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A B S T R A C T   

Aims: Recent evidence supports non-class cardioprotective effects of metoprolol against neutrophil-mediated 
ischemia-reperfusion injury during exacerbated inflammation. Whether metoprolol exerts direct anti- 
inflammatory effect on cardiomyocytes is unknown. Accordingly, we aimed to investigate the direct anti- 
inflammatory effects of metoprolol in a cellular model of human induced pluripotent stem cell-derived car-
diomyocytes (hiCMs) and to explore the role of β-arrestin2 (β-ARR2) biased agonism signaling pathway. 
Methods and results: hiCMs were treated with TNF-α for 24 h, followed by 4-hour treatment with metoprolol or 
esmolol. Electrical response of hiCMs to β1-selective blockade was assessed by microelectrode arrays technology. 
The effect on inflammatory and adhesion molecule expression was evaluated in wild-type and β-ARR2 silenced 
hiCMs. To silence β-ARR2 expression, hiCMs were transfected with a specific small interfering RNA targeting 
β-ARR2 mRNA and preventing its translation. 
TNF-α stimulation boosted the expression of IκB, NF-κB, IL1β, IL6, and VCAM1 in hiCMs. TNF-α-treated hiCMs 
showed similar physiological responses to metoprolol and esmolol, with no difference in field potential duration 
and beat period recorded. Adding metoprolol significantly decreased inflammatory response patterns in wild- 
type hiCMs by dampening TNF-α induced expression of NF-κB, IL1β, and IL6, but not in β-ARR2-knockout 
hiCMs. A similar response was not observed in presence of β1-selective blockade with esmolol. 
Conclusions: Metoprolol exerts a non-class direct anti-inflammatory effect on hi-CMs. β1-selective blockade with 
metoprolol disrupts inflammatory responses induced by TNF-α and induces significant inhibition of NF-κB 
signaling cascade via β-ARR2 biased agonism. If confirmed at clinical level, metoprolol could be tested and 
repurposed to treat cardiac inflammatory disorders.   

1. Introduction 

Beta-adrenergic receptor blockers (β-blockers) are commonly pre-
scribed drugs for patients with cardiovascular disorders, such as 
ischemic heart disease, heart failure, and arrhythmias [1]. Considering 

β-blocker trials, there is a consistently favorable relationship between 
the use of β-blockade post-myocardial infarction or in the setting of heart 
failure with reduced ejection fraction and clinical outcomes [2]. While 
clinical guidelines imply that all β-blockers have a consistent mechanism 
of action and a uniform class effect, preclinical research suggests a more 
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diverse range of mechanisms contributing to their beneficial cardiac 
profile. These benefits encompass not just heart rate modulation but also 
under-recognized neurohormonal, metabolic, and immunomodulatory 
effects that contribute to the overall efficacy of these drugs in treating 
cardiac conditions [3,4]. β-adrenergic receptors (βAR) are the primary 
mediators of adrenergic activation in the heart. While it is generally 
accepted that the signaling of different βARs leads to substantially 
different effects, β1AR is by far the predominant subtype in human adult 
cardiac myocytes, representing up to 80 % of total βAR density [5]. 

Recent in vitro and in vivo evidence supports the non-class, car-
dioprotective, and anti-inflammatory effects of metoprolol in several 
species, including humans, which are entirely mediated by β1AR, with 
no involvement of β2AR [6]. Indeed, metoprolol has been shown to 
reduce myocardial infarct size by stunning neutrophil migration, 
inhibiting neutrophil-platelet interactions during myocardial 
ischemia-reperfusion and halting exacerbated inflammation [7,8]. A 
similar disruptive in vivo effect on neutrophil dynamics is not shared by 
other β-blockers, such as propranolol or atenolol, which prompts ques-
tions about the clinical relevance of this mechanism. This differential 
effect of metoprolol compared against other drugs of the same family has 
been hypothesized to occur through a biased agonism signaling pathway 
involving β-arrestin (β-ARR) activation [9]. This pathway would be 
initiated upon binding of metoprolol to β1AR inducing a conformational 
change in the receptor’s intracellular domain and exposing phosphory-
lation targets involved in β-ARR signaling cascade [7]. Phosphorylation 
enhances the affinity of the β1AR for binding to the adapter proteins 
β-ARRs that are abundantly expressed in the heart and include the two 
ubiquitously expressed isoforms β-ARR1 and β-ARR2. Notably, a few 
studies point toward a beneficial role played by β-ARR2 signaling in 
protecting cardiac cells against excessive inflammation after myocardial 
infarction, especially when β1AR has engaged [10]. Furthermore, by 
interacting with IκBα inhibitory proteins [11], β-ARRs have been shown 
to critically regulate signaling of NF-κB, a ubiquitously expressed tran-
scription factor that regulates genes involved in immunity, inflamma-
tion, and cancer [12]. 

