
Heliyon 9 (2023) e21220

Available online 20 October 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Salidroside attenuates atrial fibrosis and atrial fibrillation 
vulnerability induced by angiotensin-II through inhibition of 
LOXL2-TGF-β1-Smad2/3 pathway 

Zhen Hai a,1, Yingbiao Wu b,1, Zhongping Ning b,* 

a Department of Cardiology, Shanghai University of Traditional Chinese Medicine, 1200 Cailun Road Zhangjiang Hi-Tech Park, Pudong New Area, 
Shanghai, 201203, China 
b Department of Cardiology, Shanghai Pudong New Area Zhoupu Hospital (Zhoupu Hospital affiliated to Shanghai Medical College of Health), 
No.1500 Zhouyuan Road, Pudong New District, Shanghai 201318, China   

A R T I C L E  I N F O   

Keywords: 
Salidroside 
Atrial fibrillation 
Atrial fibrosis 
Angiotensin II 
Lysyl oxidase-like 2 

A B S T R A C T   

Aims and objectives: Salidroside (SAL), an active component isolated from the Chinese plant Rose 
Rhodiola, has anti-inflammatory, antioxidant, anti-cancer, neuroprotective, and renal protective 
properties. Atrial fibrosis developed due to angiotensin II (Ang II) plays a crucial function in 
developing atrial fibrillation (AF). This research investigates the involvement of SAL in AF, its 
vulnerability to AF, and Ang II-induced inflammatory atrial fibrosis. 
Methods: Ang II (2 mg/kg/day) was infused underneath the skin into male C57BL/6 mice (8–10 
weeks old, n = 40) for four weeks to create the AF model. SAL (50 mg/kg/day) was given 
intraperitoneally once per day for 28 days. Analyses of morphology, histology, and biochemical 
were carried out. Transesophageal burst pacing was used in vivo to induce AF. 
Results: Ang II injection increased mice’s heart rate and systolic blood pressure (SBP), whereas 
SAL treatment was significantly reduced. Ang II infusion increased left atrial diameter (LAD) in 
mice, which was attenuated after SAL treatment. SAL alone did not affect AF inducibility, but SAL 
therapy markedly decreased Ang II-induced AF inducibility. Additionally, the expression levels of 
interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) were 
inhibited with SAL therapy in mice. Compared to the Ang II group, Ang II infusion raised 
malondialdehyde (MDA) levels and reduced superoxide dismutase (SOD) and catalase (CAT) 
activity, but SAL therapy altered all of these effects. SAL treatment significantly reduced LOXL2, 
TGF-β1, p-Smad2 and p-Smad3 protein expression than the Ang II group mice. 
Conclusion: SAL inhibits atrial fibrosis and potentially attenuates increased susceptibility to AF by 
suppressing the LOXL2-TGF-β1-Smad2/3 pathway.   

1. Introduction 

A cardiac rhythm that is inconsistent and frequently extremely fast is known as atrial fibrillation (AF), which raises the risk of heart 
failure, stroke, and cardiac morbidity and mortality [1,2]. Atrial fibrosis is the common cause of atrial remodeling, which is crucial to 
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the pathogenic mechanism of AF [3,4]. As a result, reducing atrial fibrosis may be a practical approach for preventing the development 
and progression of AF. 

TGF-β1, or transforming growth factor-beta 1, is a polypeptide cytokine of the transforming growth factor-beta superfamily. TGF-β1 
interacts with its type I and II receptors, promoting Smad protein 2, 3, and 4 inactivation prior to the Smad complex translocate into the 
nucleus and activating the phosphorylation reaction while suppressing the profibrotic proteins collagen and connective tissue growth 
factor production [1,5]. Several investigations have found that angiotensin II (Ang II) increases TGF-β1 and collagen production both 
in vitro and in vivo. Ang II also functions in atrial fibrosis and AF by regulating TGF-β1 [6–8]. This evidence suggests that Ang 
II-infused atrial fibrosis could be reduced via deactivating the TGF-β1/Smads pathway. 

