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Sodium-glucose cotransporter-2 (SGLT2) inhibitors, a novel class of hypoglycemic drugs,
show excellent cardiovascular benefits, and have further improved heart failure outcomes,
significantly reducing cardiovascular and all-cause mortality irrespective of diabetes status.
However, the efficacy of SGLT2 inhibitors in pulmonary arterial hypertension (PAH) and
right ventricular (RV) dysfunction remains unknown. This study aimed to evaluate the
effects of dapagliflozin in rats with PAH and RV dysfunction. PAH was induced in rats by
monocrotaline (MCT) subcutaneous injection (60 mg/kg). Isolated RV dysfunction was
induced in another group of rats by pulmonary trunk banding (PTB). Dapagliflozin
(1.5 mg/kg) was administered daily via oral gavage one day (prevention groups) or two
weeks (reversal groups) after modeling. Echocardiography and hemodynamic
assessments were used to observe pulmonary vascular resistance and RV function.
Histological staining was used to observe pulmonary vascular and RV remodeling. As
compared with MCT group, dapaglifiozin treatment did not significantly improve the
survival of rats. Puimonary arterial media wall thickness in MCT group was significantly
increased, but dapagliflozin did not significantly improved vascular remodeling both in the
prevention group and reversal group. In MCT group, RV hypertrophy index, RV area, the
fibrosis of RV increased significantly, and RV function decreased significantly. Consistently,
dapaglifiozin did not show protective effect on the RV remodeling and function. In the PTB
model, we also did not find the direct effect of dapaglifiozin on the RV. This is a negative
therapeutic experiment, suggesting human trials with dapagliflozin for PAH or RV failure
should be cautious.

Keywords: pulmonary trunk banding, pulmonary vascular remodeling, right ventricular dysfunction, SGLT2
inhibitors, dapagliflozin, pulmonary arterial hypertension

INTRODUCTION

Pulmonary arterial hypertension (PAH) is defined as a resting mean pulmonary artery pressure of
25 mmHg or above, and its prevalence varies from 11 to 26 cases per million adults globally
(Thenappan et al., 2018). The pathological changes of PAH are characterized by proliferative and
obstructive remodeling of the pulmonary arteries, together with excessive vasoconstriction and
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increased pulmonary vascular resistance (PVR), leading to right
ventricular (RV) hypertrophy and dysfunction (Humbert et al.,
2019). Fourteen specific medications are currently available for
PAH (Tuder et al., 2013), however, they all focus on dilating the
partially occluded vessels and none of them target the adverse
vascular remodeling. More unfortunately, possible direct effects
of potential therapies on the RV are also rarely assessed, despite
the recognized importance of RV function in the overall
prognosis of PAH (Voelkel et al.,, 2012). Thus, PAH patients
continue to face frequent hospitalizations, poor health status,
high medical costs, and high residual risks of premature
mortality. Despite adequate treatments, the 3-years survival
rate of PAH patients is estimated to be between 54 and 84.4%
(Jang and Chung, 2019). Collectively, there is an imperious
demand for novel medications which can efficiently target the
pathological mechanisms that cause the progression of PAH.

Sodium-glucose cotransporter-2 (SGLT2) inhibitors, which
act independently of insulin, represent newly developed oral
antidiabetic drugs that are practiced for type 2 diabetes
mellitus (T2DM) management (Yaribeygi et al, 2020). The
currently marketed SGLT2 inhibitors include dapagliflozin,
empagliflozin,  canagliflozin,  ertugliflozin, ipragliflozin,
tofogliflozin, etc. Apart from lowering blood glucose,
dapagliflozin has recently been shown to have positive effects
on patients with heart failure (McMurray et al, 2019).
Correspondingly, the United States Food and Drug
Administration (FDA) approved dapagliflozin as the first
SGLT2 inhibitors to reduce the risk of cardiovascular death
and hospitalization for heart failure in adult patients with or
without T2DM in 2020 (U. S. Food and Drug Administration,
2020). Gratifyingly, empagliflozin was recently found to reduce
the mortality and prevent the progression of pulmonary
vasculopathies in PAH rats induced by monocrotaline (MCT),
although the underlying mechanisms had not been clarified
(Chowdhury et al, 2020). But the direct effects of
empagliflozin on the RV remodeling and dysfunction were not
further studied in the above article. Besides experimental PAH,
data from human studies demonstrated that empagliflozin
produced rapid reduction in pulmonary artery (PA) pressure
(began at week 1 and amplified over time) in patients with heart
failure (Nassif et al., 2021). However, different SGLT2 inhibitors
have different off-target effects (Mancini et al, 2018;
Behnammanesh et al, 2020), meaning that even though
empagliflozin has protective effects on PAH, other SGLT2
inhibitors may not.

While dapagliflozin has been reported to significantly lower
RV systolic pressure (RVSP) during exercise in patients with
T2DM and cardiovascular risk (Kayano et al., 2020), the effects of
dapagliflozin on pulmonary vascular remodeling and RV
remodeling are largely unknown. We therefore set out to
explore the effects of dapagliflozin on PAH induced by MCT
and isolated RV pressure overload induced by pulmonary trunk
banding (PTB). Although many positive effects have been
described in previous prevention studies, to date few effective
medicines for animals with established advanced PAH have been
described, so we also started to administer dapagliflozin in the
middle of the disease stimulation.

Dapaglifiozin’s Negative Effect on PAH

Given the profound cardiovascular benefits observed in
SGLT2 inhibitors, we speculated that dapagliflozin would
prevent and reverse MCT-induced pathological pulmonary
vascular changes, and alleviate pressure overload-induced RV
remodeling and dysfunction.

