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lbrutinib-induced pulmonary
angiotensin-converting enzyme
activation promotes atrial fibrillation in rats

Sen Yan,!” Wei Xu,"” Ning Fang,"” Luyifei Li," Ning Yang," Xinbo Zhao," Hongting Hao," Yun Zhang,’
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SUMMARY

The molecular mechanism of ibrutinib-induced atrial fibrillation (AF) remains unclear. We here demon-
strate that treating rats with ibrutinib for 4 weeks resulted in the development of inducible AF, left atrial
enlargement, atrial fibrosis, and downregulation of connexin expression, which were associated with
C-terminal Src kinase (CSK) inhibition and Src activation. Ibrutinib upregulated angiotensin-converting
enzyme (ACE) protein expression in human pulmonary microvascular endothelial cells (HPMECs) by inhib-
iting the PIBK-AKT pathway, subsequently increasing circulating angiotensin Il (Ang Il) levels. However,
the expression of ACE and Ang Il in the left atria was not affected. Importantly, we observed that perindo-
pril significantly mitigated ibrutinib-induced left atrial remodeling and AF promotion by inhibiting the
activation of the ACE and its downstream CSK-Src signaling pathway. These findings indicate that the
Ibrutinib-induced activation of the ACE contributes to AF development and could serve as a novel target
for potential prevention strategies.

INTRODUCTION

Ibrutinib, a novel and highly effective inhibitor of Bruton tyrosine kinase, has received approval for the treatment of chronic lymphocytic leu-
kemia, mantle cell ymphoma, Waldenstrom macroglobulinemia, and marginal cell lymphoma.' However, an alarming rise in the occurrence
of AF has been observed in patients undergoing ibrutinib treatment.”* The initial randomized controlled trials reported a new-onset AF inci-
dence of approximately 4%-6%.> Long-term studies indicate that AF develops in up to 16% of patients receiving ibrutinib over a median
follow-up period of 28 months.* AF often leads to the discontinuation or dose reduction of ibrutinib and it can also elevate the risk of throm-
boembolic stroke and heart failure, contributing to substantial morbidity and mortality.® Managing ibrutinib-induced AF presents challenges
due to the delicate balance required between the benefits of anticoagulation and the increased bleeding risk associated with ibrutinib
therapy.”®

Despite its clinical significance, the precise mechanisms underlying ibrutinib-induced AF remain unclear. McMullen et al. proposed that
the inhibition of cardioprotective PI3K-Akt signaling may be a potential mechanism for AF development in patients treated with ibrutinib.’
Using a mouse model of 4-week ibrutinib administration, Jiang et al. reported that AF induction could be attributed to atrial structural remod-
eling and calcium handling disorders.'® Yang et al. suggested that the increased signaling of reactive oxygen species in cardiomyocytes con-
tributes to ibrutinib-induced AF."" More recently, Xiao et al. made a significant breakthrough by demonstrating that the elevated incidence of
AF with ibrutinib is associated with its off-target inhibitory effect on CSK."' This finding provides valuable insights into the pathophysiology of
ibrutinib-induced AF.

CSK functions as an inhibitor of Src, and its inhibition can lead to Src activation.' Interestingly, previous studies have demonstrated the
significant involvement of Src in Ang Il signaling.’* Activation of the renin-angiotensin system (RAS) has been implicated in the initiation and
perpetuation of AF through atrial remodeling.'® These findings prompt the question of whether RAS activation, via the CSK-Src pathway,
contributes to ibrutinib-induced AF. Notably, inhibitors of the RAS, such as ACE inhibitors and Ang Il receptor blockers, have shown efficacy
in preventing AF.'® Hence, we hypothesized that if RAS activation is indeed involved in ibrutinib-induced AF, RAS inhibitors may confer bene-
ficial effects.
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Figure 1. Ibrutinib increased AF susceptibility

(A) Representative examples of AF induction attempts in a control group rat and in an ibrutinib group rat.

(B) AF inducibility.

(C) AF duration. AF inducibility (B) was presented as numbers and compared by using the Fisher exact test. Data (C) are expressed as mean + SEM and compared
by Wilcoxon test. Con = control group; lbr = ibrutinib group; AF = atrial fibrillation; SR = sinus rhythm; n = 15 per group.

The objective of this study was to explore the impact of ACE expression modulation in the context of ibrutinib-induced AF in rats with pre-
existing AF risk factors, while also investigating the potential preventive effects of ACE inhibitors.