Lysyl oxidase-like 2 (LOXL2) belongs to the LOX family. According to a prior investigation, LOXL2 is involved in the onset and 
development of fibrosis-associated diseases via the formation of epithelial-mesenchymal transition (EMT) and extracellular matrix [9]. 
In matrix remodeling and fibrogenesis, LOXL2 is crucial [10]. According to a recent study, LOXL2 contributes to cardiac fibrosis in 
heart failure [11]. In the cardiac interstitium of diseased human hearts, LOXL2 is elevated, according to a different study. The levels of 
LOXL2 were linked to collagen crosslinking and heart dysfunction. Additionally, a previous study demonstrated that serum in heart 
failure (HF) patients were LOXL2 enriched, which showed that LOXL2 might have a pathogenic role in atrial fibrosis and HF [12]. 

Rhodiola is a plant that grows in Asia’s western, northern, and subarctic areas and is widely used in traditional Chinese medicine. It 
belongs to the Crassulaceae subfamily of the Rosaceae [13]. One of the active components of Rhodiola, a tyrosol glycoside known as 
salidroside (SAL), has been reported to have depressive and anxiety-reducing characteristics [14]. SAL has currently gained more 
attention due to its various pharmacological properties, including antioxidant, anti-inflammatory, cancer prevention, and protective 
effects on neurons [15–17]. In mice induced with LPS or paraquat, SAL has been found to lessen acute lung damage [18]. Additionally, 
SAL attenuates sepsis and acute lung injury in LPS-induced mice [19,20]. However, the mechanism and impact of SAL on Ang 
II-infused atrial fibrosis and AF are unknown. For this, our study aims to examine and deliver comprehensive information on the 
possible function of SAL in angiotensin II-infused atrial fibrosis and AF and evaluate the underlying mechanism. 

2. Materials and methods 

2.1. Animals treatment, grouping and drug administration 

The AF model was established using C57BL/6 mice (male, 8–10 weeks, n = 40) administered beneath the layers of the skin with 
saline or Ang II (2.0 mg/kg/day) employing osmotic mini-pumps for 28 days. The salidroside (SAL, 50 mg/kg/day, HY-N0109, 
MedChemExpress) or the same volume of saline was injected intraperitoneally once per day for 28 days, with the first injection 
one day before the beginning of Ang II treatment. The systolic blood pressure (SBP) was assessed by a tail-cuff system (Softron BP98A; 
Softron Tokyo, Japan) on day 28 before the electrocardiogram. This entire research was approved by the Animal Care and Use 
Committee of Shanghai Pudong Zhoupu Hospital and confirmed by the Guide for the Care and Use of Laboratory Animals (NIH 
Publication No. 85-23, revised 1996). 

Four groups of mice were assigned in this study: (A) The Control group (n = 8) were treated with saline by intraperitoneal injection 
and infused with saline. (B) The SAL group (n = 8) were injected with SAL (50 mg/kg/day) by intraperitoneal injection and infused 
with saline. (C) The Ang II group (n = 8) were administered with saline intraperitoneal injection and Ang II (2.0 mg/kg/day)-induced. 
(D) The Ang II + SAL group (n = 8) were administered with SAL (50 mg/kg/day) by intraperitoneal injection and Ang II (2.0 mg/kg/ 
day)-induced. The Ethics Committee of Shanghai Pudong New Area Zhoupu Hospital (Zhoupu Hospital affiliated with Shanghai 
Medical College of Health) approved (2023XM002) the study. By the 1964 Helsinki Declaration, the authors anticipated all con-
ventional protocols. All procedures used in this investigation followed ARRIVE recommendations. 

2.2. Arrhythmia inducibility and duration 

The mice were anaesthetized after 28 days of therapy with an intraperitoneal injection of 1 % pentobarbital sodium. After the Ang II 
infusion was completed through the jugular vein, an 8-electrode catheter (Japan Lifeline, Tokyo, Japan) was introduced and pro-
gressed to the coronary atrium and ventricular. The AF inducibility was assessed using a computer-based data collecting system 
(MadLab-4C/501H, ZS Dichuang Co., Ltd., Beijing, China) and a 2-s pulse employing a computerized pacemaker. The following 
settings were chosen: voltage (20 V), current (4 mA), and wave width (6 ms). A fast, uneven atrial rhythm with inconsistent R–R 
intervals of 1 s is characterized as AF. The period between the end of bursting pacing and the first P-wave recorded following the fast, 
inconsistent cardiac rhythm was designated as the duration of AF [8]. 

