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exchanger inhibition and modulation 
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Abstract 

Background  The novel sodium-glucose co-transporter 2 inhibitor (SGLT2i) potentially ameliorates heart failure and 
reduces cardiac arrhythmia. Cardiac fibrosis plays a pivotal role in the pathophysiology of HF and atrial myopathy, but 
the effect of SGLT2i on fibrogenesis remains to be elucidated. This study investigated whether SGLT2i directly modu‑
lates fibroblast activities and its underlying mechanisms.

Methods and results  Migration, proliferation analyses, intracellular pH assay, intracellular inositol triphosphate (IP3) 
assay, Ca2+ fluorescence imaging, and Western blotting were applied to human atrial fibroblasts. Empagliflozin (an 
SGLT2i, 1, or 5 μmol/L) reduced migration capability and collagen type I, and III production. Compared with control 
cells, empagliflozin (1 μmol/L)- treated atrial fibroblasts exhibited lower endoplasmic reticulum (ER) Ca2+ leakage, 
Ca2+ entry, inositol trisphosphate (IP3), lower expression of phosphorylated phospholipase C (PLC), and lower intracel‑
lular pH. In the presence of cariporide (an Na+-H+ exchanger (NHE) inhibitor, 10 μmol/L), control and empagliflozin 
(1 μmol/L)-treated atrial fibroblasts revealed similar intracellular pH, ER Ca2+ leakage, Ca2+ entry, phosphorylated PLC, 
pro-collagen type I, type III protein expression, and migration capability. Moreover, empagliflozin (10 mg/kg/day orally 
for 28 consecutive days) significantly increased left ventricle systolic function, ß-hydroxybutyrate and decreased atrial 
fibrosis, in isoproterenol (100 mg/kg, subcutaneous injection)-induced HF rats.

Conclusions  By inhibiting NHE, empagliflozin decreases the expression of phosphorylated PLC and IP3 production, 
thereby reducing ER Ca2+ release, extracellular Ca2+ entry and the profibrotic activities of atrial fibroblasts.
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Introduction
Sodium-glucose co-transporter 2 inhibitors (SGLT2i) are 
novel class of anti-diabetic agents that reduce the risk of 
cardiovascular death and hospitalization in patients with 
heart failure (HF) and type 2 diabetes [1, 2]. SGLT2i may 
reduce cardiac fibrosis and improve cardiac function 
[3, 4]. Atrial fibrosis is a distinct and critical character-
istic of atrial myopathy and atrial arrhythmogenesis [5, 
6]. Patients with HF exhibit a higher incidence of atrial 
fibrosis and SGLT2i reduces left atrial filling pressure and 
increases exercise tolerance and diastolic function, all of 
which are correlated with atrial fibrosis [7–12]. However, 
whether and how SGLT2i may modulate atrial fibrogen-
esis remain unclear.

The calcium (Ca2+) signaling pathway plays a critical 
role in fibrogenesis and induces proliferation, collagen 
production, migration, and myofibroblast differentiation 
capabilities of fibroblasts [13–16]. SGLT2i can directly 
interact with the extracellular Na+ binding site of the 
Na+/H+ exchanger (NHE) thereby decreasing NHE activ-
ity and lowering the intracellular pH [17].

Increasing intracellular pH has been proven to induce 
cytosolic Ca2+ through endoplasmic reticulum (ER) Ca2+ 
leakage or Ca2+ influx [18, 19]. NHE activity is upregu-
lated in patients with HF [20, 21] and NHE inhibition 
by cariporide decreases cardiac fibrosis in HF [22–24]. 
Increased NHE1 activity increases intracellular pH and 
activates cell migration capability [21, 25]. Dapagliflo-
zin attenuates NHE1 gene expression [26]. Accordingly, 
SGLT2i may directly suppress fibrogenesis by inhibit-
ing NHE signaling, leading to anti-fibrosis potential. The 
purpose of this study was to examine whether empagli-
flozin, an SGLT2i may decrease atrial fibrogenesis and 
study its underlying mechanisms.

Materials and methods
Cell cultures
Human atrial fibroblasts were purchased from Lonza 
Research Laboratory (Walkersville, MD, USA). The fibro-
blasts were seeded on uncoated culture dishes as mon-
olayers in FGM™-3 Cardiac Fibroblast Growth Medium-3 
BulletKit (Lonza, including HEPES: 14.999  mmol/L and 
sodium bicarbonate: 14.010  mmol/L) at 37  °C with 5% 
CO2. Cells from passages 4 to 6 were used to avoid possi-
ble variations in cellular function. The SGLT2 was shown 
to be present in the cells by western blot (Additional 
file 1: Fig. S1 for SGLT2 protein expression).