RESULTS
Ibrutinib increased atrial fibrillation susceptibility

As depicted in Figure 1A, atrial burst pacing rarely induced AF in control rats, while it frequently induced AF in rats from the ibrutinib group.
The inducibility of AF was significantly higher in the ibrutinib group, with 14 out of 15 rats (93.3%) showing inducibility, compared to only 2 out
of 15 control rats (13.3%; Figure 1B). Furthermore, AF duration was markedly prolonged in the ibrutinib group (37.57 £ 7.35 s) compared to
the control group (0.40 + 0.26 s; Figure 1C). These findings suggest that ibrutinib increases susceptibility to AF. However, no significant dif-
ferences were observed between the two groups in terms of atrial effective refractory period (AERP, Figure S1A) and ion channel protein
expression (Figures S1B and S1C). To address the potential influence of blood pressure reduction on atrial remodeling and AF inducibility,
we conducted additional experiments using amlodipine besylate as an antihypertensive control treatment in Ibrutinib-induced AF. In com-
parison to the Ibrutinib group, the Ibrutinib+amlodipine besylate group effectively lowered blood pressure in the rats (Figure S2A). However,
it did not reduce the AF induction rate and AF duration (Figures S2B and S2C).

Impact of ibrutinib on left atrial remodeling in rats through the modulation of the C-terminal Src kinase -Src signaling
pathway

To gain insight into the mechanisms underlying the promotion of AF by ibrutinib, we investigated left atrial structural changes. Echocar-
diography analysis revealed a significant increase in LA diameter (Figures 2A and 2B) in the ibrutinib group compared to the control group.
However, no significant change was observed in LVEF (Figure 2C) or various other parameters, including IVSD, ilVSS, LVIDD, LVIDS,
LVPWD, and LVPWS (Figure S3A). Systolic and diastolic blood pressure showed a trend of increase at 2-, 3-, and 4-week intervals in
the ibrutinib group rats compared to the control group rats, although the observed changes did not reach statistical significance
(Figure 2D).

Hematoxylin and eosin (HE) staining of the left atrial tissues revealed well-organized fibers in the control group, characterized by a lack of
intercellular spaces, whereas the ibrutinib-treated group displayed disordered myocardial fibers with hypertrophic and edematous cardio-
myocytes (Figure S3B). Masson’s trichrome staining demonstrated significantly increased left atrial collagen deposition and a higher collagen
volume fraction in the left atrial of the ibrutinib group rats compared to the control group rats (Figure 2E). Furthermore, western blot analysis
of left atrial tissues showed significant upregulation of fibrosis-related proteins, including collagen |, collagen Ill, transforming growth factor B
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Figure 2. Ibrutinib-induced left atrial remodeling

(A) Representative echocardiography images of LA dimensions in the control and ibrutinib groups.

(B) LA diameter in the two groups (n = 7 per group).

(C) LVEF in the two groups (n = 7 per group).

(D) SBP and DBP in the two groups (n = 10 per group).

(E) Representative Masson’s trichrome staining of atrial tissue and CVF of each group (n = 6 per group).

(F) Representative Western blots and quantification of protein expressions of Col I, Col Ill, a-SMA, and TGF-B1 in left atrial tissue of control and ibrutinib groups
(n = 6 per group). Data are represented as mean + SEM and compared by Student’s t test. LA = left atrial; LVEF = left ventricular ejection fraction; SBP = systolic
blood pressure; DBP = diastolic blood pressure; CVF = collagen volume fraction; Col | = collagen I; Col Ill = collagen IlI; Con = control group; Ibr = ibrutinib

group.

1 (TGF-B1), and alpha-smooth muscle actin (a-SMA), in the ibrutinib group compared to the control group (Figure 2F). These results provide
evidence that ibrutinib can induce left atrial interstitial fibrosis and left atrial enlargement.

A recent study demonstrated the inhibition of CSK contributed to ibrutinib-induced left atrial enlargement and atrial fibrosis in mice.'” CSK
functions as an inhibitor of Src, and its inhibition leads to the activation of Src, which has been shown to play a crucial role in Ang Il-induced
fibrosis-related changes by regulating downstream molecules such as a-SMA and TGF-B1 in cardiac fibroblasts.'” However, the involvement
of Src activation in ibrutinib-induced AF remains unclear. Thus, we examined the protein expression of CSK and Src in atrial tissues from both
groups. The results revealed that ibrutinib significantly decreased CSK expression and increased Src phosphorylation (Figures 3A and 3B).
Furthermore, Src activation may lead to a reduction in cardiac connexin 43 (Cx43) expression induced by Ang II."® Therefore, we investigated
the protein expression of Cx43 in the atrial tissue of both groups and observed a significant decrease in Cx43 levels in the ibrutinib group
compared to the control group (Figures 3C and 3D). Additionally, the expression of another gap junction protein, cardiac connexin 40
(Cx40), was also lower in the ibrutinib group compared to the control group (Figures 3C and 3D). These findings suggest that ibrutinib-
induced atrial remodeling may be mediated through the CSK-Src signaling pathway.
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Figure 3. The protein expression of CSK, Src, CX40 and CX43 in left atrial tissue

(A and B) Representative Western blots and quantification of protein expressions of Src, p-Src, and CSK in left atrial tissue of control and ibrutinib groups.

