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Protective effects of Dapagliflozin on the vulnerability of ventricular arrhythmia 
in rats with pulmonary artery hypertension induced by monocrotaline
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ABSTRACT
Monocrotaline (MCT)-induced pulmonary artery hypertension (PAH) has been reported to cause 
right heart failure (RHF). Moreover, Right heart diseases have been determined to cause ventri-
cular arrhythmia (VA). So we can conclude that MCT-induced PAH increases the incidence of VA. In 
addition, Previous studies have determined the benefits of Dapagliflozin (DA) on the cardiac 
system, but the responses of MCT-induced RHF to DA are not fully reported. So the present study 
sought to evaluate the effects of DA on the MCT-induced PAH. A dose intraperitoneal injection of 
MCT (60 mg/kg) was carried out to induce a rat model with PAH. DA (60 mg/l) was administered 
for 4 weeks following MCT injection. Echocardiography, body weight, blood pressure, blood 
glucose, electrophysiological study, and Western blot were performed. Four weeks after the 
MCT injection, MCT-treated rats decreased body weight, blood glucose and blood pressure. In 
addition, MCT caused the formation of PAH and RHF. Moreover, MCT-induced PAH rats increased 
the incidence of VA, prolonged action potential duration (APD), and shortened effective refractory 
period (ERP). Additionally, PAH rats significantly prevented the activated expressions of Ion 
channel proteins such as potassium channel (Kv1.5, Kv2.1, Kv4.2, Kv4.3) and L-type Ca channel 
(Cav1.2). As we expected, these changes above in PAH rats were reversed when DA was 
administered. Mechanistically, DA significantly reduced the levels of toll-like receptor (TLR4), the 
nuclear factor kappa B (NF-κB) in MCT-treated rats. In conclusion, these findings determine that 
DA reduces the vulnerability of VA in PAH rats through the TLR4/NF-κB signaling pathway.
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1. Introduction

Pulmonary arterial hypertension (PAH), character-
ized by excessive vasoconstriction and vascular remo-
deling, causes right heart failure (RHF) and death [1– 
3]. Moreover, RHF is one of major causes of death in 
patients with PAH. Although there have been 
advances in the causes of HF and related devices 
and pharmacological therapeutics, the mortality rate 
of people with HF remains high, with almost up to 
50% of sudden death in patients [4,5]. Ventricular 
arrhythmia, including ventricular fibrillation (VF) 
and ventricular tachycardia (VT), accounts for nearly 
60% of mortality in patients with HF [6–9].

According to previous reports, the electrical and 
structural remodeling of the ventricle are the basic 
mechanisms of VA. Ventricular hypertrophy and 
fibrosis belong to the structural remodeling [10,11]. 

The electrical remodeling includes prolonged APD, 
shorted ERP and ion channels remodeling [12,13]. 
Previous study suggested that structural and elec-
trical remodeling were the major reasons for ven-
tricular arrhythmia in PAH rats [14]. As previous 
reports suggest, activated TLR4/NF-κB signaling 
pathway promotes the ventricular electrical remo-
deling and structural remodeling, which increase 
the vulnerability of VA [15–17]. So the treatment 
for ventricular remodeling is beneficial for PAH- 
induced ventricular arrhythmia.

Dapagliflozin (DA), as one of sodium-glucose 
cotransporter 2 (SGLT2) inhibitors, has recently 
been determined to reduce worsening heart failure 
and ventricular arrhythmia [18–21]. However, few 
studies have assessed whether DA alleviates PAH- 
induced ventricular arrhythmia.
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The present study aims to determine the effects 
of DA on MCT-induced PAH and whether it 
reduces the vulnerability of VA induced by PAH.

2. Materials and animals

An expanded Methods section describing all pro-
cedures and protocols can be found in the 
Supplemental Methods section.

2.1 Animal treatments

Eighty male Sprague Dawley (SD) rats (300–350 g) 
carried out in all experiments were provided by 
Renmin Hospital of Wuhan University’s animal 
experiment center. All animal procedures followed 
the Guide for the care and the use of Laboratory 
Animals, issued by the National Institutes of Health 
in 1996. The SD Rats were housed in conditions with 
22 ± 2°C and a 12:12-h light/dark cycle, and water 
with food ad libitum were enough to be provided.