Cell migration assay
Migration of atrial fibroblasts was studied using a 
wound-healing assay. Briefly, cells were plated in 6-well 
plates and treated with empagliflozin (1 or 5  μmol/L; 

MedChemExpress, NJ, USA) or NHE inhibitor (cari-
poride; 10 μmol/L, Sigma-Aldrich, St. Louis, MO, USA) 
for 48 h in serum free culture medium for 72 h. Six hours 
before the end of the treatment, cells were scraped using 
the tip of a P200 pipette tip. Each area of the gap was 
assessed using Image J 1.45 s software (National Institute 
of Health, Bethesda, MD, USA). The net migration area 
after 6 h was subtracted from that at the time of the ini-
tial scratch.

Cell proliferation assay
Atrial fibroblast proliferation was measured using a com-
mercial MTS kit (Promega, Madison, WI, USA) as pre-
viously described [27]. In brief, atrial fibroblasts were 
seeded onto a 96-well culture dish at a density of 3000 
cells/well. After growing to 50% confluence, the cells 
were incubated with empagliflozin (1 μmol/L, 5 μmol/L) 
in culture medium for 24 h. Cell growth was analyzed by 
adding the MTS reagent 4  h before spectrophotometric 
analysis.

Western blotting
Western blotting was performed as described previously 
[28]. Atrial fibroblasts treated with or without empagli-
flozin (1 or 5 μmol/L), or cariporide (10 μmol/L) for 48 h 
were lysed in radioimmunoprecipitation assay buffer 
containing 150 mmol/L NaCl, Nonidet P P40, 50 mmol/L 
Tris pH 7.4, 0.5% sodium deoxycholate, 0.1% sodium 
dodecyl sulfate (SDS) and protease inhibitor cocktails 
(Sigma-Aldrich). The proteins were fractionated using 
10% SDS–polyacrylamide gel electrophoresis and trans-
ferred onto an equilibrated polyvinylidene difluoride 
membrane (Amersham Biosciences, Buckinghamshire, 
UK). Fractionated protein was probed with primary anti-
bodies against α-smooth muscle actin (SMA) (1:1000, 
monoclonal, clone number: 1A4, Abcam), pro-collagen 
type IA1(1:500, monoclonal, clone number: 3G3, Santa-
Cruz Biotechnology, Santa Cruz, CA, USA), pro-colla-
gen type III(1:1000, monoclonal, clone number: FH7A, 
Abcam), NHE1 (1:1000, polyclonal, Alomone Labs, Jeru-
salem, Israel), and phosphorylated PLCγ1 (1:1000, poly-
clonal, cell signaling, Beverly, MA, USA), followed by 
incubation with secondary antibodies conjugated with 
horseradish peroxidase. Bound antibodies were detected 
using an enhanced chemiluminescence detection system 
(Millipore, Darmstadt, Germany) and analyzed using 
AlphaEaseFC software (Alpha Innotech, San Leandro, 
CA, USA). Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) protein (Sigma-Aldrich) was used as a loading 
control to confirm equal protein loading and was then 
normalized to the value of control cells.
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Intracellular pH analysis
Intracellular pH was calculated using a Cell Meter Fluo-
rometric Intracellular pH Assay Kit (AAT Bioquest, 
Sunnyvale, CA, USA) following the manufacturer’s 
instructions. In brief, atrial fibroblasts were seeded 
onto a 96-well culture black plate at a density of 3000 
cells/well. After growing to confluence, the cells were 
incubated with empagliflozin (1  μmol/L) or cariporide 
(10  μmol/L) for 6  h. The cells were loaded with pH-
sensitive cell-permeable fluorescent dye 20,70-biscar-
boxyethyl-5,6-carboxyfluorescein-acetoxymethyl ester 
(BCECF-AM) in Hanks’ buffer with 20 mM HEPES and 
4.17  mM sodium bicarbonate for 1  h at 37  °C and 5% 
CO2, in dark. After subsequent washing with phosphate-
buffered saline (PBS), fluorescence was measured at exci-
tation/emission wavelengths (Ex/Em) of 505/535 nm and 
430/535 nm on a SpectraMax M2 fluorimeter (Molecu-
lar Devices, Sunnyvale, CA, USA). The ratio of fluores-
cence at 505/535  nm and 430/535  nm was converted 
to a pH unit with Spexyte Intracellular pH Calibration 
Buffer Kit (AAT Bioquest). Atrial fibroblasts loaded with 
BCECF-AM were incubated with a range of calibration 
buffer (pH 4.5 − 8.0) at 37  °C for 10  min with nigericin 
(10  mmol/L), a proton ionophore that can modulate 
the intracellular pH with external pH in the presence of 
100 − 150 mmol/L K+.