Beyond the cardioprotective properties mediated by targeting the 
hematopoietic compartment, whether metoprolol exerts a direct anti- 
inflammatory effect on human cardiomyocytes is unknown, especially 
in the setting of increased levels of pro-inflammatory cytokine TNFα. 
This molecule is associated with common cardiovascular conditions 
such as lymphocytic myocarditis [13], which lacks specific 
evidence-based treatments, and heart failure [14]. Accordingly, we 
aimed to investigate the cardioprotective effects of two selective 
β1-blockers approved for clinical use, metoprolol and esmolol, and to 
explore the role of β-ARR2 biased agonism to critically regulate the in-
flammatory response of the cardiomyocyte in a cellular model of human 
induced pluripotent stem cell-derived cardiomyocytes (hiCMs) exposed 
to exacerbated inflammation via TNF-α stimulation. 

2. Methods 

2.1. Cell culture and treatment 

hiCMs (Ncardia, Charleroi, Belgium), obtained from human iPSCs 
[15] were seeded on fibronectin-coated plates at 9.4 × 104 cell/cm2 in 
cardiomyocyte culture medium (Ncardia). After 4 days, cells were 
treated with 20 ng/mL TNF-α (Sigma-Aldrich) for 24 h. Then, 1 μM 
metoprolol tartrate (Seloken® solution for injection, Recordati Group, 
Italy) or 3 μM esmolol hydrochloride (Brevibloc® solution for injection, 
Baxter Healthcare Ltd) was added to the cell culture for 4 h. The treat-
ment was administered using 1 µM metoprolol, which represents stan-
dard plasma concentration and is also considered safe for cardiac cell 
cultures. Metoprolol’s therapeutic range varies between 25 and 100 mg, 
with one of most prescribed doses being 50 mg, resulting in maximal 
plasma levels of approximately 212 ng/mL, equivalent to ~1 µM. Such a 
concentration has been found to be non-toxic for cardiomyocytes when 

used within a range of 0.5–10 µM, while doses exceeding 10 µM have 
been shown to reduce cell viability [16]. Another study examining the 
pharmacokinetics and pharmacodynamics of esmolol demonstrated that 
an effective intravenous bolus of esmolol led to plasma concentrations of 
1 µg/mL, which is equivalent to 3 µM [17]. 

2.2. ARRB2 silencing 

hiCMs were transfected with 1 μM SMARTpool Accell siRNA anti- 
human ARRB2 (Dharmacon, Lafayette, CO, USA) or with 1 μM Non- 
targeting SMART pool siRNA (Dharmacon) as negative control for 72 
h. At the end of incubation, hiCMs were treated with TNF-α followed by 
the administration of metoprolol or esmolol. 

2.3. Immunofluorescence 

Immunofluorescence was performed as previously described [18, 
19]. Briefly, cells were fixed in paraformaldehyde 4 % for 10 min and 
permeabilized with Triton 0.5 % for 15 min; after blocking with BSA 5 
%, cells were stained with anti-β-ARR1 1:100 (Thermo Fisher Scientific, 
Waltham, Massachusetts), anti-β-ARR2 1:100 (Thermo Fisher Scienti-
fic), anti-NF-κB (p65 subunit) Alexa fluor 488 conjugated 1:50 (Abcam, 
Cambridge, UK), anti-cardiac Troponin T 1:100 (Abcam), anti-SERCA 
1:100 (Thermo Fisher Scientific) overnight at 4 ◦C, followed, when 
required, by the incubation with the appropriate secondary antibody 
Alexa fluor 488 or 564 conjugated for 1 h at room temperature. Images 
were observed and acquired by EVOS M7000 (Thermo Fisher Scientific). 