(C and D) Protein expressions of CX40 and CX43 in left atrial tissue of the two groups. Data are represented as mean + SEM and compared by Student's ttest. p-
Src = phosphorylated Src; Cx40 = connexin 40; Cx43 = connexin 43; Con = control group; lbr = ibrutinib group; n = 6 per group.

Ibrutinib elevates circulating angiotensin-converting enzyme and angiotensin Il levels

As mentioned earlier, previous studies have demonstrated that Src activation is an early event in the signal transduction induced by Ang I1.'*'®
Therefore, we hypothesized whether ibrutinib could induce the activation of the RAS. To investigate this, we measured the levels of ACE and
Ang Il 'in plasma and atrial tissues of both groups. Additionally, we assessed the plasma levels of REN, AGT, ALD, and renin activity in both
groups. Surprisingly, there was no significant difference in plasma REN content and renin activity between the two groups (Figures 4A and 4B).
The results showed a significant increase in plasma ACE and Ang Il levels in the ibrutinib group compared to the control group (Figures 4C
and 4D). However, no significant difference was observed in ACE mRNA expression and Ang Il concentration in atrial tissues between the two
groups (Figures 4E and 4F). Similarly, there was no significant difference in AGT and ALD between the two groups in plasma (Figures 4G and
4H). It is worth noting that serum ACE is primarily derived from vascular endothelial cells, particularly pulmonary microvascular endothelial
cells. Therefore, we further examined whether ibrutinib could enhance ACE protein expression in pulmonary microvascular endothelial cells.
The results revealed a significant increase in ACE protein expression in pulmonary tissues of the ibrutinib group (Figures 41 and 4J). Further-
more, we evaluated the potential effects of ibrutinib on human cardiac myocytes and fibroblasts. However, no significant induction of
apoptosis in human cardiac myocytes (Figures S4A and S4B) or fibrosis in human cardiac fibroblasts (Figures S4C and S4D) was observed
upon treatment with ibrutinib. Taken together, these findings suggest that pulmonary microvascular endothelial cells play a crucial role in
the promotion of AF by ibrutinib.

Inhibition of the PIBK-AKT pathway in human pulmonary microvascular endothelial cells is the potential mechanism of
ibrutinib-induced upregulation of angiotensin-converting enzyme

To investigate the potential mechanism underlying the upregulation of ACE in HPMECs induced by ibrutinib, we performed RNA sequencing
on HPMEC:s treated with or without ibrutinib. Through this analysis, we identified 1009 differentially expressed genes between the ibrutinib
group and the control group (Figure 5A). Further analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway revealed
that these differentially expressed genes were primarily enriched in the PI3K-AKT signaling pathway (Figure 5B). To validate the involvement
of the PI3K-AKT pathway, we conducted western blot analyses to assess the expression levels of PI3K and AKT. The results demonstrated that
in ibrutinib-treated HPMECs, the phosphorylation levels of PI3K and AKT were decreased, while the total protein levels remained unchanged
(Figure 5C). More importantly, we examined the effect of the PI3K activator, 740Y-P, on the upregulation of ACE expression induced by ibru-
tinib. The results showed that 740Y-P significantly inhibited the ibrutinib-induced upregulation of ACE expression (Figure 5D), accompanied
by an increase in the phosphorylation levels of PI3K and AKT (Figure 5E). Based on these findings, it can be inferred that the inhibition of the
PI3K-AKT pathway in HPMECs may be the primary mechanism responsible for the upregulation of ACE induced by ibrutinib.

Perindopril attenuated ibrutinib-induced left atrial remodeling and atrial fibrillation promotion by inhibiting angiotensin-
converting enzyme activation and C-terminal Src kinase-Src signaling pathway

To investigate the potential attenuation of ibrutinib-induced AF promotion through the inhibition of ACE activation, rats administered with
ibrutinib were simultaneously treated with perindopril for a duration of 4 weeks. In vivo electrophysiological study results demonstrated that
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Figure 4. Ibrutinib elevates circulating ACE and Ang Il levels
(A) Plasma REN content in the control and ibrutinib groups (n = 10 per group).

(B) Plasma renin activity content in the two groups (n = 8 per group).

(C) Plasma ACE content in the two groups (n = 12 per group).

(D) Plasma Ang Il content in the two groups (n = 10 per group).

(E) Relative ACE mRNA levels in left atrial tissue of the two groups (n = 6 per group).

(F) Ang Il content in left atrial tissue of the two groups (n = 10 per group).

(G) Plasma AGT content in the two groups (n = 8 per group).

(H) Plasma ALD content in the two groups (n = 8 per group).

