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Abstract

Background: Ibrutinib is a first‐line drug that targets Bruton's tyrosine kinase
for the treatment of B cell cancer. However, cardiotoxicity induced by ibrutinib

is a major side effect that limits its clinical use. This study aimed to investigate

the mechanism of ibrutinib‐induced cardiotoxicity and evaluate the protective

role of metformin.

Methods: The study utilized male C57BL/6 J mice, which were administered

ibrutinib at a dosage of 30mg/kg/day via oral gavage for 4 weeks to induce

cardiotoxicity. Metformin was administered orally at 200mg/kg/day for 5

weeks, starting 1 week before ibrutinib treatment. Cardiac function was

assessed using echocardiography and electrophysiological studies, including

surface electrocardiography and epicardial electrical mapping. Blood pressure

was measured using a tail‐cuff system. Western blot analysis was conducted

to evaluate the activity of the PI3K‐AKT and AMPK pathways, along with

apoptosis markers.

Results: C57BL/6 J mice were treated with ibrutinib for 4 weeks to assess its

effect on cardiac function. We observed that ibrutinib induced ventricular

arrhythmia and abnormal conduction while reducing the left ventricular

ejection fraction. Furthermore, pretreatment with metformin reversed

ibrutinib‐induced cardiotoxicity. Mechanistically, ibrutinib decreased

PI3K‐AKT activity, resulting in apoptosis of cardiomyocytes. Administration of

metformin upregulated AMPK and PI3K‐AKT activity, which contributed to

the improvement of cardiac function.
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Conclusion: The study concludes that metformin effectively mitigates

ibrutinib‐induced cardiotoxicity, including ventricular arrhythmia and cardiac

dysfunction, by enhancing AMPK and PI3K‐AKT pathway activity. These

findings suggest that metformin holds potential as a therapeutic strategy to

protect against the adverse cardiac effects associated with ibrutinib treatment,

offering a promising approach for improving the cardiovascular safety of

patients undergoing therapy for B cell cancers.
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1 | INTRODUCTION

Ibrutinib, which is an oral Bruton's tyrosine kinase (BTK)
inhibitor, is approved for the treatment of chronic lym-
phocytic leukemia, mantle cell lymphoma, Waldenström
macroglobulinemia, and marginal cell lymphoma by the
US Food and Drug Administration [1, 2]. Ibrutinib can
improve survival and overall tolerability compared with
traditional systemic chemotherapy. However, patients
who use ibrutinib experience an increased incidence of
ventricular and atrial arrhythmias, conduction disorders,
heart failure [3], hypertension [4], and other cardiovas-
cular events [5–8]. Ventricular arrhythmias, such as fre-
quent premature ventricular contractions and ventricular
tachycardia, increase the risk of sudden cardiac death [7].
Recurrent polymorphic ventricular tachycardia and
sudden death have been consistently associated with the
administration of ibrutinib [9]. Therefore, determining
the mechanisms underlying ibrutinib‐induced ventricu-
lar arrhythmia and developing novel therapeutic
strategies are urgently required.

Multiple mechanisms regarding the pathogenesis of
ibrutinib‐induced arrhythmia, involving on‐target and off‐
target effects because ibrutinib inhibits at least 19 kinases
including BTK, have been reported [10]. Upon antigen
binding, BTK can be phosphorylated by the upstream
tyrosine‐protein kinase Syk or Lyn, resulting in the acti-
vation of downstream nuclear factor‐κB and phosphatidy-
linositol 3‐kinase (PI3K) cascades [10, 11]. Activation of
PI3K (p110α) is a major regulator in maintaining sinus
rhythm, and ibrutinib decreases PI3K‐AKT activity in
neonatal rat ventricular myocytes [12, 13]. These findings
suggest the involvement of the PI3K‐AKT pathway in
ibrutinib‐induced ventricular arrhythmia. AMP‐activated
protein kinase (AMPK), which is a stress kinase that
functions as an energy sensor and monitors the ATP/ADP
ratio, is responsible for AKT phosphorylation independent
of PI3K [14]. Metformin is an oral medication used to
lower high blood sugar concentrations in patients with