2.4. RNA extraction and reverse transcription 

RNA extraction and reverse transcription were performed as previ-
ously described [20]. Briefly, the total RNA extracted using miRNEasy 
kit (QIAGEN, Germany) was retrotranscribed by the High-Capacity 
cDNA reverse transcription kit (Thermo Fisher Scientific), following 
manufacturer’s procedure. 

2.5. Quantitative real time PCR (qPCR) 

qPCR analysis was performed using SYBR green (PowerUp SYBR 
Green Master mix, Thermo Fisher Scientific) as previously described 
[21]. The run method consisted of the following steps: 95 ◦C for 10 min, 
95 ◦C for 15 s, 60 ◦C for 1 min. Steps 2 and 3 were repeated for 40 cycles. 
The authenticity of the PCR products was verified by melt-curve anal-
ysis. Each gene expression value was normalized to 18 S. Fold changes 
were expressed in relation to the control condition, using the ΔΔCt 
method. The primers used are listed in Table 1. 

2.6. Microelectrode arrays (MEA) technology 

Microelectrode arrays (MEA), also known as multielectrode arrays, 
contain a grid of tightly spaced electrodes embedded in the culture 
surface of the well. For the analysis of cardiac electrical activity on MEA, 
hiCMs were seeded on 24 well MEA CytoView plate (M384-tMEA-24W, 
Axion Biosystem, Atlanta, GA, USA) precoated with 50 μg/mL of fibro-
nectin (Sigma-Aldrich) at 20 × 104 cell/well. Cardiac electrical activity 
was recorded and analyzed by Maestro Edge MEA (Axion Biosystems) 
equipped with Axion Integrated Studio (AxIs) Navigator 3.2.3.1 soft-
ware (Axion Biosystems) [22]. Spontaneous cardiac action potential 
propagating from cell to cell across the syncitium was recorded by MEA 
as an extracellular field potential. The time from the depolarization to 
repolarization is termed the field potential duration (FPD). FDP and 
beating rate were analyzed using the Cardiac Analysis tool. To show the 
cardiac cell activity waveform in response to each treatment, the FPD 
detection display was used. The analyzed endpoints for each treatment 
were: average FPD (i.e., the average of the time from the depolarization 
wave to the peak of the T-wave) and beat period (i.e. the time between 
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successive depolarization expressed in seconds). All data were imported 
in GraphPad PRISM 9.2 to perform statistical analysis. 

3. Results 

3.1. Metoprolol and esmolol elicited comparable physiological effects in 
hiCMs treated with TNF-α 

We first examined the electrical response of hiCMs to pharmaco-
logical treatment. Cells were seeded on MEA plates (i.e., plates with 
microelectrodes embedded in the culture surface) and exposed first to 
TNF-α for 24 h and then to metoprolol or esmolol for 5 min (Fig. 1A); the 
electrical activity of untreated and treated hiCMs was monitored real- 
time and analyzed by measuring the average FPD and the beat period. 
The effects of the different treatments on the FPD waveform are reported 
in Fig. 1B. No differences in average FPD were found between control 
and cell treated with TNF-α alone, while, as expected, hiCMs treated 
with TNF-α + metoprolol and TNF-α + esmolol significantly increased 
the average FPD compared with control and TNF-α samples (Fig. 1C). 
The same pattern was observed in the analysis of the beat period, where 
TNF-α + metoprolol and TNF-α + esmolol treated cells demonstrated 
higher time intervals between successive depolarizations, indicating 
decreased hiCMs contraction rate (Fig. 1D). 

3.2. Metoprolol inhibits the overexpression of NF-κB 

To explore the molecular effects of metoprolol treatment, we 
exposed the hiCMs to 20 ng/mL TNF-α for 24 h; then a β1-selective 
blocker, metoprolol or esmolol, was added to the cell culture for 4 h. 

We first analyzed NF-κB, an inducible transcription factor activated 
in response to TNF-α [23], and cardiac troponin T (cTnT), a sarcomeric 
protein that regulates CM contraction. On immunofluorescence analysis, 
TNF-α induced upregulation of NF-κB expression which, as expected, 
localized mainly at the cytoplasm level: studies of NF-κB trafficking 
evidenced, indeed, that its activation is associated with an early 
(30–60 min) nuclear translocation, followed by a return back into the 
cytoplasm compartment [24]. Exposure to metoprolol significantly 
reduced NF-κB overexpression in hiCMs. Indeed, quantification of 
immunofluorescence showed a nearly 50 % increase of NF-κB signal in 
the TNF-α sample compared with control, while subsequent treatment 
with metoprolol significantly weakened mean fluorescent intensity. A 
similar effect was not observed in presence of TNF-α + esmolol. 
Immunolabeling for cTnT, performed in parallel, depicted the typical 
sarcomeric striations [25], and no changes in cTnT expression or pattern 
of labeling could be observed for any sample (Fig. 2A-B, wild type). 