MATERIALS AND METHODS

Animals and Drug Administration

Males Sprague-Dawley rats (180-200g, purchased from the
Laboratory Animal Center of Sun Yat-sen University,
Guangzhou, China) were housed in a specific pathogen free
room with a 12 h light-dark cycle at 22 + 2°C. Water and rat
chow were provided ad libitum. The effects of dapagliflozin on the
development of PAH and the following RV remodeling were
evaluated in the MCT model. Rats were randomized to shaml
(n =6), MCT + vehicle (n = 15), MCT + prevention (n = 15), and
MCT + reversal groups (n = 15). In order to separate the
pulmonary vascular effects of dapagliflozin from the direct RV
effects, PTB model was further applied. For this part of the study,
rats were randomized to sham2 (n = 6), PTB + vehicle (n = 10),
PTB + prevention (n = 10), and PTB + reversal groups (n = 10).
For the two prevention groups, rats were administered
dapagliflozin (1.5 mg/kg/day) by oral gavage one day after
modeling for 5weeks in PAH study and 4 weeks in PTB
study. For the two reversal groups, rats were administered
equal amount of sterile water by oral gavage one day after
modeling for two weeks and then dapagliflozin
(1.5 mg/kg/day) by oral gavage for 3 weeks in PAH study and
2 weeks in PTB study. Rats in the sham and vehicle groups were
administered equal amount of sterile water by oral gavage for
5 weeks in PAH study and four 4 in PTB study (Figure 1).

Pulmonary Arterial Hypertension

Pulmonary arterial hypertension in rats was induced by MCT
subcutaneous injection. Briefly, MCT (Topscience, Shanghai,
China) was weighed, dissolved in hydrochloric acid, titrated
with sodium hydroxide solution until the pH value of solution
was equal to 7.35-7.45, and finally set the MCT concentration to
20 mg/ml with saline. Then sterile syringe filters (SLGP033RB,
Merck Millipore, Darmstadt, Germany) was used to filter and
sterilize the MCT solution. After the rats were weighed, MCT
solution (60 mg/kg) was injected under the skin of the back of the
rats’ neck.

Pulmonary Trunk Banding

Briefly, the rats were anesthetized with pentobarbital (50 mg/kg)
via intraperitoneal injection. After endotracheal intubation with a
16-gauge tube, the rats were mechanically ventilated using a
ventilator (RoVent Jr, Kent Scientific Corporation, Torrington,
CT). Disinfected with iodophor three times, the skin was incised
and the second intercostal space was opened. Then the
pulmonary artery was dissected free from the adipose tissue
and aorta. The pulmonary trunk was banded with 4-0 silk
suture and the suture was tied tightly against an 18-gauge
needle which was removed quickly to produce a fixed
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FIGURE 1 | Study design. In MCT study, rats were subcutaneous injected MCT (60 mg/kg) or equal volume of saline on Day O. In PTB studly, rats were performed
PTB surgery or sham surgery on Day 0. Rats were administered dapaglifiozin (1.5 mg/kg/day) or equal volume of sterile water by oral gavage.

constriction of 1.2 mm in diameter. Rats in the sham group
underwent the same procedures except for tying the
pulmonary trunk. After the operation was completed, the rats
were placed on a heating blanket to maintain body temperature
until awake.

Echocardiography

Vevo 2100 (VisualSonics, Toronto, Canada) with a 25 MHz linear
array transducer was used for transthoracic echocardiography.
During operation, the rats were anesthetized with pentobarbital
sodium (50 mg/kg, ip.). Short axis M-mode recordings were
obtained to measure left ventricle ejection fraction (LVEF).
The pulsed-wave doppler recording at the right ventricular
overflow tract was used to measure pulmonary acceleration
time (PAT). RV area was obtained from two-dimensional
apical four-chamber view. RV function was assessed by
tricuspid annular plane systolic excursion (TAPSE).

RV Catheterization and Hypertrophy Index
After echocardiography, terminal invasive hemodynamic
measurements were performed to measure RV pressure via
RV catheterization. The rats were anaesthetized with
pentobarbital sodium (50 mg/kg, i.p.) and fixed on a plank.
The skin and tissues of the right neck were incised with
lidocaine for local analgesia, and then the right jugular vein
was isolated. After heparinization via the right jugular vein,
the PE-50 tube filled with heparin saline was connected to a
pressure sensor (Techman, Chengdu, China) and inserted into
the right external jugular vein. The appearance of the ventricular
pressure wave indicated that the catheter reached the RV. Then
the RV pressure was recorded and the RVSP was analyzed. After
the RVSP measurements, the chest was quickly opened to harvest

the hearts and lungs under anesthetization. The left and right
atrium and blood vessels along the junction of the atrioventricular
compartment were cut. Then the RV, interventricular septum
(IVS), and left ventricle (LV) were separated and weighted
separately. The RV hypertrophy index was calculated as [RV/
(IVS + LV)].

Masson Staining and Hematoxylin-Eosin (H
and E) Staining

After hemodynamic measurements and blood withdrawals, the
hearts and lungs were excised and harvested for fibrosis,
morphometric and histologic analysis. The isolated heart and
middle lobe of the right lung were fixed in 4% paraformaldehyde
for 24 h, then they were embedded in paraffin and sectioned into
5-pm-thick slices. The heart slices were stained with Masson’s
trichrome to determine the RV collagen volume fraction, and the
lung slices were stained with H and E dyes to determine the
arteriole remodeling. Digital light microscope (Olympus, Tokyo,
Japan) was used for overall histological assessment. For
quantitative analysis, pictures were selected from each section
by an investigator who was unaware of the grouping. The fibrosis
of RV was assessed by Image-Pro Plus software (Version 6.0,
Media Cybernetics, Silver Springs, MD, United States).
Pulmonary arterial medial wall thickness (WT) was calculated
by the following formula: WT (%) = area.y-area;,/areac, x 100,
where area.,, and area;,, were areas bounded by external and
internal elastic lamina, respectively.

