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ARTICLE INFO ABSTRACT

Keywords: Background: Ibrutinib is an effective and well-tolerated treatment for B-cell lymphomas but is
5-Methoxytryptophan associated with an increased risk of atrial fibrillation (AF) by altering the structure of the atrium.
Ibrutinib

5-Methoxytryptophan (5-MTP) inhibits inflammatory and fibrotic processes. This study aimed to
determine the effects and mechanisms of 5-MTP on the underlying mechanisms of AF caused by
ibrutinib.

Methods: The effect of 5-MTP on ibrutinib-related AF was investigated in male Sprague Dawley
rats using echocardiographic, electrophysiological, immunofluorescent, Masson staining, and
molecular analyses.

Rusults: The ibrutinib+5-MTP group showed (1) a lower incidence and shorter duration of AF and
accelerated atrial conduction; (2) a decreased left atrial mass and left atrial diameter; (3)
decreased myocardial fibrosis in the left atrium; (4) lower atrial inflammation; (5) increased
sarcoplasmic reticulum Ca?*-ATPase 2a protein expression, decreased phosphorylation of phos-
pholamban at Thr17, and decreased sodium/calcium exchanger 1 protein expression and phos-
phorylation of ryanodine receptor 2 at S2814; and (6) decreased phosphorylation of CaMKII
expression. 5-MTP treatment markedly activated the PI3K-Akt signaling. Inhibiting PI3K-Akt
signaling significantly reversed the protective effect of 5-MTP on ibrutinib-related AF.
Conclusions: These findings suggest that 5-MTP administration decreases the vulnerability of
ibrutinib-related AF mainly caused by ameliorated maladaptive left atrial remodeling and dys-
regulation of calcium handling proteins. Mechanistically, 5-MTP treatment markedly enhanced
the activation of cardiac PI3K-Akt signaling.

Atrial fibrillation
Structural remodeling
PI3K-Akt signaling

1. Introduction

Research has demonstrated that ibrutinib exhibits remarkable effectiveness as an initial therapy for individuals diagnosed with
chronic lymphocytic leukemia (CLL) [1]. However, many studies have found that ibrutinib increases the incidence of atrial fibrillation
(AF) by up to 10-fold compared to the control arm [2,3], among patients who have undergone a median follow-up duration of 28
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Fig. 1. Statistical analysis of surface electrocardiography in three groups. (A) The study protocol. (B) A representative trace of the surface electrocardiography. The arrows indicate the RR interval,
P wave duration, PR interval, QRS duration, and QTc interval. (C-G) Result of surface electrocardiographic measurements (n = 8 per group). Data are expressed as mean + SEM. NS: no statistical
differences.
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months while taking ibrutinib, AF rates have reached as high as 16% [2]. Notably, AF frequently serves as a primary reason for the
discontinuation of ibrutinib therapy [4]; and can result in considerable morbidity. Despite these facts, managing AF induced by
ibrutinib poses a challenge due to limited understanding of its underlying pathophysiology. Hence, it is imperative to identify effective
strategies for the prevention and treatment of AF induced by ibrutinib.

The pathophysiology of ibrutinib-induced AF promotion is complex, involving multiple cellular and molecular interactions. A
recent study demonstrated that the phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) pathway plays a significant role in car-
dioprotective mechanisms [5]. Ibrutinib has been found to potentially elevate the likelihood of AF through its inhibition of PI3K-Akt
signaling in cardiac tissue [6]. Additionally, Jiang et al. have documented that ibrutinib can induce atrial structural remodeling and
disrupt calcium regulation, thereby contributing to the promotion of AF [7]. Therefore, regulating PI3K-Akt signaling and improving
atrial structural remodeling represent potential therapeutic strategies.

5-Methoxytryptophan (5-MTP) is a metabolite of tryptophan produced by human fibroblasts and released into the body [8].
Previous research has shown through in vitro and in vivo studies that 5-MTP possesses anti-inflammatory properties [9]. Furthermore,
the impact of 5-MTP on cardiac injury following myocardial infarction encompasses various beneficial effects, such as mitochondrial
stabilization, decreased infarct size, mitigated fibrosis, and enhanced myocardial function [10]. A recent study has shown that 5-MTP
inhibits pulmonary fibrosis by regulating PI3K-Akt signaling pathways [11]. Hence, we postulated that treatment with 5-MTP could
mitigate atrial remodeling in ibrutinib-associated AF by modulating the PI3K-Akt pathway. The objective of this study was to examine
the involvement of 5-MTP in ibrutinib-associated AF and elucidate the underlying mechanisms.