Furthermore, to verify that TNF-α did not alter intracellular calcium 
homeostasis and hiCMs contractile function, we checked for the 
expression of the calcium pumps sarcoplasmic reticulum Ca2+ ATPase 
2a (SERCA2a). SERCA2 expression levels were comparable in all sam-
ples, where it marked the perinuclear area and delineated the finely 
reticulated organization of the sarcoplasmic reticulum (Fig. 2C-D, wild 
type). 

In the absence of exposure to TNF-α, metoprolol and esmolol did not 
affect the immunolabeling for NF-κB, cTnT or SERCA2 (Supplemental 
Fig. S1). 

Table 1 
Primer sequence for qPCR.  

Gene Name Primer sequence FW (5’→3’) Primer sequence RV (5’→3’) Reference 

β-ARR1 ACATATGCCCTCCAGTGTCTTC AGTCTGCAGGAAAGAGGTCATC Primer Blast 
β-ARR2 AGAAGTCGAGCCCTAACTGC TGCGGTCCTTCAGGTAGTCA Primer Blast 
NF-κB ATGTGGAGATCATTGAGCAGC CCTGGTCCTGTGTAGCCATT Primer Blast 
IL-1β AGCCATGGCAGAAGTACCTG CCTGGAAGGAGCACTTCATCT Primer Blast 
IL-6 CCACCGGGAACGAAAGAGAA GAGAAGGCAACTGGACCGAA Primer Blast 
IKBα GAAGTGATCCGCCAGGTGAA CTCACAGGCAAGGTGTAGGG Primer Blast 
VCAM1 TGGATAATGTTTGCAGCTTCTCA CGTCACCTTCCCATTCAGTG Primer Blast 
18S CATGGCCGTTCTTAGTTGGT CGCTGAGCCAGTCAGTGTAG [51] 

β-ARR1, β-arrestin1; β-ARR2, β-arrestin2; NF-κB, nuclear factor kappa B; IL-1β, interleukin-1β; IL-6, interleukin-6; IKBα, NF-kappa-B inhibitor alpha; VCAM1, vascular 
cell adhesion molecule 1; 18S, 18S ribosomal RNA; FW, forward; RV, reverse 

Fig. 1. Analysis of the electrical response of hiCMs to pharmacological testing. (A) Schematic illustration of the experimental design. Cells were seeded on MEA plate 
and treated with TNF-α 20 ng/mL for 24 h, followed by metoprolol or esmolol for 5 min. (B) Representative FPD waveform for each experimental condition; the 
figure highlights the effects of the different treatments on the time elapsing between cardiac cell depolarization and repolarization. (C) Average FPD and (D) the beat 
period expressed in seconds. Data are presented as mean ± standard deviation. 
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Fig. 2. Immunofluorescent analysis in wild type and in β-ARR2 silenced hiCMs treated with TNF-α and metoprolol or esmolol. (A) NF-κB (green fluorescence) and 
TnT (red fluorescence) expression and (B) their Fluorescent Intensity in wild-type and β-ARR2 silenced (+ siRNA β-ARR2) hiCMs in the different experimental con-
ditions, as indicated. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Pictures are representative of 5 different experiments. (C) SERCA2a 
(red fluorescence) expression and (D) its Fluorescent Intensity in wild-type and β-ARR2 silenced (+ siRNAβ-ARR2) hiCMs in the different experimental conditions, as 
indicated. Nuclei were counterstained with DAPI. Original Magnification 60x, scale bar 60 µm. Pictures are representative of 5 different experiments. Data are 
presented as mean ± SD (n = 5) *p < 0.05, **p < 0.01. Meto, metoprolol; Esmo, esmolol. 
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3.3. Metoprolol suppresses the expression of inflammatory and adhesion 
molecules 