Statistical Analysis
All values were presented as mean + SEM. Analyses were done
with GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA,
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FIGURE 2 | Neither MCT or dapaglifiozin had any effect on the LV
systolic function of the rats. Short axis M-mode recordings were obtained to
measure LVEF five weeks after MCT injection. (n = 6 for Sham1, n = 10 for
MCT + vehicle, MCT + prevention, and MCT + reversal).

United States). Student unpaired ¢ test was performed to compare
means between 2 groups. Comparisons between multiple groups
were made with One-way analysis of variance (ANOVA)
followed by Tukey’s text for post hoc comparisons. Statistical
significance was defined as p < 0.05.

RESULTS

Dapagliflozin Cannot Reduce the Mortality
of MCT Rats

At the end of the experiment, neither MCT injection or
dapagliflozin administration had any effect on the LV systolic
function of the rats (Figure 2). During the five-weeks observation
period, four rats died in MCT + vehicle group, five rats died in
MCT + prevention group, and three rats died in MCT + reversal
groups. But the autopsy of dead rats did not find a clear cause of
death. There was no statistical difference in the survival curve
between the three groups of MCT (Figure 3).

Dapagliflozin has No Effect on Pulmonary

Vascular Remodeling in MCT Rats

After subcutaneous injection, the MCT alkaloid is activated to the
dehydromonocrotaline (MCTP) in the liver by cytochrome P-450
(Reid et al,, 1998). Then MCTP causes endothelial cell damage
and pulmonary artery smooth muscle cells (PASMCs)
proliferation, which leads to pulmonary arterial medial
hypertrophy and obstructive pulmonary vascular remodeling
(Gomez-Arroyo et al.,, 2012). Lung sections were stained with
H and E to evaluate the severity of the pulmonary vascular
disease. As illustrated in Figures 4A,B, WT increased
significantly five weeks after MCT injection. However,

— 100 : =~ Sham1
[
2 l-I't"l:l:;':_.I ~ MCT+Veh
@ p>0.05 —— MCT+Pre
IS -~ MCT+Rev
2> 504 C e
3
]
Q
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FIGURE 3 | Dapaglifiozin could not reduce the mortality of MCT rats.
Observed for five weeks after MCT subcutaneous injection. (n = 6 for Sham1,
n = 15 for MCT + vehicle, MCT + prevention, and MCT + reversal).

dapagliflozin ~ couldn’t  attenuate  pulmonary  vascular
remodeling. The obstruction of the pulmonary vascular led to
an increase in PVR, manifested by decreased PAT (Figure 4C)
and increased RVSP (Figure 4D). Correspondingly, dapagliflozin
administration also didn’t prolong PAT or decrease RVSP.

Dapagliflozin Cannot Attenuate RV
Remodeling or Improve RV Dysfunction in
MCT Rats

Pressure overload leads to heart concentric hypertrophy to
maintain cardiac output in the early stage, however, when
the overload persists, the compensatory process may
deteriorate into eccentric hypertrophy and culminates in
cardiac dysfunction in the later stage (Pitoulis and
Terracciano, 2020). As shown in Figure 5A, rats in MCT
groups had enlarged RV chamber. But there was no
statistical difference in the RV area between the MCT +
vehicle group, MCT + prevention group, and MCT + reversal
group. Although the cardiomyocytes are terminally
differentiated cells and lose their ability of proliferation, they
could increase their volume and muscle mass by hypertrophic
remodeling to enhance the contractility under pressure overload
(Hill and Olson, 2008). Five weeks after MCT injection,
increased RV hypertrophy index confirmed the above theory
(Figure 5B). Still, dapagliflozin couldn’t delay or reverse the
hypertrophy of cardiomyocytes. Under various pathological
stimuli, the heart will adjust its components to maintain
heart function, and the most important thing is the change
of collagen fibers. Of note, excessive fibrosis will further worsen
heart function, leading to decreased contractility, stiffness of the
ventricular wall, arrhythmia, etc. (Li et al., 2018). Collagen fibers
can be stained blue by Masson staining, and then we found an
8.45-fold increase in the volume fraction of fibrosis in the RV in
MCT + vehicle group compared to Shaml group. Yet
dapagliflozin treatment didn’t reduce the deposition of
collagen fibers (Figures 5C,D).

Increase in afterload, enlargement of the RV chamber,
hypertrophy of myocardial cells, and fibrosis of the RV finally
led to the RV dysfunction (Figure 5E). Since dapagliflozin could
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FIGURE 4 | Dapaglifiozin could not alleviate pulmonary vascular remodeling in MCT rats. (A) Representative images of H and E staining in the lung sections;
Quantification of medial wall thickness (B), PAT(C), RVSP (D) five weeks after MCT injection. (***p < 0.001; n = 6 for Sham1, n = 10 for MCT + vehicle, MCT + prevention,

neither alleviate PVR nor RV remodeling, no improvement in RV
dysfunction was observed in MCT + prevention and
MCT + reversal groups relative to MCT + vehicle group.