2. Methods
2.1. Experimental animals

Experimental animals employed in this investigation comprised adult male Sprague-Dawley (SD) rats, aged 8 weeks and weighing
between 180 and 220 g. The study received approval from the Animal Care and Use Committee of Renmin Hospital of Wuhan Uni-
versity and adhered to the guidelines outlined in the eighth edition of the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (National Resource Council, 2011). Briefly, the experimental animals were randomized into
three groups: the first group received saline as the vehicle control (Control group, n = 18); the second group received ibrutinib (25 mg/
kg/d) orally until day 28 (Ibrutinib group, n = 20); the third group received ibrutinib (25 mg/kg/d) orally as well as 5-MTP (17 mg/kg)
intraperitoneally at 0.5 h, 24 h, 3 days, and 7 days, and then twice weekly from day 7 until day 28 (Ibrutinib + 5-MTP group, n = 18)
(Fig. 1A). To investigate the role of the PI3K/AKT signaling pathway, the PI3K inhibitor LY294002 (Selleck Chemicals, S1105) was
applied. Briefly, the ibrutinib-+5-MTP group received LY294002 (Selleck Chemicals, 1.2 mg/kg/d, i.p., n = 16), or not (n = 16), for 1
week beginning on day 28 (Fig. 1A). The administration protocol for 5-MTP is primarily based on a previously published study, which
investigated its adverse effects and pharmacokinetic parameters following intravenous and intraperitoneal administration [10]. The
dosage of ibrutinib was selected based on a previously published study [7]. In a preliminary study conducted on mice, it was deter-
mined that ibrutinib at a dosage of 25 mg/kg/d exhibited optimal tumor suppression, and mice demonstrated good tolerance following
chronic treatment [12]. The dosage of LY294002 was selected based on previous published studies [13,14]. All pretreatment was
blinded to the researchers during all experiments and data analysis.

2.2. The measurement of echocardiography

Transthoracic echocardiography was performed using a Mylab30CV (ESAOTE) ultrasound system with a 15Mz probe. As part of the
cardiovascular evaluation, the left atrial diameter (LAD), left ventricular end-diastolic dimension (LVEDA), left ventricular end-systolic
diameter (LVESA), left ventricular fractional shortening (LVFS), and left ventricular ejection fraction (LVEF) were measured. LVFS and
LVEF were calculated as previously described [15]. The echocardiograms were performed and interpreted by an ultrasound technician
who was blinded to the treatment allocation.

2.3. Electrocardiograph analysis

Rats were anesthetized with inhaled isoflurane (1.5-2% isoflurane). Electrodes were positioned subcutaneously to simulate
surface-lead ECG (lead II). The following parameters were recorded in the four groups: heart rate (RR interval), P wave period, PR,
QRS, and QTc interval (in ms). The data were analyzed using Lab-Chart 7 Pro (AD Instruments). To account for differences in heart
rate, the QTc interval was calculated using Fridericia’s formula: QTc = QT/ ¥/RR.

2.4. Electrophysiological studies

Langendorff-perfused hearts were prepared using established methods, and the experiments were conducted after a period of four
weeks [16]. Electrophysiological studies were carried out on isolated perfused hearts using a specific solution known as
HEPES-buffered Tyrode’s solution. This solution consisted of various components including NaCl, KCl, CaCl2, MgCl2, Na2HPO4,
HEPES, glucose, and NaOH for pH adjustment. The Langendorff apparatus was utilized to facilitate these studies. The hearts were
placed in a controlled environment consisting of a mixture of 95% 02 and 5% CO2 at a temperature of 37 °C and a constant pressure of
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60 mmHg. Electrodes were positioned on the right atrium of the heart to measure the induction of AF and the interatrial conduction
time (IACT). In order to achieve stabilization, all isolated hearts were perfused continuously for 20 min prior to stimulation. Any hearts
that did not return to regular rhythm or experienced irreversible myocardial ischemia were excluded from the study.