type 2 diabetes since its introduction in 1957 [15].
Metformin is believed to primarily exert its antidiabetic
effects by suppressing hepatic glucose production and
activating AMPK [16]. Recent research has shown that
metformin exerts a beneficial effect on cardiovascular
protection, resulting in a considerable improvement in left
ventricular function and survival through the activation of
AMPK [17–20]. Metformin also reduces cardiovascular
disease risk factors, such as blood lipids, body weight, and
blood pressure. Metformin decreases the risk of all‐cause
mortality and the incidence of cardiovascular disease
compared with insulin and other oral hypoglycemic
medications [21, 22]. Studies have shown that patients
with diabetes who are treated with metformin have a lower
incidence of cancer. The antitumor effects of metformin
are closely associated with the mechanistic target of rapa-
mycin (mTOR) complex 1, which is a key protein in the
PI3K/Akt/mTOR pathway [23–25]. Therefore, we hypoth-
esize that metformin can reduce ibrutinib‐induced
cardiotoxicity.

In the present study, we established a model of
ibrutinib‐induced ventricular arrhythmia and investi-
gated its underlying mechanism. This study showed that
ibrutinib decreased PI3K‐AKT activity in the ventricles.
Additionally, metformin attenuated ibrutinib‐induced
cardiotoxicity by increasing the activity of AMPK and
PI3K‐AKT, indicating the potential combination of met-
formin and ibrutinib as a therapeutic approach for B cell
cancer.

2 | MATERIALS AND METHODS

2.1 | Experimental protocol

Male C57BL/6J mice aged 3 months were treated with
ibrutinib (30mg/kg/day) via oral gavage for 4 weeks [1].
Mice in the control group were administered the equiva-
lent amount of solvent. Metformin was administered orally

2 of 14 | CANCER INNOVATION



at 200mg/kg/day for 5 weeks, starting 1 week before
initiating ibrutinib treatment [26]. The metformin group
received metformin alone for 5 weeks using the same
administration method. Ibrutinib and metformin were
purchased from MedChemExpress (Cat No. PCI‐32765)
and Sigma‐Aldrich (Cat No. PHR1084), respectively.
Animal protocols received approval from the Experimental
Animal Administration Committee of Tianjin Medical
University (TMUaMEC 2019004).

2.2 | Blood pressure measurement

Blood pressure of the mice was monitored using a
tail‐cuff system (Softron TMC‐213). When the wave
was sinusoidal, the following indices were recorded:
heart rate, systolic blood pressure (SBP), diastolic blood
pressure (DBP), and mean blood pressure (MBP).

2.3 | Echocardiographic assessments

After the treatment period, the mice were weighed and
anesthetized with the inhalation of isoflurane. Trans-
thoracic echocardiography was performed using a small
animal ultrasound system (Visual Sonics Vevo 2100).
Echocardiographic parameters were acquired in the short‐
axis and long‐axis views and measured using M‐mode
imaging during three consecutive cardiac ejection cycles.

2.4 | Electrophysiology study

After anesthetization, the mice were positioned on their
backs on a surgical table. A standard lead II body surface
electrocardiogram was recorded before the operation.
The jugular vein was exposed under a dissecting micro-
scope and the distal end was ligated. A 1.1 F octapolar
electrophysiological catheter was inserted and advanced
through the right atrium to the right ventricle (RV)
[27–29]. The catheter positioning was monitored
and located using a body surface electrocardiogram.
Ventricular arrhythmia was induced by a standard burst
pacing protocol. The RR interval and the QT interval
were measured using LabChart8 Pro.