Dapagliflozin Cannot Attenuate RV
Remodeling or Improve RV Dysfunction in
PTB Rats

In the presence of pulmonary vascular disease, the RV with
increased pressure overload is prone to develop RV
insufficiency (Bogaard et al, 2009). Therefore, although
dapagliflozin could not improve the RV remodeling and
dysfunction in PAH rats, it may have a beneficial effect on RV
in PTB rats. Unlike the MCT rats whose PVR increases slowly
from the normal range, the PTB rats have a sudden increase in RV
afterload after PTB surgery and then slowly increase as the rats
grow up. RVSP was remarkably higher in PTB + vehicle rats as
compared with MCT + vehicle rats (Figure 6A), but no rat died
before the end of the experiment in PTB study.

Four weeks after PTB surgery, rats in different PTB groups all
had similar RVSP (Figure 6B) and PTB surgery had no effect on
LV systolic function (Figure 6C). Like dapagliflozin’s
disappointing effects on MCT rats, dapagliflozin had no effect

on RV in PBT rats. Poor RV remodeling and decreased RV
systolic function had not been improved by dapagliflozin
administration (Figures 6D-H).

DISCUSSION

Given the widespread clinical use of SGLT2 inhibitors and the
likelihood that patients treated with these agents could develop
conditions of further afterload stress, we aimed to better define
the effects of dapagliflozin on pulmonary vascular remodeling,
RV remodeling, and RV dysfunction in vivo. What we found,
sadly, was that dapagliflozin could neither alleviate pulmonary
vascular remodeling nor reduce PVR in PAH rats induced by
MCT. More importantly, dapagliflozin did not appear to improve
RV remodeling or dysfunction under afterload stress with or
without pulmonary angiopathy.

Although PAH is divided into five clinical classifications and
MCT-induced PAH in rats does not fully recapitulate the
progression of PAH pathology in patients, classic MCT model
could be used to efficiently reproduce the pathophysiology of
PAH and to assess treatment efficacy in preclinical studies
(Nogueira-Ferreira et al, 2015; Simonneau et al., 2019). Five
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FIGURE 5 | Dapaglifiozin could not attenuate RV remodeling or improve RV dysfunction in MCT rats. Quantification of RV area (A), RV/(IVS + LV) (B), RV fibrosis (C),
and TAPSE (E) five weeks after MCT injection; (D) Representative images of Masson staining in the cardiac sections. (**p < 0.001; n = 6 for Sham1, n = 10 for MCT +
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weeks after MCT injection, obstructive pulmonary vascular
remodeling and increased PVR were successfully verified
which were not significantly reduced by dapagliflozin
treatment in our study. Cumulative data from this model
confirmed that uncontrolled proliferation and resistance to
apoptosis of PASMCs are the main causes of pulmonary
vascular obstruction (Gomez-Arroyo et al, 2012). Recently
canagliflozin, but not dapagliflozin or empagliflozin, was found
to inhibit the proliferation and migration of rat or human aortic
vascular smooth muscle cells by stimulating the expression of
heme oxygenase-1 (Behnammanesh et al., 2020). Empagliflozin
was also found to increase apoptosis and reduce proliferation of
PASMC:s in rats’ pulmonary arterioles (Chowdhury et al., 2020),
but we found that dapagliflozin couldn’t. This means that even
though different SGLT2 inhibitors have similar structures, they
have different pleiotropic effects. And the indications of one
certain SGLT2 inhibitor cannot be simply extrapolated to other
SGLT?2 inhibitors.

Cardiac fibrosis is a common pathophysiologic companion of
most myocardial diseases irrespective of its etiology. The
accumulation of extracellular matrix and fibroblasts may have
some protective effects in certain situations, but prolonged
fibrosis usually leads to systolic and diastolic dysfunction,
arrhythmogenesis, and adverse outcome (Fu et al, 2020).
Current notion suggests that the most important determinant
of longevity in PAH patients is not the severity of the vascular
pathology, as previously assumed, but rather the RV function

(D’Alonzo et al., 1991). And as neither a persistent reversal of
pulmonary vascular remodeling nor a lasting reduction of the
pulmonary resistance cannot be realized in PAH patients by
currently available vasodilator drugs, an efficient specific
cardioprotective medicine that can improve RV dysfunction
despite elevated RV afterload may improve the quality of life
and prolong lifespan of PAH patients. Sadly, dapagliflozin didn’t
show any effects on RV remolding or dysfunction of MCT rats in
our study.

RV pressure overload alone (PTB) is insufficient to induced RV
failure, whereas in the context of PAH, RV failure happens with
myocardial apoptosis and decrease of RV capillary density (Bogaard
etal., 2009). What we found that no rats died during the observation
period in PTB groups, although the PTB rats had a higher RVSP
compared to the MCT rats, also validated the above view. So, the
negative effect of dapagliflozin on RV remodeling and dysfunction in
MCT rats may be explained by the fact that mediators released from
altered pulmonary vascular in PAH interfere with adaptive RV
response which already maximally challenged to meet the increased
mechanical stress (Dupuis et al., 1996; Langleben et al., 2008). To
investigate the role of dapagliflozin in isolated RV pressure overload
which also occurs in patients with RV outflow tract obstruction,
pulmonary valve stenosis, or pulmonary embolism, the PTB model
was further applied. However, compared to the protective effects of
dapagliflozin on the LV (McMurray et al., 2019; Shi et al., 2019), we
obtained frustrating results. The efficacy of dapagliflozin on the LV
possibly be based on its ability to decrease volume load of the LV by
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FIGURE 6 | Dapagliflozin could not attenuate RV remodeling or improve RV dysfunction in PTB rats. (A) RVSP five weeks after MCT injection or four weeks after
PTB surgery (n = 10 for two groups); Quantification of RVSP (B), LVEF (C), RV area (D), RV/(IVS + LV) (E), RV fibrosis (F), and TAPSE (H); (G) Representative images of
Masson staining in the cardiac sections. (**p < 0.001; n = 6 for Sham2, n = 10 for PTB + vehicle, PTB + prevention, and PTB + reversal).
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diuresis and natriuresis, and to decrease pressure load of the LV by
reducing systemic arterial blood pressure independent of their
glucose-lowering effect (Verma et al,, 2017; Sternlicht and Bakris,
2019). Besides the two main and more certain indirect effects
mentioned above, SGLT2 inhibitors also have direct effects on
the LV, such as reducing inflammation, oxidative stress, and so
on, although the underlying mechanisms have not been defined
(Bonnet and Scheen, 2018; Yaribeygi et al, 2019). Undoubtedly,
large similarities exist between the LV and RV. Of note, there are still
important differences at the cellular and molecular levels in the LV
versus RV responses to afterload increase as the different
embryological origin of two ventricles and the different genes
regulating energy production, reactive oxygen species production,