Intracellular Ca2+ measurement
The intracellular Ca2+ was measured with a ratiometric 
Ca2+ indicator Fura-2 using a fluorescence plate reader as 
described previously [29]. Atrial fibroblasts were seeded 
on  clear flat-bottom black 96-well culture plates at a 
density of 5 × 103  cells/well, after incubation overnight, 
the cells were  treated  with or without  empagliflozin 
(1 μmol/L) or cariporide (10 μmol/L) for 48 h. Cells wer
e then stained with 5 μmol/L Fura-2 acetoxymethyl ester 
(Life Technologies, Carlsbad, CA, USA) in a Ca2+-free 
solution with (in mmol/L) KH2PO4 1.2, NaCl 120, 
MgSO4 1.2, KCl 5.4, HEPES 6, glucose 10 (pH 7.40) for 
30 min at 37 °C in a 5% CO2 incubator. Measurements of 
intracellular Ca2+  were performed every 2  s with  a fast 
switching of the excitation wavelengths 340 and 380 nm 
and a constant emission wavelength of 510  nm using a 
CLARIOstar PLUS Microplate Reader (BMG Lab Tech-
nologies, USA) equipped with two injectors and analyzed 
with a CLARIOstar MARS software (BMG Lab Technol-
ogies). The intracellular Ca2+ concentration in each well 
was expressed as the fluorescence ratio of F340/F380 and 
the changes of baseline to peak calcium amplitude as well 
as the area under curve (AUC) of Ca2+ tracing were cal-
culated. The decay time of Ca2+ entry (T50) was calcu-
lated from the peak to the 50% of the decay.

Baseline intracellular Ca2+  was recorded for 2  min  in 
Ca2+-free buffer,  followed by co-treatment with the ER 
Ca-ATPase inhibitor (thapsigargin, 2.5  μmol/L,  Sigma-
Aldrich) for ER Ca2+  store depletion. After the intra-
cellular Ca2+  surge from the thapsigargin-induced ER 
Ca2+  leak returned to a steady state, the extracellular 
Ca2+ concentration was increased to 2 mmol/L to meas-
ure Ca2+ entry. The change in intracellular Ca2+ (∆ F340/
F380) from the steady state of extracellular Ca2+-free to 
the plateau state of thapsigargin cotreatment was defined 
as the amount of ER Ca2+  depletion and the change 
from the steady state of post-ER Ca2+-induced intracel-
lular Ca2+  surge to the plateau state under 2  mmol/L 
Ca2+ solution was used to represent Ca2+ entry.

Intracellular inositol trisphosphate (IP3) measurement
Cell lysates of atrial fibroblasts treated with or without 
empagliflozin (1 μmol/L), or cariporide (10 μmol/L) were 
assayed for IP3 production using a human IP3 ELISA kit 
(Amsbio, Abingdon, UK) according to the manufacturer’s 
instructions. Protein concentrations from the cell lysate 
of each treatment were used for normalization.

Effects of empagliflozin on atrial fibrosis in HF
HF induction was conducted as described previously 
[30]. Male Wistar rats (weighing 300–350  g) were sub-
cutaneously injected with single high dose of isoproter-
enol (100  mg/kg). 2  weeks after injection, left ventricle 
fractional shortening (LVFS) of these rats was analyzed 
by echocardiography. The rats with LVFS < 45% were 
included in the HF groups [31]. HF rats were then ran-
domly treated with empagliflozin (10  mg/kg/day for 
28  days, Jardiance, Boehringer Ingelheim Pharmaceu-
ticals, Ridgefield, CT, USA) or vehicles. After the com-
pletion of the 28-day treatment, both treated rats and 
aged-matched healthy male control rats were euthanized 
with 5% isoflurane (in oxygen) overdose for histological 
analysis. All animal protocols conformed to the Guide 
for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 2011) and were approved by the 
local animal ethics review board (LAC-2021-0223). Ani-
mal studies are reported in compliance with the ARRIVE 
guidelines [32] and with the recommendations made by 
the British Journal of Pharmacology [33].

Echocardiography was performed before euthanasia. 
Rats were sedated with 2% isoflurane (in oxygen), placed 
in the left lateral decubitus position, and scanned using 
a commercially available echo scanner (Vivid i ultra-
sound cardiovascular system, GE Healthcare, Haifa, 
Israel) using a 10S phased array pediatric transducer and 
a cardiac application with high temporal and spatial reso-
lutions. The transmission frequency was 10  MHz; the 
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depth 2.5 cm; and the frame rate 225 frames/s. LV end-
diastolic diameter (LVEDD), LV end-systolic diameter 
(LVESD), LV posterior wall thickness (LVPW), and heart 
rate (HR) were measured. The fractional shortening (%) 
was measured as (LVEDD-LVESD)/LVEDD × 100.

Serum ß‑hydroxybutyrate (ß‑OH) analysis
Blood serum was collected before euthanasia, and 
assayed for ß-OH using a ß-OH fluorometric assay kit 
(Cayman Chemical Co, Ann Arbor, MI, USA) according 
to the manufacturer’s instructions.