2.5 | Epicardial electrical mapping

Ventricular electrical conduction heterogeneity and ven-
tricular tachycardia induction rates were assessed using an
electrical mapping system, as described in a previous study
[30]. Briefly, after an electrophysiological study, a 0.5‐inch

incision was made on the right side of the midline at the
level of the clavicle. A blunt dissection was performed to
separate the subcutaneous tissue, thyroid, and lymph tissue
and isolate the neck trachea. A 6/0 thread was placed
below the trachea and an incision was created using micro‐
scissors. Ventilator parameters were set with a respiration
frequency of 110Hz, a respiration ratio of 1:1, and a tidal
volume of 1.0mL. The ventilator for mechanical ventilation
was connected and tracheal intubation was secured with
sutures. The skin of the lower abdomen was cut below the
xiphoid process to expose the abdominal organs. The
diaphragm was opened and the heart was then exposed.
We used 6×6 microelectrodes to record the epicardial
activation map of the left ventricle (LV) and RV. Data were
recorded using a multichannel system (EMS64‐USB‐1003).
Conduction velocity, absolute inhomogeneity, and the
inhomogeneity index were calculated using EMapScope 4.0
software (MappingLab Ltd.).

2.6 | Western blot analysis

Total protein from frozen ventricular tissue was extracted
using radioimmunoprecipitation assay lysis buffer. The
protein concentration in the supernatant was determined
using the bicinchoninic acid method. We used poly-
acrylamide gel electrophoresis for western blot analysis.
Protein samples (30 μg) were transferred to a solid‐phase
carrier (polyvinylidene fluoride membrane) after separa-
tion using polyacrylamide gel electrophoresis. The protein
on the solid‐phase carrier served as the antigen and reacted
with the corresponding antibody. The antibody then
reacted with the horseradish peroxidase‐linked second
antibody. After substrate color development, this process
allowed for the detection of protein components expressed
by the specific target gene that were separated by
electrophoresis. The following antibodies were used:
glyceraldehyde‐3‐phosphate dehydrogenase (1:5000; Pro-
teintech), phosphorylated‐AMPKαThr172 ([p‐AMPKαThr172]
1:1000, 2535S; Cell Signaling Technology), total‐AMPKα
([t‐AMPK] 1:1000, ab32047; Abcam), PI3K (p110α) (1:1000,
4249S; Cell Signaling Technology), total‐AKT ([t‐AKT]
1:1000, 4685S; Cell Signaling Technology), phosphorylated‐
AKTSer473([p‐AKTSer473] 1:1000, 4060S; Cell Signaling
Technology), Bcl‐2 (1:1000, ab59348; Abcam), Bax (1:5000,
ab32503; Abcam), and α‐smooth muscle actin ([α‐SMA]
1:1000, 19245S; Cell Signaling Technology).

2.7 | Histological analysis

Mouse ventricular tissue samples were dehydrated using
an automatic dehydrator. After the dehydration process,
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they were transferred to liquified paraffin for embed-
ding. Once the paraffin was fully solidified, the wax
block was sectioned continuously (5 μm). The slides
were placed in a constant temperature water bath, and
each section was quickly transferred onto a glass slide.
The slides were baked in a 65°C oven for 60 min and
then stored at room temperature. Hematoxylin and
eosin staining and Masson staining were performed to
observe the morphology and assess fibrosis in the LV.
Images were captured using an Olympus microscope.
The extent of interstitial fibrosis was quantified in each
of the five random fields in each section using ImageJ
software (Bethesda).

2.8 | Statistical analysis

Measurement data are expressed as the mean ±
standard error of the mean (SEM). Before applying
statistical methods, we evaluated whether the data fit a
normal distribution by conducting the Shapiro–Wilk
test, and a p> 0.05 was considered to follow a normal
distribution. Levene's test was used to test the homo-
geneity of variance for two independent samples.
p> 0.05 indicated that the variance was homogeneous
using the t‐test, and p ≤ 0.05 indicated that the variance
was not homogeneous using Welch's t‐test. Similarly, a
p> 0.05 in one‐way analysis of variance suggested
homogeneity of variance, whereas a p ≤ 0.05 in the
Welch analysis of variance indicated a lack of homo-
geneity for three or more samples. Nonparametric data
were analyzed with the Mann–Whitney or
Kruskal–Wallis test. Data were statistically analyzed
using SPSS 26.0 software. A p< 0.05 was
considered statistically significant.