antioxidant protection, and angiogenesis of them (Reddy and
Bernstein, 2015). From an external perspective, the RV may be
subjected to a >2-fold increase in afterload, whereas the afterload
increase is usually <50% for the LV. In summary, the response of the
LV to drugs cannot be extrapolated to the RV for granted. A growing
body of clinical trials found that effective classic heart failure
medicines (B-blockers, angiotensin-converting enzyme inhibitors,
angiotensin II receptor blockers, etc.), developed and tested in
patients with LV failure, could not improve RV dysfunction or
survival in patients with RV failure (Winter et al., 2009).

The animal models we used are classic and commonly used
(Nogueira-Ferreira et al., 2015; Cops et al., 2019), and the dose of
dapagliflozin was also sufficient (Obermeier et al., 2010), but we
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had not seen any trend of disease remission. Therefore, the
negative treatment effect of dapagliflozin we observed in this
study cannot be interpreted as a statistical Type II error.

It takes a lot of time and manpower for a compound to go from
animal experiments to clinical trials, and eventually become an
effective drug for a certain disease, and this process is costly and has a
high rate of failure. Indeed, while a drug is possible to “cure” many
forms of PAH in animal models, the clinical profile of PAH patients
is more resistant to therapy possibly because of the differences of the
patients’ gender, age, diet, underlying diseases, histopathology and so
on. The truth is that literatures are often biased toward positive
results, while negative studies are underreported. Therefore, it is
likely that other researchers might have the same findings as us, but
because the results did not meet expectations, they chose not to
publish the article. In other words, even though our results are
depressing, it could make other researchers realize that dapagliflozin
has no effect on PAH and RV dysfunction, so they may give up
exploring the effects of dapagliflozin on PAH and RV dysfunction,
and turn to find other more effective drugs.

Limitations

Two potential limitations need to be addressed here. 1) We had not
studied the effects of other SGLT2 inhibitors, such as empagliflozin,
canagliflozin, ertugliflozin, etc., on experimental PAH or isolated
RV dysfunction. Now we are conducting experiments on the
treatment of PAH with empagliflozin and empagliflozin
combined with other classic anti-PAH drugs, which may be
able to make up for the deficiencies of this study. 2) We just
used one dose of dapagliflozin (1.5 mg/kg/day) for treatment.
However, in recent preclinical studies on the cardiovascular
protective effects of dapagliflozin, researchers also only used
dose of 1.5 mg/kg/day for treatment (Arow et al., 2020; Withaar
et al,, 2021). According to the manufacturer’s instructions and
Obermeier’s study (Obermeier et al., 2010), dose of 1.5 mg/kg/day
in male rats is equivalent to about 9-19 times the human clinical
dose of 10mg/day calculated according to area under the
concentration/time curve. Therefore, the negative results of
dapagliflozin on PAH and RV dysfunction should not
be attributed to the underdosing of dapagliflozin in the
present study.

REFERENCES

Arow, M., Waldman, M., Yadin, D., Nudelman, V., Shainberg, A., Abraham, N. G.,
et al. (2020). Sodium-glucose Cotransporter 2 Inhibitor Dapagliflozin
Attenuates Diabetic Cardiomyopathy. Cardiovasc. Diabetol. 19 (1), 7.
doi:10.1186/512933-019-0980-4

Behnammanesh, G., Durante, G. L., Khanna, Y. P., Peyton, K. J., and Durante, W.
(2020). Canagliflozin Inhibits Vascular Smooth Muscle Cell Proliferation and
Migration: Role of Heme Oxygenase-1. Redox Biol. 32, 101527. doi:10.1016/
j.redox.2020.101527

Bogaard, H. J., Natarajan, R., Henderson, S. C., Long, C. S., Kraskauskas, D.,
Smithson, L., et al. (2009). Chronic Pulmonary Artery Pressure Elevation Is
Insufficient to Explain Right Heart Failure. Circulation 120 (20), 1951-1960.
doi:10.1161/circulationaha.109.883843

Bonnet, F., and Scheen, A. J. (2018). Effects of SGLT2 Inhibitors on Systemic and
Tissue Low-Grade Inflammation: The Potential Contribution to Diabetes

Dapaglifiozin’s Negative Effect on PAH

CONCLUSION

In the present work, we found that dapagliflozin could not reduce
pulmonary vascular remodeling in rats with PAH, nor could it
improve the remodeling and dysfunction of the RV under
pressure overload with or without pulmonary angiopathy.
Therefore, dapagliflozin may be used safely in this patient
population when they are clinically indicated to reduce blood
glucose level or risk of cardiovascular death, but should not be
prescribed as a specific treatment for PAH or RV failure Jabbour
et al., 2018; Kohler et al., 2017; Qiu et al., 2017; Scheen, 2019.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Use and Care Committee of Sun Yat-sen University.