TNF-α exerts its pro-inflammatory effects by activating several 
signaling pathways, namely via IκB and NF-κB. Within unstimulated 
cells, NF-κB is complexed with inhibitory IκB proteins. The effect of TNF- 
α stimulation determines phosphorylation and degradation of IκB, with 
subsequent liberation of NF-κB and promotion of its nuclear 

translocation and transcriptional regulation of target genes such as in-
flammatory molecules [11]. We evaluated the response evoked by TNF- 
α on NF-κB transduction pathway. In particular, the gene expression of 
IκB, NF-κB, IL1β, IL6, and VCAM1 was evaluated in TNF-α treated hiCMs, 
in presence or absence of metoprolol, with esmolol used again as control 
of the β1-selective blocker class (Fig. 3). As expected, NF-κB, IL1β and 
IL6 expression was boosted by TNF-α stimulation; however, the addition 
of metoprolol to the culture media significantly decreased their 

Fig. 3. Gene expression analysis in wild type and β-ARR2 silenced hiCMs treated with TNF-α and metoprolol or esmolol. Gene expression of NF-κB, IL1β, IL6 and 
VCAM1 in wild type and β-ARR2 silenced hiCMs was quantified by qPCR. Data are expressed as fold changes (mean ± SD) with respect to CTRL (for wild-type cells) 
or to non-targeting siRNA (for transfected hiCMs). 18 S was used as reference gene (n = 3, *p < 0.05 vs non-Targeting siRNA, &p < 0.05 vs CTRL, $p < 0.05 vs TNF-α, 
£p <0.05 vs TNF-α + Metoprolol. 
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concentration at values comparable (IL6) or even lower (NF-κB and IL1β) 
than control. The attenuated inflammatory response observed with 
metoprolol was not reproduced by esmolol. This evidence supports an 
alternative mechanism other than general β1-blocker activity for the 
anti-inflammatory effect of metoprolol. A different trend was observed 
for IκBα transcript, whose expression, enhanced by TNF-α exposure, was 
further increased by β-blockade (Fig. 3). 

We also tested mRNA levels of VCAM1, an adhesion molecule that 
participates in the cardiac inflammatory process, whose expression is 
upregulated by the activation of the TNF-α/IκB α/NF-κB signaling 

cascade [26]. VCAM1 transcripts have almost tripled in presence of 
TNF-α, yet the induction was abolished after exposure to metoprolol; a 
similar response was observed in presence of esmolol. A summary of the 
effects evoked by metoprolol or esmolol alone on hiCMs gene expression 
of inflammatory and adhesion molecules is reported in Supplemental 
Fig. S2. 

Fig. 4. Specificity and efficacy of β-ARR2 knockdown expression in hiCMs. hiCMs were transfected with β-ARR2 specific siRNA or with a non-targeting siRNA as 
control (CTRL). The specificity and efficacy of the β-ARR2 silencing were evaluated by qPCR and immunofluorescence. Gene expression of β-ARR1 (A) and β-ARR2 
(B) in wild type and silenced hiCMs (+siRNA β-ARR2). Data are expressed as fold changes (mean ± SD) with respect to CTRL (for wild-type cells) or to non-targeting 
siRNA (for transfected hiCMs). (C) β-ARR1 (red fluorescence) and β-ARR2 (green fluorescence) expression and (D) their fluorescent intensity quantification in wild 
type and in β-ARR2 silenced hiCMs (+siRNA β-ARR2), as indicated. Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Magnification 60x, scale 
bar 60 µm. Pictures are representative of 5 different experiments. Data are presented as mean ± SD (n = 5) ***p < 0.001. 
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3.4. β-ARR2 biased agonism mediates non-class anti-inflammatory 
properties of metoprolol 

The binding of metoprolol to β1AR activates G-protein independent 
signaling via selective interaction with β-ARR2 [27]. Accordingly, all 
analyses were repeated on β-ARR2-knockout gene hiCMs, in order to test 
whether the anti-inflammatory effect of metoprolol was mediated by 
β-ARR2 signalling pathway. 