3 | RESULTS

3.1 | Ibrutinib promotes electrical
remodeling

A model of ibrutinib‐induced cardiotoxicity using
C57BL/6 J mice was established (Figure 1a). Ibrutinib‐
treated mice showed prolongation of the corrected QT
interval (QTc), but not of the RR interval (Figure 1b,c).
Furthermore, we recorded electrical conduction mapping
of the LV and RV in vivo. Conduction velocity was
decreased and conduction heterogeneity was increased in
the LV and RV of ibrutinib‐treated mice, with increased
absolute inhomogeneity and an increased inhomogeneity
index (Figure 1d–j). These results suggest that ibrutinib
causes electrical remodeling.

3.2 | Ibrutinib induces cardiac
dysfunction and ventricular structural
remodeling

We next examined the effect of ibrutinib on blood pressure
and cardiac function. Ibrutinib‐treated mice showed a
significant reduction in the left ventricular ejection fraction
(p=0.0322) and left ventricular fractional shortening
(p=0.0355) when compared to control mice (Figure 2a–c).
Interventricular septal thickness, left ventricular posterior
wall thickness, and E/e' showed a downward trend and
the left ventricular end‐diastolic dimension and the left
ventricular end‐systolic dimension showed an increasing
trend in ibrutinib‐treated mice when compared to control
mice (Table 1). In addition, ibrutinib treatment increased
SBP and DBP (Figure 2d). Moreover, ibrutinib‐treated mice
showed greater deposition of collagen fibers in the
ventricular interstitium (Figure 2e,f), accompanied by
higher α‐SMA expression in the ventricles than control
mice (Figure 2g,h). These findings suggest that ibrutinib
induces ventricular structural remodeling.

3.3 | Ibrutinib reduces PI3K‐AKT
pathway activity

To determine the mechanism of ibrutinib‐induced
cardiotoxicity, we performed western blot analysis to
detect PI3K‐AKT pathway activity. PI3K (p110α) and p‐
AKTSer473 protein levels were lower in the ventricles of
ibrutinib‐treated mice than in control mice (Figure 3a–c).
The PI3K‐AKT pathway plays a predominant role in an-
tiapoptotic effects in the cardiovascular system [31, 32].
Therefore, we examined the cell apoptosis markers Bax
and Bcl‐2. The ratio of Bax/Bcl‐2 was higher in ibrutinib‐
treated mice than in control mice (Figure 3a,e). This
finding suggests that ibrutinib promotes cardiomyocyte
apoptosis via downregulation of PI3K‐AKT pathway acti-
vation, leading to cardiotoxicity.

3.4 | Metformin improves ibrutinib‐
induced ventricular arrhythmia

Metformin is the first‐line drug for the treatment of type
2 diabetes mellitus and is associated with few adverse
cardiovascular events in clinical trials and observational
studies [33, 34]. To investigate the effect of metformin
on ibrutinib‐induced cardiotoxicity, we administered
metformin (200mg/kg/day) 1 week before ibrutinib
treatment and metformin alone for 5 weeks (Figure 4a).
A surface electrocardiogram and intracardiac electro-
gram showed the development of ventricular premature
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contractions after burst stimulation in ibrutinib‐treated
mice (Figure 4b). In contrast, burst pacing stimulation
failed to induce any ventricular arrhythmias in control
mice. Metformin shortened the prolonged QTc induced

by ibrutinib (Figure 4c,d). Moreover, metformin reversed
the decreased conduction velocity by ibrutinib and
reversed the increased absolute heterogeneity and
heterogeneity index by ibrutinib in the LV and RV