All rats were randomized into control (CTL) 
(n = 20), control+DA (CTL+DA) (n = 20), PAH 
(n = 20) or (PAH+DA) groups (n = 20). The PAH 
group and the PAH+DA group received a dose 
(60 mg/kg) Intraperitoneal injection of MCT [22]. 
Monocrotaline (MCT) (98% purity, C835791) was 
obtained from Macklin Biochemical Co., Ltd 
(Shanghai, China). Simultaneously, the PAH+DA 
group and the CTL+DA group received DA admi-
nistered by dissolving Dapagliflozin in drinking 
water at a concentration of 60 mg/L [23] for 
4 weeks While the other rats were fed normally. 
Dapagliflozin was purchased from AstraZeneca AB.

2.2 Blood glucose measurement

We measured the blood glucose of rats in per 
group weekly for a fixed time, using glucometer 
(ACCU-CHEK produced by Roche Diabetes Care 
GmbH) [24]. And the blood samples were col-
lected from the tail vein of 8–10 rats each group.

2.3 Blood pressure measurement

We measured the blood pressure of 8–10 rats in 
each group at the end of the fourth week through 
Blood Pressure Meter (BP-2010A, Softron Beijing 
Biotechnology) [25].

2.4 Echocardiography

Eight to ten rats from each group were placed on 
an electrical heating pad under anesthesia (2% 
isoflurane/100% oxygen) with the supine position, 
and the echocardiographic assessment was con-
ducted using the VINNO 6VET ultrasound system 
(Vinno Technology, Suzhou, Jiangsu, China), 
equipped with an 18-MHz linear array transducer 
(Vinno Technology, Suzhou, Jiangsu, China). We 
measured the cardiac function as previously 
described [26]. We recorded the left ventricular 
ejection fraction (LVEF), left ventricular fractional 
shortening (LVFS) and so on. All the recorded 
results were shown in Supplementary Material 
Table S1.

2.5 Electrophysiological studies

Langendorff-perfused hearts were prepared 
according to our previously published methods 
[24]. We analyzed and recorded APD and ERP. 
In addition, we used burst pacing to imply the 
vulnerability of ventricular arrhythmia. The APD 
was measured at 20% (APD20), 50% (APD50) and 
90% (APD90) repolarization. All the procedures 
[24] were shown in Supplementary Material.

2.6 Histology and histochemistry analysis: HE 
(hematoxylin-eosin) & Masson staining

H&E (hematoxylin-eosin) staining was conducted 
following previous protocols [27]. In short, after 
the murine hearts were fixed with 4% formaldehyde 
overnight, they were embedded in paraffin and 
made into 5-μm sections. Cardiac paraffin sections 
were dewaxed in xylene for 5–10 minutes, and then 
dehydrated with anhydrous ethanol, 95% ethanol, 
85% ethanol and 75% ethanol for 5 minutes each. 
After staining by Hematoxylin solution (Harris) for 
3–5 minutes, the tissues were washing by 1% dilute 
lithium carbonate water solution back to blue. And 
then dyed the tissues in eosin (alcohol soluble) for 
1–2 seconds without washing. Finally, the tissues 
were added into 95% ethanol directly and dehy-
drated in absolute ethanol for 1–2 minutes.

Masson staining was conducted according to 
previous methods [28]. The tissues of the rats 
were quickly removed under anesthesia, and the 
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blood was washed with PBS. The ventricular tis-
sues and lung tissues were isolated and fixed with 
4% of paraformaldehyde. The sample was 
imbedded into paraffin and cut into 3-mm-thick 
slices. The slices were stained with Masson’s tri-
chrome staining and observed under an optical 
microscope (CX31, Olympus, Tokyo, Japan). The 
samples were observed at × 400, and three visual 
fields were tested in each sample. Results were 
analyzed with the Image-Pro 6.0 software.