2.3. Echocardiography 

Two-dimensional M-mode echocardiography was employed to record cardiac structural and functional changes. After mice were 
anaesthetized with inhalational isoflurane, echocardiography (Vevo 3100; VisualSonics Inc., Toronto, Ontario, Canada) was per-
formed by a blinded animal cardiologist to the experimental grouping. Left atrial diameter (LAD), left ventricular end-diastolic pos-
terior wall thickness (LVPWth), and left ventricular ejection fraction (LVEF) were obtained, respectively [21]. 
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2.4. Sample collection 

The atrial tissue was collected after mice were anaesthetized with 1 % pentobarbital sodium. For RT-qPCR and Western blot 
analysis, some tissue was snap-frozen in liquid nitrogen, while others were fixed in 4 % paraformaldehyde for histopathological 
examinations. 

2.5. Tissue histology and immunohistochemistry 

After being treated with 4 % paraformaldehyde, atrial tissue was fixed in paraffin and sliced into 5 μm serial slices. The tissues were 
cleaned of paraffin in xylene, rehydrated, and inserted into the positively charged slides. The slides were stained with Masson’s tri-
chrome or rabbit polyclonal antibodies that react against α-SMA (1:400; ab5694; rabbit polyclonal, Abcam, UK). The secondary 
antibody was biotinylated by horseradish peroxidase after 20 min at 37 ◦C. Following cleaning, the slides were counter-stained. Photos 
were taken using a Nikon X200 magnification lens in Tokyo, Japan, and analyzed with ImageJ (NIH, Bethesda, MD, USA). 

2.6. Immunofluorescence 

The Immunofluorescence procedure was carried out as previously explained [22]. Mice’s atrial tissue was acquired in frozen 
sections. Following three washes in phosphate-buffered saline (PBS), the sections were stained with TUNEL (C1086, Beyotime) and 
DHE (S0063, Beyotime) and investigated under an inverted microscope (IX51, Olympus, Japan). 

2.7. Oxidative stress 

The atrial tissue was homogenised (10 %, w/v) in standard cold saline to assess the MDA (S0131S, Beyotime, Shanghai, China) 
content, SOD (S0109, Beyotime), and CAT (S0051, Beyotime) endeavours using readily accessible commercial kits. The previously 
published technique was employed to evaluate the amount of oxidative stress [23]. 

2.8. RT-qPCR 

TRIzol (Invitrogen, Carlsbad, CA, USA) was utilized to extract total RNA. Using the reverse transcription kit, reverse transcription 
was carried out (TaKaRa, Tokyo, Japan). Using a Light Cycler 480 real-time PCR device, gene expression was discovered (Roche, 
Indianapolis, IN, USA). The fluorescent quantitative PCR kit’s (SYBR Green Mix, Roche Diagnostics, Indianapolis, IN) instructions 
regarding the reaction conditions were followed. After 45 cycles of 95 ◦C for 5 s, 60 ◦C for 10 s, and 72 ◦C for 10 s, the thermal cycle 
parameter was 95 ◦C for 10 s. A final extension was displayed for 5 min at 72 ◦C. Experiments were repeated three times, and each Ct 
result was standardized with GAPDH to determine relative expression. The results were examined using the 2-ΔΔCT methodology 
[24]. The primer oligonucleotide sequences used in this study are presented in Table 1. 