(land J) Representative Western blots and quantification of protein expressions of ACE in lung tissue of the two groups (n = 6 per group). Data are represented as
mean + SEM and compared by Student’s t test. ACE = angiotensin converting enzyme; Ang Il = Angiotensin Il; renin = REN; angiotensinogen = AGT;
aldosterone = ALD; Con = control group; Ibr = ibrutinib group.

perindopril significantly decreased AF inducibility (20% in the ibrutinib+perindopril group vs. 100% in the ibrutinib group; Figure 6A) and AF
duration (1.61 £ 0.87 sin the ibrutinib+perindopril group vs. 32.87 £ 9.06 s in the ibrutinib group; Figure 6B) induced by ibrutinib (Figure S5A).
Furthermore, perindopril treatment notably attenuated ibrutinib-induced left atrial enlargement (Figures 6C and S5B), left atrial fibrosis
(Figures 6D and 6E), and left atrial downregulation of Cx40 and Cx40 (Figure 6F). We also measured pulmonary and plasma ACE levels, as
well as plasma Ang Il concentrations, in the control, ibrutinib, and ibrutinib+perindopril groups. The results demonstrated that perindopril
treatment significantly inhibited the ibrutinib-induced increase in pulmonary and plasma ACE levels (Figures 7A and 7B) and plasma Ang
Il concentrations (Figure 7C). Regarding blood pressure, both systolic and diastolic readings showed decreases at the 3-week intervals in
the perindopril group rats compared with the ibrutinib group rats, with no significant difference observed between the three groups at 1-,
2-, and 4-week intervals (Figure 7D). As expected, perindopril effectively mitigated the ibrutinib-induced downregulation of CSK and the
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Figure 5. Inhibition of the PI3K-AKT pathway in pulmonary microvascular endothelial cells is the potential mechanism of ibrutinib-induced upregulation
of ACE

(A) Volcano plot of differential expressed genes in HPMECs in the ibrutinib group relative to the control group, red represents up-regulated genes and blue
represents down-regulated genes (n = 3 per group).

(B) The results of KEGG pathway analysis (n = 3 per group).

(C) Representative Western blots and quantification of protein expressions of PI3K, p-PI3K, AKT, and p-AKT in HPMECs of control and ibrutinib groups (n = 6 per

group).

(D) Protein expressions of ACE in HPMECs of control, ibrutinib, and ibrutinib+740 Y-P groups (n = 6 per group).

(E) Protein expressions of PI3K, p-PI3K, AKT, and p-AKT in HPMECs of control, ibrutinib, and ibrutinib+740 Y-P groups (n = 6 per group). Data are represented as
mean + SEM and compared by Student’s t test. p-PI3K = phosphorylated PI3K; p-AKT = phosphorylated AKT; ACE = angiotensin converting enzyme; Con =
control group; lbr = ibrutinib group.

phosphorylation of Srcin left atrial tissues (Figure 7E). Additionally, perindopril attenuated the decrease in pulmonary phosphorylation levels
of PI3K and AKT induced by ibrutinib, while the total protein levels remained unchanged (Figures S6A and SéB). In summary, our study
demonstrates that perindopril effectively mitigates ibrutinib-induced left atrial remodeling and the promotion of atrial fibrillation through
the inhibition of ACE activation and the CSK-Src signaling pathway, shedding light on potential therapeutic strategies to counteract the
cardiovascular toxicities associated with ibrutinib treatment.

DISCUSSION

Our present study provides evidence that the oral administration of ibrutinib for a duration of 4 weeks in rats significantly increased vulner-
ability to AF. This increased susceptibility was accompanied by atrial fibrosis and downregulation of atrial Cx40 and Cx43. Importantly, our
studly is the first to demonstrate that ibrutinib acts as a potent inducer of Ang Il by upregulating ACE expression in pulmonary microvascular
endothelial cells through the inhibition of the PI3K-AKT signaling pathway. The elevated levels of circulating Ang Il subsequently activate Src
through the inhibition of CSK in the left atrial, leading to left atrial remodeling and the development of AF. Furthermore, our study provides
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Figure 6. Perindopril attenuated ibrutinib-induced left atrial remodeling and AF promotion
A) AF inducibility in the control, ibrutinib, and ibrutinib+perindopril groups (n = 10 per group).
B) AF duration in the three groups (n = 10 per group).

D) Representative Masson'’s trichrome staining images and CVF of left atrial tissue (n = 6 per group).

E) Protein expressions of Col |, Col Ill, a-SMA, and TGF-B1 in left atrial tissue (n = 6 per group).

F) Left atrial CX40 and CX43 protein expressions (n = 6 per group). AF inducibility (A) was presented as numbers and compared by using the Fisher exact test.
Data (B-F) are expressed as mean + SEM and compared by Wilcoxon test (B) or Student's t test (C-F). AF = atrial fibrillation; SR = sinus rhythm; LA = left atrial;
CVF = collagen volume fraction; Col | = collagen I; Col Ill = collagen IIl; Cx40 = connexin 40; Cx43 = connexin 43; Con = control group; lbr = ibrutinib group;

(
(
(C) LA diameter in the three groups (n = 6 per group).
(
(
(

lbr+Per = ibrutinib + perindopril group.
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Figure 7. Perindopril inhibited ibrutinib-induced activation of ACE and CSK-Src signaling pathway

(A) Lung ACE content in the control, ibrutinib, and ibrutinib+perindopril groups (n = é per group).