2.7 Immunohistochemical analysis of lung 
tissues

Three-millimeter-thick sections were incubated 
overnight at 4°C, through using alpha-smooth mus-
cle actin (α-SMA) (1:200 dilution for staining). The 
sections were washed 3 times at room temperature 
for 5 minutes each time, and it was incubated with 
a secondary antibody for 2 hours at room tempera-
ture after incubation with the primary antibodies. 
The samples were observed under the optical micro-
scope (CX31, Olympus, Tokyo, Japan) at ×400, and 
three visual fields were tested randomly in each 
sample [28]. Results were analyzed with the Image- 
Pro 6.0 software.

2.8 Western blot Assay of ventricular tissues

The Western blot Assay was conducted as pre-
viously described [24]. Total proteins were extracted 
from the frozen heart tissues. Protein concentrations 
were determined and normalized using the 
Bicinchoninic Acid (BCA) Protein Assay Kit 
(G2026, Servicebio, Wuhan, China). Next, proteins 
(28 mg) were separated by sodium dodecylsulphate 
(SDS)-polyacrylamide gel electrophoresis (PAGE), 
then transferred onto a polyvinylidene difluoride 
(PVDF) membrane and incubated with primary 
antibodies overnight at 4°C (39.2°F). Finally, the 
secondary antibodies were incubated with the mem-
branes for 60 minutes at room temperature. 
Enhanced chemiluminescence (BL523B, Biosharp, 
Anhui, China) was used to visualize the signals. 
The protein and gene expression levels of target 
genes were normalized to the internal reference 
gene GAPDH. Kv4.2 (1:1000 dilution for Western 
blot, ab123543) were purchased from Abcam 
(Cambridge, UK) while Kv1.5 (1:1000 dilution for 

Western blot, PA5-77,573), Kv2.1 (1:1000 dilution 
for Western blot, PA5-77,580), Kv4.3 (1:500 dilution 
for Western blot, PA5-77,583), and Cav1.2 (1:400 
dilution for Western blot, PA5-77,297) were also 
obtained from Abcam. Besides, NF-κB (p65) 
(1:1000 dilution for Western blot, 8242S), P-NF-κB 
(P-p65) (1:1000 dilution for Western blot, 3031S), 
GAPDH (1:1000 dilution for Western blot, 7074S). 
And TLR4 (1:1000 dilution for Western blot, 
AF7017) were purchased from Affinity Biosciences 
(OH, USA).

2.9 Statistical analysis

We performed statistical analyses using GraphPad 
Prism software. Continuous variables are expressed 
as means ± the standard error of the mean (SEM). 
The student’s t-test determined statistical differences 
between two groups. Statistical comparisons among 
multiple groups were performed with a one-way 
analysis of variance (ANOVA), followed by 
Tukey’s post hoc test. Categorical data were 
reported as percentages and were analyzed by 
Fisher’s exact test. Significance was assumed when 
p < 0.05 or p < 0.01.

3. Results

The current study determined the effects of 
Dapagliflozin on PAH-induced ventricular arrhyth-
mia and its underlying mechanism. Through our 
experiments, we found that DA reversed the struc-
tural and electrical remodeling of ventricles by pre-
venting the activated signal pathway of TLR4/NF-κB, 
reducing the vulnerability of ventricular arrhythmia 
caused by PAH.

3.1 DA improved systolic function and improved 
the survival rate of PAH rats

During the 4 weeks, six rats from the PAH group 
(30%) and 3 from PAH+DA group (15%) were dead. 
There was no statistical difference between PAH 
group and PAH+DA group (p = 0.4506 > 0.05; 
Figure 1). During the formation of PAH, we found 
that rats changed for bad conditions. PAH rats eat 
food and drink water less than normal, so, the death 
rate was as expected. Table 1 showed the analyzed 
morphometric parameters. The PAH group 
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presented higher ventricular hypertrophy (heart 
weight and heart/tibia), RVW (right ventricular 
weight), (LV+S)W (left ventricular weight and 