Atrial fibrosis analysis
Atrial fibrosis analysis was performed per a previously 
described method with modification [30]. In brief, 
left atrial (LA) tissues were fixed in 4% formaldehyde, 
embedded in paraffin, and stained with Masson’s tri-
chrome staining. Bright-field images of the LA tissues 
were obtained. LA fibrosis was assessed using collagen 
volume fraction (the ratio of the total collagen surface 
area to the total LA surface area). The entire sectioned 
LA tissues were assessed for collagen deposition blindly 
with HistoQuest Analysis Software (version 4.0, TissueG-
nostics, Vienna, Austria).

Statistical analysis
All quantitative data are expressed as mean ± standard 
error of the mean. A paired or unpaired t–test for normal 
distribution, Mann–Whitney rank-sum test for non-nor-
mal distribution, and one–way ANOVA or repeated-
measures ANOVA or ANOVA on ranks with a post hoc 
Fisher’s least significant difference (LSD) test were used 
to compare atrial fibroblasts under different conditions. 
A P < 0.05 was considered statistically significant.

Results
Effects of empagliflozin on the profibrotic cellular activities 
of atrial fibroblasts
Compared with control cells, empagliflozin (1 or 5 μmol/
L)-treated atrial fibroblasts exhibited lower migration 
capability, and lower pro-collagen type I and III protein 
expression in a dose-dependent manner (Fig.  1). How-
ever, control and empagliflozin-treated atrial fibroblasts 

had similar α-SMA (a myofibroblast differentiation 
marker) expression, and proliferation rate (Fig. 1).

Figure legend in the result section.

Ca2+ signaling pathway in empagliflozin‑treated atrial 
fibroblasts
Empagliflozin (1 μmol/L)-treated atrial fibroblasts exhib-
ited lower thapsigargin-induced ER Ca2+ leakage, extra-
cellular Ca2+ entry, and shorter Ca2+ decay during Ca2+ 
entry phase compared with control cells (Fig.  2) Empa-
gliflozin (1  μmol/L) atrial fibroblasts exhibited lower 
expression of phosphorylated PLC and IP3 (Fig. 2).

The interaction between empagliflozin with Na+‑H+ 
exchanger
Compared to control cells, empagliflozin-treated 
(1  μmol/L) atrial fibroblasts exhibited lower intracel-
lular pH but had a similar expression of NHE1 protein 
(Fig. 3). In the presence of cariporide (an NHE inhibitor, 
10  μmol/L), the control and empagliflozin-treated atrial 
fibroblasts exhibited similar levels of intracellular pH, 
expression of phosphorylated PLC, NHE1, production 
of type I, type III collagen, migration capability (Figs.  3 
and 4), ER Ca2+ leakage, extracellular Ca2+ entry, and 
T50 during Ca2+ entry phase (Fig.  5), suggesting that 
empagliflozin decreased the profibrotic activities of atrial 
fibroblasts by attenuating the PLC/IP3 receptor/ER Ca2+ 
signaling through inhibition of NHE signaling pathway.

Effects of empagliflozin on heart structure, systolic 
function, serum ß‑OH, and LA fibrosis
As shown in Fig. 6A, we studied the effects of empagli-
flozin on Heart structure, systolic function, serum ß-OH, 
and atrial fibrosis in  vivo. Echocardiography findings 
revealed that isoproterenol-treated rats receiving vehi-
cles exhibited lower LV systolic function (LVFS), and 
LVESD with similar LVPW, LVEDD, and HR than control 
rats. The isoproterenol-treated rats receiving empagliflo-
zin had higher LV systolic function (LVFS) with similar 
LVESD, LVEDD, and HR compared to isoproterenol-
treated rats receiving vehicles (Fig. 7).

Serum levels of ß-OH revealed that isoproterenol-
treated rats receiving empagliflozin have higher serum 
β-hydroxybutyrate than HF treated with vehicles and 

Fig. 1  Cell migration, collagen production, myofibroblast differentiation, and proliferation capabilities of atrial fibroblasts treated with 
empagliflozin. A Photographs and averaged data revealed the migration assay results of atrial fibroblasts treated with empagliflozin (1 or 5 μmol/L). 
The left upper panels displayed the initial scratch (baseline) in different groups. Left lower panels displayed the images 6 h after the scratch was 
created (after migration) (n = 6 independent experiments, statistic test by one-way repeated measures ANOVA). B Photographs and averaged data 
revealed expression of pro-collagen type I, III, and α-smooth muscle actin (SMA) (n = 6 independent experiments, statistic test by one-way repeated 
measures ANOVA) in control and empagliflozin (1 or 5 μmol/L)-treated atrial fibroblasts. GAPDH was used as a loading control. C Empagliflozin 
treatment for 24 h had no significant effect on the proliferation rate of atrial fibroblasts (n = 6 independent experiments, statistic test by one-way 
repeated measures ANOVA). * p < 0.05, # p < 0.01, $ p < 0.005

(See figure on next page.)