To silence β-ARR2 expression, hiCMs were transfected with a specific 
siRNA targeting β-ARR2 mRNA and preventing its translation. After 72- 
hour transfection, the silencing specificity and efficacy were verified, 
and qPCR data demonstrated a significant drop of β-ARR2 transcript 
levels (gene silencing efficiency 80.2 ± 6.2 % relative to non-targeting 
siRNA), while β-ARR1 expression was unaffected (Fig. 4A-B). Expres-
sion of β-ARR2 protein significantly decreased in transfected cells, with 
β-ARR2 fluorescent intensity achieving nearly 25 % of untransfected 
control and non-targeting siRNA (Fig. 4C-D). The transfection of the 
non-targeting siRNA, which was performed as experimental control, did 
not affect β-ARR1, β-ARR2, TnT, NF-κB and SERCA immunostaining in 
comparison with the untransfected cells. Silenced hiCMs were then 
exposed to TNF-α, followed or not by β-blockade. As expected, TNF-α 
treatment induced a significant increase of NF-κB immunostaining in 
β-ARR2 silenced cells, but unlike wild-type cells, addition of metoprolol 
and esmolol was ineffective on NF-κB expression. No changes in TnT and 
SERCA staining were detected in both treated and untreated β-ARR2 
silenced hiCMs (Fig. 2). Finally, we analyzed the effect of metoprolol on 
cardiac expression of inflammatory and adhesion molecules induced by 
TNF- α in the β-ARR2 gene knockout cells. The qPCR analysis evidenced 
that in silenced hiCMs NF-κB, IL1β, IL6 and VCAM1 transcripts increased 
by TNF-α exposure were not modulated by addition of metoprolol or 
esmolol to the culture media (Fig. 3), reinforcing the hypothesis that the 
attenuation of the hiCMs inflammatory response induced by metoprolol 
relies on β-ARR2 signaling pathway. On the other hand, in β-ARR2 
silenced cells, IκBα mRNA levels significantly increased in response to 
TNF-α at levels higher than those measured in nontransfected hiCMs; 
this response was mitigated when cells were exposed to β-blockade 
(TNF-α + metoprolol and TNF-α + esmolol samples). The response of 
β-ARR2 gene knockout hiCMs to metoprolol or esmolol alone are re-
ported in Supplemental Fig. S2. 

4. Discussion 

In a cellular model using hiCMs that were subjected to inflammatory 
conditions through stimulation via TNF-α, we observed a unique, 
pleiotropic anti-inflammatory effect of metoprolol. This non-class effect 
is mediated through β-ARR2 biased agonism, which serves as a key 
regulator of NF-κB activity. This specific regulation significantly in-
fluences downstream pro-inflammatory signaling mechanisms, thereby 
reducing the inflammatory response within the cellular model. 

4.1. TNF-α and cardiac inflammation 

TNF-α is an inflammatory molecule largely elevated in cytokine 
storm that plays a pivotal role in the progression of degenerative and 
inflammatory cardiac diseases. High levels of TNFα induce fibrosis, 
oxidative stress, and alterations in myocardial contraction and relaxa-
tion [14]. In addition to this direct negative influence on cardiac func-
tion, it may further worse clinical outcomes by establishing a dynamic 
crosstalk between sympathetic system and immune response [28,29]. In 
this study, we demonstrated that metoprolol could elicit a direct, 
non-class, anti-inflammatory response on hiCMs through β-ARR2 biased 
agonism reducing the inflammatory milieu via NF-κB modulation, 
potentially breaking the vicious circle between inflammation, oxidative 
stress, and cellular dysfunction. 

4.2. Controlling for confounding effects 

Prolonged exposures (>24–48 h) or high concentrations 
(20–100 ng/mL) of TNF-α induce adverse effects on the structural ar-
chitecture of the cardiomyocyte, decreasing contractile activity, and 
altering response to β1AR stimulation [30,31]. Furthermore, TNF-α has 
been shown to affect diastolic function negatively [32] by down-
regulating expression of SERCA2a, an intracellular protein responsible 
for sequestrating cytosolic calcium back into the sarcoplasmic reticulum 
during diastole, allowing for efficient uncoupling of actin-myosin and 
subsequent relaxation [33,34]. In order to control for possible con-
founding effects due to collateral functional dysregulations, we treated 
our hiCMS with 20 ng/mL TNF-α for 24 h [35]. This treatment condition 
triggers a robust inflammatory response and hiCMs production of in-
flammatory molecules, while preserving cellular viability and sparing 
sarcomeric architecture and function of calcium handling proteins[31, 
36]. Accordingly, we did not observe post-treatment modifications in 
the expression of structural molecules (cTnT) and calcium handling 
proteins (SERCA2a). Notably, after 24-hour TNF-α treatment, there were 
no detectable changes of hiCMs electrical activity, with average FPD and 
beat period of treated cells comparable to control. On the other hand, 
acute hiCMs inflammatory reaction to TNF-α exposure was clearly 
demonstrated by a pronounced increase of NF-κB, IL1β, IL6, and VCAM1 
transcripts. These data support TNF-α treatment was targeted to 
pro-inflammatory response, without altering sarcomeric structure and 
the calcium homeostasis. Overall, our experiments delivered a reliable 
model to evaluate the effect of metoprolol and esmolol on acute hi-CMs 
inflammation. 