FIGURE 1 Ibrutinib promotes ventricular arrhythmia and electrical remodeling. (a) C57BL/6 J mice were treated with ibrutinib (IBR)
at 30mg/kg/day or vehicle (control [CTL]) for 28 days. (b) Representative electrocardiographic tracings for control and ibrutinib‐treated
mice. (c) Corrected QT interval (QTc). Data are the mean ± SEM, n= 6 in each group; *p< 0.05, Student's t‐test. (d) Representative
epicardial electrical mapping of the left ventricle (LV) and right ventricle (RV) in vivo. (e–j) Conduction velocity (CV) of the LV (e) and RV
(h), absolute inhomogeneity of the LV (f) and RV (i), and the inhomogeneity index of the LV (g) and RV (j) were measured. Data are the
mean ± SEM, n= 4 in each group; *p< 0.05, Student's t‐test.
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(Figure 4e–k). These results suggest that metformin
ameliorates ibrutinib‐induced ventricular arrhythmia
and electrical remodeling.

3.5 | Metformin attenuates ibrutinib‐
induced cardiac dysfunction and
ventricular structural remodeling

We detected blood pressure and cardiac function after
metformin treatment. Echocardiographic analysis showed
that metformin pretreatment rescued the ibrutinib‐mediated

reduction in the left ventricular ejection fraction and left
ventricular fractional shortening (Figure 5a–c). Metformin
reversed the decrease in the interventricular septal
thickness, left ventricular posterior wall thickness, and E/e
by ibrutinib treatment and reduced the increase in the left
ventricular end‐diastolic dimension and left ventricular
end‐systolic dimension by ibrutinib treatment (Table 2).
Moreover, metformin reduced the increase in SBP and DBP
caused by ibrutinib treatment (Figure 5d). In a pathological
analysis, metformin treatment reduced the increase in
deposition of collagen fibers in the ventricular interstitium
caused by ibrutinib treatment (Figure 5g,h). Consistently,

FIGURE 2 Ibrutinib induces cardiac dysfunction and ventricular structural remodeling. C57BL/6 J mice were treated with ibrutinib
(IBR) at 30mg/kg/day or vehicle (control [CTL]) for 28 days. (a) Representative two‐dimensional and M‐mode views of the left ventricle
(LV). (b) The left ventricular ejection fraction (LVEF) and (c) left ventricular fractional shortening (LVFS) were measured. Data are the
mean ± SEM, n= 6 in each group; *p< 0.05, Student's t‐test. (d) Systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean
blood pressure (MBP) were measured after treatment. Data are the mean ± SEM, n= 6 in each group; *p< 0.05, Student's t‐test for SBP and
MBP, and DBP was analyzed using the Mann–Whitney test. (e) Representative images of Masson staining of ventricular tissue in the two
groups. (f) Quantification of the fibrotic area shown in panel (e). Data are the mean ± SEM, n= 4 in each group; *p< 0.05, Student's
t‐test. (g, h) Protein expression and quantification of α‐smooth muscle actin (α‐SMA) in the LV. Data are the mean ± SEM, n= 6 in the
CTL group and n= 6 in the IBR group; *p< 0.05, Student's t‐test.
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metformin reversed the upregulated α‐SMA expression by
ibrutinib treatment in the ventricles (Figure 5e,f), suggesting
that metformin ameliorates ibrutinib‐induced ventricular
structural remodeling.

3.6 | Metformin promotes AMPK and
PI3K‐AKT pathway activity

Metformin is an established agonist of AMPK, which
inhibits the activity of mitochondrial complex I [35].

To further study the mechanisms underlying the protective
effect of metformin in ibrutinib‐induced cardiotoxicity, we
investigated the signaling molecules in the AMPK and
PI3K‐AKT pathways. Western blot results showed that
metformin treatment reversed the decrease in levels of
PI3K (p110α), p‐AKTSer473, and AMPKThr172 caused by
ibrutinib treatment (Figure 6a–c,e). In addition, metformin
treatment reduced the increase in the Bax/Bcl‐2 ratio
caused by ibrutinib treatment (Figure 6g), suggesting that
metformin improves apoptosis of cardiomyocytes.