Page 5 of 15Chung et al. Cardiovascular Diabetology           (2023) 22:27 	

Fig. 1  (See legend on previous page.)
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healthy control rats before euthanasia (Fig.  6B). Mas-
son’s trichrome staining showed that isoproterenol-
treated rats exhibited higher LA fibrosis than control 
rats and empagliflozin decreased LA fibrosis signifi-
cantly in isoproterenol-treated rats (Fig. 6C).

Discussion
Empagliflozin has been demonstrated to improve car-
diac fibrosis in various HF experimental models [4], but 
the underlying mechanisms of the anti-fibrogenic effect 
have not been fully elucidated. To our knowledge, this 

Fig. 2  Intracellular Ca2+ signaling in empagliflozin-treated atrial fibroblasts. A Representative intracellular Ca2+ tracing from control (left upper 
panels), and empagliflozin (1 μmol/L, right upper panels)-treated atrial fibroblasts. Where indicated, thapsigargin was added to the calcium-free 
buffer to induce ER Ca2+ depletion. After the intracellular Ca2+ surge induced by thapsigargin (ER calcium) was returned to the steady state, the 
extracellular Ca2+ concentration was then increased to 2 mmol/L to measure Ca2+ entry. F340/F380 was expressed as the relative intracellular Ca2+. 
The left lower panel displays the change (∆ F340/F380) of Ca2+ measured by area under curve of Ca2+ tracing (AUC, statistic test by unpaired t-test), 
the change from baseline to peak calcium amplitude (statistic test by Mann–Whitney Rank Sum Test), and the decay time of Ca2+ entry (T50, 
calculated from the peak to the 50% of the decay or the end of the calcium image recording, statistic test by unpaired t-test) in control (n = 5) and 
empagliflozin-treated atrial fibroblasts (n = 5). B Averaged data of the levels of IP3 in the control cells and fibroblasts treated with empagliflozin 
(1 μmol/L) for 48 h (n = 6 experiments, statistic test by pair t-test). C Photographs and averaged data of the expression of phosphorylated 
phospholipase C (pPLC) in the control cells and fibroblasts treated with empagliflozin (1 μmol/L) for 48 h (n = 6 independent experiments, statistic 
test by paired t-test). GAPDH was used as a loading control. * p < 0.05, # p < 0.01, $ p < 0.005

Fig. 3  Effects of empagliflozin on Na+/H+ exchanger (NHE) and downstream signaling. A Averaged data of the intracellular pH in the control 
cells and empagliflozin (1 μmol/L)-treated atrial fibroblasts cotreated with or without cariporide (10 μmol/L) for 48 h (n = 6 experiments, statistic 
test by one-way repeated measures ANOVA). B Photographs and averaged data of the expression of pro-collagen type I, type III, phosphorylated 
phospholipase C (pPLC), and NHE1 protein in control cells and empagliflozin (1 μmol/L)-treated atrial fibroblasts cotreated with or without 
cariporide (10 μmol/L) for 48 h (n = 6 experiments, statistic test by one-way repeated measures ANOVA). GAPDH was used as loading control. * 
p < 0.05, $ p < 0.005

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4  The effects of Na+/H+ exchanger inhibitor (cariporide) on empagliflozin decreased migration in atrial fibroblasts. Photographs and averaged 
data present the results of migration assay for empagliflozin (1 μmol/L)-treated atrial fibroblasts treated with or without cariporide (10 μmol/L). 
Upper panels display the initial scratch (baseline) in different groups. Lower panels display the images 6 h after the scratch was created (after 
migration) (n = 6 independent experiments, statistic test by one-way repeated measures ANOVA). * p < 0.05, # p < 0.01, $ p < 0.005