Silver bipolar electrodes, covered in Teflon except for the tips, were positioned on the appendages of the right atrium (RA), left
atrium (LA), and left ventricle (LV). T To measure IACT, RA pacing was employed at different cycle lengths (200 ms, 150 ms, 120 ms,
and 100 ms) with a 5 mm interelectrode distance separating the RA and LA. AF inducibility was assessed using burst pacing. Three sets
of 2-s burst pacing, administered by the automated stimulator, were used to test AF induction. In the initial 2-s burst, the cycle length
(CL) was set to 40 ms (pulse duration = 5 ms). After a stabilization period of 3 min, the second 2-s burst had a CL of 20 ms (pulse
duration = 5 ms). Lastly, the final 2-s burst had a CL of 20 ms and a pulse duration of 10 ms. AF was defined as a rapid and irregular
atrial rhythm with irregular RR intervals lasting at least 1 s. The duration of AF was measured from the end of burst pacing until the
first detected P wave following the rapid irregular atrial rhythm.

2.5. Histology

To assess interstitial fibrosis, the isolated LAs were preserved in 4% paraformaldehyde, enclosed in paraffin, and sectioned into
sections of 5 mm in thickness. The extent of fibrosis was determined using Masson trichrome staining technique. The fibrosis per-
centage was computed by dividing the fibrotic tissue area by the area of the normal myocardial tissue.

2.6. Immunofluorescence

Three atrium sections from each rat’s left atrium were incubated with primary antibodies to CD68 (GB11067, Servicebio Tech-
nology) and myeloperoxidase (MPO) (ab208670; 1/500; Abcam). A second antibody conjugated with fluorescence was used to
incubate sections after the primary antibody. The fluorescence signals of five randomly chosen fields were captured using a fluores-
cence microscope (Nikon Eclipse C1; Nikon, Tokyo, Japan). All images were analyzed using Image-Pro Plus 6.0 software. The area
positively stained in the perforation was quantified as a percentage of the total area at a magnification of x 400.

2.7. Quantitative real-time PCR (qRT-PCR)

In this experiment, RNA extraction from the LA samples was carried out using TRIzol reagent (Invitrogen, 15596-026). Subse-
quently, the purified RNA was transcribed into complementary DNA employing the TaKaRa PrimeScript RT reagent Kit (#RR047A).
Following cDNA synthesis, QRT-PCR was conducted using cDNA, forward primers, reverse primers, and SYBR Premix Ex Taq (TaKaRa,
#RR420A). To assess the relative expression of target genes, normalization was performed against the internal reference gene GAPDH.
The primer sequences utilized for RT-PCR in this study can be found in Supplementary Table S1.

2.8. Western blot analysis

Protein extraction from the LA heart tissue was conducted, and the BCA method was utilized for determining protein concentra-
tions. To denature the extracted protein samples, they were placed in SDS sample buffer (125 mmol/1 of Tris—HCI at pH 6.8, 50%
glycerol, 2% SDS, 5% mercaptoethanol, and 0.01% bromophenol blue). Subsequently, SDS-PAGE was performed, followed by blotting
the proteins onto a polyvinylidene fluoride membrane (PVDF). To block the blotted membranes, they were treated with a solution
containing 5% skim milk in Tris-buffered saline with 0.1% Tween 20 for a duration of 2 h. The membranes were then incubated
overnight at 4 °C with primary antibodies (Supplementary Table S2). After three washes with Tris-buffered saline solution containing
0.1% Tween 20, the membranes were further incubated for 1 h with either anti-mouse or anti-rabbit IgG. To visualize the antibody
binding, chemiluminescence (ECL) was employed, and the resulting images were collected and analyzed using a Chemidoc-It Imager
from Ultra-Violet Products in Cambridge, UK.

2.9. Statistical analysis

The continuous variables were expressed as means + standard errors of the means (SEM). Multiple group comparisons were
performed using a one-way analysis of variance and Tukey’s post hoc test. The incidence of AF between groups was compared using a
Fisher exact test. Statistical analysis was conducted using GraphPad Prism Version 7.0 (GraphPad, San Diego, CA). A significance level
of P < 0.05 was used to determine statistical significance.