(B) Plasma ACE content in the three groups (n = 6 per group).

(C) Plasma Ang Il in the three groups (n = 6 per group).

(D) SBP and DBP in the three groups (n = 10 per group).

(E) Representative Western blots and quantification of protein expressions of Src, p-Src, and CSK in left atrial tissue of the three groups (n = 6 per group). Data are
represented as mean + SEM and compared by Tukey tests. ACE = angiotensin converting enzyme; Ang Il = Angiotensin Il; SBP = systolic blood pressure; DBP =
diastolic blood pressure; p-Src = phosphorylated Src; Con = control group; lbr = ibrutinib group; lbr+Per = ibrutinib + perindopril group.

evidence that the ACE inhibitor perindopril effectively prevents ibrutinib-induced susceptibility left atrial remodeling and the promotion of AF
by modulating the atrial CSK-Src signaling pathway.

Ibrutinib, as the first irreversible Bruton tyrosine kinase inhibitor, has proven to be an effective treatment for various B-cell lymphomas.’
However, there is accumulating evidence indicating an increased incidence of AF in patients undergoing ibrutinib treatment.”* A retrospec-
tive study revealed that new-onset AF in patients with cancer is associated with an elevated risk of thromboembolism and heart failure, even
after adjusting for known risk factors.® Moreover, the management of ibrutinib-associated AF poses challenges due to its interactions with
multiple medications commonly used for AF management,® and it also heightens the risk of bleeding, even without concurrent use of anti-
coagulants.'”?° Therefore, understanding the underlying mechanisms of ibrutinib-induced AF may aid in identifying preventive measures.

Limited studies have investigated the arrhythmogenic mechanisms underlying ibrutinib-associated AF.”"'? These studies have suggested
that atrial structural remodeling is likely the underlying mechanism for ibrutinib-induced AF,'%"'? and the off-target inhibition of CSK by ibru-
tinib may be the main molecular pathway involved in this process.'” CSK functions as a major endogenous inhibitor of Src family tyrosine ki-
nases. Phosphorylation of the C-terminal domain by CSK inactivates Src, whereas the inhibition of CSK leads to Src activation. However, it
remains unclear whether the ibrutinib’s inhibition of CSK results in atrial Src activation. Previous study demonstrated that Ang Il could induce
the activation of CSK and thereby inhibiting Src activity in cultured rat aortic vascular smooth muscle cells.”" In our present study, we have
demonstrated for the first time that atrial Src is activated after 4 weeks of ibrutinib administration. Src activation has been shown to play a
crucial role in Ang ll-induced cardiac fibrosis and the reduction of cardiac Cx43. Inhibition of Src has been found to attenuate angiotensin
ll-mediated cardiac fibrosis and dysregulation of Cx43."”:"%?? Atrial fibrosis is a characteristic feature of arrhythmogenic structural remodeling
and is known to play a significant role in initiating and sustaining AF.'>?*?* Moreover, downregulation of Cx43 contributes to slowed atrial
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conduction and enhanced atrial fibrotic response. Studies have demonstrated that the overexpression of Cx43 successfully inhibits AF pro-
gression in a porcine model, as reviewed by Nattel et al.”> Therefore, our findings provide a possible mechanistic link between ibrutinib-
induced CSK inhibition and left atrial remodeling, as previously described by Xiao et al.'?

Previous studies have reported that Src family protein kinases in cardiac fibroblasts, cardiomyocytes, and smooth muscle cells are primarily
activated by Ang II."" Therefore, we determined whether ibrutinib could induce ACE activation and increase Ang |l levels. Interestingly and
surprisingly, we found that ibrutinib significantly induced ACE expression in pulmonary tissues in vivo and in HPMECs in vitro, thereby leading
to increased circulating Ang Il levels. In addition, our study indicated the inhibition of the PI3K-AKT pathway in pulmonary microvascular endo-
thelial cells might be the main molecular mechanism of ibrutinib-induced ACE upregulation. Consistent with our findings, a previous study
reported that ibrutinib significantly reduced PI3K-Akt activity in neonatal rat ventricular myocytes.” To the best of our knowledge, this is the
first study to demonstrate the activating effect of ibrutinib on the ACE. Activation of the RAS has been well-documented to contribute to car-
diac arrhythmia, hypertension, cardiovascular remodeling, and heart failure by regulating various signal transduction cascades.'* Moreover, a
recent study revealed a significant increase in the incidence of ventricular arrhythmia, hypertension, and heart failure in patients treated with
ibrutinib, in addition to atrial fibrillation.? Therefore, our findings provide a potential explanation for the observed cardiovascular toxicities
associated with ibrutinib, although no differences in blood pressure and left ventricular function were found in this short-term rat model.