Fig. 5  Intracellular Ca2+ signaling in empagliflozin or cariporide-treated atrial fibroblasts. Representative intracellular Ca2+ tracing from cariporide 
alone (10 μmol/L, left upper panels), and cariporide (10 μmol/L) mixed with empagliflozin (1 μmol/L, right upper panels). Where indicated, 
thapsigargin was added to the calcium-free buffer to induce ER Ca2+ depletion. After the intracellular Ca2+ surge induced by thapsigargin (ER 
calcium) was returned to the steady state, the extracellular Ca2+ concentration was then increased to 2 mmol/L to measure Ca2+ entry. F340/F380 
was expressed as the relative intracellular Ca2+. The left lower panel displays the change (∆ F340/F380) of Ca2+ measured by area under curve of Ca2+ 
tracing (AUC, statistic test by unpaired t-test), the change from baseline to peak calcium amplitude (statistic test by statistic test by unpaired t-test), 
and the decay time of Ca2+ entry (T50, calculated from the peak to the 50% of the decay or the end of the calcium image recording, statistic test by 
unpaired t-test) in cariporide alone (n = 5) and cariporide mixed with empagliflozin-treated atrial fibroblasts (n = 5)
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Fig. 6  Effects of empagliflozin on rats with isoproterenol-induced heart failure (HF). A Schematic summarizing the treatment protocol for Wistar 
rats with isoproterenol (100 mg/kg, subcutaneous injection)-induced HF receiving vehicles, HF rats receiving empagliflozin (10 mg/kg/day orally for 
28 consecutive days), and control rats. B averaged data present the results of serum levels of ß-hydroxybutyrate (statistic test by one − way ANOVA) 
in HF rats receiving vehicles (n = 5), HF rats receiving empagliflozin (n = 5), and control rats (n = 5). C Photographs reveal atrial fibrosis (stained with 
blue color) studied using Masson’s trichrome staining (statistic test by one − way ANOVA) in left atrium (LA) tissues from different groups. Control 
rats (n = 5) and HF rats receiving empagliflozin (n = 5) exhibited less severe LA fibrosis than vehicle-treated HF rats (n = 5). The fibrosis levels of LA 
tissues were expressed as the collagen volume fraction, that is, the ratio of the LA total collagen surface area stained blue to the LA total surface 
area. * p < 0.05, # p < 0.01, $ p < 0.005
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is the first study reporting that empagliflozin (1 μmol/L) 
interrupted Ca2+ homeostasis by inhibiting NHE activ-
ity in human atrial fibroblasts, thereby reducing their 
pro-fibrotic cellular activities. Cardiomyocytes with 
NHE overexpression had a higher intracellular pH. Mice 
with NHE overexpression exhibited HF and cardiac 
fibrosis, which can be improved by the NHE1 inhibitor 
cariporide [34]. In this study, we observed that empagli-
flozin lowered the intracellular pH of atrial fibroblasts 
without changing the expression of the NHE1 protein, a 
predominant isoform in the heart [35]. In addition, cari-
poride with and without empagliflozin reduced the pro-
fibrotic cellular activities of atrial fibroblasts to a similar 
extent, suggesting that empagliflozin may decrease atrial 
fibroblast activities by attenuating the activation of NHE 
signaling.

Elevated intracellular pH activates the PLC/IP3 recep-
tor signaling pathway, thereby inducing ER Ca2+ release 
or Ca2+ influx [36]. Pro-fibrotic cytokines induce colla-
gen secretion through the PLC/IP3 receptor signaling 
pathway, whereas inhibition of the PLC signaling path-
way decreases collagen production capability [37]. In the 
present study, we found that empagliflozin significantly 

decreased intracellular pH, phosphorylated PLC, and 
intracellular IP3. Additionally, cariporide with and with-
out empagliflozin reduced the intracellular pH and phos-
phorylated PLC of atrial fibroblasts to a similar extent. 
These findings suggest that empagliflozin may attenuate 
atrial fibrogenesis by inhibiting PLC/IP3 receptor signal-
ing pathway through inhibition of NHE signaling. Simi-
larly, in atrial myocytes, acute exposure to empagliflozin 
lowered the intracellular pH and attenuated NHE activ-
ity. This attenuation was also achieved by incubation with 
the cariporide [38]. Empagliflozin significantly attenuated 
NHE flux, thereby reducing cytosolic Na+ and Ca2+ in 
ventricular myocytes [39]. In the presence of cariporide, 
the attenuation effect of empagliflozin was strongly sup-
pressed in atrial fibroblast, suggesting that the effect of 
NHE inhibition was equivalent to cariporide.

Our previous study found that empagliflozin attenu-
ated sarcoplasmic reticulum (SR) Ca2+ content reduc-
tion in diabetic myocytes [3]. Besides, empagliflozin 
can also decrease SR Ca2+ leakage [40], suggesting that 
empagliflozin may decrease ER Ca2+ leakage. Inhibi-
tion of ER Ca2+ leakage interrupts the downstream 
signaling of pro-fibrotic cytokine [37] The present 