4 | DISCUSSION

Ibrutinib, which is an oral BTK inhibitor, considerably
improves the prognosis of various B cell malignant diseases
and is approved for lifelong therapy. However, ibrutinib
has been associated with a more than six‐fold increase in
the incidence of cardiac arrhythmias, including atrial
fibrillation and potentially fatal ventricular arrhythmic
episodes [36, 37]. Atrial fibrillation is the leading cause of
drug discontinuation in patients receiving ibrutinib owing
to toxicity concerns. Atrial fibrillation occurs in 5%–16% of
patients, particularly in those aged 65 years or older and/or
with cardiovascular risk factors [38]. Ibrutinib is also
associated with an increase in ventricular arrhythmic
events and sudden cardiac deaths. In cohort studies, the
incidence of ventricular arrhythmic events and sudden

TABLE 1 Echocardiographic characteristics of mice in the
CTL and IBR groups.

Parameters CTL IBR

LVEF (%) 55.53 ± 2.46 47.70 ± 1.14*

LVFS (%) 28.55 ± 1.60 23.63 ± 0.73*

IVS (mm) 0.87 ± 0.05 0.75 ± 0.10

LVEDD (mm) 3.83 ± 0.07 3.93 ± 0.14

LVESD (mm) 2.62 ± 0.15 2.90 ± 0.15

LVPW (mm) 0.88 ± 0.05 0.73 ± 0.08

E/e' 1.66 ± 0.19 1.48 ± 0.06

Note: Values are expressed as the mean ± SEM. n= 6 mice in each group.
CTL refers to the control group, and IBR refers to the ibrutinib group.

*p< 0.05 versus the CTL group. Data were analyzed by Student's t‐test.

FIGURE 3 Ibrutinib reduces PI3K‐AKT pathway activity. C57BL/6 J mice were treated with ibrutinib (IBR) at 30mg/kg/day or vehicle
(control [CTL]) for 28 days. (a) Protein expression of PI3K (p110α), p‐AKTSer473, t‐AKT, Bcl‐2, Bax, and GAPDH in the ventricles in the two
groups. (b–e) Quantification of PI3K (p110α), p‐AKTSer473/t‐AKT, t‐AKT, and Bax/Bcl‐2. Data are the mean ± SEM, n= 4 in each group;
*p< 0.05, **p< 0.01; Student's t‐test.
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FIGURE 4 (See caption on next page).

8 of 14 | CANCER INNOVATION



cardiac deaths ranged from 195 to 1453/100,000 person‐
years. The risk of ventricular tachycardia or sudden cardiac
death in the general population of 65‐year‐old people
ranges from 200 to 400 events/100,000 person‐years [38].
To examine the arrhythmogenic mechanisms that con-
tribute to this outcome, we attempted to establish a mouse
model that closely mimics the clinical characteristics of
affected patients. The therapeutic effect of ibrutinib is dose‐
dependent. In one study, esophageal stimulation‐induced
atrial fibrillation was associated with an increase in
oxidative stress signaling after 14 days of ibrutinib
30mg/kg/day [1]. Therefore, we used 30mg/kg/day as the
ibrutinib dose in the present study. We found that ibrutinib
impaired ventricular conduction and increased conduction
heterogeneity. The QT interval represents the sum of the
ventricular depolarization and repolarization potential
times. QTc prolongation is often a predictor of the ven-
tricular arrhythmic risk and sudden cardiac death, and it is
commonly corrected using Bazett's formula [39]. QTc
prolongation is a common cardiac finding following tyro-
sine kinase inhibitor treatment [40]. In our study, we
observed a prolonged QTc interval following ibrutinib
treatment, which was associated with the development of
ventricular premature contractions. Furthermore, studies
have shown that ibrutinib treatment alters cardiac ion
channel currents, including K+ and Na+ currents [5].
Our analysis showed abnormalities in conduction and
repolarization, which could potentially be explained by
altered cardiac ion channel activity and expression.

A registry‐based cohort analysis was performed in 33
consecutive patients who underwent cardiac magnetic
resonance imaging for suspected ibrutinib‐related cardi-
otoxicity. Approximately two‐thirds of the patients
showed signs of myocardial damage, including more
than 50% with late gadolinium enhancement fibrosis.
Myocardial fibrosis was prevalent in patients with
ibrutinib‐related cardiotoxicity and appeared to be asso-
ciated with an increased risk of cardiotoxicity [41]. In our
study, ibrutinib promoted α‐SMA expression, indicating
cardiac fibroblast activation and differentiation to
myofibroblasts, which leads to cardiac fibrosis.