Accumulating evidence highlights the significant role of the RAS in the etiopathogenesis of AF."® Clinical trials have demonstrated the
effectiveness of RAS inhibitors in the primary and secondary prevention of AF.'*?>?’ Importantly, experimental studies have also shown
that ACE inhibitors and Ang Il receptor blockers can protect against chemotherapy-induced cardiotoxicity.”®?” Recent systematic reviews
and meta-analyses of clinical randomized controlled trials have indicated that RAS inhibitors have a substantial protective effect on the reduc-
tion of left ventricular ejection fraction induced by chemotherapeutic drugs.>>®" In our present study, we provide the first description of the
effective prevention of ibrutinib-induced left atrial remodeling and AF promotion by the ACE inhibitor perindopril. This effect was accompa-
nied by the attenuation of CSK downregulation and Src activation, suggesting that the modulation of the CSK-Src signaling pathway contrib-
utes to the observed benefits. Further clinical studies are warranted to confirm these preliminary findings in our animal model. Interestingly, a
growing number of preclinical observations have highlighted the importance of the RAS in cancer development, growth, and progression.*
The use of ACE inhibitors or Ang |l receptor blockers has been significantly associated with improved cancer progression-free and overall
survival.*>* QOur findings suggest that lborutinib may modulate components of the RAS, such as ACE and Ang II, and further research is war-
ranted to explore the potential implications of this modulation in the context of atrial fibrillation. Understanding the precise mechanisms by
which Ibrutinib affects RAS components in the atria can offer insights into its role in the development of atrial fibrillation and guide the explo-
ration of novel prevention strategies.

In conclusion, our study demonstrates that ibrutinib induces ACE expression in pulmonary microvascular endothelial cells through the in-
hibition of the PI3K-AKT pathway. This leads to an increase in circulating levels of Ang Il and subsequent promotion of left atrial remodeling
through the downstream regulation of CSK-Src signaling, ultimately culminating in AF. Importantly, our findings highlight the efficacy of ACE
inhibitor perindopril in preventing ibrutinib-induced AF by modulating these associated pathways.

Limitation of the study

As is well known, Ang Il exerts its physiological functions through two distinct receptor subtypes: the type 1 receptor and type 2 receptor.
However, the specific receptor subtype mediating the effects of Ang Il was not clarified in the present experiment.
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Antibodies

Rabbit monoclonal anti-Collagen | Abcam Ca#ab260043;RRID_AB_2922767
Rabbit monoclonal anti-Collagen IlI Abcam Ca#ab7778;RRID_AB_306066
Rabbit monoclonal anti-a-SMA Abcam Ca#ab5694;RRID_AB_2223021
Rabbit monoclonal anti-TGF-B1 Abcam Ca#ab215715;RRID_AB_2893156
Rabbit monoclonal anti-ACE Abcam Ca#ab254222;RRID_AB_3073965

Rabbit monoclonal anti-CSK(C74C1)

Rabbit monoclonal anti-Src

Rabbit monoclonal anti-phosphp-Src(Tyr416)

Rabbit polyclonal anti-CX40

Rabbit polyclonal anti-CX43

Rabbit polyclonal anti-PI3 Kinase p110 alpha

Rabbit polyclonal anti-phospho-PI3 Kinase p85 (Tyr458)/p55 (Tyr199)
Rabbit polyclonal anti-AKT

Rabbit monoclonal anti-phospho-AKT(Ser473)

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Biosynthesis Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Ca#4980;RRID_AB_2276592
Ca#2108;RRID_AB_331137
Ca#2101;RRID_AB_331697
Catbs-1050R;RRID_AB_10857532
Ca#3512;RRID_AB_2294590
Ca#4255;RRID_AB_659888
Ca#4228S;RRID_AB_659940
Ca#9272;RRID_AB_329827
Ca#4060;RRID_AB_2315049

Chemicals, peptides, and recombinant proteins

Ibrutinib
perindopril
Dimethylsulfoxide
Ibrutinib

740Y-P

Catalent CTS

Servier Pharmaceutical
Sigma-Aldrich
Selleckchem

MedChemExpress

Cat#:1946974;CAS:936563-96-1
Cat#:070307;CAS:82834-16-0
Cat#:D8370;CAS:67-68-5
Cat#:52680;CAS:936563-96-1
Cat#:HY-P0175;CAS:1236188-16-1

Experimental models: Cell lines

HPMECs
Human cardiomyocytes (AC16 cells)

Human heart fibroblasts

Pricells Biopharma
Bena Culture Collection

Bena Culture Collection

HUM-CELL-0001
BNCC 339980
BNCC 354381

Experimental models: Organisms/strains

SD rat Beijing Vital River Laboratory Animal NA
Technology Co, Ltd (Beijing, China)

Oligonucleotides

gRT-PCR primers See Table S1 NA

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yue Li (ly99ly@vip.