Fig. 7  Effects of empagliflozin on heart structure, systolic function, and heart rate of rats with isoproterenol-induced heart failure (HF). Photographs 
and averaged data present the results of left ventricle fractional shortening (LVFS, statistic test by one − way ANOVA), LV posterior wall (LVPW, 
statistic test by one − way ANOVA), LV end-diastolic diameter (LVEDD, statistic test by ANOVA on ranks), LV end-systolic diameter (LVESD, statistic test 
by one − way ANOVA), and heart rate (HR, statistic test by one − way ANOVA) in HF rats receiving vehicles (n = 5), HF rats receiving empagliflozin 
(n = 5), and control rats (n = 5). * p < 0.05, $ p < 0.005
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study found that empagliflozin reduced thapsigargin-
induced ER Ca2+ release, suggesting that it downregu-
lated the PLC/IP3/ER Ca2+ release signaling pathway 
by decreasing intracellular pH through the inhibition 
of the NHE, leading to decreased collagen production. 
Ca2+-dependent activation of PLC has been proven 
in various cells [41, 42]. Perfused ischemic myocar-
dium with a high Ca2+ solution increases PLC activ-
ity whereas perfusion with a Ca2+ channel blocker 
decreases PLC activity [43]. SGLT2i reduced intracel-
lular Na+ by directly docking at the late sodium chan-
nel (Nav1.5), inhibiting NHE influx, and reverse mode 
of NCX thereby decreasing intracellular Ca2+ content 
in cardiomyocytes [39, 44, 45]. In the present study, we 
found that empagliflozin significantly decreases cyto-
solic Ca2+. Hence, the effect of empagliflozin on lower-
ing PLC activity may also be caused by the decreased 
cytosolic Ca2+ in empagliflozin-treated atrial fibro-
blasts. The gateways of Ca2+ entry include Orai chan-
nels, Transient receptor potential (TRP) channels, 
voltage-operated Ca2+ channels, or NCX. Attenuated 
Orai channel signaling reduces the collagen produc-
tion capabilities of atrial fibroblasts [46]. Transform-
ing growth factor activate the pro-fibrotic activities of 
atrial fibroblasts through TRP channels [47]. The emp-
tying of ER Ca2+ can activate Orai channels [48, 49]. 
TRP channels can be activated by PLC signaling [50, 
51]. A previous study revealed that SGLT2i decreases 
high salt-induced vasoconstriction through the inhibi-
tion of TRP channels [45]. SGLT2i can also decrease 
Ca2+ overload through the L-type Ca2+ channel (a 
kind of voltage-operated Ca2+ channel) in cardiomyo-
cytes [52]. In the present study, we found that empagli-
flozin decreased ER Ca2+ emptying, PLC activity, and 
extracellular Ca2+ entry. Besides, cariporide with and 
without empagliflozin reduced ER Ca2+ leakage, and 
extracellular Ca2+ entry of atrial fibroblasts to a similar 
extent, suggesting that empagliflozin may decrease sug-
gesting that empagliflozin decreased the cytosolic Ca2+ 
through inhibition of NHE signaling pathway.

Cytoplasmic Ca2+ extrusion can be conducted by 
Ca2+ efflux through the plasma membrane ATPases 
(PMCAs) and forward mode Na+/Ca2+ exchangers on 
the cell membrane, or by pumping Ca2+ back to ER 
through SR Ca2+-ATPase (SERCA) on the ER mem-
brane. Increasing intracellular pH has been proven to 
inhibit the ER Ca2+ reuptake capability of SERCA [53]. 
In the present study, we found that empagliflozin short-
ened the decay time of the Ca2+ entry phase. Besides, 
cariporide with and without empagliflozin shortened 
the decay time of the Ca2+ entry phase of atrial fibro-
blasts to a similar extent. Hence, empagliflozin might 
enhance SERCA function and increase the ER Ca2+ 

reuptake thereby shortening the decay time of the Ca2+ 
entry phase of atrial fibroblasts via its effect on decreas-
ing intracellular pH.

The inhibition of NHE by empagliflozin may reduce 
intracellular Ca2+ and decrease the cardiac contrac-
tion. However, previous studies have shown that empa-
gliflozin attenuated HF and increased Ca2+ content in 
diabetic cardiomyocytes, which were supposed to arise 
from its enhancing effects on SERCA expression and 
L-type calcium currents [3]. Reduction of NHE activ-
ity by empagliflozin can reduce oxidative stress, leading 
to a cardioprotective effect [3]. Moreover, the reduction 
of fibrogenesis improves HF [54, 55]. Therefore, empa-
gliflozin may improve HF via its anti-fibrosis potential 
and inotropic effects (enhanced SERCA function and 
Ca2+ content in cardiomyocytes). Isoproterenol activates 
Ca2+/calmodulin-dependent protein kinase II (CaMKII) 
signaling and induces aberrant Ca2+ spark frequency, 
thereby inducing arrhythmogenesis in failing heart 
[56, 57]. Empagliflozin modulates various ion channels 
including Ca2+ channels [52], Na+ channels [44], and K+ 
channels [58], suggesting that empagliflozin may modu-
late cardiac electrical activity. Empagliflozin has been 
shown to reduce ventricular arrhythmia induced by iso-
proterenol in diabetic heart [59]. Empagliflozin has been 
proven to decrease Ca2+ spark frequency and attenu-
ated CaMKII activities in failing cardiomyocytes [40]. 
Hence, in our HF models, empagliflozin might alleviate 
isoproterenol-induced cardiac dysfunction by attenuat-
ing SERCA dysfunction or calcium leakage due to phos-
phorylated ryanodine receptor in HF through reducing 
oxidative stress or CaMKII activity [3, 40, 60]. Isopro-
terenol increases HR through beta-adrenergic stimula-
tion in clinical practice. Moreover, long-term treatment 
of isoproterenol may down-regulate beta-1 adrenergic 
receptors, leading to a decrease or loss of efficacy of beta-
adrenergic receptor agonists [61]. Isoproterenol has been 
widely used for HF animal model induction. However, 
the significant increase in HR post HF induction with iso-
proterenol is not consistent between different studies [62, 
63]. In the present study, we found that there is no signifi-
cant difference between healthy control rats and HF rats, 
which is possibly attributed to the frequency of isopro-
terenol injection (once only) and the timing of heart rate 
measuring (6 weeks after isoproterenol injection).