4.3. Metoprolol pleiotropic properties 

Increasing evidence from animal and human studies suggest that 
β-blockers deliver direct anti-atherosclerotic effects. Particularly, 
metoprolol has been linked to a reduction in plaque thickness and 
decreased progression rate of carotid intima-media thickness [37]. 
Several potential mechanisms of metoprolol’s action have been pro-
posed, including reduced sympathetic activity, improved hemody-
namics, and direct effects on the vascular endothelium. While 
confirming the atheroprotective effect of metoprolol, Ulleryd observed 
significant improvement of the inflammatory milieu with a reduction of 
serum inflammatory cytokines, e.g. TNF-α and CXCL1 [38]. Previous 
studies have also shown that metoprolol can reduce the expression of 
adhesion molecules in atherosclerotic lesions, inhibit the progression of 
atherosclerosis, and stabilize vulnerable plaques by diminishing 
inflammation and regulating the transition from low shear stress to 
physiological shear stress around the plaque [39]. Finally, metoprolol 
substantially reduces neutrophil-mediated inflammatory responses in 
both human and animal models of myocardial ischemia and reperfusion 
injury, resulting in an infarct-limiting effect not observed with atenolol 
or propranolol [6,7]. By proving that metoprolol can downregulate the 
synthesis of inflammatory and adhesion molecules in hiCMs under in-
flammatory conditions, our findings add valuable insights to the un-
derstanding of metoprolol’s immunomodulatory effects and expand the 
current knowledge of metoprolol’s therapeutic properties. 

4.4. Comparative analysis: metoprolol vs esmolol 

While β1AR stimulation is known to elicit an inflammatory response 
[40], in our experiment, the anti-inflammatory activity observed with 
metoprolol was not replicated with esmolol, another β1-selective 
blocker. The observation of the comparable electrical response of hiCMs 
to both metoprolol and esmolol rules out bioequivalence issues under-
lying the non-class anti-inflammatory effect of metoprolol, thus opening 
the search for alternative mechanisms to pure βAR antagonism. 
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4.5. Role of β-ARR2 

While β-blockers inhibit the binding of agonists to βARs, some 
β-blockers may elicit cellular responses through G protein-independent, 
β-ARR-dependent biased agonism signaling pathways [5] In the human 
heart, β-ARR1 is the predominant subtype, followed by β-ARR2, which 
represents about 15–18 % of total β-ARR mass. It has been reported that 
metoprolol induces the interaction between β1-AR and β-ARR2, but not 
β-ARR1 [27]. In our experiment, we demonstrated that metoprolol may 
reduce the inflammatory response through an β-ARR2-dependent biased 
agonism pathway. Notably, β-ARR2 gene knockdown abolished the 
metoprolol effect on hiCM synthesis of inflammatory and adhesion 
molecules. Noticeably, after β-ARR2 silencing, the inflammatory 
response evoked by TNF-α in hiCMs was more intense, as evidenced by 
higher levels of NF-κB, IL1β, IL6 and VCAM1 transcripts. 