163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

RNA-seq data generated for this article have been deposited at NCBI's Sequence Read Archive (SRA) and are publicly available as of the date

of publication. The project number is PRINA1052465.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental animals

All animal procedures in this study were conducted in accordance with the Health Guide for the Care and Use of Laboratory Animals and
approved by the Animal Care Committee at Harbin Medical University (IACUC number: 2021121) to ensure humane care. Seventy male
SD rats weighing 260-280g with a mean age of 8 weeks were obtained from Beijing Vital River Laboratory Animal Technology Co, Ltd (Beijing,
China) and housed at the Experimental Animal Center of Harbin Medical University. The rats were randomly assigned and individually housed
in a 12:12 h light-dark cycle, with ad libitum access to food and water. For the experimental groups, rats in the ibrutinib group were orally
administered ibrutinib (17 mg/kg/d; Catalent CTS, LLC, USA) for a duration of 4 weeks. The dosage of ibrutinib was determined
based on body surface area, as previously described.”” Rats in the ibrutinib + perindopril group received both ibrutinib and perindopril
(2 mg/kg/d*) orally for 4 weeks. Control rats received the vehicle solution in parallel. The vehicle solution was prepared using dimethylsulf-
oxide (DMSQO; Sigma-Aldrich, Natick, MA, USA) as a solvent for dissolving ibrutinib.

Cell culture

HPMECs were obtained from Pricells Biopharma Ltd. (Wuhan, China). Human cardiomyocytes (AC16 cells) were sourced from the Bena Cul-
ture Collection (BNCC 339980, China), and human heart fibroblasts were also obtained from the Bena Culture Collection (BNCC 354381,
China). lbrutinib, a Bruton tyrosine kinase inhibitor, was purchased from Selleckchem (Houston, TX, USA), while the PI3K activator 740Y-P
was obtained from MedChemExpress (Princeton, NJ, USA). HPMECs were cultured in RPMI-1640 medium (HyClone; GE Healthcare Life
Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin (P/S; Gibco,
USA). Human cardiomyocytes and human heart fibroblasts were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA),
enriched with 10% fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin (P/S; Gibco, USA). The cells were maintained in a
humidified incubator at 37°C with 5% CO2. For the experimental treatments, HPMECs were incubated with different solutions: DMSO
only (control group), DMSO supplemented with 0.3 uM ibrutinib” (ibrutinib group), and DMSO supplemented with 0.3 pM ibrutinib and
50 uM 740Y-P (ibrutinib + 740Y-P group). Similarly, human cardiomyocytes and human heart fibroblasts were subjected to different treat-
ments: DMSO only (control group), DMSO supplemented with 0.3 uM ibrutinib’ (ibrutinib group). The incubation period lasted for 48 hours,
allowing sufficient time for the effects of the compounds to manifest.

METHOD DETAILS
Blood pressure measurement

Blood pressure measurements were performed at baseline and weekly throughout the 4-week study using a tail-cuff system (Softron BP-2010;
Softron Tokyo, Japan) on conscious rats.

In vivo electrophysiological study

AF induction followed the same protocol as previously described in detail.* Briefly, rats were anesthetized with 1% sodium pentobarbital
(30 mg/kg) administered via peritoneal injection. Open-chest surgery was performed, and a 1.9-F octapolar catheter (Transonic Systems
Inc., New York, USA) was positioned on the right atrium for programmed stimulus delivery. AF inducibility was assessed using 50-Hz burst
pacing, consisting of 12 bursts separated by a 2-second interval, applied for 3 seconds. AF was defined as the presence of irregular atrial
electrograms (>800 beats/min) with an irregular ventricular response lasting for more than 1 second. AF duration was determined as the
average duration of all AF episodes within a 60-second period for each rat.

Echocardiography

Transthoracic echocardiographic studies were conducted using the Philips CX50 ultrasound system equipped with a Philips $12-4 phased-
sector ultrasound transducer while rats were under sedation. We obtained measurements of the following parameters using established
protocols: Left atrial (LA) diameter at end-diastole, Interventricular septum diastolic (IVSD), Interventricular septum systolic (IVSS), Left
ventricular internal dimension diastole (LVIDD), Left ventricular internal dimension systole (LVIDS), Left ventricular posterior wall in diastole
(LVPWD), Left ventricular posterior wall in systole (LVPWS).%

