NLRP3: NOD-like receptor family, pyrin domain containing 3; TGFf: transforming growth factor
beta; TNF«: tumor necrosis factor alpha.

9. Conclusions

During cardiothoracic and non-cardiothoracic surgeries, the intervention is likely
associated with phenomena that cause cardiac remodeling, leading to the activation of in-
flammatory reactions. In addition, predisposing factors and comorbidities might contribute
to the initiation of the inflammatory status before the surgery, which may be exacerbated
and aggravated during and after the surgical intervention. If untreated, the inflamma-
tory response generates cardiac fibrosis, which creates a physical barrier hindering the
normal conduction of electrical current in the heart, particularly in the atria. This im-
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paired conduction puts the atria at risk of POAF and other thythm disorders. Hence,
innovative therapeutic approaches should involve the complex but crucial management of
inflammation to prevent and treat POAF.

10. Clinical Implications

POAF is a major concern affecting the management and quality of life of patients
concerned. A better understanding of the pathophysiology of POAF may help to improve
clinical practice and develop new therapeutic strategies. Such innovative approaches
involve the utilization of promising anti-inflammatory medications that have shown or
have the potential to show beneficial effects in experimental models and clinical trials.
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