3. Results
3.1. 5-MTP reduces the susceptibility to AF caused by ibrutinib

A total of 88 rats were included in the study, and none of the rat exhibited signs of morbidity or mortality during the course of the
study. Electrocardiograms and Langendorff-perfused procedures were performed in all three groups to evaluate the potential of 5-MTP

in reducing susceptibility to ibrutinib-associated AF. There were no significant differences in RR intervals, P waves, PR intervals, and
QRS duration between the groups (Fig. 1B-G).
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Furthermore, we assessed changes in electrophysiological parameters in Langendorff-perfused hearts, including AF induction rate,
AF duration, and IACT (Fig. 2A). Ibrutinib treatment significantly increased the AF induction rate in the ibrutinib group compared to
the control group (P < 0.05). However, the increase in AF induction rate observed in the ibrutinib group (9/10) was significantly
decreased in the ibrutinib+5-MTP group (4/10) (Fig. 2B). Additionally, the ibrutinib treatment significantly prolonged AF duration in
the ibrutinib group compared to the control group (P < 0.05). However, this prolongation was significantly attenuated in the
ibrutinib+5-MTP group (Fig. 2C). Finally, the IACT of 100, 120, 150, and 200 ms cycles was significantly prolonged in the ibrutinib
group compared to the control group (P < 0.05). Nevertheless, the increase in IACT was significantly attenuated in the ibrutinib+5-
MTP group (Fig. 2D-G). Overall, our study results demonstrated that 5-MTP can reduce susceptibility to ibrutinib-associated AF.
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3.2. 5-MTP restrains left atrial mass and left atrial diameter
As atrial structure remodeling is one of the critical mechanisms of AF, all animals were initially screened by echocardiography. The

indicated group did not show any differences in LVEF, LVFS, LVEDD, or LVESD (Fig. 3A-D). However, a significant difference was
observed between the ibrutinib-treated and saline-treated rats in terms of the LAD and the ratio of left atrium weight (LAW) to tibial
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length (TL). This difference was somewhat reduced in 5-MTP-treated rats (Fig. 3E-F). Additionally, WGA staining demonstrated that 5-
MTP suppressed the ibrutinib-induced hypertrophy of atrial myocytes (Fig. 3G and H). The results showed that 5-MTP reduced the left
atrial mass and left atrial diameter.

3.3. 5-MTP reduces myocardial fibrosis in the left atrium

The process of atrial fibrosis results in the heterogeneity of conduction within the atria, which serves as a substrate for re-entry.
Therefore, we assessed markers for atrial fibrosis. Rats treated with Ibrutinib exhibited a significant increase in the area of myocar-
dial fibrosis compared to control rats, whereas 5-MTP treatment resulted in a significant decrease (Fig. 4 A, B). Consistent with these
findings, the protein expression of molecular markers associated with atrial fibrosis, including collagen I, collagen III, and connective
tissue growth factor (CTGF), was increased in the LA of ibrutinib-treated rats compared to control rats. However, the ibrutinib4+5-MTP
group demonstrated a significant reduction in these markers compared to the Ibrutinib group (Fig. 4C-F). These findings suggest that
5-MTP reduces myocardial fibrosis in the left atrium.

3.4. 5-MTP can blunt excessive inflammatory cell infiltration

The detrimental impact of ibrutinib on cardiac function is attributed to the activation of inflammatory responses. In order to
evaluate the efficacy of 5-MTP in mitigating these responses, we assessed the degree of inflammatory cell infiltration within the atrium.
Isoforms of myeloid markers, such as CD68 (Fig. 5A and B) and MPO (Fig. 5C and D), exhibited increased expression in the ibrutinib
group, while these markers decreased in the ibrutinib+5-MTP group. Furthermore, we analyzed the gene expression of inflammatory
cytokines in the myocardium. The levels of IL-1f, IL-6, and TNF-a were elevated in the ibrutinib group but decreased in the
ibrutinib+5-MTP group (Fig. 5 E-G).