interventricular weight), RVW/tibia, and (LV+S) 
W/tibia (p < 0.05 vs. CTL group). To our surprise, 
these changes were inhibited in PAH+DA group 
(p < 0.05 vs. PAH group). Figure 2 listed body weight 
(Figure 2(a)), blood glucose (Figure 2(b)) and blood 
pressure (Figure 2(c)) of rats. We could find there 
were significant statistical differences between PAH 
group (p < 0.05 vs. CTL group) and PAH+DA group 
(p < 0.05 vs. PAH group). In addition, we found that 
DA down-regulated the body weight, blood pressure 
and blood glucose. The formation of PAHs also 
caused rats to down-regulate their body weight, 
blood pressure and blood glucose. Above all, we 
found that DA decreased the body weight but les-
sened the down-regulation of blood pressure or 
blood glucose. In Table S1, we listed the changes 
from ventricle to pulmonary vessel. We could find 

Figure 1. Effects of Dapagliflozin on percent survival of PAH’s 
rats (n = 20 per group). Data are presented as mean as ±SEM. 
*P < 0.05 vs. CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. 
CTL group, ##P < 0.01 vs. PAH group.

Table 1. Dapagliflozin improved the ventricular hypertrophy.
CTL CTL+DA PAH PAH+DA

HW(g) 1.27 ± 0.18 1.25 ± 0.178 1.71 ± 0.202* 1.34 ± 0.237#

HW/tibia(g/cm) 0.22 ± 0.012 0.23 ± 0.0304 0.28 ± 0.0336* 0.23 ± 0.0372#

RVW(g) 0.22 ± 0.0944 0.22 ± 0.1045 0.30 ± 0.1305* 0.22 ± 0.0544#

(LV+S)W(g) 0.74 ± 0.0853 0.75 ± 0.1513 0.90 ± 0.1269* 0.80 ± 0.1881#

RVW/tibia(g/cm) 0.038 ± 0.0151 0.038 ± 0.0155 0.049 ± 0.0214* 0.040 ± 0.089#

(LV+S)W/tibia(g/cm) 0.112 ± 0.0127 0.117 ± 0.0233 0.158 ± 0.0205* 0.134 ± 0.0322#

Figure 2. Effects of Dapagliflozin on the body weight, blood glucose and blood pressure. The body weight (a), The blood glucose (b), 
and the blood pressure (c) (n = 8–10 per group). Data are presented as mean as ±SEM. *P < 0.05 vs. CTL group, #P < 0.05 vs. PAH 
group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group. Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.
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easily that the rats from the PAH group had forma-
tion of PAH and right heart failure. However, with 
the administration of DA, rats from PAH+DA group 
had a lot of improvement in cardiac function and 
pulmonary vessel. From all of the above, after the use 
of MCT, the hearts of PAH group rats changed 
seriously. By the way, these results suggested that 
the administration of Dapagliflozin lessened PAH- 
related symptoms. At the same time, from the above- 
mentioned data, we noticed that the hearts of PAH 
group became hypertrophied, which increased the 
incidence of ventricular arrhythmia.

3.2 Dapagliflozin reduced the vulnerability of 
ventricular arrhythmia in the PAH rats

To identify the role of Dapagliflozin administra-
tion on VA’s vulnerability leaded by PAH, we used 
the burst pacing to stimulate rats. As we expected, 
there was no VA happening in the CTL group and 

the CTL+DA group (Figure 3(a)). Despite this, it 
was obvious that VA was induced in both PAH 
group and PAH+DA group. From Figure 3a, there 
were still significant differences existing in the rate 
of VA (Figure 3(b)) and the duration of VA 
(Figure 3(c)) between PAH group and CTL 
group (80% vs. 0%, p < 0.05; 17.39 ± 2.759 vs. 0, 
p < 0.05). And the PAH+DA had improved a lot 
compared with PAH group (30% vs. 80%, p < 0.05; 
2.567 ± 0.9609 vs. 17.39 ± 2.759, p < 0. 05). 
Therefore, from these results, we could see that 
the PAH increased the vulnerability of VA. And, 
the administration of Dapagliflozin prevented 
these changes.