2.9. Western blotting 

The protein was extracted using RIPA buffer, and the resultant lysates were centrifuged to generate supernatants, and BCA protein 
assay kit was used to quantify protein quantities. The protein samples (50 μg) were placed onto a 10 % SDS-PAGE gel for electro-
phoresis, and then protein was moved to a PVDF membrane (Millipore, Bedford, MA). A 5 % skim milk TBS solution occluded the 
membrane. The membrane was incubated with the following LOXL2 (1:500, ab96233; rabbit polyclonal, Abcam, UK), TGF-β1 (1:500, 
ab179695, rabbit monoclonal, Abcam), p-Smad2 (1:500, ab188334, rabbit monoclonal, Abcam), P-Smad3 (1:400, ab52903, rabbit 
monoclonal, Abcam), Smad2 (1:400, ab119907, mouse monoclonal, Abcam), Smad3 (1:400, ab84177, rabbit polyclonal, Abcam), and 

Table 1 
List of primer sequences used in this study.  

Genes Forward primer (5′–3′) Reverse primer (5′–3′) 

α-SMA TCCTGACGCTGAAGTATCCGATA GGCCACACGAAGCTCGTTAT 
Collagen I GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 
Collagen III TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT 
IL-1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG 
IL-6 AACCACGGCCTTCCCTACT CATTTCCACGATTTCCCAGA 
TNF-α CGTCGTAGCAAACCACCAA GGGCAGCCTTGTCCCTTGA 
NOX2 TGGCGATCTCAGCAAAAGGT ACCTTGGGGCACTTGACAAA 
NOX4 ACCAAATGTTGGGCGATTGTG GATGAGGCTGCAGTTGAGGT 
LOXL2 ATGACAGCAGGAGCGTGAGGT GGTTTAGAGCAGCAGAGAAGGGTAAG 
TGF-β1 AGCAACAATTCCTGGCGTTACCTT CCTGTATTCCGTCTCCTTGGTTCAG 
GAPDH ACTCCACTCACGGCAAATTC TCTCCATGGTGGTGAAGACA 

Abbreviation: α-SMA, α-smooth muscle actin; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α; NOX2, NADPH 
Oxidase 2; LOXL2, lysyl oxidase-like 2; TGF-β1: transforming growth factor-β1; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase. 
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GAPDH (1:1000, ab9485, rabbit polyclonal, Abcam) antibodies overnight at 4 ◦C. HRP-conjugated secondary antibodies (1:2000) were 
used to identify the immunological reactivity of the targeted proteins. By employing ECL (Thermo, Waltham, MA, USA), the protein 
band was seen, and band density was calculated by the image software (Bio-Rad, Hercules, CA, USA). 

2.10. Statistical analysis 

The data was represented as the mean ± standard deviation (SD) and was repeated three times. Statistical analyses were carried out 
using SPSS 20.0 (SPSS, Chicago, IL, USA). The differences between three or more groups were assessed by the one-way ANOVA. To 
compare the prevalence of AF among four groups, Fisher’s exact test was performed. The level of statistical significance was chosen at 
P < 0.05. 

3. Results 

3.1. Physiological and echocardiographic parameters in mice 

After mice were induced with Ang II (2 mg/kg/day) and SAL (50 mg/kg/day) for 28 days, we assessed the potential changes in body 
weight, heart rate, and systolic blood pressure (SBP). No significant body weight differences were observed among the Control, SAL, 
Ang II, and Ang II + SAL groups on day 28 (Fig. 1A). Ang II-induced mice exhibited improved heart rate and SBP than saline infusion 
mice (Control group). SAL potentially reduced the Ang II-induced increase in heart rate and SBP in mice (Fig. 1B and C). Echocar-
diography on day 28 showed that Ang II injection increased left atrial diameter (LAD) in mice, which was inhibited after SAL treatment 
(Fig. 1D and E). SAL also attenuated an Ang II-induced enhancement in left ventricular end-diastolic posterior wall thickness (LVPWth) 
and a reduction in left ventricular ejection fraction (LVEF) than only the Ang II group (Fig. 1F and G). 