3.5. 5-MTP restored the Ca®" handling protein disorders in the left atrium

There is compelling evidence indicating that modifications in calcium handling proteins, specifically ryanodine receptor 2 (RyR2),
SR Ca2+-ATPase 2a (SERCA2a), phospholamban (PLB), and sodium/calcium exchanger 1 (NCX1), have an impact on intracellular
calcium transients and diastolic SR Ca%™" release. Consequently, these modifications are known to contribute to the initiation of Ca®*-
triggered arrhythmogenesis. With this in mind, we conducted an investigation to determine if the expression of the proteins RyR2,
SERCA2a, PLB, and NCX1 is affected by 5-MTP.

Initially, our investigation revealed a conspicuous increase in the phosphorylation of RyR2 at Ser2814 within the ibrutinib group in
comparison to the control group. Nevertheless, this adverse effect was alleviated to a great extent within the ibrutinib+5-MTP group
when compared to the ibrutinib group (Fig. 6 A-C). Despite this, no variations were observed in RyR2 protein expression and the
phosphorylation of RyR2 at Ser2814 among each group. Moreover, the data demonstrated that the administration of ibrutinib resulted
in a significant augmentation in the phosphorylation of PLB (P-PLB) at Thrl7, a site predominantly associated with the activation of
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calcium/calmodulin-dependent protein kinase II (CaMKII), as well as a reduction in SERCA protein expression compared to the control
(p < 0.05). In contrast, the treatment with 5-MTP exhibited a noteworthy elevation in the expression of SERCA2a and a decrease in the
expression of P-PLB at Thr17 when compared to the ibrutinib group (Fig. 6 D-F). Nonetheless, there were no substantial differences in
the expression levels of P-PLB at Ser16 (primarily activated by PKA) and PLB protein (Fig. 6 G).

Additionally, we examined the expression of NCX1 protein in the three groups of rats. As shown in Fig. 6H, the levels of NCX1
protein in the ibrutinib group were significantly higher than those in the control group (p < 0.05). Treatment with 5-MTP attenuated
the increase in NCX expression observed in rats treated with ibrutinib. Finally, we measured the levels of PKA and the phosphorylation
of CaMKIIL The phosphorylation level of CaMKII and CaMKII expression in the ibrutinib group was significantly higher than those in
the control group. However, treatment with 5-MTP significantly decreased the phosphorylation level of CaMKII and CaMKII expression
in the ibrutinib-treated rats (Fig. 61 and J). In contrast, there was no significant difference in PKA expression between the ibrutinib+5-
MTP group and the ibrutinib group (Fig. 6K). Therefore, these results support the conclusion that 5-MTP treatment may restore Ca>*
handling disorders in atrial myocytes.

3.6. 5-MTP treatment markedly enhances the activation of cardiac PI3K-Akt signaling

Based on the results above, 5-MTP may potentially mitigate vulnerability to AF through its effects on fibrosis, inflammation, and
calcium-handling proteins. However, the precise mechanism by which 5-MTP reduces arrhythmia remains incompletely understood.
Previous research has demonstrated the significance of the PI3K-Akt signaling pathway in atrial arrhythmia, as it influences atrial
fibrosis, inflammation, and calcium-handling proteins [17]. Additionally, 5-MTP has been found to modulate PI3K-Akt signaling.
Consequently, we conducted an investigation into the activation of PI3K-Akt signaling to validate the role of 5-MTP in
ibrutinib-associated AF. The levels of PI3K and phosphorylated Akt were substantially decreased in the ibrutinib group. However, this
decrease was significantly attenuated in the ibrutinib+5-MTP group, indicating that the activation of the PI3K-Akt signaling pathway
was recovered by 5-MTP (Fig. 7A-C).

To investigate the involvement of the PI3K/Akt signaling pathway in the modulation of ibrutinib-related AF by 5-MTP, we con-
ducted additional experiments using PI3K inhibitors (LY294002) to assess their potential to counteract the protective effect of 5-MTP.
Our results showed that LY294002 significantly decreased the expression level of atrial PI3K and P-Akt in 5-MTP rats (Fig. 8A-C).
Moreover, burst pacing rarely induced AF in 5-MTP rats. However, the AF inducibility and duration were increased by LY294002 in 5-
MTP rats (Fig. 8D and E). Furthermore, we observed that rats in the LY294002 group exhibited a significant increase in atrial collagen
deposition, higher collagen volume fraction (Fig. 8F and G), and higher expression levels of Collagen I, Collagen III, and CTGF
(Fig. 8H-K). Taken together, these findings indicate that 5-MTP modulates atrial fibrosis and calcium-handling proteins by activating
the PI3K-Akt signaling pathway.