3.3 Effects of Dapagliflozin administration on 
PAHs rats in electrophysiological properties

We analyzed the ventricular electrophysiological 
remodeling in vivo hearts of rats. As we could 

Figure 3. Effects of Dapagliflozin on the vulnerability of ventricular arrhythmia in PAH’s rats. Representative images of burst pacing 
(a). Ratio of VA induced by burst pacing (b). Duration of VA in rats (c) (n = 8–10 each group). Data are presented as mean as ±SEM. 
*P < 0.05 vs. CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group. Abbreviations: NSR, normal 
sinus rhythm; VA, ventricular arrhythmia.
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see, there were no differences in CTL group and 
CTL+DA group, comparing APD20, APD50 and 
APD90 (for all, p > 0.05). As we imaged, from 
Figure 4(b,c,d), we found that there were signifi-
cant differences between APD20 (6.875 ± 1.356 vs. 
19.63 ± 0.7440, p < 0.05), APD50 (15.25 ± 0.7071 
vs. 43.50 ± 1.195, p < 0.05) and APD90 
(64.0 ± 2.517 vs. 138.6 ± 5.350, p < 0.05) between 
CTL group and PAH group. In addition, we com-
pared the rats from PAH group and the PAH+DA 
group. Surprisingly, we found the Dapagliflozin 
administrated shorted the APD20 (14.13 ± 0.6409 
vs. 19.63 ± 0.7440, p < 0.05), APD50 (23.25 ± 1.165 
vs. 43.50 ± 1.195, p < 0.05) and APD90 
(91.14 ± 4.180 vs. 138.6 ± 5.350, p < 0.05). From 
Figure 4(e), we found the PAH group had 
a shorted ERP than CTL group (37.88 ± 2.1 vs. 
61.63 ± 2.264, p < 0.05). With our expected, the 
Dapagliflozin administration improved these 
(46.25 ± 1.669 vs. 37.88 ± 2.1, p < 0.05). From 
these results above, we found that Dapagliflozin 
administration shorted the APD and prolonged 
the ERP. Above all these results, we can find with 
no difficult that Dapagliflozin administration pre-
vented the electrical remodeling induced by PAH.

3.4 Dapagliflozin increased the expressions of 
ion channel proteins.

We can directly see the expressions of the ion 
channel proteins in rats from each group in 
Figure 5(a). And we also quantified the expres-
sions of the channels of Cav1.2 (Figure 5(b)), 
Kv1.5 (Figure 5(c)), Kv2.1 (Figure 5(d)), Kv4.2 
(Figure 5(e)) and Kv4.3 (figure 5f). As we imaged, 
there were no statistical differences in CTL group 
and CTL+DA group. But, we found that the 
expression of all channels mentioned above had 
statistically different changes between PAH group 
and PAH+DA group (p < 0.05, for all). 
Dapagliflozin administration increased the expres-
sions of the ion channel proteins.

3.5 Dapagliflozin relieved the degrees of 
ventricular hypertrophy and fibrosis

From Figure 6(a,b), it was clear that the PAH 
group had thickening of the pulmonary artery 
walls and more serious degree of the fibrosis, 

compared with the CTL group. These forcefully 
determined the conclusion of the results from 
Table 1 and Table S1 that rats from PAH group 
had formed PAH. As we expected, when compar-
ing PAH group with PAH+DA group, we found 
the amended results due to the use of 
Dapagliflozin. In Figure 7(a), it was obvious that 
the PAH group had more serious levels of hyper-
trophy and fibrosis, not only in the right ventricle 
but also in the left ventricle than in the CTL group. 
In addition, compared with PAH group, PAH+DA 
group had changes for the better. To analyze intui-
tively these results, we quantified these results. 
With no surprise, there were significant statistical 
differences in the CTL, PAH and PAH+DA 
groups (p < 0.05, for all). These further suggested 
that rats in the PAH group had ventricular hyper-
trophy and fibrosis during the formation of PAH 
induced by MCT. And, Dapagliflozin administra-
tion prevented these changes.