AUTHOR CONTRIBUTIONS

HL, ZW, YZ and WZ contributed to conception and design of the
study. HL, YZ and SW carried out the experiments. YY, QL, SH,
and YZ helped with the material preparation, data collection and
analysis. HL wrote the first draft of the manuscript. HP, YZ, WZ
and SW wrote sections of the manuscript. All authors contributed
to manuscript revision, read, and approved the submitted version.

FUNDING

The study was supported by the National Natural Science
Foundation of China (No. 81770319). The Fundamental
Research Funds for the Central Universities, No. 19ykpy10.

Complications and Cardiovascular Disease. Diabetes Metab. 44 (6),
457-464. doi:10.1016/j.diabet.2018.09.005

Chowdhury, B., Luu, A. Z., Luu, V. Z., Kabir, M. G., Pan, Y., Teoh, H., et al. (2020).
The SGLT2 Inhibitor Empagliflozin Reduces Mortality and Prevents
Progression in Experimental Pulmonary Hypertension. Biochem. Biophys.
Res. Commun. 524 (1), 50-56. doi:10.1016/j.bbrc.2020.01.015

Cops, J., Haesen, S., De Moor, B., Mullens, W., and Hansen, D. (2019). Current
Animal Models for the Study of Congestion in Heart Failure: an Overview.
Heart Fail. Rev. 24 (3), 387-397. doi:10.1007/s10741-018-9762-4

D’Alonzo, G. E., Barst, R. ]., Ayres, S. M., Bergofsky, E. H., Brundage, B. H., Detre,
K. M,, etal. (1991). Survival in Patients with Primary Pulmonary Hypertension.
Results from a National Prospective Registry. Ann. Intern. Med. 115 (5),
343-349. doi:10.7326/0003-4819-115-5-343

Dupuis, J., Stewart, D. J., Cernacek, P., and Gosselin, G. (1996). Human
Pulmonary Circulation Is an Important Site for Both Clearance and
Production of Endothelin-1. Circulation 94 (7), 1578-1584. doi:10.1161/
01.cir.94.7.1578

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 756226


https://doi.org/10.1186/s12933-019-0980-4
https://doi.org/10.1016/j.redox.2020.101527
https://doi.org/10.1016/j.redox.2020.101527
https://doi.org/10.1161/circulationaha.109.883843
https://doi.org/10.1016/j.diabet.2018.09.005
https://doi.org/10.1016/j.bbrc.2020.01.015
https://doi.org/10.1007/s10741-018-9762-4
https://doi.org/10.7326/0003-4819-115-5-343
https://doi.org/10.1161/01.cir.94.7.1578
https://doi.org/10.1161/01.cir.94.7.1578
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

Fu, X,, Liu, Q,, Li, C, Li, Y., and Wang, L. (2020). Cardiac Fibrosis and Cardiac
Fibroblast Lineage-Tracing: Recent Advances. Front. Physiol. 11, 416.
doi:10.3389/fphys.2020.00416

Gomez-Arroyo, J. G., Farkas, L., Alhussaini, A. A., Farkas, D., Kraskauskas, D.,
Voelkel, N. F., et al. (2012). The Monocrotaline Model of Pulmonary
Hypertension in Perspective. Am. J. Physiol. Lung Cel Mol Physiol 302 (4),
L363-L369. doi:10.1152/ajplung.00212.2011

Hill, J. A., and Olson, E. N. (2008). Cardiac Plasticity. N. Engl. J. Med. 358 (13),
1370-1380. doi:10.1056/NEJMra072139

Humbert, M., Guignabert, C., Bonnet, S., Dorfmiiller, P., Klinger, J. R., Nicolls, M.
R, etal. (2019). Pathology and Pathobiology of Pulmonary Hypertension: State
of the Art and Research Perspectives. Eur. Respir. J. 53 (1), 1801887.
doi:10.1183/13993003.01887-2018

Jabbour, S., Seufert, J., Scheen, A., Bailey, C. J., Karup, C., and Langkilde, A. M.
(2018). Dapagliflozin in Patients with Type 2 Diabetes Mellitus: A Pooled
Analysis of Safety Data from Phase IIb/III Clinical Trials. Diabetes Obes. Metab.
20 (3), 620-628. doi:10.1111/dom.13124

Jang, A. Y., and Chung, W. J. (2019). Current Status of Pulmonary Arterial
Hypertension in Korea. Korean J. Intern. Med. 34 (4), 696-707. doi:10.3904/
kjim.2019.185

Kayano, H., Koba, S., Hirano, T., Matsui, T., Fukuoka, H., Tsuijita, H., et al. (2020).
Dapagliflozin Influences Ventricular Hemodynamics and Exercise-Induced
Pulmonary Hypertension in Type 2 Diabetes Patients - A Randomized
Controlled Trial. Circ. J. 84 (10), 1807-1817. doi:10.1253/circj.CJ-20-0341

Kohler, S., Zeller, C., Iliev, H., and Kaspers, S. (2017). Safety and Tolerability of
Empagliflozin in Patients with Type 2 Diabetes: Pooled Analysis of Phase I-III
Clinical Trials. Adv. Ther. 34 (7), 1707-1726. d0i:10.1007/s12325-017-0573-0