3.2. SAL reduced Ang II-induced AF 

Mice were treated with Ang II or saline, and SAL (50 mg/kg/day) or saline was intraperitoneally injected for 28 days to evaluate the 

Fig. 1. Physiological and echocardiographic parameters in mice. Serial changes in (A) body weight, (B) heart rate and (C) SBP were monitored in 
mice after the experimental period of 28 days; (D) Echocardiography of the left atrium (LA) chamber was performed to measure (E) LAD, (F) 
LVPWth, and (G) LVEF. SBP, systolic blood pressure; LAD, left atrial diameter; LVPWth, left ventricular end-diastolic posterior wall thickness; LVEF 
left ventricular ejection fraction. Data are presented as mean ± SD. ***P < 0.001 vs. Control group; ###P < 0.001 vs. Ang II group. 
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effects of SAL on AF susceptibility. Transesophageal rapid atrial pacing was applied to record the electrocardiogram. The results 
showed that the AF group had typical atrial fibrillation (AF) attacks (Fig. 2A). However, in Ang II or saline-induced mice administered 
with or without SAL, the inducibility and length of AF were investigated. The AF inducibility was low in mice of the control group but 
was sharply increased by Ang II infusion. Treatment with SAL substantially decreased the inducibility of AF caused by Ang II. However, 
we did not observe any impact on the AF inducibility for the only SAL group mice (Fig. 2B). SAL also considerably reduced the total 
duration of AF in Ang II-induced mice. Still, SAL treatment alone did not significantly change AF duration (Fig. 2C). 

3.3. SAL inhibited Ang II-induced atrial fibrosis 

The impact of SAL in atrial fibrosis, an indicator of atrial remodeling, was subsequently investigated. Ang II treatment considerably 
enhanced the atrial fibrotic area. At the same time, SAL therapy potentially reduces the atrial fibrotic area (Fig. 3A). Furthermore, 
immunohistochemistry revealed that SAL significantly reduced the quantity of α-SMA + myofibroblasts in atrial tissue generated by 
Ang II (Fig. 3B). RT-qPCR also validated the expression pattern of α-SMA. In addition, the two fibrotic biomarkers expression was 
evaluated using RT-qPCR. Ang II significantly increased the mRNA levels of collagen I and III in the atrial tissue of mice. Still, these 
changes were markedly reduced by SAL (Fig. 3C). The treatment of SAL inhibited Ang II-infused IL-1β, IL-6 and TNF-α mRNA 
expression levels compared with mice with Ang II alone (Fig. 3D). 

3.4. SAL suppresses Ang II-infused atrial apoptosis and oxidative stress 

TUNEL staining was performed to determine the effect of SAL on atrial tissue apoptosis. TUNEL + cells (green fluorescence) 
increased significantly after Ang II injection, but this rise was reduced in SAL-treated mice (Fig. 4A). In addition, Ang II administration 
also enhanced atrial superoxide production (DHE staining), which was attenuated by SAL treatment (Fig. 4B). Key biomarkers of 
oxidative stress, including MDA, SOD and CAT, were determined in the lysate of atrial tissue. Ang II infusion increased levels of MDA 
content and decreased SOD and CAT activities compared to the Ang II group, while these changes were all altered by SAL therapy 
(Fig. 4C, D, 4E). Meanwhile, NOX2 and NOX4 gene expression was determined using RT-qPCR. SAL therapy potentially reduces the 

Fig. 2. SAL reduces atrial fibrillation (AF) inducibility and AF duration induced by burst pacing. (A) Representative atrial electrogram recordings. 
Burst pacing is indicated by solid underlines, whereas dashed underlines indicate AF. (B) Percentage of successful AF inducibility in each group (n =
8). (C) Average AF duration by burst pacing (n = 8 in each group). Data are presented as mean ± SD. ***P < 0.001 vs. Control group; ###P < 0.001 
vs. Ang II group. 
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NOX2 and NOX4 gene expression than only the Ang II group mice (Fig. 4F). 

3.5. SAL inhibited the expressions of proteins of LOXL2 and TGF-β1/Smad pathway 

To assess the LOXL2 protein expression level in Ang II-infused mice, we carried out an immunohistochemistry analysis. SAL therapy 
reduced the protein expression in LOXL2, which was elevated by Ang II injection (Fig. 5A). This changing pattern was also validated at 
the mRNA level of LOXL2 by RT-qPCR (Fig. 5B). To evaluate the key protein expression level of the TGF-β1/Smad pathway, we 
performed the Western blot analysis (Fig. 5C). SAL treatment significantly reduced LOXL2, TGF-β1, p-Smad2 and p-Smad3 protein 
expression than the Ang II group mice (Fig. 5D and E). However, the total Smad2 and Smad3 protein levels did not change. 