HE and Masson’s trichrome staining

Left atrial tissues were subjected to histological staining using HE and Masson’s trichrome techniques. HE staining allowed for the visualiza-
tion of cellular components and tissue morphology. Masson's trichrome staining was employed to assess collagen deposition and fibrosis
in the left atrial tissues. To quantify the extent of collagen deposition, the collagen volume fraction was determined by calculating the ratio
of the area occupied by collagen fibers to the total area in the visual field. This analysis was performed using Image-Pro Plus software, enabling
accurate and standardized measurements.
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Enzyme-Linked Immunosorbent Assay

The concentrations of plasma ACE and Ang |l, as well as the Ang Il content in atrial tissues, were assessed using ELISA kits (BlueGene Biotech
Co Ltd, Shanghai, China). Meanwhile, the concentrations of plasma renin (REN), angiotensinogen (AGT), and aldosterone (ALD) were deter-
mined employing ELISA kits (Elabscience Biotechnology Co Ltd, Wuhan, China). Specifically, the concentrations of renin activity were
measured using ELISA kits from Jianglai Biotechnology Co Ltd, Shanghai, China. All measurements were conducted in accordance with
the manufacturer's instructions supplied with the respective kits.

Western blot analysis

Protein samples were subjected to 10% SDS-polyacrylamide gel electrophoresis to separate the proteins, followed by their transfer onto pol-
yvinylidene difluoride membranes. The membranes were then incubated in 5% nonfat milk at room temperature for 90 minutes to block
nonspecific binding. Subsequently, the membranes were incubated overnight at 4°C with primary antibodies. Antibodies against collagen
I, collagen Ill, a-SMA, TGF-B1, and ACE were obtained from Abcam Biotechnology Company (Cambridge, UK), while antibodies against
CSK, Src, p-Src (Tyr-416), Cx40, Cx43, PI3K, p-PI3K, AKT, and p-AKT were obtained from Cell Signaling Technology Inc. (Danvers, MA,
USA). Following primary antibody incubation, the membranes were washed with PBST and then probed with secondary antibodies, either
goat anti-rabbit or goat anti-mouse IgG HRP, for 1 hour at room temperature. After washing three times with PBST, the protein bands
were visualized using an enhanced chemiluminescence detection system. The bound complexes were imaged using the Bio-Rad ChemiDoc
TMXRS, and ImageJ software was utilized for gel image analysis.

RNA extraction and quantitative real-time qRT-PCR

Total RNA was extracted using a reagent from Axygen (USA). Real-time quantitative reverse transcription polymerase chain reaction (qRT-
PCR) was carried out using an Applied Biosystems instrument. The specific primers used for amplifying ACE were as follows: forward primer,
5-CACCGGCAAGGTCTGCTT-3, andreverse primer, 5-CTTGGCATAGTTTCGTGAGGAA-3'. The relative quantification of gene expression
was determined using the 2A-AACT method, with normalization against GAPDH as an internal control.

Immunofluorescence staining

Cardiac fibroblasts were initially fixed with 4% paraformaldehyde for 20 minutes at room temperature. Subsequently, they were permeabilized
using a 0.5% Triton X-100 solution for another 20 minutes at room temperature. For the immunofluorescence staining, the primary antibodies,
including alpha-smooth muscle actin (2-SMA) antibody (1:100, Abcam, US), were incubated with the cells overnight at 4°C. Following this, the
cells were treated with secondary antibodies (Beyotime, China, 1:200) for 90 minutes at room temperature. To visualize the nuclei, DAPI
(Beyotime, China) was used for counterstaining. The stained cells were then examined using a laser scanning confocal microscope (ZEISS
510S, Germany).

TUNEL staining

TUNEL staining was performed following the manufacturer’s instructions (Roche, Sigma, USA). In brief, cardiac myocytes were fixed with 4%
paraformaldehyde for 20 minutes at room temperature. Subsequently, the cells were permeabilized using a 0.1% Triton X-100 solution for
20 minutes at room temperature. The TUNEL staining solution, a mixture of TdT enzyme and labeled dUTP, was prepared according to
the kit instructions. Cells were then incubated at 37°C for 1 hour to facilitate labeling. Finally, cell nuclei were counterstained with a fluorescent
nuclear marker such as DAPI for 10 minutes at room temperature. Cells were observed using a laser scanning confocal microscope (ZEISS
510S, Germany).

Transcriptome sequencing
The RNA level changes in HPMECs were analyzed using transcriptome sequencing (Sangon Biotech, China) with three biological replicates in
each group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using GraphPad Prism 9.0 software (GraphPad Software, Inc, La Jolla, CA). The Shapiro-Wilk test was used
to assess normality. Continuous variables were presented as mean =+ standard error of the mean (SEM). Two-group comparisons were per-
formed using Student’s unpaired t-test or Wilcoxon (Mann-Whitney U) test. Variables with more than two groups were analyzed by one-way
ANOVA followed by Tukey's tests for post hoc comparisons. Categorical variables were reported as numbers and percentages and compared
using the Fisher’s exact test. Statistical significance was defined as P < 0.05.
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