4.5.1. Modulation of the IKK/I-κB/NF-κB signaling pathway 
The IKK/I-κB/NF-κB signaling pathway is the most well-known 

mediator of TNF-α effect. In resting conditions, NF-κB is complexed 
with its inhibitor I-κB, but binding of TNF-α to its receptor determines 
the IκB degradation allowing NF-κB to act on the transcription of its 
target genes involving inflammatory molecules [11]. We observed that 
hiCMs response to TNF-α treatment increased the synthesis of NF-κB and 
I-κBα - the latter as compensatory response - but the addition of meto-
prolol downregulated NF-κB while further increasing I-κBα synthesis. 
This evidence suggests that the anti-inflammatory activity of metoprolol 
is at least partially due to its ability to upregulate the transcription of the 
NF-κB inhibitor I-κBα through a possible mechanism of biased agonism. 
It has previously reported, indeed, that after TNF-α stimulation βARR 
can bind and stabilize the NF-κB inhibitor I-κBα [12]. We have also 
observed that in TNF-α + esmolol sample I-κBα expression was higher 
than in TNF-α + metoprolol sample, but this induction was ineffective in 
reducing NF-κB and downstream inflammatory pathway. Clinical and 
preclinical studies on the anti-inflammatory effects of esmolol are few 
and limited to septic shock. Kimmoun demonstrated that esmolol could 
improve cardiac function by downregulating pro-inflammatory path-
ways, including the NF-κB signaling [41]. This apparent discrepancy 
with our findings can be probably explained by the use of a murine 
model of resuscitated septic shock, where the severe inflammatory 
burden is associated with critical systemic dysfunction. 

4.5.2. Strengths and limitations 
In this study, the use of human model of cardiomyocytes and state-of- 

the-art methodologies like microelectrode arrays and knock-out gene 
contributes to its strengths, providing rigorous and novel insights into 
the role of β-ARR2 in mediating metoprolol’s anti-inflammatory effects. 
However, these findings are limited by the absence of animal models, 
which hinders the external validity and generalizability of the results. 
Additionally, the research focus on a single cell type and specific 
pathway does limit its broader applicability. Therefore, while the study 
lays foundation for better understanding of the immunomodulatory 
properties of metoprolol, further research involving animal models is 
crucial for comprehensive validation and applicability. 

4.5.3. Implications and future directions 
Overall, these findings support the hypothesis that β-ARR2 signaling 

pathway plays a pivotal role in mediating anti-inflammatory effects of 
metoprolol on hiCMs and confirm previous evidence of β-ARR2 medi-
ating crosstalk between βAR and NF-κB signaling pathway. The exact 
role of β-ARR2 in regulating NF-κB activity is still far to be fully eluci-
dated, but seems to be specific to the type of receptor engaged [42]. In 
the larger context of adrenergic receptors, stimulation of β2AR promotes 
β-arrestin2 stabilization of I-κBα in the cells induced by TNF-α, which 
leads to inhibition of NF-κB activation [43]. In several diseases, only a 
subset of β-blockers is therapeutically effective, with multiple signaling 
pathways and ligand bias explaining differences in effectiveness [44, 

45]. Accordingly, it has been suggested to categorize βAR ligands based 
on multiple factors that comprehensively define their signaling profiles, 
emphasizing the importance of functional selectivity of ligand-receptor 
interactions triggering the activation of multiple signaling cascades and 
the bias of ligands to preferentially activate only certain cascades 
[46–50]. Further research is needed to understand better the role and 
relevance of biased agonism of metoprolol and other β-blockers in β-ARR 
pathways to modulate the inflammatory response of the cardiomyocyte. 
If confirmed at a clinical level, modulation of NF-κB signaling pathway 
with metoprolol could be tested and repurposed to treat cardiac in-
flammatory disorders. 

5. Conclusions 

Our study shows that metoprolol, a β1-selective blocker, exhibits 
non-class anti-inflammatory effects on hiCMs exposed to TNF-α-induced 
inflammation. These effects are mediated through β-ARR2 biased ago-
nism, which plays a crucial role in regulating NF-κB activity and 
downstream pro-inflammatory signaling cascade. Our findings highlight 
the unique immunomodulatory properties of metoprolol and expand our 
understanding of its therapeutic potential beyond its well-known car-
diovascular benefits. The role of β-ARR2 in mediating the anti- 
inflammatory effects of metoprolol underscores the importance of this 
signaling pathway in cardiac inflammation and the need for further 
research to elucidate the crosstalk between βARs and inflammatory 
pathways. The observed pleiotropic, direct anti-inflammatory effects of 
metoprolol on cardiomyocytes have important clinical implications. It 
suggests the viability of repurposing metoprolol as a potential phar-
macological intervention for inflammatory cardiomyopathies. Future 
research should prioritize animal experiments and in vivo validations of 
these findings and further explore the potential of biased agonism as a 
therapeutic strategy for modulating the inflammatory response of the 
myocardium. 
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