4. Discussion 

In the current research, we examined the potential function of SAL in Ang II-induced atrial fibrosis and AF. The data demonstrated 
that SAL potentially decreased the Ang II-infused enhancement in heart rate and SBP in mice. Ang II-induced increased LAD in mice, 
whereas SAL therapy decreased. SAL suppressed Ang II-induced increasing LVPWth and reducing LVEF than the Ang II group mice. In 
addition, SAL attenuated Ang II-infused atrial fibrosis and AF, and atrial apoptosis and oxidative stress. Further, SAL reduced the 
expressions of LOXL2 and TGF-β1/Smad pathway proteins. Thus, the findings imply that SAL could have a possible therapeutic role in 
atrial fibrosis and AF susceptibility. 

Body weight, heart rate, and systolic blood pressure (SBP) were assessed after mice were injected with Ang II and SAL for 28 days. 
The results did not show any potential body weight changes in the control mice, SAL, Ang II, and Ang II + SAL groups. Ang II group 
mice showed high heart rates and SBP compared with the control group, but SAL significantly suppressed heart rates and SBP in mice 
(Fig. 1B and C). Ang II infusion in mice increased left atrial diameter (LAD), which decreased following SAL therapy, according to 
echocardiography on day 28 (Fig. 1D and E). In contrast to mice treated with Ang II alone, SAL also prevented a rise in LVPWth and a 
decrease in LVEF that was Ang II-induced (Fig. 1F and G). 

An arrhythmia called atrial fibrillation frequently results in life-threatening consequences. Electrical and structural remodeling are 
two aspects of atrial remodeling connected to AF’s development and maintenance. Atrial fibrosis is essential to structural remodeling 
[24, 25]. In the current study, Ang II-triggered AF inducibility was considerably reduced by SAL treatment, whereas SAL alone did not 

Fig. 3. SAL suppresses Ang II-induced atrial fibrosis. (A) Representative images of Masson trichrome staining for atrial fibrosis. The fibrotic area is 
quantified to evaluate the extent of atrial fibrosis. (B) Representative images of α-SMA (a marker for myofibroblast differentiation) by immuno-
histochemistry. The percentage of α-SMA-positive cells is quantified. RT-qPCR was applied to determine the mRNA levels of (C) α-SMA, collagen I 
and III, and analyzed the mRNA expression levels of inflammatory cytokines, (D) IL-1β, IL-6 and TNF-α in atrial tissues. GAPDH as an internal 
control. Experiments were run in triplicate. Data are presented as mean ± SD (n = 8 in each group). ***P < 0.001 vs. control group; ###P < 0.001 
vs. Ang II group. 
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affect AF inducibility in control (Fig. 2B). SAL therapy alone did not result in a significant change in AF length; however, SAL treatment 
dramatically decreased the overall duration of AF in mice treated with Ang II (Fig. 2C). Therefore, SAL significantly decreased the Ang 
II-infused AF in mice. 

Atrial fibrosis development was significantly mediated by the expression of Ang II, which was elevated in AF patients [1,25]. The 
earlier investigation showed that Ang II might stimulate TGF-β1 synthesis, secretion, and downstream Smad2 signaling pathways, 
leading to the Smad2-dependent generation of connective tissue growth factor [26]. As a result, fibroblasts in the myocardium multiply 
and fibrocytes are encouraged to differentiate into myofibroblasts, ultimately deposing the extracellular matrix (ECM). Our results 
showed that Ang II greatly enhanced the atrial fibrotic area, but SAL was significantly inhibited (Fig. 3A). Additionally, immuno-
histochemistry demonstrated that the SAL significantly reduced the levels of α-SMA + myofibroblasts that Ang II-induced increase in 
atrial tissue (Fig. 3B). Ang II dramatically raised the mRNA levels of collagen I and III in the atrial tissue, whereas SAL was significantly 
attenuated (Fig. 3C). The SAL treatment attenuated Ang II-induced mRNA expression levels of IL-1β, IL-6 and TNF-α compared with 
mice with Ang II alone (Fig. 3D). SAL has been shown to inhibit renin-angiotensin system (RAS) activation. However, no study has 
examined the function of SAL in AF-related RAS system inhibition. 