4. Discussion

In this investigation, the susceptibility of oral ibrutinib administration on rats was examined to determine the impact of 5-MTP
treatment. The outcomes of our study exhibited a significant decrease in AF risk, along with the reduction of atrial fibrotic remod-
eling and inflammation after subjecting the rats to 5-MTP treatment. Additionally, the dysregulation of calcium-handling proteins in
the atrium was restored. To elucidate the underlying mechanisms, the activation of cardiac PI3K-Akt signaling was found to be notably
enhanced by 5-MTP treatment. This signaling pathway is recognized for its critical role in the regulation of cardiac function.
Furthermore, it was observed that inhibiting PI3K-Akt signaling counteracted the protective influence of 5-MTP on ibrutinib-induced
AF. These results suggest that the involvement of the PI3K-Akt signaling pathway is crucial in the mechanism of action of 5-MTP.
Consequently, our findings propose that 5-MTP holds promise as a potential therapeutic intervention for the mitigation of
ibrutinib-related AF.

Based on emerging evidence, ibrutinib has been identified as an independent risk factor for the development of AF in patients
receiving this medication [18]. Previous research has shown that ibrutinib can significantly increase the risk of AF [7], and our ex-
periments have yielded similar findings. Atrial fibrosis, inflammation, and imbalance of calcium homeostasis have been identified as
arrhythmogenic mechanisms. These pathological changes have been confirmed by our study, suggesting that interventions targeting
these processes may be key to preventing and treating AF in patients taking ibrutinib. 5-MTP was first discovered as a tryptophan
metabolite produced and released by human fibroblasts [8]. In vitro and in vivo studies have reported that 5-MTP has anti-inflammatory
properties [9]. Emerging evidence indicates that the decrease in 5-MTP levels in ischemic heart tissue may be associated with the
inhibition of tryptophan hydroxylase-1 by proinflammatory mediators [19]. Additionally, 5-MTP has been shown to effectively pre-
vent injury-induced liver, kidney, heart, and lungs, by inhibiting macrophage activation and preventing fibroblast differentiation [20].
Our study confirmed that 5-MTP significantly inhibited inflammation, decreased LA fibrosis, and reduced AF vulnerability in rats
treated with ibrutinib-treated.

Numerous studies have demonstrated that alterations in calcium handling proteins lead to changes in intracellular Ca?* transients
and diastolic SR Ca®" release, which may cause Ca>"-triggered AF. Calcium-handling disorders have been identified as the arrhyth-
mogenic mechanisms underlying the initiation of AF [21]. Tuomi et al. suggested that ibrutinib-induced AF is caused by calcium
dysregulation in atrial myocytes; however, no evidence was provided to support this theory [22]. Interestingly, Le et al. found that
Ibrutinib increased phosphorylation at $2814 of RyR2, phosphorylation at Thr17 of PLB, decreased the amplitude of the Ca®*,
increased the decay time of Ca®* release, increased Ca®* leak, and decreased Ca®* content [7]. Consistent with these findings, we
found that 5-MTP increased SERCA2a protein expression, decreased P-PLB at Thr17, and downregulated NCX1 and phosphorylation at
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$2814 of RyR2, but did not alter PLB or RyR2 protein expression. Several phosphorylation sites on RyR2 have been reported, including
PKA phosphorylation sites S2808, and CaMKII site S2814 [23,24]. Most studies have shown that increased phosphorylation of S2808
and S2814 can enhance the RyR2 activity [25]. In this study, we found that the CaMKII site S2814 was significantly activated, while
PKA phosphorylation sites S2808 were not activated, and the protein expression of PKA was not altered, indicating that PKA may not
be involved in the regulation of RyR2 activity by ibrutinib. In line with Jiang et al.’s findings, no significant differences were observed
in PKA levels and phosphorylation of RyR2-Ser2808 in a mouse model of AF following a 4-week oral administration of ibrutinib [7].
Phosphorylation of PLB can relieve its inhibition on SERCA2a and enhance calcium uptake by the SR. Decreased SERCA2a expression
may reduce calcium uptake. The impact of ibrutinib on the overall phenotype, specifically intracellular calcium transients, and the
potential for normalization through 5-MTP are yet to be fully elucidated. In summary, the evidence strongly suggests that 5-MTP can
improve calcium handling and decrease AF vulnerability in rats treated with ibrutinib.