Langleben, D., Orfanos, S. E., Giovinazzo, M., Hirsch, A., Baron, M., Senécal, J. L.,
et al. (2008). Pulmonary Capillary Endothelial Metabolic Dysfunction: Severity
in Pulmonary Arterial Hypertension Related to Connective Tissue Disease
versus Idiopathic Pulmonary Arterial Hypertension. Arthritis Rheum. 58 (4),
1156-1164. doi:10.1002/art.23405

Li, L., Zhao, Q., and Kong, W. (2018). Extracellular Matrix Remodeling and Cardiac
Fibrosis. Matrix Biol. 68-69, 490-506. doi:10.1016/j.matbio.2018.01.013

Mancini, S.J., Boyd, D., Katwan, O. J., Strembitska, A., Almabrouk, T. A., Kennedy,
S., et al. (2018). Canagliflozin Inhibits Interleukin-1B-Stimulated Cytokine and
Chemokine Secretion in Vascular Endothelial Cells by AMP-Activated Protein
Kinase-dependent and -independent Mechanisms. Sci. Rep. 8 (1), 5276.
doi:10.1038/s41598-018-23420-4

McMurray, J. J. V., Solomon, S. D., Inzucchi, S. E., Keber, L., Kosiborod, M. N.,
Martinez, F. A, et al. (2019). Dapagliflozin in Patients with Heart Failure and
Reduced Ejection Fraction. N. Engl. J. Med. 381 (21), 1995-2008. doi:10.1056/
NEJMoal911303

Nassif, M. E., Qintar, M., Windsor, S. L., Jermyn, R., Shavelle, D. M., Tang, F., et al.
(2021). Empagliflozin Effects on Pulmonary Artery Pressure in Patients with
Heart Failure: Results from the EMBRACE-HF Trial. Circulation 143 (17),
1673-1686. doi:10.1161/circulationaha.120.052503

Nogueira-Ferreira, R., Vitorino, R., Ferreira, R., and Henriques-Coelho, T. (2015).
Exploring the Monocrotaline Animal Model for the Study of Pulmonary
Arterial Hypertension: A Network Approach. Pulm. Pharmacol. Ther. 35,
8-16. doi:10.1016/j.pupt.2015.09.007

Obermeier, M., Yao, M., Khanna, A., Koplowitz, B., Zhu, M., Li, W., et al. (2010). In
Vitro characterization and Pharmacokinetics of Dapagliflozin (BMS-512148), a
Potent Sodium-Glucose Cotransporter Type II Inhibitor, in Animals and
Humans. Drug Metab. Dispos 38 (3), 405-414. doi:10.1124/dmd.109.029165

Pitoulis, F. G., and Terracciano, C. M. (2020). Heart Plasticity in Response to Pressure
and Volume-Overload: A Review of Findings in Compensated and Decompensated
Phenotypes. Front. Physiol. 11, 92. doi:10.3389/fphys.2020.00092

Qiu, R,, Balis, D., Xie, ., Davies, M. J., Desai, M., and Meininger, G. (2017). Longer-
term Safety and Tolerability of Canagliflozin in Patients with Type 2 Diabetes: a
Pooled Analysis. Curr. Med. Res. Opin. 33 (3), 553-562. do0i:10.1080/
03007995.2016.1271780

Reddy, S., and Bernstein, D. (2015). Molecular Mechanisms of Right
Ventricular Failure. Circulation 132 (18), 1734-1742. doi:10.1161/
circulationaha.114.012975

Reid, M. J,, Lamé, M. W., Morin, D., Wilson, D. W., and Segall, H. J. (1998).
Involvement of Cytochrome P450 3A in the Metabolism and Covalent Binding

Dapaglifiozin’s Negative Effect on PAH

of 14C-Monocrotaline in Rat Liver Microsomes. J. Biochem. Mol. Toxicol. 12
(3), 157-166. doi:10.1002/(sici)1099-0461(1998)12:3<157:aid-jbt4>3.0.co;2-k

Scheen, A. J. (2019). An Update on the Safety of SGLT2 Inhibitors. Expert Opin.
Drug Saf. 18 (4), 295-311. doi:10.1080/14740338.2019.1602116

Shi, L., Zhu, D., Wang, S., Jiang, A., and Li, F. (2019). Dapagliflozin Attenuates
Cardiac Remodeling in Mice Model of Cardiac Pressure Overload. Am.
J. Hypertens. 32 (5), 452-459. doi:10.1093/ajh/hpz016

Simonneau, G., Montani, D., Celermajer, D. S., Denton, C. P., Gatzoulis, M. A,,
Krowka, M., et al. (2019). Haemodynamic Definitions and Updated Clinical
Classification of Pulmonary Hypertension. Eur. Respir. J. 53 (1), 1801913.
doi:10.1183/13993003.01913-2018

Sternlicht, H., and Bakris, G. L. (2019). Blood Pressure Lowering and Sodium-
Glucose Co-transporter 2 Inhibitors (SGLT2is): More Than Osmotic Diuresis.
Curr. Hypertens. Rep. 21 (2), 12. doi:10.1007/s11906-019-0920-4

Thenappan, T., Ormiston, M. L., Ryan, J. J., and Archer, S. L. (2018). Pulmonary
Arterial Hypertension: Pathogenesis and Clinical Management. Bmj 360, j5492.
doi:10.1136/bm;.j5492

Tuder, R. M., Archer, S. L., Dorfmiiller, P., Erzurum, S. C., Guignabert, C.,
Michelakis, E., et al. (2013). Relevant Issues in the Pathology and
Pathobiology of Pulmonary Hypertension. J. Am. Coll. Cardiol. 62 (25
Suppl. 1), D4-D12. doi:10.1016/j.jacc.2013.10.025

U. S. Food and Drug Administration (2020) FDA approves new treatment for a
type of heart failure. Available: https://www.fda.gov/news-events/press-
announcements/fda-approves-new-treatment-type-heart-failure (Accessed
July 23, 2020).