DM patients treated with SGLT2i exhibited higher lev-
els of ketone (β-OHB) [64, 65]. SGLT2i activates lipoly-
sis and decreases insulin levels, thereby driving ketone 
production in the liver [66]. β-OHB can also improve 
the cardiac output and systolic function of patients with 
HF [67]. In the present study, we found that LV systolic 
function and serum level of β-OHB are higher in HF rats 
treated with empagliflozin than in HF rats treated with 
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vehicles, suggesting that β-OHB might contribute to the 
cardioprotective effects of empagliflozin.

More severe atrial fibrosis is associated with a higher 
incidence of atrial fibrillation [68]. Empagliflozin 
decreased ventricular fibrosis in diabetic rats [69]. In the 
present study, empagliflozin reduced atrial fibrosis in 

isoproterenol-treated rats, we found that empagliflozin 
reduced atrial fibrosis. To correlate with the clinical set-
tings, we treated atrial fibroblasts with 1  μmol/L empa-
gliflozin (a concentration similar to the maximal plasma 
empagliflozin concentration in patients with type 2 dia-
betes after intake of multiple oral doses [70, 71]). This 

Fig. 8  The proposed molecular mechanism underlying the anti-fibrotic effects of empagliflozin on atrial fibroblasts. By inhibiting the Na+-H+ 
exchanger (NHE), empagliflozin decreases the expression of phosphorylated phospholipase C (PLC) and inositol trisphosphate (IP3) production 
thereby reducing ER Ca2+ release, extracellular Ca2+ entry and decreasing profibrotic cellular activities of atrial fibroblasts
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finding indicated the clinical relevance of the anti-fibro-
genic effect of empagliflozin in human atrial fibroblasts. 
Accordingly, SGLT-2i may be a potential therapeutic 
strategy.

Study limitations
There were a few limitations in this study. First, SGLT2i 
improved end-systolic and end-diastolic pressure–vol-
ume relationships in diabetic animal models according 
to pressure–volume loop experiments [72]. However, 
this study did not conduct this experiment. Hence, it is 
not clear about the effects of SGLT2i on activation or 
relaxation behavior of HF myocardium. In addition, com-
pared to control cells, atrial fibroblasts exhibited lower 
intracellular pH under 6  h of empagliflozin treatment 
through NHE signaling. Nevertheless, it remains unclear 
how long empagliflozin takes to work for the intracel-
lular pH modification in atrial fibroblasts. Moreover, 
this study measured chamber size and heart function 
6 weeks after isoproterenol treatment. The similar thick-
ness between control and HF rats might be attributed 
to the net results of the loss of myocardium and com-
pensatory ventricular myocyte hypertrophy. A previous 
study revealed that young adult wistar HF rats induced 
by high dose (170 mg/kg/d) of isoproterenol had a simi-
lar thickness of LV posterior wall 4  weeks and 8  weeks 
after HF induction [73]. Similarly, HF induced by 85 or 
170 mg/kg/d of isoproterenol in wistar rats had increas-
ing LV mass only at 16 weeks, but not 2 or 6 weeks post 
HF induction [74]. These findings suggest that ventricu-
lar hypertrophy in isoproterenol-induced HF may be 
dose and duration dependent. Thus, longer duration after 
isoproterenol treatment may have a different impact on 
LV posterior wall thickness. Finally, to mimic the clinical 
scenario, we did not measure the effect of empagliflozin 
on control rat hearts, and the effects of empagliflozin on 
healthy animals are not elucidated in this study. However, 
studies revealed that empagliflozin may not affect cardiac 
fibrosis, ventricular wall thickness, and ejection fraction 
of healthy rats [75, 76].

In conclusion, as summarized in Fig.  8, by inhibiting 
NHE, empagliflozin decreases the expression of phos-
phorylated PLC and IP3 production, thereby reducing ER 
Ca2+ release, extracellular Ca2+ entry and the profibrotic 
activities of atrial fibroblasts.
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