In the present study showed that the administration of SAL decreases Ang II-induced atrial apoptosis and oxidative stress. TUNEL 
staining showed increasing green fluorescence intensity in Ang II infusion mice, whereas decreasing in the SAL-injected mice (Fig. 4A). 
DHE staining showed the same trends increasing atrial superoxide formation but attenuating with SAL treatment (Fig. 4B). Oxidative 
stress biomarkers (MDA, SOD and CAT) determined the lysate of atrial tissue. The levels of MDA content were increased and reduced 
SOD and CAT levels in Ang II group mice, whereas reversed results were observed with SAL treatment (Fig. 4C, D, 4E). In addition, SAL 
therapy dramatically decreased the mRNA expression of NOX2 and NOX4 than the Ang II group mice (Fig. 4F). Therefore, SAL 
significantly attenuates the Ang II-infused atrial apoptosis and oxidative stress in the AF mice model. 

The early study showed that heart failure (HF) or atrial fibrillation patients had higher LOXL2 expression [11,12]. The elevated 
expression of LOXL2 in the ventricular interstitium of HF patients demonstrated that this serum LOXL2 is produced by fibroblasts in the 
cardiac interstitium [11]. TGF-β1 is essential for developing epithelial-to-mesenchymal transition (EMT) [27]. EMT is produced by 
TGF-β1, which considerably affects atrial fibrosis and hypertrophy [28,29]. A possible target in the fight against cardiac hypertrophy is 
the TGF-β1/Smad3 axis, which comprises the downstream protein Smad3. Both cardiac hypertrophy and the transition of fibroblasts 
into myofibroblasts were inhibited by inhibition of the TGF-β1/Smad3 axis [30]. Moreover, the TGF-β1/Smad3 axis promoted CTGF 
expression and led to the production of collagen type I in fibroblasts [31]. Because inhibiting LOXL2 reduced the expression of pSmad3 
in lung fibroblasts from mice with bleomycin-induced pulmonary fibrosis, this suggests that LOXL2 is upstream of Smad3 [32]. In 
addition, TGF-β1 mediated endothelium-to-mesenchymal transition (EndMT) activation in endothelial cells was prevented by LOXL2 
knockdown [33]. However, this research demonstrated that SAL reduced the effect of Ang II infusion on the expression of the protein in 

Fig. 4. SAL reduces atrial apoptosis and oxidative stress in mice after Ang II infusion. (A) Representative images of TUNEL staining in the atria. 
Quantification of TUNEL-positive cells in atrial tissues. (B) Representative images of DHE staining of atrial superoxide and quantification of DHE 
intensity. The levels of (C) MDA, (D) SOD and (E) CAT in the atrial lysate were quantified. (F) RT-qPCR analyses of the mRNA expression levels of 
NOX2 and NOX4. GAPDH as an internal control. Experiments were run in triplicate. Data are presented as mean ± SD (n = 8 in each group). ***P <
0.001 vs. control group; ###P < 0.001 vs. Ang II group. 
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LOXL2 (Fig. 5A). SAL therapy significantly decreased the protein expression of LOXL2, TGF-β1, p-Smad2 and p-Smad3 in mice 
compared with Ang II infusion alone (Fig. 5D and E). Therefore, SAL potentially attenuated the expressions of LOXL2 and 
TGF-β1/Smad pathway proteins in the AF mice model. 