In the myocardium, AKT serves as a major signal
transducer, and the PI3K/AKT pathway is responsible for

maintaining metabolic balance and regulating cellular
responses. PI3K consists of the catalytic p110 subunit and
the regulatory p85 subunit. Inactive cardiac myocyte‐
specific PI3K (p110α) results in delayed cardiac growth,
reduced contractility, and impaired cardiopulmonary
function, leading to an increased mortality risk during
early life [42, 43]. AKT is an essential downstream pro-
tein of the PI3K signaling pathway, and it plays a critical
role in antiapoptosis [44]. In microvascular endothelial
cells, PI3K/AKT induces the expression of survivin and
suppresses the activity of caspase‐3 to inhibit the apo-
ptotic effects induced by angiotensin II [32]. Metformin is
an antidiabetic agent that exerts cardioprotective effects
by activating AMPK. Inhibiting AMPK phosphorylation
downregulates the expression of gap junctions and ion
channels, leading to abnormal conduction [45]. In this
study, metformin prevented ibrutinib‐induced ventricu-
lar remodeling and arrhythmia by activating the AMPK
and PI3K/AKT pathway and inhibiting apoptosis of
cardiomyocytes.

This study investigated the effects and mechanism by
which metformin ameliorates structural ventricular re-
modeling and conduction abnormalities induced by
ibrutinib. Metformin can ameliorate myocardial damage
caused by ibrutinib through increased activation of PI3K/
AKT, thereby exerting an antiapoptotic effect. Therefore,
metformin could serve as a potential therapeutic strategy
to counteract the cardiotoxicity associated with ibrutinib
treatment in patients with B cell cancer.

This study has some limitations. First, we investigated
whether metformin ameliorates the cardiotoxicity of ibru-
tinib to a certain extent, but whether metformin can reverse
the cardiotoxicity of ibrutinib is still unclear. Therefore,
further studies on this issue are required. Second, a major
limitation of basic science research in cardio‐oncology is the
lack of well‐optimized animal models mimicking the real‐
world patient phenotype. The dose of metformin that we
used may have been higher than current clinical use
because we did not use a mouse tumor model, and this may
limit the clinical applicability. Third, the dose of metformin
used is not comparable to that used in clinical practice. The
dosage was specifically selected to influence mitochondrial
function in mice, which may restrict the clinical relevance

FIGURE 4 Metformin improves ibrutinib‐induced ventricular arrhythmia. (a) Mice that received ibrutinib (IBR) or vehicle treatment
were administered metformin (MET) at 200mg/kg/day. (b) Representative surface electrocardiography in the four groups. (c)
Representative electrocardiographic tracings of mice in the four groups. (d) Corrected QT interval (QTc). Data are the mean ± SEM, n= 6 in
each group; *p< 0.05, one‐way ANOVA with Tukey's multiple comparison test. (e) Representative epicardial electrical mapping of the left
ventricle (LV) and right ventricle (RV) of mice in the four groups. (f–k) Conduction velocity (CV) of the LV (f) and the RV (i), absolute
inhomogeneity of the LV (g) and the RV (j), and the inhomogeneity index of the LV (h) and the RV (k) were measured. Data are the
mean ± SEM, n= 4 in each group; *p< 0.05, Kruskal–Wallis test.
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of our findings. However, it is important to note that even a
low dose of metformin can still activate AMPK, thereby
initiating downstream signaling pathways [46]. Further
studies are required to address this issue.