The underlying mechanisms through which 5-MTP regulates ibrutinib-induced AF are thought to be associated with its downstream
PI3K-Akt signaling pathway. This pathway plays a crucial role in protecting the heart during stress [26]. Pretorius et al. suggested that
decreased cardiac PI3K-Akt activity increases AF susceptibility [27]. Recent studies have found that ibrutinib increases the risk of AF,
possibly by inhibiting PI3K-Akt signaling in the heart [6]. There is mounting evidence that increased CaMKII activity promotes cardiac
remodeling, inhibits the PI3K-Akt signaling pathway, and adversely impacts cardiac function [7]. In our study, we found that ibrutinib
significantly decreased the activity of PI3K-Akt signaling in the atrium and that 5-MTP decreased CaMKII activity and restored
PI3K-Akt activity. Consistent with our observations, activation of the PI3K-AKT signaling pathway reduced atrial remodeling and
therefore prevented AF [17]. However, a study showed that inhibition of PI3K is linked to the prolongation of cardiac repolarization,
which is typically anti-not pro-AF [28]. Similarly, Greenwell et al. found that PI3K inhibitors are not associated with AF [29].
Therefore, the validity of the “PI3K hypothesis” need to be investigated. Our research results provide relevant evidence for further
support of “PI3K involvement in ibrutinib-induced AF”. In addition, several studies have demonstrated that 5-MTP can prevent pul-
monary fibrosis by inhibiting the PI3K-Akt signaling pathway. The observed discrepancies in the results could potentially be attributed
to variations in the experimental models utilized across different studies. As a result, additional investigations are warranted to
validate these findings and elucidate the underlying mechanisms involved.

5. Perspectives

Ibrutinib has shown efficacy as a frontline treatment for patients with chronic lymphocytic leukemia; however, AF often neces-
sitates discontinuation of ibrutinib therapy. The underlying mechanisms of ibrutinib-associated AF remain incompletely understood,
and effective strategies to mitigate cardiotoxicity are of significant clinical importance. In our study, we demonstrated that 5-MTP
effectively protects against the development of ibrutinib-related AF in a rat model. Nonetheless, further investigations are required
to confirm that the anticancer effects of ibrutinib remain unaffected by 5- MTP prior to clinical translation.

5.1. Limitations

The study has several limitations. First, we recommend including a group receiving daily 5-MTP injections before drawing con-
clusions about the long-term administration of 5-MTP and its cardioprotective benefits. Second, it is important to note that our findings
do not establish a direct, causal relationship between 5-MTP and ibrutinib-related AF, which warrants exploration in future studies.
Third, we did not investigate how 5-MTP affects anti-inflammatory function.

Fourth, this study involved a small sample size, which is a common challenge in animal-based experimental studies. This limitation
is attributed to both cost constraints and ethical considerations, as it is crucial to prioritize the welfare of the animals involved.
Therefore, the number of animals used in the study was minimized to meet the necessary requirements for addressing the predefined
scientific inquiries. Finally, previous studies suggest that ibrutinib-induced AF may involve inhibition of the BTK/PI3K/Akt pathway. It
is conceivable that 5-MTP could mitigate the antitumor effect of ibrutinib if used in combination to prevent the occurrence of AF.
Therefore, it is very important to determine whether 5-MTP can attenuate ibrutinib-induced atrial remodeling and AF occurrence
while preserving the antitumor effect of ibrutinib. To support our conclusion regarding the translational application of 5-MTP, further
studies examining the effect of 5-MTP on the antitumor effect of ibrutinib are necessary.

6. Conclusions

The present study demonstrates that 5-MTP treatment decreases the risk of ibrutinib-related AF. This effect can be primarily
attributed to the amelioration of maladaptive left atrial remodeling and the restoration of calcium-handling protein homeostasis.
Mechanistically, treatment with 5-MTP significantly enhances the activation of the cardiac PI3K-Akt signaling pathway.
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