5. Limitations 

Our research has several limitations. 1) The principles of AF are challenging to understand in clinical studies. However, the primary 
objectives of the present research were to determine how SAL influenced atrial fibrosis and subsequent AF. 2) We did not assess the 
dose-dependent impact of SAL on Ang II-infused atrial remodeling. In our further study, we will evaluate a dose-dependent curve 
analysis to find whether a possible inhibitory effect of SAL was dose-dependent. 3) Even though SAL can attenuate fibrosis, it might not 
be possible to inhibit it if it already exists. 4) Eight (8) mice were used in each group, and all electrophysiological experiments were 
performed, which could have an impact on the subsequent pathological examination and protein detection data. Future research 
should further investigate and verify the subsequent pathological and protein detection data. However, confirming if SAL provides the 
best impact for patients with chronic AF who also have extensive atrial fibrosis is essential. 

6. Conclusion 

In recent years, many scientists have conducted in-depth research on treating atrial fibrosis and AF [34–37]. However, there is 
currently no effective medication to prevent atrial fibrosis. SAL could be a potential therapy to fill up this unmet treatment need. 
According to the results of the present investigation, SAL effectively decreases Ang II-infused atrial fibrosis and subsequent suscep-
tibility to AF by inhibiting the LOXL2-TGF-1-Smad2/3 pathway (Fig. 6). 

Fig. 5. SAL suppressed the expression of LOXL2 and key factors of the TGF-β1/Smad pathway in Ang II-treated mice. (A) Representative images of 
LOXL2 by immunohistochemistry. (B) The mRNA expression of LOXL2 and TGF-β1. GAPDH as an internal control. Experiments were run in trip-
licate. (C) The protein expression was measured by Western blot, and the representative bands are shown. (D) LOXL2 and TGF-β1, (E) p-Smad2 and 
p-Smad3 proteins are increased by Ang II and reduced by SAL. LOXL2 and TGF-β1 protein expressions were normalized by GAPDH, p-Smad2 protein 
by Smad2, and p-Smad3 protein by Smad3. Data are presented as mean ± SD (n = 8 in each group). ***P < 0.001 vs. control group; ###P < 0.001 
vs. Ang II group. 
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[26] N.L. Rosin, A. Falkenham, M.J. Sopel, T.D. Lee, J.F. Légaré, Regulation and role of connective tissue growth factor in AngII-induced myocardial fibrosis, Am. J. 

Pathol. 182 (2013) 714–726. 
[27] Y. Tsubakihara, A. Moustakas, Epithelial-mesenchymal transition and metastasis under the control of transforming growth factor β, Int. J. Mol. Sci. 19 (2018) 

3672. 
[28] Y. Yue, K. Meng, Y. Pu, X. Zhang, Transforming growth factor beta (TGF-β) mediates cardiac fibrosis and induces diabetic cardiomyopathy, Diabetes Res. Clin. 

Pract. 133 (2017) 124–130. 
[29] J. Heger, R. Schulz, G. Euler, Molecular switches under TGFβ signaling during progression from cardiac hypertrophy to heart failure, Br. J. Pharmacol. 173 

(2016) 3–14. 
[30] T. Chen, J. Li, J. Liu, N. Li, S. Wang, H. Liu, et al., Activation of SIRT3 by resveratrol ameliorates cardiac fibrosis and improves cardiac function via the TGF- 

β/Smad3 pathway, Am. J. Physiol. Heart Circ. Physiol. 308 (2015) 424–434. 
[31] J. Lu, J. Shi, M. Li, B. Gui, R. Fu, G. Yao, et al., Activation of AMPK by metformin inhibits TGF-β-induced collagen production in mouse renal fibroblasts, Life Sci. 

127 (2015) 59–65. 
[32] X. Wen, Y. Liu, Y. Bai, M. Li, Q. Fu, Y. Zheng, LOXL2, a copper-dependent monoamine oxidase, activates lung fibroblasts through the TGF-β/Smad pathway, Int. 

J. Mol. Med. 42 (2018) 3530–3541. 
[33] O.G. de Jong, L.M. van der Waals, F.R.W. Kools, M.C. Verhaar, B.M.W. van Balkom, Lysyl oxidase-like 2 is a regulator of angiogenesis through modulation of 

endothelial-to-mesenchymal transition, J. Cell. Physiol. 234 (2019) 10260–10269. 
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