5 | CONCLUSIONS

This study shows that ibrutinib has detrimental effects
on cardiac function, promoting ventricular arrhythmia
and inducing ventricular structural remodeling. These

adverse effects are associated with reduced activity
of the PI3K‐AKT pathway, leading to apoptosis
of cardiomyocytes. However, the administration of
metformin before ibrutinib treatment mitigates these
cardiotoxic effects. Metformin improves ventricular
arrhythmia, preserves electrical conduction, and ame-
liorates cardiac dysfunction and structural remodeling
induced by ibrutinib. The protective effects of metfor-
min are attributed to its ability to promote AMPK and
PI3K‐AKT pathway activity and modulate apoptosis of
cardiomyocytes.

FIGURE 5 Metformin attenuates ibrutinib‐induced cardiac dysfunction and ventricular structural remodeling. Mice that received
ibrutinib (IBR) or vehicle treatment were administered metformin (MET) at 200mg/kg/day. (a) Representative two‐dimensional and M‐
mode views of the left ventricle (LV). (b,c) The left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS)
were measured. Data are the mean ± SEM, n= 6 in each group; *p< 0.05, one‐way analysis of variance with Tukey's multiple comparison
test. (d) Systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP) were measured after treatment. Data
are the mean ± SEM, n= 6 in each group; *p< 0.05, one‐way analysis of variance with Tukey's multiple comparison test. (e, f) Protein
expression and quantification of α‐SMA in the LV. Data are the mean ± SEM, n= 3 in each group; *p< 0.05, one‐way analysis of variance
with Tukey's multiple comparison test. (g) Representative images of hematoxylin and eosin staining (scale bar = 20 μm) and Masson staining
(scale bar = 50 μm) of the LV. (h) Quantification of the fibrotic area shown in panel (g). Data are the mean ± SEM, n= 6 in each group;
*p< 0.05, one‐way analysis of variance with Tukey's multiple comparison test.
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TABLE 2 Echocardiographic characteristics of mice in the four groups.

Parameters CTL IBR IBR+MET MET

LVEF (%) 55.22 ± 1.64 45.14 ± 1.45* 53.00 ± 2.56# 48.52 ± 3.39

LVFS (%) 28.37 ± 1.11 22.09 ± 0.86* 27.02 ± 1.67# 23.98 ± 1.89

IVS (mm) 0.89 ± 0.06 0.80 ± 0.04 0.81 ± 0.03 0.70 ± 0.03

LVEDD (mm) 3.93 ± 0.14 3.99 ± 0.12 3.95 ± 0.11 3.82 ± 0.16

LVESD (mm) 2.78 ± 0.13 3.07 ± 0.11 2.86 ± 0.09 2.82 ± 0.19

LVPW (mm) 0.96 ± 0.04 0.88 ± 0.05 0.89 ± 0.04 0.80 ± 0.03

E/e' 1.66 ± 0.21 1.29 ± 0.05 1.45 ± 0.13 1.46 ± 0.16

Note: Values are expressed as the mean ± SEM. n= 6 mice in each group.

Abbreviations: IBR, ibrutinib; IVS, interventricular septal; LVEDD, left ventricular end‐diastolic dimension; LVEF, left ventricular ejection fraction; LVESD,
left ventricular end‐systolic dimension; LVFS, left ventricular fractional shortening; LVPW, left ventricular posterior wall; MET, metformin.

*p< 0.05 vs the CTL group.
#p< 0.05 vs the IBR group, one‐way analysis of variance with Tukey's post hoc test.

FIGURE 6 Metformin promotes AMPK and PI3K‐AKT pathway activity. Mice that received ibrutinib (IBR) or vehicle treatment were
administered metformin (MET) at 200mg/kg/day. (a) Protein expression of PI3K(p110α), p‐AMPK, t‐AMPK, p‐AKTSer473, t‐AKT, Bcl‐2, Bax,
and GAPDH in the ventricles. (b–g) Quantification of PI3K (p110α), p‐AMPK/t‐AMPK, t‐AMPK, p‐AKTSer473/t‐AKT, t‐AKT, and Bax/Bcl‐2
shown in panel (a). Data are the mean ± SEM, n= 4 in each group; *p< 0.05, one‐way analysis of variance with Tukey's multiple
comparison test and Student's t‐test.
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