3.6 Dapagliflozin administration down- 
regulated the TLR4/NF-κB pathway

To determine the underlying pathway of the 
Dapagliflozin, we designed next experiment pro-
cedures. From Figure 8(a), we could find that the 
TLR4/NF-KB pathway was actively expressed in 
the PAH group. To better analyze the differences 
in each group, we quantified the expressions of 
TLR4 (Figure 8(b)), P65 (Figure 8(c)) and P-p65 
(Figure 8(d,e)). From these figures, it was obvious 
that the expression of the pathway in PAH group 
was more active than the CTL group (p < 0.05, for 
all). Also, the PAH+DA group had a lower expres-
sion than the PAH group (p < 0.05, for all). 
Therefore we got the conclusion that 
Dapagliflozin administration reduced the inci-
dence of VA induced by PAH by inhibiting the 
signaling pathway of TLR4/NF-κB.

4. Discussion

In our study, we determined the effects and the 
mechanisms of Dapagliflozin on the vulnerability 
of ventricular arrhythmia in PAH rats. The major 
findings of our study were concluded below: 1) 
Under 28 days, rats in PAH group formed right 
heart failure, but, Dapagliflozin prevented the 
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Figure 4. Effects of Dapagliflozin administration on the electrophysiological properties in PAH’s rats. Representative images of S1S1 
stimulation (a). Analysis of APD20 (b), APD50 (c), and APD90 (d). Representative examples of ERP and analysis of ERP (e-f) (n = 8– 
10 per group). Data are presented as mean as ±SEM. *P < 0.05 vs. CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, 
##P < 0.01 vs. PAH group. Abbreviations: APD20, action potential duration 20; APD50, action potential duration 50; APD90, action 
potential duration 90; ERP, effective refractory period.
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formation; 2) Dapagliflozin lessened the body 
weight but, up-regulated the blood glucose and 
the blood pressure in PAH’s rats; 3) 
Dapagliflozin reduced the vulnerability of ventri-
cular arrhythmia and shortened the duration of 
VA-induced by burst pacing; 4) Dapagliflozin 
shorted the APD and prolonged the ERP; 5) 
Dapagliflozin up-regulated the expressions of the 
ion channel proteins; 6) Dapagliflozin prevented 
the ventricular hypertrophy and fibrosis; 7) 
Dapagliflozin inhibited the activation of the 
TLR4/NF-κB signaling pathway.

To inquire into the mechanisms of 
Dapagliflozin on the vulnerability of VA-induced 
by PAH, MCT-induced PAH models were usually 
used according to previous reports [29–35]. As 
reported previously, the PAH caused ventricular 
hypertrophy, ventricular fibrosis, and right heart 
failure. In the present study, we found the forma-
tion of PAH and right heart failure in the rats 
from the PAH group, which suggested that the 
establishment of our study model was successful. 
It was similar to other reports [36,37]. According 

to previous reports, Dapagliflozin could down- 
regulate body weight, blood glucose and blood 
pressure in normal conditions [38,39]. In our pre-
sent study, we found that Dapagliflozin also down- 
regulated body weight, blood pressure and blood 
glucose by comparing the CTL group with CTL 
+DA group, which were highly similar to previous 
studies. As we all know, PAH could lead to bad 
conditions for rats, which caused the down- 
regulation of body weight, blood pressure, and 
blood glucose. However, Dapagliflozin made the 
conditions of rats changing for the better, which 
may prevent the down-regulation caused by PAH. 
So, by comparing PAH group with PAH+DA 
group, we found that Dapagliflozin administration 
up-regulated the blood glucose and blood pressure 
but lessened the body weight.

Like previous reports, Dapagliflozin had a 27% 
reduction of VA [40], which provided powerful 
support for our study. More and more emerging 
clinical data investigated that Dapagliflozin could 
improve vascular endothelial function and 
decreased oxidative stress [41]. In addition, it 