Verma, S., McMurray, J. J. V., and Cherney, D. Z. I. (2017). The Metabolodiuretic
Promise of Sodium-dependent Glucose Cotransporter 2 Inhibition: The Search
for the Sweet Spot in Heart Failure. JAMA Cardiol. 2 (9), 939-940. doi:10.1001/
jamacardio.2017.1891

Voelkel, N. F., Gomez-Arroyo, J., Abbate, A., Bogaard, H. J., and Nicolls, M. R.
(2012). Pathobiology of Pulmonary Arterial Hypertension and Right
Ventricular Failure. Eur. Respir. J. 40 (6), 1555-1565. doi:10.1183/
09031936.00046612

Winter, M. M., Bouma, B. J., Groenink, M., Konings, T. C., Tijssen, J. G., van
Veldhuisen, D. J., et al. (2009). Latest Insights in Therapeutic Options for
Systemic Right Ventricular Failure: a Comparison with Left Ventricular Failure.
Heart 95 (12), 960-963. doi:10.1136/hrt.2008.156265

Withaar, C., Meems, L. M. G., Markousis-Mavrogenis, G., Boogerd, C. J., Silljé, H.
H. W., Schouten, E. M., et al. (2021). The Effects of Liraglutide and
Dapagliflozin on Cardiac Function and Structure in a Multi-Hit Mouse
Model of Heart Failure with Preserved Ejection Fraction. Cardiovasc. Res.
117 (9), 2108-2124. doi:10.1093/cvr/cvaa256

Yaribeygi, H., Atkin, S. L., Butler, A. E., and Sahebkar, A. (2019). Sodium-glucose
Cotransporter Inhibitors and Oxidative Stress: An Update. J. Cel Physiol 234
(4), 3231-3237. doi:10.1002/jcp.26760

Yaribeygi, H., Sathyapalan, T., Maleki, M., Jamialahmadi, T., and Sahebkar, A.
(2020). Molecular Mechanisms by Which SGLT2 Inhibitors Can Induce Insulin
Sensitivity in Diabetic Milieu: A Mechanistic Review. Life Sci. 240, 117090.
doi:10.1016/j.1fs.2019.117090

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Li, Zhang, Wang, Yue, Liu, Huang, Peng, Zhang, Zeng and Wu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 756226


https://doi.org/10.3389/fphys.2020.00416
https://doi.org/10.1152/ajplung.00212.2011
https://doi.org/10.1056/NEJMra072139
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1111/dom.13124
https://doi.org/10.3904/kjim.2019.185
https://doi.org/10.3904/kjim.2019.185
https://doi.org/10.1253/circj.CJ-20-0341
https://doi.org/10.1007/s12325-017-0573-0
https://doi.org/10.1002/art.23405
https://doi.org/10.1016/j.matbio.2018.01.013
https://doi.org/10.1038/s41598-018-23420-4
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.1056/NEJMoa1911303
https://doi.org/10.1161/circulationaha.120.052503
https://doi.org/10.1016/j.pupt.2015.09.007
https://doi.org/10.1124/dmd.109.029165
https://doi.org/10.3389/fphys.2020.00092
https://doi.org/10.1080/03007995.2016.1271780
https://doi.org/10.1080/03007995.2016.1271780
https://doi.org/10.1161/circulationaha.114.012975
https://doi.org/10.1161/circulationaha.114.012975
https://doi.org/10.1002/(sici)1099-0461(1998)12:3<157:aid-jbt4>3.0.co;2-k
https://doi.org/10.1080/14740338.2019.1602116
https://doi.org/10.1093/ajh/hpz016
https://doi.org/10.1183/13993003.01913-2018
https://doi.org/10.1007/s11906-019-0920-4
https://doi.org/10.1136/bmj.j5492
https://doi.org/10.1016/j.jacc.2013.10.025
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-type-heart-failure
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-type-heart-failure
https://doi.org/10.1001/jamacardio.2017.1891
https://doi.org/10.1001/jamacardio.2017.1891
https://doi.org/10.1183/09031936.00046612
https://doi.org/10.1183/09031936.00046612
https://doi.org/10.1136/hrt.2008.156265
https://doi.org/10.1093/cvr/cvaa256
https://doi.org/10.1002/jcp.26760
https://doi.org/10.1016/j.lfs.2019.117090
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Dapagliflozin has No Protective Effect on Experimental Pulmonary Arterial Hypertension and Pulmonary Trunk Banding Rat Models
	Introduction
	Materials and Methods
	Animals and Drug Administration
	Pulmonary Arterial Hypertension
	Pulmonary Trunk Banding
	Echocardiography
	RV Catheterization and Hypertrophy Index
	Masson Staining and Hematoxylin-Eosin (H and E) Staining
	Statistical Analysis

	Results
	Dapagliflozin Cannot Reduce the Mortality of MCT Rats
	Dapagliflozin has No Effect on Pulmonary Vascular Remodeling in MCT Rats
	Dapagliflozin Cannot Attenuate RV Remodeling or Improve RV Dysfunction in MCT Rats
	Dapagliflozin Cannot Attenuate RV Remodeling or Improve RV Dysfunction in PTB Rats

	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