Figure 5. Effects of Dapagliflozin administration on Ion channel proteins in PAH’s rats. Representative Western blots (a). Quantitative 
results of the Cav1.2 (b), Kv1.5 (c), Kv2.1 (d), Kv4.2 (e), Kv4.3 (f) (n = 3 per group). Data are presented as mean as ±SEM. *P < 0.05 vs. 
CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group.
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Figure 6. Effects of Dapagliflozin on the left pulmonary artery and the left superior pulmonary artery. Representative images of HE, 
Masson and α-SMA staining (a-b). Quantified results of Masson and α-SMA staining (c-f) (n = 3 per group). Data are presented as 
mean as ±SEM. *P < 0.05 vs. CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group. Abbreviations: 
HE, hematoxylin-eosin staining; Mas, Masson staining; α-SMA, alpha-smooth muscle actin; LPA, left pulmonary artery; LSPA, left 
superior pulmonary artery.
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Figure 7. Effects of Dapagliflozin on the left ventricle and right ventricle. Representative results of HE and Masson staining (a). 
Quantitative results of Mas in right ventricle (b) and left ventricle (c) (n = 3 each group). Data are presented as mean as ±SEM. 
*P < 0.05 vs. CTL group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group. Abbreviations: RV, right 
ventricle; LV, left ventricle.

Figure 8. Effects of Dapagliflozin on the expression of TLR4/P65 signal pathway. Representative Western blots (a). Quantitative 
results of TLR4 (b), P65 (c), P-p65 (d), p65/P-p65 (e) (n = 3 each group). Data are presented as mean as ±SEM. *P < 0.05 vs. CTL 
group, #P < 0.05 vs. PAH group. **P < 0.01 vs. CTL group, ##P < 0.01 vs. PAH group. Abbreviations: TLR4, toll-like receptor 4; p65, 
nuclear factor kappa B; P-p65, P-nuclear factor kappa B.
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also ameliorated myocardial fibrosis and improved 
cardiac diastolic and systolic functions [42–44]. 
According to a previous meta-analysis, 
Dapagliflozin decreased 27% rate of the induction 
of VT [40]. In our study, we also found that 
Dapagliflozin obviously reduced the vulnerability 
of VA induced by PAH, determining that 
Dapagliflozin was beneficial for preventing VA 
caused by PAH.

According to previous reports, low expressions 
of ion channel proteins like Kv1.5, Kv2.1, Kv4.2, 
Kv4.3 and Cav1.2 may cause prolonged APD and 
shorted ERP, which lead to the conduction 
abnormalities and reentry [15,17,24]. In the pre-
sent study, with Dapagliflozin administered, these 
electrical changes were reversed.

Fibrosis and hypertrophy are hallmarks of patho-
logical ventricular remodeling, which contributed 
cardiac dysfunction and arrhythmogenesis [45,46]. 
According to previous reports, Dapagliflozin could 
prevent hypertrophy and fibrosis [47,48]. In the pre-
sent study, we also found that DA obviously inhib-
ited the ventricular hypertrophy and fibrosis.

It is well known that TLR4 is involved in the 
development of ventricular remodeling and heart 
failure [49,50]. In addition, previous study has pro-
ven that TLR4 knockout improved cardiac functions 
and prevented the ventricular remodeling [51]. As 
a downstream mediator of TLR4, NF-κB is also 
related with the ventricular remodeling [24]. Our 
current studies have suggested that it could reduce 
the vulnerability of VA through preventing TLR4/ 
NF-κB signaling pathway [15,24]. In the present 
study, Dapagliflozin significantly reduced the levels 
of TLR4/NF-κB pathway. Therefore, these results 
determined that Dapagliflozin reversed the struc-
tural and electrical remodeling of ventricle through 
inhibiting TLR4/NF-κB pathway.

A limitation of our study is that we could not 
explore further the mechanisms in vitro due to the 
conditions of laboratory. The exploration of 
Nav1.2 and another ion channel proteins will be 
shown in our next studies. Additionally, different 
signal pathways are also worth determining.

5. Conclusion

Dapagliflozin could prevent the activated expres-
sions of TLR4/NF-κB signal pathway, reversing the 

structural and electrical remodeling. These sug-
gested that Dapagliflozin may reduce the vulner-
ability of ventricular arrhythmia through 
regulation of TLR4/NF-κB signal pathway.

Highlights

(1) MCT-induced PAH caused the formation of 
RHF.

(2) RHF increased the vulnerability of VA.
(3) DA inhibited the electrical and structural 

remodeling.
(4) DA may protect these changes against the 

activation of TLR4/NF-κB signaling 
pathway.
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